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The title reaction was studied in different reaction media: aqueous salt solutions {\NaidiQvater-cosolvent
(methanol) mixtures. The observed rate constadgts,show normal behavior in the solutions containing the
electrolyte, that is, a negative salt effect. However, the solvent effect is abnormal, because a decrease of the
rate constant is observed when the dielectric constant of the reaction medium decreases. These effects (the
normal and the abnormal) can be explained using the Maildush treatment for electron transfer reactions.

To apply this treatment, the true, unimolecular, electron-transfer rate constartiaye been obtained from

kobs after calculation of the rate constants corresponding to the formation of the encounter complex from the
separate reactants;, and the dissociation of this complak,p. This calculation has been carried out using

an exponential mean spherical approach (EMSA).

Introduction Under the circumstances prevailing in this work, it can be
Electron-transfer reactions are seen often in chemistry, shown that:
biology, as well as in industrial fields. They are unique in the KoKe
sense that, since the pioneering work of Matcasd Hust?, Kops = Kot ks (3)
—D t

there is a quantitative theoretical framework that allows a deeper
insight in the factors controlling the rate of this kind of reaction.
Thus, it is well-known that the rate constant for electron-transfer
reactionske, as given by?

wherekp and k_p are the rate constants of the forward and
backward processes, respectively, in the formation of the
precursor complex from the separate reactants.

. _AGHRT Consequentlyke; can be obtained frorkyys after calculations
Ket= ke © @) of kp andk_p. Onceke is separated fronky,s AGH is easily
obtained. In this way} can be calculated, provided thaG*’

is known (see eq 2).

Our selection of the reaction studied here was based on the
ideas described in the preceding paragraphs: first of all, the
"2 free energy for this reaction is very favorable so that eq 3 can

AGH = (1 +AG) ) be safely applied. Second, as was recently shown by Simonin
4 and Hendrawafkp (andk_p) can be calculated to a reasonable
accuracy by employing an exponential mean spherical approach
In this equation/ is the reorganization free energy aA@®' is (EMSA). Third, redox potentials of the,8s2/3~ couple in the
the free-energy change for the electron-transfer step. reaction media studied here are availéBko that by measuring

For a given electron-transfer reactiag,andv, are practically the redox potentials of the [Ru(bp}3'2" couple in these media,
fixed so that control on the rate can be achieved through {ne reaction free energy can be calculated.
modulation, by the reaction medium, #fand AG'. Conse- The results presented here can be considered normal in the
quently, knowledge of how these parameters change when thegase of salt solutionskops decreases when the concentration of
reaction is carried out in different solvents is important in an the salt increases. However, the results obtained in the water
understanding of how to control the rate of the reaction. First, methanol mixtures are abnormal according to the conventional
itis therefore necessary to obtawin different reaction media.  theory of solvent effect®which predicts an increase of the rate
It is important to note that fobimolecular electron-transfer constant,kyps When the dielectric constant of the reaction
reactions, like the one studied hekg,s not the datum obtained  medium is lowered, whereas here a decreask.gafis seen.
in a kinetic experimentkos In fact, ke corresponds to the  Thjs apnormal effect can be easily rationalized from the data

unimolecular electron-transfer step, once the donor and the (; and AG') obtained for the watermethanol mixtures as
acceptor have formed the precursor complé®,0s> /Ru- described previously.

(bpy)y?* — S0 /Ru(bpy}®", in this case), andps corre-
sponds to the process@&?* + Ru(bpyk?"™* — S,0g% + Experimental Section
Ru(bpy)®" (see ref 5).

is controlled by an electronic factoke, a nuclear frequency
factor,v,, and the activation free energiG*. This free energy
can be written a3

Materials. Tris (2,2-bipyridine) ruthenium (lll) chloride

* To whom correspondence should be addressed. E-mail: gcjrv@us.es; ([Ru(bpy}]Cl,) from Biomedicals Inc., sodium peroxodisulfate
Tel. +34—954557175; Fax+34-954557174. (NaeS,0g) from Fluka, NaNQ from Merck, and methanol from
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4 TABLE 1: Stern—Volmer Constants (Kq), Lifetime in the
Absence of the Quencher1), and Observed Rate Constants
254 (kobs Of the Reaction [Ru(bpy)]?" + S,0¢2~ in NaNO3 Salt
Solutions at 298.2 K
—_ 3 [NaNOj] 102Ky, o 10 %Kops
§ 25 A (mol dn3) (mol dnm3) (ns) (mol~1s~idm?)
2 5 0.009 36.8 603.6 6.10
S 0.2 7.88 603.4 1.31
‘g’ll 15 4 0.5 3.87 603.6 0.64
=] 1 1.82 603.5 0.30
= 1 2 1.46 603.9 0.24
3 1.27 603.6 0.21
0.5 4 4 1.19 603.7 0.20
0 5 1.10 603.5 0.18
' ' ' 6 0.97 603.4 0.16
0 2000 4000 6000 3000 10000
) ) TABLE 2: Stern —Volmer Constants (Ks), Lifetime in the
Time/ns Absence of the Quencher1), and Observed Rate Constants
37 (kobg) Of the Reaction [Ru(bpy)]?t + S,0¢2 in
- Water—Methanol Mixtures at 298.2 K
8 % weight 103Ky To 10 %ops
'?, o (methanol) (mol~ dmd) (ns) (mol~t s~ dmf)
& 5.68 1.18 531.2 2.22
10.20 1.04 528.8 1.96
37 18.37 0.85 525.7 1.62
Figure 1. Decay of the excited state of [Ru(bg})" in salt solution 26.53 0.67 522.1 1.28
(INaNQ;] = 5 mol dnT?) at 298.2 K. 30.64 0.58 520.6 1.11
39.15 0.40 518.4 0.78

Merck were used as received. All the solutions were prepared . ) ) ]

with deionized water from a Millipore Milli-Q system, having ~ cyclic voltammetry technique as described in ref 4. and

a conductivity<10-6 S ni . Yred IN €Q 4 represent the activity coefficients of oxidized and
Fluorescence Measurements. (a)ntensity measurements ~ réduced species of the ruthenium complex, respectively. A

were carried out in a spectrofluorimeter (Hitachi f-2500) Vitreous carbon working electrode, a saturated calomel reference

interfaced to a PC for the reading and handling of the spectra electrode, and a platinum auxiliary electrode were used in these

at 298.2 K. Intensity measurements were performed in the Measurements. A sweep rate of 0.2'V sas employed.

absence of the quenchdg)(at [Ru(bpy}]2t = 5 x 106 mol In the electrochemical measurements, the concentration of
dm=3 and in the presence of different quenchepQ$™) [Ru(bpy)]?" was ranged from 1@ to 1.8 x 1073 mol dm3
concentrations ranging from § 1074 to 3 x 10-3 mol dnr3, for salt solutions. In the case of methanwolater mixtures, a

In the case of measurements in the presence of the quencheiconcentration of the ruthenium complex equal to@ol dn3
for water-methanol mixtures, a constant Neoncentration was ~ Was used. For the mixtures, Nah@t concentration 0.1 mol
maintained by adding an inert salt (Nag)O dm™3 was added.

(b) Fluorescence lifetimes of the excited state of the All the measurements were carried out at 298.2 K.
ruthenium complex were measured with a FL920 fluorescence
lifetime spectrometer from Edinburgh Instruments using the time Results
correlated single-photon counting technique at 298 K. Fluores-  Table 1 contains the SteriVolmer constantsKsy, for the
cence decays were obtained up td tbunts in the peak and  salt solutions obtained frof®:
were analyzed by an iterative deconvolution procedure based

on the Marquardt algorithif. The goodness of the fit was lo o

measured by the magnitug@ (2 = Si|F; — fi|2, whereF; is 1= 1+ Kg\[S;05” | (5)
the value of theth data point and is the value obtained from

the fit) and the shape functions of the weighted residuals. The table also contains the lifetimes, in the absence of

Before lifetime measurements, the solutions were deoxygen-the quencher, obtained as previously described. Ftgpand

ated by bUbb'Iﬂg argon thrOUgh them for at least 30 min. 7o, the observed rate Constark&)s were obtained%bsz KSV/
Emission and excitation wavelengths were 597 and 452 nm for 7).

salt solutions and 594 and 452 nm for cosolvent mixtures. The Table 2 contains the same data as Table 1 but refers to-water
excitation and emission wavelengths were those that cor- methanol mixtures.
responded to the maxima of the absorption and emission spectra, |n the Stern-Volmer representations, good linear plots were

respectively, in the different reaction media. obtained in all cases. As an example, Figure 2 gives the plot
Figure 1 shows an example of the decay of the excited corresponding to a watemethanol mixture wh a % ofweight
ruthenium complex and the residuals obtained. of methanol of 18.36.
Electrochemistry. Standard formal redox potentials®' Efor The standard formal redox potentials for the [Ru(bpyY
the [Ru(bpy)]**2* couple: [Ru(bpy)]?" and the $0g2/S,05% (from ref 7) and the [Ru-
(bpy)]3*/[Ru(bpy)]?™ couples in salt solutions appear in Table
B — E° 4+ RTIn;:—OXd ) ;Lt:;lﬁtter redox potentials were calculated through the
rel

in the different reaction media were obtained following the E Ru(bpy)3+/Ru(bpy)?+ — E Ru(bpy)#+/Ru(bpy)?t E(0-0) (6)



4198 J. Phys. Chem. A, Vol. 110, No. 12, 2006 Lopes-Costa et al.

40 6 that the slow rate for the thermal process comes from the
high reorganization free energy. This circumstance has also been
351 noted by other authofs.
> . Calculations
_ 254 To know the electron-transfer rate constdsqt, that is the
= rate constant corresponding to process 3b, the vallkg ahd
201 k-p (eq 3a) need to be calculated.
s The calculations of these diffusion rate constants have been
' obtained by using the EMSA, following the procedure described
10 4 in ref 6. In this approach, the ions (reactants and background
electrolyte) are characterized by their charges and diameters.
05 . . . . . , ko is given by:
0.0 500.0x10€ 1.0x10°  1.5x10° 2.0x10® 2.5x10° 3.0x10° 3.5x10?°
[S,04% / mol dm” kp = 47(Dp + Dp)L )

Figure 2. Plot of I¢/l versus the quencher concentration,Jg ], in

water-methanol mixture (% weight of methanel 18.37) at 208.2 K.~ WhereDa and Dp represent the diffusion coefficients of the

acceptor (80g27) and donor ([Ru(bpy]?™*), respectively.

TABLE 3: Standard Formal Redox Potential (E°'/V) Values Parametet. is given by:
of the $0¢27/S,05%7, [Ru(bpy)s]3*/[Ru(bpy)s]¢, and the

Excited [Ru(bpy)s]3/[Ru(bpy)s]>™ Couples (vs NHE) at 1 w _o MSA
Different NaNO3 Concentrations at 298.2 K L = er expliVap (N)ldr (8)
[NaNG;] S06%"/ [Ru(bpy)]*/ [Ru(bpy)]*/ , , , MSA, -
(mol dnr3) S,06%2 [Ru(bpy)]?* [Ru(bpy)]?™ where o is the reaction distance amﬁD (r) is the mean
0.009 1.32 1.34 —0.74 force potential, as given by the EMSA:
0.2 1.44 1.28 —0.80 G(r)
0.5 1.48 1.28 —-0.81 r
1 1.50 1.25 -0.83 PVap () =——=
2 1.53 1.23 —0.85 r
3 1.55 1.23 —0.85 OLAD\ 1 ®
4 1.56 1.23 —-0.86 — G,(X)H(r —r,) (9a)
5 1.57 1.22 —0.86 r }(1 + Tt )1+ Irp)e " “
6 1.57 1.22 —0.86
a Data taken from ref 7. Qap = ZpZpat (9b)
TABLE 4: Standard Formal Redox Potential (E°'/V) Values ﬁez (9c)

of the $06* /04>, [Ru(bpy)s**/[Ru(bpy)s]**, and the &7 drege
Excited [Ru(bpy)s]3t/[Ru(bpy)s]?*" Couples (vs NHE) in 0
Different Water —Methanol Mixtures at 298.2 K

% weight S,0g%7/ [Ru(bpy)]®t/ [Ru(bpy)]®t/

In eq 9a,H is theHeaviside and G(r) is defined as:

(methanol) _ SOp*  [Ru(bpy*  [RulopyM*" G(r) = g () (10)
5.68 1.40 1.30 -0.80
ig'gg i'gg 122 :8';2 with gi'D being the electrostatic contribution of thgng) radial
26.53 138 136 075 distribution function. For a more detailed explanation, see refs
30.64 1.38 1.37 -0.74 6 and 15. o o
39.15 1.37 1.39 -0.73 On the other handp = kp/k_p, which is the equilibrium

a Data taken from ref 8. constantin absence of the quenching reactjiohas been

calculated fromvin=*(a;), the potential at contact, through:

where E(0—0) corresponds to the-D emission energy. All

these potentials are referred to as NHE. Kp = exp(—BVEusA(a,)) (11)
Table 4 contains the standard formal redox potentials in the

methanotwater mixtures. Those of thex8g2~/S,0g3~ couple whereo; is taken as the contact distance, thavis= ra + reg.

were from ref 8. As the $¢27/S,053" in the table contains Once one ha&p andkp, it is possible to obtaik—p as:
the correction of the liquid junction potentials, a similar

correction was carried out in the case of [Ru(kp¥y[Ru- K =ﬁ° (12)
(bpy)]?" potentials. To perform this correction, the redox -D ko

potentials of the Fef—Cp),"/Fe>—Cp)° couple (taken from

ref 14) were employed. The values okp, k-p, Kip, andke; (this latter from eq 3) are

The redox potentials of the,Gg?/3~ couple are close to or  given in Tables 5 and 6 for the salt solutions and the water
higher than those of Ru(bpyj’2*; that is, the thermal electron-  methanol mixtures, respectively. The value&gf corresponding
transfer reaction is allowed from a thermodynamic point of view. to a solution containing NaN$£0.009 mol dm?® is similar to
However, this reaction is very slow, as we checked in the reported value for the reaction Ru(pJkpz2" + S,0g%" in
preliminary experiments. Thus, the half-life of this process is water by Fuholz and Hain?> This latter reaction also involves
~ 24 h. As our experiments were carried out in a few seconds, a RiZ* charged complex and,Gg?~.
no detectable decrease of the Ru(Bpy)s expected during the A final comment before closing this section. To calculate
time of measurements. It is clear from the data in Tables 5 andwe have not used thexperimentalKsy/zg) values ofkgps but
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TABLE 5: Values of kp, k_p, Kip, ket, AG', and 4 Obtained for Different NaNO ; Concentrations

[NaNQ] 1(rng 109k_D Kip 1(T7ke[ AG A
(mol dnr3) (mol~t s~ dmd) (s (mol~t dmd) (s (kJ mol?) (kJ mol?)
0.009 16.2 0.73 22 44 —218 418
0.2 10.7 1.31 8.2 18 —225 439
0.5 9.65 1.56 6.2 11 —228 450
1 8.87 1.69 5.2 7.6 —233 465
2 7.79 1.69 4.6 55 —235 469
3 6.80 1.57 4.3 4.7 —237 472
4 5.89 141 4.2 4.3 —238 474
5 5.05 1.24 4.1 4.1 —238 475
6 4.25 1.07 4.0 4.0 —238 476

TABLE 6: Values of kp, k_p, Kip, ke, AG', and 4 Obtained for Different Water —Methanol Mixtures.

% Welght l(Tng 1(TS|(_D Kip 1U7ket AG' A
(methanol) (mol~t s~ dn) (s (mol~* dm?) (s (kJ mol?) (kJ mol?)
5.68 12.2 5.09 24 11 —222 440
10.20 11.4 4.52 25 9.5 —220 441
18.37 9.47 3.39 28 6.7 —218 442
26.53 8.66 2.75 32 4.6 —216 445
30.64 8.48 2.52 34 3.8 —-215 447
39.15 8.51 2.19 39 2.5 —214 451

the values of this rate constant resulting from the fit of these = However,AG' and AG®*' are related through:
experimental values to (see Figures 3 and®4):
AG' = AG” +w, —w, (16)
ko + Kk;[NaNO;]
bs = W (13) Here,w; andw, are the free energies corresponding to the

formation of the precursor complex from the separate reactants
for salt solutions, and to eq 14 for watemethanol mixtures: and the formation of the successor complex from the separate
17 products.

w; was calculated as:

kot Kkx

bs — m (14) W, = —RTIn KIP (17)

from the values oKp appearing in Table 5. As for the, values,
W, = (9/4w; was used, taking into account that the product of
the charges of the ions forming the successor complg®gfS
Discussion and [Ru(bpya]Sf) is 9/4 of the product of the charges of the

] . reactants. In this way, the values A5’ and4 given in Table

(a) Salt Effects. According to the data in Table 1, the g5 \yere obtained.
expected negative salt effect was observed for the reaction | js clear that the negative salt effect &g arises from the
studied here, taking into account that the reactants are ions offact that although the electron-transfer step becomes more
opposite charge. Moreover, according to data in Tabl&S,  favorable from a thermodynamic point of view when the
decreases with the salt concentration. That is, a negative saliconcentration of the salt increases, this is not enough to
effect onkeis observed so that the negative (global) salt effect compensate for the increase /af The fact that the reaction
arises from the effect of the salt on the diffusion stkg) @nd becomes more favorable thermodynamically speaking is a
on the electron-transfer step. . consequence of g2~ being a more powerful oxidant in the
To take a deeper insight into the negative salt effeck@n  presence of the salt and [Ru(bglf) * a more reductant species.

the Marcus-Hush formulation for electron-transfer reactions, Thjs is clearly seen in eq 4, which gives the standard formal
as givenin eq 1, was used. In this equation, the pre-exponential.eqox potential of a given couple. For the0g?/S,0¢3~ couple,
term, ke vn, €an be considered independent of the reaction poth 1, and yeq decrease with increasing salt concentration.
_medlum. This term, except forstrpngly nonadiabatic processes, However, the decrease jneq is more marked because of the
is of the order of the (average) vibratory frequency promoting higher (absolute) charge of the reduced form of this couple.
the activation of the precursor complex. Thus, avalue +0  Thys &' increases as the salt concentration does. The opposite
10'3s™* seems reasonable. In the calculations, we used a valuejg {rye for the cationic, Ru(bpy}'/Ru(bpy)?™*, couple. Con-
of 6.62x 10" s . This value corresponds to the value of the sequently, the reaction becomes more favorable thermodynami-
pre-exponential factor in the expression of the rate constant ca|ly. Notice that parametércauses the negative salt effect on

wherex represents the ratio between the mole fractions of the
methanol and water.

given by the classical transition Stf\'fe theokgT(h) at the kew as this parameter increases as the concentration of the salt
working temperature. In this wa\G* can be obtained from s jncreased, in agreement with the theoretical treatment of the
ket (see eq 1). salts effects on this reorganization free enéfy.

Once AG* has been calculated, it is possible to obtain the () Solvent Effects.In many ways, the results obtained for
two piramet.ersﬂ, andAG', which, acco,rdllng 10 €q 2, appear  the water-methanol mixtures are the most interesting results
in AG®. It is important to realize thaAG' is not the standard o this work. They correspond to an unexpected solvent effect,
formal reaction free energhG*', of the reaction: askops decreases when the content of methanol increases. To a

o or or small extent, this is due to a decrease in the rate of the diffusion
AG* = —nHE S,0g2 13- E Ru(bpy2;3+/2+”) (15) step ko). However, the main cause is the diminution of Kae
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7e+9 2,4e+9
6e+9 - 2,2¢+9 4
2,0e+9 -
5e+9
L "’E 1,8e+9
-g 4e+9 - >
"0 _‘w 1,6e+9 ¢
E 3e+9 E 1,4e+9
~ 2 ®
£ 2e+9 A ° 1,2e+9
X
1e+9 1,0e+9
: ! Py Py e - 8,0e+8 .
0
6,0e+8 T T T T T T T
T T T T T T r 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40
0 1 2 3 4 5 6 7
X
3 N Figure 4. Plot of the rate constalit,sversus the relative molar fraction
[NaNQ,]/ mol dm
Figure 3. Plot of the rate constaifit,s versus the NaN@concentration X (see text in Calculations Section) at 298.2 K.
at 298.2 K.

solvent (and not only the solvent polarization) will be intermedi-
This diminution can be considered in detail using the same &€ between the positions corresponding to the (preferential)

approach as in the case of salt effects. Thus, we calculated thesolvation of the precursor and successor complexes. The cause

values of AG' and / in the watermethanol mixtures. They of the extra component i is not the preferential solvation
appear in Table 6 itself but the changes in this preferential solvation in the

It can be clearly seen from this table that both the variation actllvat|(|)n pmﬁess, which implies a movement of solvent
of the free energy of the electron-transfer step and the MO'€cules in the activation step.

reorganization energy of this step produce a diminutiokepf This component of the reorganization _energy has been
because both of them increase when the reaction mediumObserVed by some of the present auth_ors In previous \&R_)rks
becomes richer in methanol content as well as by other authors. Thus, Curtis et®auggested this

The increase ohG' can again be explained using eq 4: when extra contribution from the results obtained through thermody-
the dielectric constant of the reaction medium decreases, both@Mic (rédox) measurements corresponding to some inorganic

Yox and yreq Will increase. For the 2 /S,06*~ couple, yox complexes in solvent mixtures. A similar conclusion was
will increase less thameq because the oxidized form of this ~ eached by Hupp et &kfrom the study of the spectra of some
couple bears a lower (absolute) charge. In this way, #%°S complexes in solvent mixtures. Moreover, the existence of this

becomes a less powerful oxidant when the methanol content is€{ra component of the solvent reorganization energy in solvent

increased. The ruthenium complex becomes less reductant inmlxtutr)es hag bheen phrec_hcteld .thsé) retically by Matyushemd

this case. Thus, a less favorad&' is seen when the amount ~ ©©'"0 ora_te throug simu 3“0 ' L .

of the alcohol in the reaction medium increases. According to the previous interpretation, in sol\{ent mixtures,
The increase of in water-methanol mixtures is somewhat & Componer_“ of the reorganlgatlon energy, not included in eq

unexpected. This reorganization free energy contains an internalzho’ mlustheiq_st to produce dan kllncrearl]sel |wEen’ thfe amo(ljmt of

contribution,4in, arising from the internal reorganization of the t; alcohol increases and, thus, the '?e" ars actc_)rm_ecreases.

bonds of the donor and the acceptor, and a solvent contribution, 1 IS component can be estimated as follows; assighings

As, arising from the solvent reorganization. The internal con- this extra gomponent of the reorganlzatl_on free energy, it can

tribution can be considered as independent of the reactionthus be written for the watemethanol mixtures:

medium. Howeverds depends on the solveht: Ag=A — Ay — Ag (20)
A= N, €& 1 + 11 y=Ay (18) Thus, according to previous arguments, this component does
s 2r, 2ry dr not exist in pure solvents, in water for example, and it can be
written:
As the Pekar’s factory, given by:
Ain =20~ Aduo (21)
_1 1
Y= n_z T e (19) In principle, As for water would be calculated from eq 18.
However, this equation has been questioned because it over-
decreases when the content of methanol increasesd, thus, ~ estimatesls For this reason, Wﬁ preferred to estiméjeusing
2 should decrease. However, the opposite trend is observed inPublished data. Thusi, for S;0¢*~ was established to be about
Table 6. 660 kJ mot1.25 For the ruthenium complex, a value 4f of 2

To explain the increase df, it is important to realize that ~ KJ mol* was used? Consequently, a value of 331 kJ mbis
our data correspond to solvent mixtures instead of neat solvents.Obt%'lned- Using this valud, for water is calculated as 87.7 kJ
In these mixtures, when the electron transfer happens, bothMolI*. Thus, the effective value of parametin eq 18 is:

reactants change their charges, and consequently, a modification )

e . . - . H O
of the composition of their solvations shells is expected (this — > —159.4 kJ mol* (22)
modification, of course, is absent in neat solvents). This change YH,0 '

in the composition of the solvation shells will produce an extra

reorganization of the solvent, caused by a translational move- Using this value ofA to calculatels in eq 20, as well as the
ment of some solvent molecules, because in the transition stateyalue of lin previously estimated, the values &f appearing
the position of the molecules of the two components of the in Table 7 are obtained.
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TABLE 7: Values of Aex and ki, Obtained for Different
Water—Methanol Mixtures

% weight (methanol) Aex (kJ mol?) 108, (s
5.68 22 55
10.20 23 4.8
18.37 25 4.1
26.53 27 35
30.64 29 3.3
39.15 34 2.8

To have an idea of the accuracy of this estimatiom.gf
consider Figure 5. In this figure, Ik has been plotted versus
the Grunwald-Winstein polarity parameteYgw, corresponding
to the water-methanol mixtured’ A good linear plot is obtained
if the water point is excluded.

This behavior could be due to two reasons: the valuédg;of
corresponding to the mixtures are too low, or the valuécof
corresponding to the water must be lower than the value

obtained experimentally. Next, we can calculate the electron-
transfer constant of this process without the extra component

of the reorganization free energy for the waterethanol
mixtures. This electron-transfer constaat, can be calculated
using the eq 23:

kgT
h &

(2 — Aoy + AG')?

4 — Ag)RT (23)

Kee=

The values ok, are given in Table 7, and plotted versus
Yow in Figure 6. It can be seen in this figure that the water
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point is now included in the general plot. This supports our
estimation 0flex.

Conclusions

In this work we have studied the oxidation of [Ru(bg¥¥*
by S$0g?~ in salt solutions and in watemmethanol mixtures.
Using an extended mean spherical approach (EMSA) and the
Marcus-Hush formulation for electron-transfer reactions, it was
possible to explain the normal salt effects and the abnormal
solvent effects. The latter is a consequence of the fact that: (i)
in water-methanol mixtures, the reaction becomes less favor-
able thermodynamically speaking and (ii) in these mixtures, an
extra contribution of the solvent reorganization free energy
appears.
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