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Salt effects (NaNO;) on the kinetics of the reactions [Fe(CN)6]3* + [Ru(NH3)5(pyz)]2+ =
[Fe(CN)6]4’+ [Ru(NHs)s(pyz)]3+ (pyz = pyrazine) were studied through T-jump measure-
ments. An abnormal (positive) salt effect on the forward reaction was observed and a nor-
mal (negative) effect on the reverse one. These facts imply an asymmetric behavior of
anion/cation reactions depending on the charge sign of the oxidant and reductant. The re-
sults can be rationalized by using the Marcus—Hush treatment for electron-transfer reactions
after decomposition of the experimental rate constants into their components.
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Classical theory of kinetic salt effects on anion/cation reactions, as given in
current textbooks?, is based on the Bronsted equation?

k=k,YaYe (1)
V.

In this equation, k; is the rate constant in a given reference state and y,, Vg,
and vy, are the activity coefficients of the reactants A, B, and the transition
state #, corresponding to the reference state. According to the Brgnsted
equation, a negative salt effect is expected for anion/cation reactions and
a positive salt effect is predicted for reactions of ions of the same charge
sign. These predictions have been checked many times. In fact, Livingston’s
diagram?® is a beautiful illustration of salt effects. All this is well known by
chemists working in the field of chemical kinetics, up to such a point that
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salt effects are taken frequently as criteria for the mechanism diagnosis. It is
less known that, in the field of electron-transfer reactions, there are cases in
which a positive salt effect is found for anion/cation reactions®.

To clarify these abnormal effects, a kinetic study of the reaction (2) has been
carried out in NaNOj solutions of different concentrations (1-6 mol dm=3).

ks
[Fe(CN)gl*~ + [Ru(NHj)s(pyz)1** <k7' [Fe(CN)g]*™ + [Ru(NH5)s(py2)1** (2)

The result of this study reveals the existence of abnormal salt effects for the
forward reaction. However, the reverse reaction shows normal behavior.
These facts can be rationalized by using the Marcus-Hush® theory of electron-
transfer processes, after decomposition of the experimental rate constant
into its components. In particular, we have been able to obtain the main
parameters that control the kinetics of the electron-transfer reactions, the
reorganization, A, and reaction, AG', Gibbs energies of the processes. The
knowledge of these parameters and their variations on changing the reac-
tion medium is important. In particular, in the case of reactions between
transition metal complexes, this knowledge is of interest with regard to the
implications of these electron-transfer processes for the design of novel sys-
tems of technological significance (e.g., molecular electronics or sensor de-
vices)®.

It is worth pointing out that this paper constitutes an extension of previ-
ous studies by our group’ in this field. This extension regards the measure-
ment of the equilibrium constant corresponding to the formation of the
encounter complex (see hereinafter) and the introduction of the effective
(dielectric) permittivity, when dealing with salt solutions. This has permit-
ted us to obtain better values of electron-transfer rate constants.

EXPERIMENTAL

Materials

The complexes [Ru(NH3)5(pyz)1(ClO,), (pyz = pyrazine) and [Co(NH3)5(dmso)](CIO,),
(dmso = dimethylsulfoxide) were prepared and purified according to the procedure described
in the literature®. The reagents K,[Ru(CN)g], Nag[Fe(CN)g] and NaNO; of AR grade were used
as purchased. The water used as the solvent had conductivity < 10°® § m™,

Equilibrium Measurements

The equilibrium constants, Q, for reaction (2) were obtained from spectrophotometric data.
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o=k - [Fe(CN),I'" [RU(NH,) (py2)I* 3)
k. [Fe(CN),I" [Ru(NH,)s(py2)[**

Measurements were carried out at 472 nm, the wavelength of the maximum absorption of

[RUNH;)s(PY2)]?* (Emax = 1.3 x 10% mol™ dm?® cm™). A small correction for the absorption

of [Fe(CN)¢]*™ at 472 nm (e = 14 mol™ dm® cm™) was applied. The concentrations in the

mixtures of [Fe(CN)g]*~ and [Ru(NH,)s(pyz)]** ranged from 1 x 107 to 5 x 10~ mol dm=.

All measurements were performed at 298.2 K.

Determination of the Equilibrium Constant K for the Formation of the lon Pair
[Co(NH,)5(dmso)]**/[Ru(CN)g]*

A spectrophotometric method served for the determination of the equilibrium constant, K,
for the formation of the ion pair [Co(NH3)5(dmso)]3*/[Ru(CN)6]4‘. Absorbance measurements
were carried out with a Cary 500 Scan UV-Vis-NIR spectrophotometer. The solutions con-
tained [Co(NH3)5(dmso)]3+ and [Ru(CN)6]4‘ at equimolar concentrations, ranging from 1 x
10 to 6 x 107> mol dm™.

The experiments were carried out at 298.2 K, employing a 1-cm path length cell. The
monitoring wavelength was 352 nm, which corresponds to the maximum of the MMCT
(metal-to-metal charge transfer) band of the ion pair. The molar absorption coefficient for
this ion pair was determined from the slope of the Beer’s plot at concentrations correspond-
ing to the complete formation of the ion pair (Fig. 1). Having the molar absorption coeffi-
cient, it is simple to obtain the values of K corresponding to the formation of the ion pairg.
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[Co(NH,),(DMSO)]*" = [Ru(CN),]*/mol dm™

Fic. 1
The Beer’s plot of the formation of the [Co(NH3)5(dmso)]3+/[Ru(CN)6]4‘ ion pair at 298.2 K
and 0.1 m NaNO;. Reactants at equimolar concentrations. The points are the experimental
data and the line corresponds to the Beer’s plot
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Kinetic Measurements

Kinetics of the reactions (2) was studied by the T-jump technique, using a Hi-Tech SF-61 ap-
paratus. The concentrations of the reactants [Ru(NH3)5(pyz)]2+ and [Fe(CN)6]3‘ in the mix-
ture ranged from 5 x 107 to 1 x 10™ mol dm™. The solutions also contained NaNO, at
desired concentrations. The initial temperature and the voltage were adjusted according to
the considerations of the apparatus in such a way that the final temperature of 298.2 K was
reached (after the T-jump). After perturbation of the system, the absorbance was recorded
up to the equilibrium (at 298.2 K).
Under the experimental conditions, the relaxation time, T, is given by Eq. (4)

% = k{Q(I[Fe(CN) I . + [Ru(NH,)s(py2)I""].) + [Fe(CN)sI*"1. + [RUNNH,)s(py2)* L.} . (4)

In this equation, [X], represent the equilibrium concentrations of the species X. The values
of Q are given by Q = k¢/k,. Both rate constants, k; and k., can readily be obtained from
Eqg. (4) and the previously measured values Q.

RESULTS

Table | contains the values of Q and t corresponding to the studied salt so-
lutions. Each value of Q and 1 was obtained in, at least, five independent
experiments. The values of Q can be expressed by Eq. (5)

3-,,2+
Q:QO% (5)
Yy v

where y are the activity coefficients of the ions with charges indicated, and
Q0 = k{/k/°, i.e., the thermodynamic equilibrium constant. Taking the loga-
rithm of Q in Eg. (5), and using the extended Debye-Htickel equation for
the activity coefficients!®, the result is

o AVI
| =1 ——— +BI. 6
0gQ =logQ +1+ﬁ+ (6)

The values of Q fit well to this equation (Fig. 2a). Thus, the values of Q in
Table | are the data obtained from this fitting procedure. Analogously, the
values of 1 (Fig. 2b) in Table | have been obtained by following the same
procedure.
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Effective (Dielectric) Permittivity

Recently, reports on strategies to deal with solutions at high salt concentra-
tions have appeared in the literature!®. In these papers, effective ion-ion po-
tentials are parametrized in order to include multibody effects at high ionic

(o4
[*2]
o e
0.5 4
0.0 4
-0.5 T T T T T T ]
0 1 2 3 4 5 6 7
[NaNO,]/mol dm™3
1.65 7
b L]
1.60
1.55
—
2]
~
=
% 1504 4
©
o
o 145 A
3 .
— 1.40
[ )
1.35 4
1.30 4
1.25 T T T T T T d
0 1 2 3 4 5 6 7

[NaNO,]/mol dm™3

FiG. 2
a The plot of log Q vs concentration of NaNO. The points are the experimental data and the
line is the best fit obtained using Eq. (6). b The plot of log (106r) vs concentration of NaNO;.
The points are the experimental data and the line is the best fit obtained using an equation
analogous to Eq. (6)
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concentrations. The purpose is to capture these effects by employing a con-
centration dependent (relative) permittivity. Using the same idea we have
obtained concentration-dependent (relative) permittivity from the experi-
mental values of the formation constant of the ion pair [Co(NH;)s(dmso)]3*/
[RU(CN)G]*

Figure 3 gives the formation constant K of the [Co(NH;3)s(dmso)]3*/
[RU(CN)g]* ion pair, at different salt concentrations. Some data in Fig. 3

TasLE |

Equilibrium constant, Q, and relaxation time, 1, for the reaction [Fe(CN)6]3‘ +

k.
[Ru(NH3)5(py2)]1** HT” [Fe(CN)gl*™ + [Ru(NH)3)5(py2)1**

[NaNO,], mol dm™3 Q 10%1, s
1.0 0.6 20
2.0 1.6 20
3.0 3.8 23
4.0 8.0 26
5.0 18 32
6.0 37 39
1800 4
1500
1200 4
x
900 +
600 -
300 -
LI n
0 . . L T L
0 1 2 3 4 5

[NaNO,] / mol dm™

Fic. 3
Values of K (equilibrium constant corresponding to the formation of [Co(NH3)5(dmso)]3*/
[Ru(CN)G]A" ion pair) obtained from spectroscopic (®) and kinetic (M) measurements at several
NaNO, concentrations
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correspond to the values of K for [Co(NH3)s(H,0)]13*/[Fe(CN)g]* ion pair?.
These data were obtained following a kinetic procedure different from the
one employed here. However, as can be seen from Fig. 3, there is a good
match between the two data sets.

In order to show that the values of K, calculated from the effective (differ-
ent) values of the (relative) permittivity, are independent of the model used
in the calculations, we will consider two different approaches: the
Eigen-Fuoss (EF)*® and the exponential mean spherical approximation
(emsa)*. According to these formulations, K is given by Eq. (7)

4x10°1N, a° 0O V! (a,N0
e L7 exp D—iAD(a )D
3 0O kT O

k (7)

where V, (a,1) represents the mean force potential between the ions (A and
D) forming the ion pair, at distance a and ionic strength 1.

Z,Z.e’
Vip = "= (®)
e, g a(l+ ka)

emsa — ZAZDe2
" 4ame e a(l+To,)1+T o)

(9)

In Egs (7)-(9), N, represents the Avogadro number, Z, and Z, are the va-
lences of the ions, e is the proton charge, g, the vacuum permittivity, a the
contact distance of the ions in the ion pair (taken as the sum of ionic radii),
g, the (relative) permittivity of the solvent, k the Debye screening para-
meter, I' the mean spherical approximation (msa) screening parameter (the
screening parameters are proportional to 1), and o, and oy are the diame-
ters of the ions. These radii (or diameters) have been calculated using
Eq. (10)%°

r=3(01,1,)"° (10)

where [I; are the lengths of the three different L-M-L' axes in the com-
plexes®. The r values are given in Table II.

It is clear that from the data in Fig. 3 and Eqgs (7)—-(10) it is possible to get
the effective solvent (relative) permittivity, £, corresponding to EF and

s 1
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emsa approaches, once the radii have been calculated. The values of ¢ for

these approaches are given in Table IlI.

One can see that the effective values of the (relative) permittivity to be
used in the application of the EF or emsa treatments are of the same order
of magnitude as experimental values'’, but somewhat lower. This behavior
of the (relative) permittivity is similar to the findings of other studies that
employ concentration-dependent (relative) permittivity, calculated by sim-

ulation methods'®*8, It is worth pointing out that in these papers, like

TasLE 1l

Radii of the complexes studied

Complex r, A

[Fe(CN)gl* 4.6

[RU(NH3)s(pyz)]** 4.3

[RU(CN)el* 47

[Co(NH)3)5(dmso)]* 3.8
TasLE I

Dielectric permittivities, & (experimental and effective values) at 298.2 K

a

[NaNO,], mol dm™ €exp €er €emsa
0.1 76.9 55.7 53.3
0.15 76.1 54.1 51.0
0.2 75.4 53.0 49.3
0.3 74.0 51.2 46.7
0.4 72.7 49.5 44.1
0.5 71.5 48.0 42.0
0.8 68.0 43.5 36.5
1.0 65.8 40.8 33.5
2.0 56.8 30.7 23.2
3.0 50.1 24.3 17.4
4.0 45.2 20.4 13.8
5.0 42.0 17.6 11.7

2 Erom ref.t?
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here, the effective (relative) permittivity is dependent on the model type (of
the potentials) employed in the simulations.

We employed the effective values of the solvent (relative) permittivity to
calculate the formation constants of the encounter complex of the
electron-transfer reactions, from separate donor and acceptor. These values
are necessary in order to separate the true electron-transfer rate constant
from k; and k,, the experimental rate constants (see below).

DISCUSSION

From the data in Table I, the values of k, and k; have been obtained. These
values are given in Table IV. As mentioned hereinbefore, these rate con-
stants show opposite trends when the salt concentration is varied. The
trend of k, can be considered normal, according to the classical theory of
salt effects. On the contrary, the trend of k; can be considered abnormal
according to this theory.

Under the conditions prevailing in this work, K[R] << 1, where K is the
equilibrium constant corresponding to the formation of the encounter
complex and [R] the concentration of the reactant (donor or acceptor) in
excess, the values of k; and k, are given by Egs (11a) and (11b), respectively

_ f
K = K ke (11a)
and
k, = K, kg- (11b)
TABLE IV K
Rate constants for the forward and reverse reactions [Fe(CN)g]>” + [Ru(NHy)s(py2)]** o »
[Fe(CN)g]*™ + [RUNH);)5(py2)1** i
[NaNO,], mol dm™ 108 k;, mol™ dm= st 108k, mol™* dm=s?
1.0 4.8 7.5
2.0 5.2 3.6
3.0 5.8 1.8
4.0 6.3 0.8
5.0 6.9 0.4
6.0 7.6 0.2
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The values of K; and K, were determined using EF and emsa approaches,
and the effective (relative) permittivity. The values of K; and K., as well
those of k!, and k!, are presented in Table V. A good agreement is found for
the values obtained following the two approaches.

Now, the reason for the normal behavior of k, and the abnormal behavior
of k; are apparent: in the case of k,, its components K, and k;, decrease as
the salt concentration is increased. In the case of k;, K; decreases, but k!, in-
creases as the salt concentration is increased. Thus, the abnormal behavior
of k; is due to the fact that the true electron-transfer process, i.e., the elec-
tron transfer within the encounter complex

kf
[Fe(CN)6I*/[RU(NH5)s(py2)]?* — & [Fe(CN)gl*/[RU(NH3)s(py2)]**  (12)

shows a positive salt effect, which is more marked, and thus the negative
salt effect on K;. On the contrary, in the case of the components of k,, both
k., and K, show a negative salt effect.

To deeper insight into the different behavior of k!, and k!, with regard to
salt effects, the Marcus—-Hush theory for the electron-transfer processes was
used. According to this treatment, the rate constant for processes of this
kind is given!® by Eq. (13)

Ket = Koy V€ 78T, (13)

TABLE V
Equilibrium constants of precursor complex formation, K (mo dm‘3), and electron-transfer
rate constants, kg, (s‘l), following EF and emsa approaches for forward, f, and reverse, r,
reactions at 298.2 K

I—l

NaNOJ® KK KE KRGS KRS ke
1.0 111 10.7 69.1 64.2 4.3 4.5 10.9 11.7
2.0 8.9 8.6 45.0 41.1 5.9 6.1 8.0 8.8
3.0 8.3 7.9 38.5 34.8 7.0 7.3 4.5 5.0
4.0 7.8 7.5 34.6 31.9 8.1 8.4 2.4 2.6
5.0 7.6 7.2 32.2 29.1 9.1 9.6 13 14
6.0 6.9 6.4 26.9 22.9 11.0 11.9 0.7 0.8

2 Concentration in mol dm™3; ® kg ¢ x 107; © kg, x 10°°.

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 4, pp. 627-641



Abnormal Salt Effects on a Cation/Anion Reaction 637

Here K., v,, and AG* are the electronic transmission coefficient, nuclear fre-

quency factor, and Gibbs energy of activation, respectively. The latter is

given by Eq. (14)

G* = (A +AG")? .
A\

A (14)

The parameter A in Eq. (14) is the so-called Gibbs energy of reorganization
for the electron-transfer process (Eq. (12)). This Gibbs energy consists of a
solvent contribution, A, an ionic atmosphere contribution, A, and a con-
tribution arising from the internal reorganization of the donor and the ac-
ceptor, A;,. The latter is usually considered to be independent of the
reaction media.

Except for strongly nonadiabatic processes, the pre-exponential term in
k; is of the order of the (average) vibrational frequency promoting the acti-
vation of the precursor complex. Thus, a value of 10%2-10%3 s~ seems rea-
sonable. In the following calculations, a value of 6.2 x 10'? s was used.
This value corresponds to that of the pre-exponential factor in the expres-
sion of the rate constant given by the classical transition state theory
(kgT/h) at our experimental temperature. In this way, AG* can be obtained
from kg (EQ. (15))

ke

The parameter AG' in Eq. (14) is the (standard formal) Gibbs energy corre-
sponding to the electron-transfer process (Eq. (12)), which produces the
successor complex from the precursor complex. This parameter is different
from AG, the (standard formal) Gibbs energy of the reaction, which pro-
duces the separate products from the separate reactants (Eq. (2)). The latter
is, of course,

AG = -RTInQ (16)

and can be calculated from the values of Q in Table I. The AG and AG’
values are related, through,

AG' = AG + Gy — g . 17)

Here wg and w, are the Gibbs energies corresponding to the formation of
the precursor complex from the separate reactants and the formation of the
successor complex from the separate products.
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For the forward reaction
wg = -RTInK;, (18)
and
wp = -RTInK,. (19)

In this way, from Eqgs (16)-(19), the values of AG{ in Table VI can be cal-
culated (clearly AG," = - AGY).

Finally, the values of A; and A, have been calculated from AG{ and AG,
using Eq. (14). These values are presented in Table VI. We have found that
As and A, are the same, in agreement with the Marcus-Hush theory.

Apparently, the different salt effects on k!, and k!, are due to the differ-
ences in AG'. That is, the forward reaction becomes more favorable when
the salt concentration increases and (obviously) the opposite is true for the
reverse reaction. These facts are the consequences of the character (anion or
cation) of the donor and acceptor in these reactions. Thus, in the case of
the forward reaction, the donor is a cation and the acceptor an anion. For
this reaction, the donor [Fe(CN)4]3-, becomes a more powerful oxidant and
[Ru(NH,)s(pyz)]?* a more reductant species in the presence of the salts. This
is clearly seen from Eq. (20) which gives the standard formal redox poten-
tial of a given ox/red couple

RT
EO = g0 + N0 |nYor (20)
F yred
TasLE VI
Gibbs energy change, AG,' = - AG{, and reorganization energy, A, following EF and emsa

approaches for forward, f, and reverse, r, reactions of electron transfer at 298.2 K?

[NaNO,], mol dm™3 AG . AG, e - Momsa
1.0 -3.1 -3.0 122.7 122.2
2.0 -5.2 -5.1 124.3 123.7
3.0 -7.1 -7.0 125.9 125.3
4.0 -9.0 -8.9 127.6 126.8
5.0 -10.7 -10.6 129.2 128.4
6.0 -12.3 -12.1 130.9 129.9

2 All energies in ki mol™.
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For the [Fe(CN)g]34- pair, both y,, and y,.q decrease with increasing the salt
concentration. However, the decrease in y,.q is more marked because of the
higher absolute charge of the reduced form of this pair. Thus, EY increases
as the salt concentration increases. On the contrary, for the cationic pair
([Ru(NH;)s(py2)]I**?* herein), the effect of the salt is to decrease E”', because
Yox decreases more than vy,.4. Consequently, the forward reaction becomes
more favorable from a thermodynamic point of view, and this produces the
abnormal salt effect. For the reverse reaction, similar arguments help to ex-
plain that k, decreases as the salt concentration increases.

A conclusion emerges from the previous discussion. In the anion/cation
electron-transfer reactions, salt effects operate in opposite directions on K
and kg, when the oxidant is an anion. This is because K decreases as the salt
concentration increases, and k., increases because the true electron-transfer
reaction becomes more favorable from a thermodynamic point of view.
Therefore, the sign of the salt effect on an observed rate constant (k = Kkg,)
depends on the magnitude of these effects. If the increase in kg is higher
than the decrease in K, when the salt concentration increases, then a posi-
tive salt effect is observed (as reported herein). However, if the decrease in
K is higher than the increase in kg, then a negative salt effect will be ob-
served.

For anion/cation electron-transfer reactions in which the oxidant is the
cation, salt effects on k,; and K go in the same direction. Consequently, in
this case, a negative salt effect is always observed.

SYMBOLS
a contact distance of the ions
E° standard redox potential
E” standard formal redox potential
| ionic strength
K., electron-transfer rate constant
K, forward rate constant
K, reverse rate constant
K equilibrium constant for ion-pair formation
I, length of the ligand-metal-ligand axes
Q apparent equilibrium constant
Q° thermodynamic equilibrium constant
V.o ionic mean force potential
AG” Gibbs energy of activation
Y activity coefficient
r msa screening parameter
€ molar absorption coefficient
€, solvent (relative) permittivity
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)

effective solvent (relative) permittivity

vacuum permittivity

Debye screening parameter

electronic transmission coefficient

reorganization energy

nuclear frequency factor

diameter of an ion

relaxation time

Gibbs energy for the formation of successor complex from the separate prod-
ucts

Gibbs energy for the formation of precursor complex from the separate reac-
tants

X Mm ;o

o
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