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Kinetics of Silver(ii) Oxidation of Metal Cations 
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The oxidation of Fe2+, Mn2+, Co2+, Ce3+, and V 0 2 +  by silver(ii) has been investigated with a 
stopped-flow technique. The reactions of Mn2+ and Ce3+ occur through two competitive paths involving 
Ag2 + and AgOH +. For the other cations a single pathway with Ag2 + as oxidant has been observed. An 
inner-sphere interaction mechanism is proposed and discussed with reference to the electron 
configuration of the reductant and to the behaviour predicted by the Marcus cross relation. 

The mechanisms of oxidations by&" have been the subject 
of several investigations in which organic and inorganic 
substrates have been used. The Ag"/Ag' couple has a very 
high reduction potential (ca. 2 V in 1 .O mol dm-3 HClO, ') and 
Ag" reacts rapidly even with substrates that exhibit sluggish 
behaviour towards other commonly employed oxidants. 

We report here the oxidation of a series of metal ions 
(Fell, Mn", Co", Ce"', and V'") which show a wide range of 
reduction potentials and of intrinsic self-exchange rates. The 
rates of oxidation of a similar series of metal ions by Ag" have 
been previously reported., The present investigation involves 
a study of the acid dependence of these reactions and thus 
leads to values of rate constants for specific reaction steps. 

Calculations in which these values are used together with 
values of overall equilibrium constants and self-exchange rate 
constants throw some light on the question of the occurrence 
of outer-sphere or inner-sphere mechanisms. 

Experimental 
Maferials.-Cobalt(lI), manganese(rr), and cerium(1rr) per- 

chlorates were obtained from the corresponding carbonates 
and perchloric acid; the solids were recrystallized twice from 
water. Iron(r1) perchlorate solutions were obtained by dis- 
solving pure iron wire in a known excess of perchloric acid. 
Vanadium(1v) perchlorate was obtained by mixing equivalent 
volumes of Ba perchlorate (BaC03 + HClO,) and VIV sul- 
phate solutions; precipitated BaS0, was then removed by 
filtration on a MF Millipore membrane (pores 0.45 pm). 
Silver(r) perchlorate solutions were obtained by dissolving 
Ag20 in a known excess of HClO,; Ag" perchlorate solutions 
were obtained by anodic oxidation as previously described.' 

Procedure.-Experiments were performed on a Durrum 
Stopped-flow apparatus (model D 110). All reactions were 
investigated at 25.0 "C under pseudo-first-order conditions 
{excess of reductant: [Mn"] = (3-6) x lo-,, [Co"] = 
(1-5) x [VI"] = (1-5) x 

[Ag"] = (0.4-2.0) x lo-, mol dm-3} with the exception 
of Fell whose reaction was followed under second-order con- 
ditions {[Ag"] = [Fell] = (1-3) x lo-, mol dm-'}. The 
reactions were followed at 470 nm, where Ag" is the only 
absorbing species, at different acidities ([HClO,] = 1 .O- 
4.0 mol dm-') and at constant ionic strength I = 4.0 rnol dm-3 
(NaC10, was used; preliminary runs, carried out with Li- 
ClO, gave identical results). Excess Ag' (0.10 rnol dm-3) was 
present in order to prevent Ag" disproportionation. 

[Ce'"] = (3 x 9) x 

. Table 1. Second-order rate constants (kll/dm3 mol-' s-') for the 
oxidation of metal cations by Ag" at 25.0 "C and at different 
acidities 

[HC104]/mol dm-j 
r L 

1 

Metal 1.00 1.50 2.00 3.00 4.00 
Fe" 10-5k,, 1.3 1.4 1.5 1.5 1.5 
CO" 10-3k,, 2.4 2.7 2.7 2.4 2.2 
Ce"' 10-3k,, 3.2 2.8 2.5 1.8 1.4 
Mn" lO-%,, 7.5 6.0 5.3 4.2 2.9 
V'" 10-3k,, 3.8 3.8 3.7 3.9 3.g5 

Results and Discussion 
A single one-electron oxidation according to the stoicheio- 
metry of equation (1) was assumed (M = metal). The 

appropriate first-order and second-order plots were linear in 
accordance with the rate equation (2). Values of the second- 

order rate constants (k,')  are given in Table 1. The values at 
4.0 rnol dm-3 HCIO, are in good agreement with those reported 
earlier., These results are consistent with the occurrence of the 
following rate-determining steps (3) and (4), from which 

k 
AgOH+ + M"+ Ag+ + M("+')+ + OH- (4) 

follows equation (5) where & is the hydrolysis equilibrium 
constant for the formation of AgOH+ from Ag2+. 

Plots of k,l(l + Kh[H+]-') (assuming that & = 0.40 mol 
dm-3 at 25.0 "C) la as a function of [H+]-' gave the values of 
kl  and kzKh reported in Table 2. Both pathways are present 
for Mn" and Ce"', while for Fell, Co", and VIV, reaction (2) 
with the unhydrolysed species is the only active pathway. 
Participation of the MOH("-')+ cation as responsible for the 
inverse acid dependence has been discarded as a possibility 
since this would lead to k2 values exceeding lo9 dm3 rnol s 
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Table 2. Values of k, and k2Kh [equations (3)-(5)] for the oxidation of the investigated metal cations by Ag" at 25.0 "C 

Fe" co" Cerrr Mn" V'" 
kl/dm3 mol-ls-' 1.4 x 105 2.4 x 103 7.5 x lo2 1.0 x 104 3.9 x 1 0 3  
k&h/S-' - - 4.0 x 1 0 3  8 .0  x lo* - 

Table 3. Experimental and computed parameters (see text) for the investigated reactions 

k22/ kl2 (exp.11 
Metal cation Eo/V Ke, dm3 mol-' s-' dm3 mol-' s-' f kll/dm3 mol-' s-' 

Fe" 0.77 6.2 x 1020 4.0 1.4 x 1 0 5  1.7 x 1 0 - 4  4.6 x 
CO" 1.84 5.1 x lo2 3.3 2.4 x 103 0.79 4.3 x 1 0 3  

Ce"' 1 .61 3.9 x lo6 4.4 7.5 x to2 0.33 0.10 
0.16 1.7 x 1 0 4  Mn" 1.51 1.9 x 10' 2 x 10-4 1.0 x 104 

(i.e. exceeding the diffusion limit for 2+/n+  like-charged 
reactants in a 4.0 mol dm-3 ionic medium). 

The derived parameters allow two distinct observations to 
be made regarding the AgOH+ and Agz+ active pathways. 
First, the reactivity of AgOH+ may be interpreted in terms 
either of an inner-sphere mechanism through a hydroxo- 
bridge activated complex, or of a hydrogen atom transfer in a 
hydrogen-bonded outer-sphere mechanism.6 The absence of 
such a path for Fe and Co suggests that a specific inner- 
sphere interaction is operating. If the electron configurations 
of M"+ and M("+l)+ are considered it seems that for Mn" 
and Ce"' an electron is abstracted from an orbital which 
points along one co-ordination position for a six-co-ordinated 
system: from an eg orbital for Mn" --+ Mn"' (t2g3e2gz - 
tz/e, ' ) ,  and for Ce"' - Ce'" from an j' orbital whose 
electron density again is distributed along axes of octahedral 
symmetry.' In these cases OH- bridging gives a specific inner- 
sphere interaction along one octahedral direction making 
easier the electron transfer.* The bridging role of OH- in the 
case of the Ce"'/Ag" and Mn"/Ag" reactions may also be 
considered in the light of the high tendency to hydrolyse of 
the Ce" and Mn"' species whose configurations are forming 
in the activated state. For Fell, the absence of pathway (4) 
may well be ascribed to the electron abstraction from a (non- 
bonding) tzy orbital (Fe" Fe"': tz:eg2 ---t tzg3eg2) and, 
for VIv and Co" reorganizations in the co-ordination sphere 
are involved which may be hindered by the presence of an OH- 
bridge. [In the case of VIv these are associated with the inter- 
conversion of 0x0- and hydroxo-species, and in the case of 
Co", although (as for Mn" and Ce"') an electron is trans- 
ferred from an cy orbital (tzg5egz + tZg6eyo), the remaining 
C J ~  electron then passes to the tzg level, a process that would 
involve not only a spin change but some reorganization of the 
co-ordination sphere resulting from the change in the number 
of bonding electrons.] 

Turning now to the reaction of the Agz+ ion, the electron 
exchange may take place through a simple outer-sphere 
electron transfer or through an activated complex where some 
specific interactions between reactant orbitals occur. In the 
first case the rates may be predicted by the Marcus cross 
relation ' [equations (6) and (7)], where equation (8) applies 

Oxl + Redz % Red, + Oxz 

(7) 

and k,, and kz2  are the self-exchange rate constants for the 
single redox couples in equation (6), K l 2  is the equilibrium 

quotient of equation (6) and 2 is the collision frequency ( Z  = 
10" s-1). 

In order to test the occurrence of a purely outer-sphere 
electron transfer the applicability of equation (7) to the present 
systems may be considered. With the knowledge of experi- 
mental klz values, and with the available Eo and k22 values for 
each oxidized cation, it is possible to obtain [with an iteration 
procedure to account for theffactor in equation (7)] the self- 
exchange rate kl l  for the Agl*/Agl couple. Table 3 reports the 
experimental and other available data together with the com- 
puted kl,  values [the V'" rate has not been included since atom 
transfer to yield V02(OH) species from VO2+ make equation 
(7) inapplicable]. 

As can be seen, values ranging from lo-* to lo4 are obtained. 
thus suggesting that equation (7) is not valid and that a simple 
outer-sphere electron transfer does not apply for these AgI1 
oxidation reactions. In fact these discrepancies are much 
higher than those observed lo for other outer-sphere reactions 
where k(exp.) > k(computed) for A c e  4 0 (e.g. for Fe" 
oxidation). Moreover, the change of spin multiplicity for the 
C O ~ ~ / C O ' ~ ~  oxidation should be accounted for in equation (6) ,  
by a factor " which would not lead to better agreement in 
the k , ,  values reported in Table 3. 

Several possible reasons may be considered for the above 
discrepancies : (i) non-adiabaticity for the electron-transfer act 
[this would break down one condition for the validity of 
equation (7)]; (ii) changes in spin multiplicity for one or both 
reacting partners; (iii) strong orbital interactions between the 
reactants. Possibly (ii) is relevant for the Co" reactions but no 
clear reasons are apparent in the other cases. The work to 
bring reactants and products together in the activated state is 
expected to be low at the investigated ionic strength and should 
be nearly cancelled, so that seems irrelevant in comparison to 
the observed discrepancies. 
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