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Electron Transfer Reactions

F. Sanchez, P. Peez-Tejeda, and M. Lopez-Lopez*

Departamento de Qmica Fsica, Facultad de Qmnica, Universidad de Sevilla,
C/Profesor Garfen GonZéez s/n, 41012 Sevilla, Spain

Receied July 9, 1998

A kinetic study of the electron-transfer reactions Ru@piz?™ + Fe(CN)®~ = Ru(NHs)spZ+ + Fe(CN)*

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 (monodimensional) representation of the free energy surfaces
The interest in relating electron-transfer reaction rates to for an electron-transfer process depicted in Figure 1. If the

- 9 A response of the solvent is supposed to be linear, the free energy
spectroscopic measurements has been an area of growing interegf, £ ces are parabolic. Indeed, it is frequently assumed, as Hush

as a consequence of the recent progress in understandmgjid, that the parabolas of the reactant and product states have
electron-transfer processes and the development of new SPECie same curvatureln this simple approach, it follows (see
troscopic techniquelsThe studies in this field have to do mainly Figure 1) that '

with electron transfer following optical excitation in contact
radical ion pairs formed by excitation of charge-transfer E =]+ AG” (1)
complexes and nonradiative decay processes in metal to ligand op
excited statésand in vibronically excited binuclear complexes.
However, studies in which optical electron transfers are related
to the correspondinghermal electron transfer, when both the o2 2
donor and the acceptor are in their ground state, are rather scarce AG = (A +AG™) _ 53 )
and are of a qualitative charactef. v v

The connection between rate constants for electron-transfer
processes and the corresponding optical spectra was derivedequations 1 and 2 pointed to the possibility of using spectrally

several years ago by Hughyho obtained the equations for the
reorganization energies, and reaction free energiesG®', from ®) mgﬁgﬁs’ R. AAnnu. Re. Phys. Chem1964 15, 155 and references

band energiestop, and widths,Avs;, and for the electronic  (g) There has been some controversy over using of the eq 1 because it is
delocalization energies from the integrated band intensities. written in terms of energyHy) and free energyAG® and ). For
These relationships can be seen by considering the schematic ~ this reason it was pointed out that on the right side of this equation,
instead oft andAG®, the corresponding energetic magnitudes should
appear. Nevertheless, Marcus and Sutin have convincingly argued that

and

*To whom correspondence should be addressed. E-mail address: parameterd andAG®', appearing on the right-hand side of eq 1, are
amurillo@cica.es. Fax: 34-5-4557174. better viewed as free energies (see: Marcus, R. A.; SutiGdshimun.
(1) (&) Gould, I. R.; Noukakis, D.; Goodman, J. L.; Young, R. H.; Farid, Inorg. Chem.1986 5, 119). It can also be argued thiatlepends on
S.J. Am. Chem. Sod.993 115 3830. (b) Gould, I. R.; Noukakis, the optical and static dielectric constants of the medium AGd’
D.; Gomez-Jahn, L.; Young, R. H.; Goodman, J. L.; FaridCBem. mainly on the static dielectric constant. As the temperature coefficients
Phys, 1993 176, 439. of these dielectric parameters are low, the entropic termk amd
(2) Graff, D.; Claude, J. P.; Meyer, T. J. Electron-Transfer Reactions, AG® must also be low and that they, indeed, compensate to some
Inorganic, Organometallic and Biological Applicationsied, S. S., extent (see for example: Doong, Y.; Hupp, Jlfdorg. Chem1992
Ed.; Advances in Chemistry Series, 253; American Chemical Soci- 31, 332). Finally, for an optical electron transfer, the nuclei are frozen,
ety: Washington, DC, p 183 (see also references therein). so the corresponding (electronic) entropy change would be

(3) Tominaga, K.; Kliner, D. A. V.; Jonhson, A. E.; Levinger, N. E.;
Barbara, PJ. Chem. Phys1993 98, 1228 and references therein.

exc

(4) (a) Peez-Tejeda, P.; Benko, J.; Moya/l. L.; Sanchez, F.J. Mol. AS= RI”E

Lig. 1995 65166 261. (b) Peez-Tejeda, P.; Loez, P.; MoyaM. L.;

Dominguez, M.; Sachez, FNew J. Chem199§ 20, 95. (c) Peez- whereQ is the spin multiplicity of the corresponding excited or ground

Tejeda, P.; Benko, J.; lpez, M.; Gala, M.; Lopez, P.; Dormguez, state. Thus, the corresponding free energy term shouteRdE which

M.; Moya, M. L.; Sanchez, F.J. Chem. Soc., Faraday Tran996 is small in comparison t&op andA values. Consequently,andAG®

92, 1155. (d) Peez-Tejeda, P.; Sehez, F.; Gala, M. J. Mol. Struct. can be taken as free energies. Indeed, in a dielectric contiritgym

(THEOCHEM)1996 371, 153. and AGop would be, strictly speaking, identical because a dielectric
(5) Cannon, R. DAdv. Inorg. Chem. Radiocheml988 21, 179. continuum assumes a harmonic bath and energies and free energies
(6) Cannon, R. D. InlUPAC Coord. Chem-20Banarjec, D., Ed.; differencesare the same for such a bath; the reaction field energies

Pergamon Press: Oxford and New York, 1980; p 159. are also free energies of solvation (Bader, J. S.; Cortis, C. M.; Berne,
(7) Hush, N. SProg. Inorg. Chem1967, 8, 391. B. J.J. Chem. Physl997 106, 2372).
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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

Energy

Materials. The complexes [Ru(Ngpz](CIOy). (pz = pyrazine) and
[Ru(NH3)spy](ClO4). (py = pyridine) were prepared and purified
according to the procedures described in the literdftf€The other
reagents were all Anal. R. grade and used as purchased. The water
used in the preparation of solutions had a conductivifyd® S nr 2.

Spectra. The spectra corresponding to the MMCT bands within the
ion-pair Ru(NH)spy**/Fe(CN)* 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

Reaction Coordinate volumes of ruthenium(ll) complex and hexacyanoferrate(lll) solutions.
Figure 1. Free energy surfaces (FES) showing the characteristic The concentrations of the complexes were always B0 and 6 x
magnitudes for the optical (vertical transition) and thermal (movement 102 mol dn3, respectively. An excess of pyridine ([py} 0.2 mol
of representative point along the reaction coordinate) electron transfer. dm-3) was added to the reactant solutions in order to avoid the formation

) of cyano-bridged speciés.

derived parameters to calculate the relevant parameters for Electrochemical MeasurementsThe redox potentials of Ru(N-
thermal electron transfer. ThuBg, can be measured directly  pz+2+ and Ru(NH)spy®™/2* in water, in the presence of 0.3 mol dén
and/ can be obtained from the full-width at half-height of the NaClQ,, were obtained by cyclic voltammetry, using the apparatus,

band,Avy,, through electrodes, and procedure previously descriBédthese measurements,
a solution of the reduced component of the couple a bol dnv3
(Av 2)2 concentration was employed. The estimated uncertainty in the measured
y (Cm_l) =17 (at 298.2 K) (3) potentials is about 3 mV.
2295 Equilibrium Measurements. The equilibrium constantsQ, for

) o reaction 4 were measured by a spectrophotometric technique. These
in such a way that the activation free energy for the (thermal) equilibrium constants were obtained from two different procedures. The
electron-transfer process can be obtained from eq 2. first one consisting of mixing equal volumes of a solution containing
However, this approach is precluded from a practical point Ru(NHs)spz2", at 1.04x 10-* mol dn13 concentrationds,), with another
of view because of the phenomena of inhomogeneous broaden<ontaining both Fe(CNj~, at 3.8x 10~* mol dn3 concentrationd),
ing519-12 An alternative approach, used in this work, is to and Fe(CNy", ata concentratiorbf) ranging from 10%to 3.2x 1072
employ a combination of spectroscopic and thermodynamic mol dnt3 (depengllr!g on the ;olvent)_. These concentrations were
measurements. This consists of determining the valuB,pf selected after preliminary experiments in order to produce a maximum

from the band and the reaction free energy from thermodynamic change in the absorbance of the solutions. ) . )
In the second procedure, the concentrations of iron complexes in

measurements. ) : . . .
. . . . the first solution were the same as in the first case. The second solution
_ In _th|s paper, following this approach, we have studied the ... -4 both, Ru(N§kpz2* at concentrationg, 1.72 x 10-5 mol
kinetics of the thermal electron-transfer processes dm-3 and Ru(NH)spZ* at concentrationge, 8.8 x 10°5 mol dn3
" (the latter ruthenium complex was produced in situ by partial oxidation
Ru(NH3)5pZZ+ + Fe(CN)537 = of ruthenium(ll) complex by 832~ 19). All the solutions contained
K NaClQ, at 0.3 mol dm?3 concentration.
Ru(NH3)5pZ?’Jr + Fe(CN}fﬁ 4) Measurements were performed at 472 nm, corresponding to the

maximum of the absorption spectrum of Ru(Nz>*. The values of
as well as the corresponding optical processes. The equilibrium@Q were calculated from the measured absorbances at equilibAum,
constants for the reaction as in different media were also according to equations
obtained. So, it was possible to compare the activation free
energies obtained from optical (and thermodynamic) measure- Q= [As — AedlAy — Aeg (61 + €)dl (5a)
ments with those directly obtained from kinetic data. LA A (e F €)aldlA, — Ay — (6, + €,)b]
This comparison is of interest from different points of view:

First, it permits a check on the (real) possibility of obtaining A= A (61T €)CIIA, — Agg— (e, T €7)d] b
electrop-transfer rate constants from _s;ati_c (_optical _and th_ermo- Q= [A, = Agyt (€1 T €)al[A, — Ayt (61 + €-)b]] (5b)
dynamic) measurements. This possibility is interesting by itself.

L ) .
Indeed, ifAG" can be obta!ned from thes.e measuremt_—znts, this the first one corresponding to procedure | and the second to procedure
opens the door to thexperimentalnear-direct) estimation of | "\yhere A, is the initial absorbance of the solutions, andand e
the preexponential term in the rate constants, as pointed out by

3 4 i i

Weaver et al3 and Bu et al* This term, as is well-known, (15) Creutz, C.; Taube, Hl. Am. Chem. S0d.973 95, 1086.
(16) Ford, P.; Rudd, De F. P.; Gaunder, R.; TaubeJ.HAm. Chem. Soc.

(10) Oxtoby, D. W.Adv. Chem. Phys1979 40, 1. 1968 90, 1187.

(11) Jonas, JAcc. Chem. Red.984 17, 74. (17) Curtis, J. C.; Meyer, T. Jnorg. Chem.1982 21, 1562.

(12) Loring, R. F.; Mukamel, SJ. Chem. Phys1985 83, 2116. (18) Rolda, E.; Doninguez, M.; GonZaz, D. Comput. Chem1986 10,
(13) Weaver, M. JChem. Re. 1992 92, 463. 187.

(14) Bu, Y.; Deng, CJ. Phys. Chem. A997 101, 1198. (19) Furholz, U.; Haim, A.Inorg. Chem, 1987, 26, 3243.
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Table 1. Energy Corresponding to the Maximum of the Absorption
Spectra of the MMCT Band within the lon Pair Ru(NkpzZ>t/
Fe(CN)}*~ at 298.2 K in Several Aqueous Mixtures

Sanchez et al.

Table 2. Equilibrium ConstantsQ, Relaxation Timesz, and the
Rate Constants for the Forwarkl, and the Reversé, Processes
for the Reaction (Eq 4) at 298.2 K

% WA Ds Eop/kd moltP % Wa 10°Q°b tlus 107kIM~tst 10°%/M~ts?t
Water/Ethylene Glycol Water/Ethylene Glycol
0.0 78.5 108 0.0 5.3 22 10.3 1.94
10.0 75.6 106 10.0 3.1 21 8.31 2.68
20.0 72.8 105 20.0 1.8 27 4.94 2.75
Water/Methanol Water/Methanol
10.0 74.0 108 10.0 1.8 30 4.45 2.47
Water/Glucose Water/Glucose
6.4 77.2 109 6.4 5.2 20 11.2 2.16
13.1 75.4 111 13.1 5.4 25 9.16 1.70
Water/Acetonitrile Water/Acetonitrile
10.0 4.7 107 10.0 1.3 34 3.34 2.57

204 weight of organic cosolvent.Obtained from the experimental
values ofE,, for the ion pair Ru(NH)spy®*/Fe(CN)*" by the equation
(Eoplpz — (Eop)py = Epy — Ep, (assuming that the reorganization
energies are the same for both ion paiks), andEg, are the standard
formal redox potentials of the couples Ru(Npy* >t and Ru(NH)s-
pZt2* (0.322 and 0.517 V in water, respectively). The differe

— Ej, was measured, resulting in independence of the reaction media.

Moreover, Eqp)pz Was corrected from the spiorbit coupling contribu-
tion using als, value of 4.9 kJ moit.t723

represent the molar absorption coefficient of the complexes Rg)¢NH
pzZ" and Fe(CNy*~ at A = 472 nm, respectiveli?
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 descrildd@he concentrations of the solutions
of Ru(NH)spz2™ and Fe(CNy~ were 5x 10™° and 2 x 10~* mol
dm~3, respectively (both of them containing NaGléx 0.3 mol dm?

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 &Yy
&= K{QURUNH)pZ o + [Fe(CNK T +
[RU(NH)3pZ" ]oq + [FE(CNY Teg (6)

From this equation and from the values@f= K'/k', both rate constants
can be obtained easily.

29 weight of organic cosolvent.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%.

included in the table, as well as the valuekiadindk' obtained
as previously described.

Discussion

To use eq 2, the free energy for the thermal electron-transfer
processeshAG®', must be obtained from the data of equilibrium,
after correction of the work tern?$,through

AG°=-RTInQ @)

and

AG” =AG° +w, —w, (8)

W, in eq 8 represents the work corresponding to the precursor
complex formation from the separate reactants, &pds the
equivalent for the formation of the succesor complex from the
separate products. These work terms were obtained using the
Eigen—Fuoss treatmerf® 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.

All the experimental results were obtained in buffered solutions pH Given that there is some controversy involvéd?*we have

=5 (JAcO] = [AcOH] = 5 x 1073 mol dn13).

Results

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

Table 1 gives the energies corresponding to the maxima of Suggestiorf? The values ofAG® are given in Table 3.

absorption spectra of the MMCT band within the ion pair

Ru(NHg)spZt/Fe(CN)*~. Because of instrumental difficulties,
we obtained the band corresponding to the ion pair RujNH
py3t/Fe(CN)}*~ instead of that of the Ru(NgjkpZ>+/Fe(CN)*~

ion pair. From this band it is a straightforward matter to obtain
Eqp for the ion pair of interest using the standard formal redox

potentials of the couples Ru(NHpy?*/2* and Ru(NH)spz3+/2+
and the spir-orbit coupling contributio-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

(20) The molar absorption coefficients of the complexes Rugp#*+ and
Fe(CN)3~ aree; = 12 956 mott dm? cm~t ande; = 14 molt dm?
cm-1, respectively, at 472 nm in the presence of 0.3 mofdnacClOy.

(21) Sachez, A.; Gara-Santana, A.; Gatla M. J. Phys. Chem. A998

102 7931.

(22) Miralles, A. J.; Armstrong, R. E.; Haim, A. Am. Chem. Sod.977,
99, 1416.

(23) Brunschwig, B. S.; Ehrenson, S.; Sutin, NPhys. Cheml1986 90,
3657.

From the data oAG® andE,p the values of the free energies
of reorganization and activation were obtained, using eqgs 1 and
2, respectively, the latter modified in order to include the
influence of the coupling energy]an 26

2

E
AG* = :; —H,, (9a)
2.05x 102

Hap= == (ematmaAV1) " (9b)

r

where emax is the molar absorption coefficient at the band
maximum and is the distance separating the redox sites in A.

(24) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

(25) (a) Fuoss, C. MJ. Am. Chem. Sod.958 80, 5059. (b) Eigen, MZ.
Phys. Chem. (N. F.J954 1, 176. The work termsy, andw; were
calculated in all the mixtures. The differenag — w; obtained was
almost constant for all the solvents (about 4.7 kJ thah a good
agreement with the value in ref 23).

(26) Creutz, CProg. Inorg. Chem1983 30, 1.



RU(NHs)spz2™ + Fe(CN)3~ = Ru(NHg)spZ™ + Fe(CN)*~ Inorganic Chemistry, Vol. 38, No. 8, 1999783

Table 3. Free Energy Chang;e;G"’, Reorganization Energy.,, and Thus, theket values must be obtained. These values, appearing
Free Energy of Activation AG;)o, for the Forward i(= f) and the in Table 4, were found by division & by K, the latter being
Reverse (= r) Electron-Transfer Processes at 298.2 K Obtained calculated as in ref 22.

from Thermodynamic and Optical Data From theke values, the free energies of activation were

AGY'/ i (AG])of (AG)od obtained using the semiclassical equafibn:
% Wa kJ mol1b kJ molt¢ kJ mof* kJ mol?

Water/Ethylene Glycol AGH
0.0 2.7 111.0 285 25.8 Ket = KelVn eXF(— RT (11)
10.0 -39 111.2 29.2 24.8
20.0 =51 110.4 29.6 24.5 . . _
Water/Methanol Hereke, v andAG* are the electronic transmission coefficient,
ater/iviethano . .
10.0 52 1135 304 259 the nuqlear frequency factor, and the activation free energy,
Water/Gl respectively.
ater/Glucose A value of ke ~ 0.2 can be calculated frotdap, using?®
6.4 -26 111.9 28.7 26.0 feel a using
13.1 —-2.5 113.8 29.1 26.6
. 2P
Water/Acetonitrile ke =711 p (12)
10.0 —6.1 113.4 30.8 24.8
206 weight of organic cosolvent.AG'= —AG?' ¢ A = 4. H.2 3\12
ab [ 47T
. P=1-—exp— — (13)
Table 4. Formation Constant of the lon Palt,, True hw, \kgTA

Electron-Transfer Rate Constaki,, and Free Energy of Activation,
(AG)), for the Forward i(= f) and the Reversd & r) As to the nuclear frequency factor, eq 14 was employed
Electron-Transfer Processes Obtained from Kinetic Data at 298.2 K in order to obtain i&®

Ko K 107K/ 107K/ (AGw  (AG)W , .
%wa Mt M1t st st kImol! kJmol?! VinAin T Vout 2out
Water/Ethylene Glycol Vn [W‘ (14)
00 65 417 159 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 In this equationvi, andvoy: are the characteristic frequencies
Water/Methanol for internal and external (solvent) reorganizations, zndnd
10.0 6.7 45.6 0.66 542 206 243 Aout the corresponding contributions Ao
Water/Glucose Calculations wlth _thls equation and the corresponding pa-
64 65 428 171 505 272 245 rameters appearing irt#2%-33 gave the values of,. Fromw,
131 6.7 444  1.37 3.83 27.8 252 and x¢; we have obtained values of the preexponential factor
Water/Acetonitrile ranging from 0.9x 10'? to 1.13 x 10" s™*. Consequently,
10.0 6.7 45.0 0.50 571 30.3 24.2 (according to the suggestion of one of the referees) we used an

average value of Xk 10% s for this parameter. Using this
value, the free energies of activation corresponding to thermal
electron-transfer reactions were found. These values are given

20 weight of organic cosolvent.

It is worth pointing out that,, was calculated for the ion pair | Table 4 asAGH
Ru(NHg)spy?t/Fe(CN)*~. It was assumed that the value of this ' 1@P'€ & aSAty,.

parameter for the electron transfer within the ion pair Rug¥H A comparison of activation free energies in Tables 3 (optical)
pZ/Fe(CN)# is the same. The value & in pure water is and 4 (thermal) shows excellent agreement between both sets
. al

70 ot = 0.84 kJ Mot (emax= 33 mol-2 dm? cm* andAvi of data. So, the possibility of using the developed approach to

; +
= 4614 cntl). The value ofH,, in other solvents is the same estimateAG™ seems adequate.

as that in water because neitlagex nor Av12 showed significant It is worth pointing out t_hat the agreement betwe_en Kinetic
modifications in the medium. To calculate the free energy of and calculated free energies of activation is found in the case

activation by eq 9a, a value ., was used, which is ca. 75% of both the forward and reverse electron-transfer processes.

of theHqp value obtained from the MMCT. This difference arises Taking into account that calculations were performed b.y using
tthe same value of for both processes, the results obtained in

because the optical and thermal electron transfers occur a hi K sh hat th T f taking the f

different points along the reaction coordinat&he results of tsdff;\gs ?ororr:; ratlatatct:r?{)g:l%xg?ggggtost;ie?%; Sa:ggoﬁgec:?{he
. . +

these calculations appear in Table 3 AgNdAG,, same curvature is good enough. On the other hand, the value

Now the activation free energy will be obtained from kinetic . . .
data. In this regard, obviously, the data appearing in Table 2 _of/I was calculated from optical (and thermodynamlc)_data. T_h|s
cannot be used directly, since the activation free energiesImplles that part of the free energy curve corresponding to high

obtained from the data corresponding to the optical electron energy (that is, to a high value of reaction coordinate) is
transfer are those of the true electron-transfer rate constants

(28) (a) Landau, LSa. Phys.1932 1, 89. (b) Zener, CProc. R. Soc.,

ket These rate constants are relatedt¢or k') through Ser. A1932 137, 696.
(29) Gennet, T.; Milner, D. F.; Weaver, M. J. Phys. Chem1985 89,
K=Ky (=11 (10) e
0s et ! (30) Yastremskii, P. S.; Khar'kin, V. S.; Goncharov, V. S.; Lyashchenko,

) A. K. Russ. J. Phys. Cherfi983 57, 49.
K. being the association constant corresponding to the forma-(31) Bertolini, D.; Cassettari, M.; Salvetti, G. Chem. Phys1983 78,

tion of the ion pairs from the separate reactants or products.(32) Mashimo, S.; Miura, N.; Umehara, J. Chem. Phys1992 97, 67509.

(33) Davies, M. InDielectric Properties and Molecular Beheur; Hill,
(27) (a) Chou, M. H.; Creutz, C.; Sutin, Norg. Chem.1992 31, 2318. N. E., Vaughan, W. E., Price, A. H., Davies, M., Eds.; Van Nostrand
(b) Song, X.; Marcus, R. AJ. Chem. Phys1993 99, 7768. Reinhold: London, 1969.
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