
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Coordination Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713455674

Oxidation of Cerium(III) in Aqueous Carbonate Solutions
Francesco Salvatorea; Ermanno Vascaa

a Dipartimento di Chimica, Unirersità di Napoli, Napoli, Italy

To cite this Article Salvatore, Francesco and Vasca, Ermanno(1990) 'Oxidation of Cerium(III) in Aqueous Carbonate
Solutions', Journal of Coordination Chemistry, 21: 3, 237 — 245
To link to this Article: DOI: 10.1080/00958979009409721
URL: http://dx.doi.org/10.1080/00958979009409721

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713455674
http://dx.doi.org/10.1080/00958979009409721
http://www.informaworld.com/terms-and-conditions-of-access.pdf


1. Cwrd. Chem. 1990. vol. 21. pp. 237-246 
Reprints available directly rrom the publisher 
phoiocopying permitred by license only 

$, 1990 Gordon and Brcach Science Publishers S.A. 
Printed in the United Kingdom 

OXIDATION OF CERIUM(II1) IN AQUEOUS 
CARBONATE SOLUTIONS 

FRANCESCO SALVATORE* and ERMANNO VASCA 
Dipart intento di Chintica. Unirersird di Napoli. ria Mezzocannone 4.80134 Napoli. Italy 

(Received November 21, 1989) 

The stoichiometric composition of Cerium(II1) and Cerium(lV) carbonato complexes in concentrated 
aqueous Na,CO, solutions has been investigated by emf measurements based on a junctionless cell. It is 
found that in the range of carbonate concentration between 2.084 m and 4.00 m, the prevailing species are 
the tetracarbonato cerium(II1) and the esacarbonato cerium(1V) complexes. There is evidence that the large 
negative charge on the complexes is partially neutralized by Na' ions. The above results rest upon an 
account of activity coefficients (which unavoidably vary by changing carbonate concentration) Jbased on 
the Specific Interaction Theory. 

Ke>yords: Cerium(lI1, IV), carbonate, complexes, activity coefficients, stability constants 

INTRODUCTION 

Perusal of the literature' shows that there is general agreement on the stabilization of 
the tetravalent state of cerium in concentrated aqueous carbonate solutions. For 
example, in ref. 2, a formal reduction potential of -0.19V is attributed to the 
Ce(IV)/Ce(III) couple in 5.5 M K,CO, (to be compared with - 1.8 V in perchloric 
acid3). Dolezal and Novak4 report that the polarographic oxidation of Ce(II1) in 
2 M K,CO, proceeds reversibly, producing a well-developed wave with half wave 
potential of -0.158V vs SCE; they suggest the electrochemical reaction (I). 

(1) 

Although there is no doubt that both Ce(1II) and Ce(1V) are extensively complexed 
in carbonate solutions, the actual composition of the complexes is still an open 
problem; the postulated reaction (I) is for instance not consistent with solubility data 
for NaCe(CO,),(s) in carbonates which show that Ce(C0,):- largely prevails at 
C0:- concentrations less than 0.7 M. The nature of the composition of the Ce(II1) 
and Ce(1V) carbonato complexes is a problem which challenges present equilibrium 
analysis methodology. The prime reason for this is that (because of the formation of 
a number of solid phases) appreciable amounts of cerium can be kept in solution only 
if the C0:- concentration is very large ($2m). 

Under usual equilibrium analysis conditions, examination of the formal reduction 
potential of the Ce(IV)/Ce(III) couple at different carbonate levels would unravel the 
stoichiometry of the electrochemical reaction. In the present case however (because 
of the large C0:- concentrations to be employed) data at different carbonate levels 
cannot be directly compared unless the unavoidable activity coefficient variations of 
all species (which arise on changing the carbonate concentration) can be accounted 

Ce(C0,); + 3CO;- P Ce(C0,);- + e 

* Author for correspondence. 

231 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
3
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



238 F. SALVATORE AND E. VASCA 

for. Changes of the liquid junction potential further complicate the analysis of data 
based on cells with a junction. 

In the present paper the Specific Interaction Theory6-" is employed to select 
experimental conditions under which minimal activity coefficient variations take 
place over the range of data. Difficulties related to liquid junction potentials are 
avoided by employing a junctionless cell. 

EXPERIMENTAL 

'lfelhod 

The electrochemical reaction shown in (2) 

Ce(IV)(C03),(Na)~2P-"-j'- + e P 
(2) 

Ce(III)(C03),(Na)~Z4-"-3)- + (p - q)CO: - + (s -y)Na+ 

has been investigated at 25°C by emf measurements based on the junctionless cell 
(G): - GENa/TS/Pt +. GENa represents a sodium ion-selective glass membrane 
electrode, and TS, the test solution, had the following general analytical composition 
(concentrations are in mol/Kg-water (m)): 

TS = B(II1) m Ce(III), B(1V) m Ce(IV), A m COi-,  
(8.00-2A + 3B(III) + 4B(IV))m ClO,, 8.00m Na' 

B(II1) and B(IV), the analytical concentrations of Ce(II1) and Ce(IV), respectively, 
assumed values between 5 x lo-' and 2 x m and A ,  the analytical carbonate 
concentration, ranged between 2.084 and 4.000 m. The emf, E, (in mV), of cell (G) 
can be written as in (3) at 25"C, 

E, = ei + 59.1610g(B(IV)/B(III)) ( 3 )  

where eo, under the experimental conditions is but a function of A in TS; ei values, 
reported in Table I in the form ei (IogA) (and which form the basis of subsequent 
calculations), have been obtained by the procedure described below. An initial 
solution, TS,, was prepared by mixing weighed amounts of Ce(CIO,), and NaCIO, 
stock solutions (from which O,(g) had been excluded by bubbling with N2(g)) with a 
suitable weight of Na,CO,(s) under an inert atmosphere. Since it proved impossible 
to avoid oxidation of small amounts of cerium(II1) on mixing, the composition of 
this initial solution is 

TS, = Bi(III) m Ce(III), B,(IV) m Ce(IV), A m COi- 
(8.00-2A + 3Bi(III) + 4B,(IV)) m ClO;, 8.00 m Na+ 

(although the sum Bi(III) -t B,(IV) was accurately known from the preparation, 
neither Bi(III) nor B,(IV) was exactly known; however Bi(III) 9 B,(IV)). A 
weighed amount of TS, was poured into the titration vessel of cell (G) and Ce(1V) 
generated stepwise in the solution by passing an accurately known current (for an 
accurately known time) through the circuit shown. 
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CERIUhl(lI1, IV) CARBONATE COMPLEXES 239 

-Hg/O.l m Hg(ClO,),, 7.8 m NaClOJ8.00 m NaClO,/TS/Pt(net) + 
After each electrolysis step the emf of cell (G) was recorded. By indicating (0,) the 
total number of pF passed after s electrolysis steps, ( 3 )  can be rewritten in the 
abridged form ( 4 )  

ei = E, -59.161og((o(IV) + w,)/(o - o(IV)- 0,)) ( 4 )  

in which o is the number of micromoles of cerium(III+IV) and o(IV) the number of 
micromoles of Ce(IV) in TS,. The right hand side of ( 4 )  is readily evaluated for an 
assumed value of w(IV) as a function of s. If Ce(II1) is oxidized to Ce(IV) with 100% 
current efficiency, then a value of w(1V) is found which makes the right hand side of 
( 4 )  independent of s. It was found that this is actually the case if the electrolysis 
current does not exceed -0.01 mA cm-' 

TABLE I 
Summary of the experimental data for ei (see (3)) a s  a function of the analytical carbonate concentration, 

A .  Uncertainty of e: is k0.25 mV; 

- ei(logA): 4 I3.9(0.602) 4 l4.5(0.595) 41 S.S(O.58 1) 
416.3(0.568) 417.0(0.555) 417.6(0.542) 418.1(0.530) 
41 8.8(0.5 12) 4 l9.3(0.495) 419.8(0.479) 420.1(0.463) 
420.4(0.448) 420.7(0.433) 420.9(0.419) 421.0(0.405) 
421 40 .39  I) 421.2(0.378) 421.3(0.366) 421.3(0.354) 
421.3(0.354) 421.3(0.342) 421.3(0.330) 421.4(0.319) 

This procedure also verifies the accuracy of a. ei values resulted constant to within 
k0.25 mv. The ratio a(IV)/o was typically -0.06 indicating that -6% of the total 
cerium was oxidized on mixing. It is well known that the internal potential of the 
sodium-selective glass electrode may change with time, particularly if the electrode is 
exposed to temperature, mechanical or chemical shock. Changes in internal potential 
of the glass electrode would make the data in Table I inconsistent. It proved however 
possible by careful handling to keep the internal potential constant within the 
uncertainty of ei (the electrode was kept in a thermostatted 4.00 m Na,CO, solution 
between experiments). This was verified by measuring the emf of cell (H) after each 
titration. 

- Ag,AgBr(s)/4.00 m Na,CO,, 0.100 m NaBr/GENa + (H) 

Materials arid analysis 
Sodium perchlorate stock solutions were prepared and analyzed as described 
elsewhere." Ce(ClO,), stock solutions were prepared and analyzed according to ref. 
12, Na,CO,(s) (Merck pa.)  was recrystallized from water. 

Meastrreiiients 
All experiments were performed in a thermostatted oil bath (25 f 0.05"C). Emf 
measurements were carried out with a precision of 0.01 mV by using a computerized 
data acquisition apparatus based on Hewlett-Packard components. Metrohm Na+- 
selective glass membrane electrodes have been employed. A nitrogen stream was 
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240 F. SALVATORE AND E. VASCA 

passed through the TS during the coulometric titration in order to avoid Ce(II1) 
oxidation by atmospheric oxygen; the N2(g) stream was freed from oxidizing 
impurities by passing it through a chromium(I1) solution and saturated with water 
vapour using A m Na,CO, - (8.0 - 2A) m NaCIO, solution. 

RESULTS AND DISCUSSION 

It is true that activity coefficients of all species in the TS vary while the analytical 
composition of the solution is changed as can be deduced (for instance) from the 
Specific Interaction Theory.6-'o E quation ( 5 )  gives the activity coefficient of j,y; 
(molal scale, infinite dilution reference state), as a function of the ionic environment, 
where 

zj represents the arithmetic charge on ion j ,  Z(mol/Kg) is the ionic strength (in TS 
the ionic strength is variable: Z = 8.00 + A ) ,  D(Z) is the Debye term 0.5107 JZ/(l + 
1 . 5 J Z )  at 25"C, and EO,k,Z) is the interaction coefficient between ion j and ion k 
present in the solution at  molality mk (notice that E is in general a function of Z and 
the summation extends only over species k bearing charges of opposite sign to j since 
interaction coefficients between ions of the same charge sign are postulated to be 
equal to zero). By applying (5 )  to the TS it is seen that activity coefficients of all ions 
change because of variation of the Debye term. In addition, activity coefficients of 
negatively charged species may be affected by variations of their interaction coef- 
ficient with Na+ (in this case only mk = mNa+ appears under the summation). This 
effect should however not be dramatic because E is in general a slowly varying 
function of I. The largest variations are expected for the activity coefficients of 
positive ions (i.e. Na') because of the large changes in mco;- and m,,,; appearing 
under the summation. The immediate outcome of the drastic variation of the Na+ 
activity coefficient is that the potential of the sodium ion-selective glass electrode 
(which is used as an internal reference in cell (G)) is not constant despite the constant 
Na+  concentration in TS; e; values must then be recomputed to the same reference 
potential before interpretation is attempted. Furthermore, it is not correct in the 
present case to ignore the fact (as is common practice under usual equilibrium 
analysis conditions) that medium ions (i.e. Na+,  CIOJ may participate in the 
complex formation, This is the reason for sodium ions appearing in the general 
electrochemical reaction (2). In principle one should also consider perchlorate ions in 
the general complex formation reaction. This has however been excluded a priori. It 
is also assumed that no appreciable amounts of mixed OH--CO:- species are 
formed. The above assumptions can be justified under the present experimental 
conditions on the basis of the strength of the cerium-carbonate bond, the large excess 
of COZ- over OH- and the presumably negative charge of the prevailing complexes. 

As will become apparent later, it is convenient to set the reference state of all 
species in TS in such a way that activities approach molar concentrations when the 
composition of the solution approaches 4.00m in Na,CO,. The molal activity 
coefficient of j on this activity scale is yj. Equations (6)-(9), derived from (5), then 
apply, where 
log yNa+ = -AD - [2~(Na+,  ClO,, I )  - E(Na+,CO:-, Z)]A 

(6 )  + [2~(Na+,C10;, 12) - E(Na+, COZ-, 12)]4 
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CERIUM(II1, IV) CARBONATE COMPLEXES 24 1 

log yA = -4AD + [&(Na+, CO:-, I )  -E(Na+, CO:-, 12)]8 

log y p x  2: -(2p - s - 4)2AD 

log yqy N -(2q - y - 3)'AD 

(7) 

(8) 

(9)  

AD = D(Z)-D(12), yA is the activity coefficient of COi-,  and y p x  and yqy represent 
the activity coefficients of Ce(IV)(CO,),(Na), and Ce(III)(CO,),(Na), whose charges 
are (2p - .Y - 4)- and (2q - y - 3)- respectively. Expressions (8) and (9 )  are only 
approximate, but not in a measure that changes the following discussion. The 
interaction coefficients appearing in (6) and (7) have been evaluated, in a separate set 
of experiments, by measuring the emf of the cell (L) 

- Ag,AgBr(s)/T/GENa + (L) 
in which T had the analytical composition 

T = 0.100 m Br-, A,m CO:-, (8.00 - 2.4,) m ClO,, 8.10 m Na+ 

and A ,  spanned the range 2.00-4.00m. The emf (El in mV) of cell (L) can be 
expressed by equation (ZO). 

= e;  + 59.161Ogy~,+ + 59.161ogyBr- (10) 

By developing yNa+ and yBr- according to the SIT, (ZZ) is obtained, 

(El  - Ep)/59.16 + 2(D(Z)-D(12)) = 2&(Na+,C10-,,12) -~(Na+,C0:-,12) 

-[2&(Na+,CIQ,Z) -E(N~+,CO:-,Z)]A, ( I 0  

in which E p  = e: +59.16.2 E(Na+,Br-)mBr- (notice that E(Na+,Br-) has been taken 
to be independent of Z (see ref. 10)). E p  is determined by taking = E, + 
2-59.16(0(1)--0(12)) when A,  = 4.00m. The left hand side member of (ZZ) is 
plotted v.s A ,  in Figure 1. It is apparent that [2~(Na+,Cl0J) - ~(Na+,C0:-,1)] is, 
to a very good approximation, independent of Z under the present conditions. From 
the slope of the line we obtain (12). 

2E(Na+,CIO;,Z) - &(Na+,CO:-,Z) = 0.083 f0.01 Kg/mol (W 
I t  could be argued" that interaction coefficients between non-associating ions are 
independent of the ionic strength (ix., &(Na+,ClOJ is constant); (12) then implies 
that E(Na+,CO:-) may be regarded as independent of Z under the experimental 
conditions prevailing in this study. The above result makes the last term in (7) 
negligible (k., variations of yA are readily evaluated from the variation of the Debye 
term). The expression (13) allow data in Table I to be recalculated to a common 
reference. 

E i  = ei + 59.1610g yNa+ = ei + 59.16[-AD + 0.083(4-A)] (13) 

in the following section the analytical carbonate concentration, A ,  is used in place 
Figure 2 shows EX 17s the carbonate concentration profile. 
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242 F. SALVATORE AND E. VASCA 

0.1 

FIGURE 1 
[2&(Nat,CIO; - &(Na+,CO:-)] = 0.083 Kg/mol. 

Y (the left hand side of  (11)) vs the carbonate concentration profile. The slope of the line is 

i o g m  2- 
co3 

I I 1 
0.6 0.35 

FIGURE 2 Ei  (calculated from data in Table I via (13)) vs carbonate concentration. 

of its equilibrium concentration; due to the large excess of C0:- over other species in 
the TS, no appreciable error is introduced by this procedure. 

Ernlunriort of the prerailirig ( p - q )  aid  (x- y) rahes 

The Nernst equation for the cell (G) can be written in the form (14) 

Eg = E; + 59.16log(B(IV)/B(III)) + 59. 1610g(mpx/B(IV)) - 59. 1610g(m4,,/B(111)) + 
59-1610g(y,,/y,J - 59.16(p-q)log(AyJ -59.16(x-y + 1)lOg yNa+ (14) 

in which E; is a constant (independent of A )  which also includes the constant sodium 
concentration term, and mpx and m4,, stand for the molal concentrations of Ce(1V)- 
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CERIUhf(II1, IV) CARBONATE COhfPLEXES 243 

(CO,),(Na), and Ce(III)(CO,),(Na),. By comparing (14) with (13) and (3),  (15) 
results, 

E; = Ei + 59.161og(mp,/B(IV)) - 59. 161og(m~,./B(111)) - 59.16(p-q) [log(Ay,) + 
(.Y-J~)(JI-~)-’ log y N a + ]  + 59.16[(2g-y-3)’ - (2p-~-4)’]AD 

(15) 

where (8) and (9)  have been employed. Use of (15) to deduce the relevant ( p - q )  and 
(x-y)  values requires some strategy. The last term in (15) cannot at present be 
evaluated since the charges on the complexes are unknown. Note that 59.16AD 
spans the range 0- -0.25 mV in this investigation so that depending on the charges 
of the complexes the last term of (15) may become fairly large; nevertheless, as a first 
approach (to be verified), we assume i t  to be negligible. The ratios nz JB(IV) and 
m,,./B(III) may depend on the composition of the solution; this would ge the case if 
more than one Ce(II1) and one Ce(IV) species is formed. However, the large COi- 
and Na’ concentrations employed here (which are troublesome from a number of 
points of view) are in fact favourable since high ligand concentrations (with large 
ligand to metal ratios) are expected to reduce the number of coexisting species. This 
is especially true for strong complexes since one can confidently assume that the 
limiting species largely prevails. According to this principle we predict that 
mpx 1: B(IV) and m,,, N B(II1). Plots of E i  vs (lo@ + logy, + ( x - ~ ) ( p - q ) - ~  log 
yNa+) are now constructed for assumed values of the ( x - y ) / ( p - q )  ratio (note that 
possible values of this ratio are limited); if the above conjectures are not too much in 
error, one of these plots (the one constructed with the prevailing (x -y) / (p-q)  ratio) 
should approach a straight line of slope -59.16(p-q). It is found that the plot 
constructed using ( x - y ) / ( p - q )  = 1.5 (Fig. 3) closely approaches a straight line of 
slope -2 x 59.16 mV, while other plots exhibit strong curvatures. Figure 2 is in fact 
the plot for ( x - y ) / ( p - q )  = 0. The above analysis indicates that (p-q)  = 2 and 
(x-y) = 3 in the prevailing electrochemical reaction; this result also implies that the 
Ce(II1) and Ce(IV) carbonato complexes have the same charge so that the last term 
in (15) equals zero and thus no further elaboration of the data is needed. 

412 

414 

/ logA+logY* +1.5logY,+ 

0.6 0.55 
FIGURE 3 E; (as in Fig. 2) as a function of [logA + logy, + 1.5IogyN,+]. The drawn line has slope 
-2 x 59.16mV. A represents the carbonate concentration (see (IS)). 
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Erahiation of the prevailbig p and q wdrhies 

The equilibrium constant (K,) for reaction (16) 

F. SALVATORE AND E. VASCA 

Ce(III)(cO,)~- + C0:- ~t C e ( ~ ~ ~ ) ( c O , ) ~ -  (16) 

does not exceed -0.2 m-' in 3 M NaCIO,. This is deduced from a previous 
investigation of the solubility of NaCe(CO,),(s) in carbonate., No appreciable 
amounts of Ce(III)(COJ:- were formed although [CO:-] reached about 0.7 M. If 
one now assumes that the pentacarbonato species is formed over the range of 
carbonate concentrations spanned in this investigation, then it is easily seen (on the 
basis of the above upper limit of K,) that comparable concentrations of the 
tetracarbonato complex should be simultaneously present. This contrasts with the 
evidence here produced of a single Ce(II1) complex being largely present. To a high 
degree of confidence, one can conclude that under the conditions of the present 
investigation the species with q = 4 prevails. Finally, we propose the following 
stoichiometry, (17), for the general electrochemical reaction (2) .  

Ce(IV)(C0,),(Na)~8-x) + e P Ce(III)(CO,),(Na)(~_-5'- 

+2C05- + 3Na+ 

Formal rediction potentials of the Ce(IV) /Ce(III )  couple 
E i  values evaluated from Table I via (13) and plotted in Figure 2 are formal 
reduction potentials of the Ce(IV)/Ce(III) couple in the TS expressed on an arbitrary 
scale for which the potential of our sodium ion-selective glass electrode, immersed in 
4.00m Na,CO,, has been taken to be equal to zero, In order to derive formal 
reduction potentials (Efcc(lv),,ce(rrr)) on the standard NHE scale, the potential of our 
arbitrary reference vs NHE has been evaluated. This has been done by combining the 
emf of cell (H) with an estimated value of 97.4 mV (vs NHE) for the potential of the 
AgBr(s)/Ag couple in 4.00 m Na,CO,- 0.100 m NaBr. Equation (18) then applies. 

The following relation holds between the formal potential in 4.00 m Na,CO, 
(-22.5 mV) and the standard reduction potential of the Ce4+/Ce3+ couple 
(E:tandard), (19), 

59*16lOg(Y,o/Y 3") 
in which y; and y; represent the molal activity coefficients of Ce4+ and Ce3+ ions, 
respectively (infinite dilution activity scale), and p6 and 8, are the molal formation 
constants of Ce(IV)(CO,),(Na), and Ce(III)(CO,),(Na),-, in 4.00 m Na,CO,. We 
also have taken 59.16(21ogA + 3logm,,+) = 230.7 mV. Equation (19) can be 
employed to obtain an estimate of the p6/p4 ratio. The activity coefficients in (19) can 
be expressed, according to the SIT, by (20) and (21). We have not been able to 
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CERIUM(II1, IV) CARBONATE COMPLEXES 245 

logy,“ = - 160(12) + &(Ce4+,CO:-,12)4.00 

logy,” = -90(12) + ~(Ce~+,C03-,12)4.00 

(20) 

(21 1 
evaluate the interaction coefficients of Ce4+ and Ce3 + with carbonate. However, for 
the present discussion, &(Ce3+,CO:-,12) 2: &(Ce4+,CO:-,12) should be a fair 
approximation, thus 59.161og(yi/yi) 2: -7*59.160(12) = - I18 mV. E:tandard should 
not be far from 1.81 V.3 Finally, we obtain 1og(P6/p4) 2: 25. There is little doubt that 
in Ce(III)(C03)i- two carbonates are bidentate and two are monodentate (see ref. 
5); in fact the first two stepwise formation constants are - lo6 M-’ while the other 
two drop to about 10 M-I. On the other hand, Golovnya er d . I 3  have prepared a 
number of solid Ce(1V) carbonato complexes including (NH,),[Co(NH,),], [Ce(IV)- 
(C0J9].4H2O), and maintain that their syntheses are explained by assuming a 
coordination number of eight for Ce(IV) in its carbonato complexes. An obvious 
corollary is that only two carbonates are bidentate in the esacarbonato Ce(IV) 
complex. The enormous p 6 / p 4  ratio can only be explained by postulating a very great 
difference in the stability of the Ce(IV)-CO:- (bidentate) and Ce(III)-COi- (biden- 
tate) bonds. This is in substantial agreement with the fact (as we have often observed) 
that the strength of the metal-COi-(bidentate) bond increases in a measure 
comparable to the increase in the strength of the metal-OH- bond. Application of 
this rule-of-thumb predicts a Ce(IV)-COi- (bidentate) bond - 10” times stronger 
than the Ce(III)-COi- (bidentate) bond, and this factor is large enough to justify the 
above conjecture. 
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