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Abstract 

The rate constants for the oxidation of some 1, lo- 
phenanthroline and 2,2’-bipyridine complexes of 
iron(I1) by cerium(IV) in nitrate media are reported. 
In the acidity range investigated (0.05-2.0 M), 
the predominant reactive species is Ce4+, although 
CeOH3+ also contributes to the reaction progress. 

TABLE I. Dependence of the Rate Constants for Fe(EE)a2’/ 
Ce(IV) Reaction on Nitric Acid Concentration and Ionic 
Strength, at 25 “C. 

The results are shown to be consistent with the 
Marcus theory for outer-sphere electron transfer reac- 
tions, and the intrinsic parameter for Ce4+13+ couple 
was estimated. 

Introduction 

WOsl (W k (M-l s-r) 

0.05 3.8 x 104’ 
1.4 x IO3 b 
3.1 x lo2 c 

0.20 2.0 x IO5 a 
0.50 5.6 x IO5 a 
1.00 9.0 x lo5 8 
2.00 1.7 x lo6 a 

a~ = 2.0 M; by = 0.20 M; =/J = 0.05 M. 

Cerium(IV) is a well-known strong and one- 
electron oxidant [l] . Despite the variety of tetra- 
valent species of cerium present in solution as a func- 
tion of the type and concentration of acid used as 
the reaction medium, investigations of ceric oxida- 
tions frequently refer to the oxidant as ‘Ce(IV)’ 
without specifying the forms involved in the reaction 
mechanism [2] . 

TABLE II. Redox Potentials of Various Iron Complexes and 
their Rate Constants with Ce(IV). 

N Compound E 0a kc (M-i s-l) 
(Volt vs. Ag/ 
0.01 M Ag+) 

The direct experimental determination of the 
intrinsic reorganizational parameters (ie. self ex- 
change rate) of aquo-ions often gave contradictory 
results and generally reaction paths involving hydro- 
lyzed species were found to predominate [3]. 
Indirect methods based on the measure of the rate 
constants of electron transfer reactions between the 
metal species and a series of related compounds (such 
as phenanthroline-like ligand complexes of metal 
ions, substituted phenothiazines) can allow the 
estimation of the intrinsic parameter for different 
redox couples [4,5]. 

I (dmbipy)sFe(ClO& +0.5gb 3.2 x IO4 
II (bipy)sFe(ClO& +0.7sb 6.0 x lo3 
III (Clphen)sFe(C104)2 +0.86b 2.1 x IO3 
IV (NOsphen)sFe(ClO& +0.9sb 5.1 x lo2 
V (EE)sFe(ClO& +1.03 3.1 x lo2 

aMeasured in 0.1 M TBAP/acetonitrile solution vs. a Ag/Ag+ 
reference electrode [ 71. bin agreement with Rollnick and 
Kochi [8]. ‘Rate constants measured at J.I = [HNOs ] = 
0.05 M. 

This paper deals with the investigation of the 
oxidation of a series of iron(I1) complexes by Ce(IV) 
in nitrate media. 

and listed in Table II, were prepared as described in 
the literature [6, 71. The following abbreviations 
have been used: bipy, 2,2’-bipyridine: dmbipy, 4,4’- 
dimethyl-2-2’-bipyridine; Clphen, 5-chloro- 1,l O- 
phenanthroline; N02phen, 5-nitro-l,lO-phenanthro- 
line; EE, 4,4’-bis(ethoxycarbonyl)2,2’-bipyridine. 

Experimental 

Reagents 

Ce(IV) stock solutions were prepared by anodic 
oxidation of Ce(II1) in nitrate media. The Ce(IV) 
content was determined by standard oxidimetric 
titration. 

The iron complexes with 1 ,I O-phenanthroline- 
and 2,2’-bipyridine-like ligands, referred to as FeL32+ 

Other chemicals were reagent grade products. 
Doubly distilled water was used. 
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Kinetic Measurements 
Kinetic runs were carried out by means of a 

Durrum stopped-flow spectrophotometer, at 25 “C 
at the maximum wavelength of the FeL3’+ com- 
plexes [6, 71. The initial concentration of FeLs2+ 
was 1 X lo-’ M, while the Ce(IV) concentration 
was ranged between 5 X lo4 and 5 X 10m3 M. SO~U- 
tions of both reactants were prepared immediately 
before use (in the case of Ce(IV) this avoids the 
formation of polymeric species [9]. The acidity 
range was from 0.05 to 2.0 M HN03. 

Measurements were performed at ionic strength 
/J = 0.05,0.20 and 2.00 M (NaN03). 

Results 

The plots (A, - A,) YS. time were found to be 
linear up to three half lives; the observed pseudo 
first order rate constants were also linearly depen- 
dent on Ce(IV) concentration, suggesting for reac- 
tion (1) a second order rate law: 

FeLS2+ + Ce(IV) *FeL33+ + Ce(III) (1) 

The second order rate constant is strongly dependent 
on the acidity, as shown by the data listed in Table I 
for compound V. 

Table II reports the second order rate constants 
for a series of FeLS2+ complexes at a fixed acidity 
and ionic stren 

B 
th, together with the reduction poten- 

tials of FeLa3+ 2+ couples [lo] . 

Discussion 

It is well known that the aquo-cerium(IV) ion in 
aqueous solution exists in different hydrolyzed spe- 
cies [ll]: 

Kh, 

Ce4’ + Hz0 e CeOH3+ + H’ (2) 

CeOH3+ + Hz0 3 Ce(OH)‘+ + H’ (3) 

From the data reported for Khl and Kh2 it is 
conceivable that at least three different paths can 
participate in the reaction: 

Ce4’ t FeL32+ A Ce(III) t FeL33+ (4) 

CeOH3’ + FeL32+ -% Ce(III) + FeL33+’ (5) 

Ce(OH)22’ + FeL32+% Ce(II1) t FeL33+ (6) 

hence : 

k 
(ko [H’l /&l) + kl + &4dH+l) 

exp= 
([H+l /Km) + 1 + (&d[H+l) 

(7) 
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Fig. 1. Plot according to eqn. (7) of k,,,([H’12 +Khl [H’] + 
&&)/[H+] (indicated as K ‘) as a function of [H+] for the 

reaction of Ce(IV) with Fe(EE)32+ at 25 “C, p = 2.0 M. 

Figure 1 shows 

[H’l + &I Kid 
a plot of (kxp/ [H’l I( W’12 + &- 
as a function of [H’] for Fe(EE)32+ 

using Khl = 6.4 M-’ and Kh2 = 0.12 M-’ [2, 111. 
The good linearity suggests that the contribution of 
the path (6), involving Ce(OH)22+, is negligible and 
that the predominant reactive species is Ce4’. 

The values of k. = 7.3 X lo6 M-’ se1 and kl = 
1 X 10’ M-’ s-’ can be estimated. 

Also the effect of ionic strength, although far 
from the Debye-Hiickel region, suggests that the 
reactions are occurring between highly charged 
species. In previous investigations on Ce(IV) oxida- 
tions in perchlorate or nitrate media the hydrolyzed 
species were found to be the more important reactive 
species [ 13, 141. In the outer sphere electron transfer 
however it has been reported that the less hydrolyzed 
species are the most reactive, although present in 
lower concentration, such as for example in the case 
of Co(II1) [ 1, 151 and Mn(III) [4]. 

In order to verify the dependence of the free 
energy of activation on the free energy of reaction, 
as expected for the outer-sphere electron transfer 
according to the Marcus theory [ 161, the reaction 
rates of a series of FeL32+ complexes with Ce(IV) 
were measured. Figure 2 shows a plot of the loga- 
rithm of the experimental electron transfer rate 
(at ftied experimental conditions) as a function of 
the reduction potential of the complexes. 

The finding that the plot is in agreement with the 
expectation of the Marcus model allows, through 
the well known Marcus cross relation (eqn. (B)), 
an estimate of the intrinsic parameter of the Ce4+13+ 
couple starting from k. value, determined for Fe- 
(EE)32+. 

The cross relation can be expressed as: 

AC;“, = w12 + h12 (I + AG”‘/X~Z)~/~ (8) 
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Fig. 2. Plot of the logarithm of the rate constants (at 25 “C 

and /.I = [H+] = 0.05 M) as a function of the reduction poten- 

tials for the reaction between FeLs’+ and Ce(IV). Numbers 

as in Table IL 

where k = 10” exp(-AG$/RT); Xi2 = 2(AGl*, - 
wll t AG,*, - wZ2) and Act*,, AG,*, refer to the 
self-exchange reactions of the reagents and wll 
and wz2 represent the work terms involved in the 
same reactions; AGo = AG” t wzl - w12, where 
AG” is the free energy change of the reaction and 
wzl, w12 the work terms required to bring the prod- 
ucts or the reactants together at the separation dis- 
tance in the activated complex. At the ionic strength 
used the work terms can .be tentatively neglected. 
AG” was calculated from the reduction potentials of 
Ce(IV)/(III) (1.61 V [ 171) and Fe(EE)a3+12+ (1.30- 
1.35 V extrapolated in the present conditions). 

With the reported assumptions and from the 
experimental data it can be deduced that Xl2 E 35 
kcal mole1 . Since a value of 3 X 10s M-’ s-l has been 
reported for the Fe(phen)33+12+ self-exchange rate 
[ 181, taking into account the estimation of the work 
term involved, it can be suggested that AG** 
(AG** = AC* - w) for the Ce4+‘* couple lies in the 
range 15- 16, kcal mol-‘. This value compares 
well with an old estimate of Hush [19, 201 that was 
difficult to check with the experimental results, 
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since in Ce(IV)/Ce(III) exchange in perchlorate or 
nitrate media [2 l] the paths involving hydrolyzed or 
dimer species largely predominate. 
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