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Kinetics of Oxidation of Transition-metal Ions by Halogen Radical Anions. 
Part 11.l The Oxidation of Cobalt(ii) by Dichloride Ions Generated by 
Flash Photolysis 

By Andrew T. Thornton and Gerald S. Laurence,* Department of Physical and Inorganic Chemistry, The 
University of Adelaide, Adelaide, South Australia 5001 

The radical anion CI,-, generated by flash photolysis of solutions containing CI,-, oxidizes cobalt(l1) to  cobalt(i1l). 
At 25 "C and / = 0 . 3 ~ .  the rate constant is (1-4 f 0.2) x 106 I mol - l  s-l (AH$ = 29 f 4 kJ mol-1 and ASS = 
-31 rt 10 J K-l mol-l). The reaction i s  inner sphere-substitution controlled, the initial product being CoCI2+ 
which is not labile on the time scale of the oxidation reaction. 

THE oxidation of halide ions to  halogens and the re- 
duction of halogens to  halide ions take place in one 
electron-transfer steps and the radical ions X,- (X = C1, 
Br, or I) are important intermediates in these reactions. 
Rate constants (ca. 1O1O 1 mol-l s-l) and equilibrium 
constants (>lo5 1 mol-l) for equilibrium (1) (X = C1, 

x + x- +. x,- (1) 

Part I, ,4. T. Thornton and G. S. Laurence, J.C.S. Dalton, 
1973, 804. 

* C. F. Wells and D. I;. Mays, J .  Chenz. SOC. ( A ) . ,  1968, 577. 

Br, or I) are sufficiently large that halogen atoms are 
not normally the reactive intermediates in halogen 
redox reactions. The radical anions Br2- and C1,- are 
intermediates in the oxidation of Br- by Mn3+ (ref. 2) 
and Co3+,3 of Cl- by C O ~ + , * ~ ~  and in the reduction of 

3 G. Davies and K. 0. Watkins, J .  Phys. Chew., 1970, 74, 
3388; M. N. Malik, J. Hill, and A. McAuley, J .  Chew. SOC. ( A ) ,  
1970, 643. 

4 T. J. Conocchioli, G. H. Nancollas, and N. Sutin, Iiz0r.g. 
Chew., 1966, 5, 1. 

5 B. Sramkova, J. Zyka, and J. Dolezal, J .  Electroanalyt. 
Chem. Interfacial Electrochem., 1971, 30, 185. 
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Cl,, Br,, and I, by V2+.6 Oxidation of the metal ion 
in Oxidation state 11 by the halogen radical ion has 
been proposed, but not directly demonstrated, in these 
systems. Oxidations of ligands by metal ions have 
been extensively investigated,' but comparatively few 
ligand reductions by metal ions are known. The 
oxidation of the complex Co(tram-[14]diene)2+ (traas- 
[ 141 diene = 5,7,7,12,14,14-hexamet h yl- 1,4,8,11-t etra-aza- 
cyclotetradeca-4,ll-diene) by halogen radical ions has 
recently been reported.8 

In Part I of this series it was shown that the oxidation 
of Fe2+ by Br,- occurs through an inner sphere-sub- 
stitution controlled mechanism, but that the oxidation 
of Fe2+ by C1,- takes place by both inner- and outer- 
sphere paths at 25 "C. The present work establishes 
the importance of the reaction of C1,- with Co2+ in 
the oxidation of C1- by Co3+ and suggests that, for 
transition-metal ions with high substitution rates, the 
rate of metal-ligand electron-transfer reactions is con- 
trolled by the substitution rate. The ions Fezfag and 
CoZfaq have approximately the same substitution rates 
( 106-107 1 inol-ls-l) and, although the free-energy changes 
for oxidation by C1,- differ by 104 kJ mol-l, both re- 
actions are inner sphere-substitution controlled. 

EXPERIMENTAL 
Solutions of CoII were prepared from the perchlorate 

(Fluka) and were standardized by electrodeposition. 
AnalaR sodium halide salts were used to prepare the 
halide-ion solutions. Acid concentrations and ionic 
strengths of the solutions were adjusted with percliloric 
acid (AnalaR) and sodium perchlorate (Fluka) . Chlorine 
used in the preparation of solutions of C1,- was prepared 
by the oxidation of sodium chloride (AnalaR) and was 
vacuum distilled. The hydrogen peroxide used was 
inhibitor-free (Laporte) , All other materials were of 
AnalaR grade purity. Solutions were prepared in water 
distilled from alkaline potassium permanganate and acidi- 
fied potassium dichromate. 

The flash-photolysis apparatus and experimental pro- 
cedure have been described previous1y.l In the kinetic 
experiments the change in concentration of the radical 
ion with time was recorded as the change in absorbance at  
366 nm. A t  least three oscilloscope traces were analysed 
for each set of experimental conditions. Preliminary 
experiments showed that the reactions of the radical ions 
were not affected by the presence or absence of dissolved 
oxygen in the solutions and most experiments were carried 
out on aerated solutions. When the metal ions reacted 
with the radical anions reaction (2) competed with dis- 

k' 
c1,- + C O I I  -7w COIII + 2c1- 

Cl, + Cl, _.+ c1,- + c1- 

(2) 

(3) 

proportionation (3), and the rate of disappearance of 
K" 

* The reaction between OH and C1- to produce C1,- is more 
complex than we have represented it,la but a t  our C1- and H+ 
concentrations the stoicheiometry is that given by the equations 
and the half-lives for C1,- formation were less than Ips. 

T.  M. Malinand J. H. Swinehart. Inorg. Chem., 1969,8, lp07. 
A. McAuley, Co-ordination Chem. Rev., 1970, 5, 245; In- 

organic Reaction Mechanisms,' ed. J. Burgess, Specialist Periodi- 
cal Rcport, Thc Chemical Society, London, 1971, vol. 1, p. 30. 

C1,- was given by equation (4). The metal-ion concen- 

-d[Cl,-]/dt = k"CoII] [Cl,-] + K"[C1,-]2 (4) 
tration was very much greater than that of the radical 
anion and the reaction of CoII with C1,- was pseudo-first 
order. The rate of disappearance of C1,- was mixed first 
and second order and the pseudo-first-order rate constants 
were calculated using a numerical integration procedure 
and the separately measured rate constant for the dis- 
proportionation.1 

Prodzcction of C1,- Radical A nions.-The radical anion 
C1,- was produced by flash photolysis of trichloride ions @ 

in most of the experiments. This eliminated kinetic 
complications caused by reaction of the metal ions with 
e-aq to produce Cof when the radical anions were produced 
by photolysis of halide ions.1° Flash photolysis (with 
light from the flash lamp filtered to eliminate wavelengths 
1 2 2 0  nm) of solutions containing Cl,- produced 1 0 ~ ~  
concentrations of C1,- in the presence of CoII [reactions 
(5) and (1) (X = Cl)]. The concentrations of lialicle ion, 

hv 
Cl,- -+- C1,- + C1 (5) 

halogen, and acid in equilibrium with the trihalide ion were 
chosen to minimize the equilibrium concentrations of 
hypohalite ion in the solutions. Photolysis of hypo- 
halite ions l1 produces hypohalite radicals which inter- 
fere with the reactions of the radical anions. 

In experiments in which the absorbance of the halogen or 
trihalide ion interfered with measurement of the spectra 
of reactants or products, OH radicals were used to produce 
the radical ions. Flash photolysis of 10-3~-H,0, solutions 
containing halide ions produced 20pM concentrations of 
the OH radical [equation (6)], which reacted with chloride 

hv 
H,O _+ 20H (6) 

ion * to produce the radical ion [reactions (7) and (1)  
(X = Cl)]. The ratio of the concentration of the halide 

OH + C1- -w OH- + C1 

ion to that of the cobalt(r1) ion was kept high in these 
solutions to minimize reaction of the OH radicals with 
CoII. The hydrogen peroxide concentration was suffi- 
ciently low for reaction (8) not to interfere. Hydrogen 

(7) 

OH + H20, --t €320 + HO2 (8) 
peroxide solutions were not used in the kinetic studies 
because of the reaction between the radical anions and 
hydrogen peroxide. 

RESULTS 
The standard reduction potential of Br,- is estimated 

to be + l a 7 7  V, just smaller than that of Co3+& ( f l . 8 5  V), 
and the equilibrium constant for reaction (9) is ca. 5 x 

Br2- + Coifaq + ColI1 + 2Br- ( 9) 
mol 1-l. There was no evidence of reaction between 
Br,- and CO~' ,~ after flash photolysis of solutions containing 

8 S. D. Malone and J. F. Endicott, J .  Phys. Chern., 1972, 76, 
2223. 

9 L. I. Grossweiner and M. S. Matheson, J .  Phys. Chem., 1957, 
61, 1089. 

10 A. T. Thornton and G. S. Laurence, Chem. Comm. , 1970,443. 
l1 N. K. Bridge and M. S. Matheson, J .  Phys. Chem., 1960, 64, 

12 M. Anbar and J. I<. Thomas, J .  Phys. Chem., 1964, 68, 3829. 
1280. 
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cu. 3 x 10-5x?r-Br3- (lO-lM-Br-, 5 x lO-%-total Br,, and 
10-l~-H+) and 10-lM-Co2+. Within experimental error 
(f5%), the rate of disappearance of Br2- was the same in 
these solutions as that in solutions of the same ionic strength 
which contained no cobalt (11). The disproportionation 
reactions of the halogen radical anions have rate constants 
of ca. 5 x 109 1 mol-1 s-1 and set limits to reactions of the 
radical anions with substrates which can be studied. 
The rate of the reaction must be >lo4 1 mol-1 s-l and the 
reaction must have an equilibrium constant large enough 
to ensure that an appreciable fraction of the radical anions 
is consumed a t  equilibrium. Our failure to observe 
reaction between Br2- and Co2" is probably due to the 
unfavourable equilibrium constant. No reaction could be 
detected between 1,- (EO +la0 V) and Co2+. 

The radical ion C1,- reacts with Co2+aq [equation (lo)]. 

c1,- + C02faq * COIII + 2c1- ( 10) 

The rate of disappearance of C1,- after flash photolysis of 
C1,- increased when Co2+ was present in the solutions and a 
transient absorbance at  270 nm was observed after the 
C1,- absorbance had decayed. The spectrum of the 
transient was measured in solutions in which C1,- was 
generated by flash photolysis of H,02-C1- mixtures ( 10-3~-  
H202, lO-IM-Cl-, and 10-l~-H+). The cobalt(I1) concen- 
tration in the solutions was 10-1x1 and the half-life of the 
C1,- radical ion was GU. 10 ps. The transient spectrum, 
100 ps after the flash, is shown in Figure 1. The ratio 
of the chloride- to the cobalt-ion concentrations ensured 
that less than 1% of the OH radicals generated by photo- 
lysis of H202 reacted with Coa+. When solutions of H202 

0 

I 
I 

I 

FIGURE 1 Spectra of the products of thc reactions of Co2+ with 
C1,- and OH taken 100 ps after thc flash: (O), product of the 
flash photolysis of solutions containing 10-3~-H,0,,  Io-lM-cl-, 
10- l~-H+,  and l0-lM-CoI1 (the solid liiie represents the spectrum 
of CoC12+ normalized to  our absorbance a t  270 nm); (A) ,  
product of the flash photolysis of solutions containing 1 0 - 3 ~ -  
H,O,, lO-lhi-H+, and 10-'M-CoT1 (the solicl line represents the 
spectrum of Co3+) 

( 1 0 - 3 ~ )  and Coz+ (10-l~)  without chloride ion were flashed, 
a weaker transient absorbance was observed at  shorter 
wavelengths. This was produced by the reaction between 
the OH radicals and Co2' [equation (1 l)]  and the spectrum 

OH + Coafaq- CoT.*I f- OH- (11)  

of the aquocobalt (111) product is compared with the spec- 
trum of C0Sfaq in Figure 1. 

The transient absorbance which results from the reaction 
of C1,- and C O ~ + , ~  is due to the cobalt(zI1) chloro-complex 

1*5 r 

CoC1". The spectrum of CoClZT has been measured in 
stopped-flow experiments l3 but the absorption coefficients 
are not known. The stopped-flow spectrum normalized to 
our absorbance value at  300 nni is included in Figure 1, 
and the spectra are clearly the same. Assuming a 1 : 1 
stoicheiometry between the yields of C1,- and CoC12+ in 
our experiments, the absorption coefficient of CoC12+ a t  
the absorption maximum (270 nm) is 5000 f 2000 1 mol-1 
cni-l. The main contribution to the error in the absorption 
coefficient is the difficulty of determining the initial C1,- 
yield under conditions in which the half-life of C1,- was 

The CoC12+ absorbance decayed with first-order kinetics 
and plots of log (Absorbance) against time are shown in 
Figure 2. The first-order rate constant in lO-l~-Cl- and 
1Od1~-H+ a t  25 "C and I = 0.44~ was 59 & 2 s-l. This 
value is in excellent agreement with the rate of approach 
to equilibrium of reaction (12) under the same conditions, 

10 ps. 

C0Zfaq + Ci- + c0C12+ (12) 
57 s-l, calculated from the results of McAuley et aZ.13 
The reduction of Corn by chloride ion is very much slower 
in these solutions. 

The presence of CoC12+ less than 100 ps after the flash, 
and the decay of CoC12+ by reaction (12), prove that CoC12+ 
and not CoBiaq is the initial product of the reaction between 

c1,- + co2+,q k'e CoC12+ + c1- (13) 
C1,- and CO"+,~. If the initial product was C O ~ ~ - ' , ~ ,  CoClZ" 
could only be formed by reaction (12), with a half-life of 
GU. 10 ins under our conditions. Because initially all 
the cobalt(m) produced by reaction (13) is in the form of 
CoClgr, we observe the dissociation of CoC12+ until the 
equilibrium concentration is reached. 

l3 A. McAuley, 31. N. Malik, and 3. Hill, J ,  Chent. SOC. ( A ) ,  
1970, 2461. 
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The rate of reaction (13) was studied in solutions in 
which C1,- was generated by flash photolysis of C1,-. 
The solutions contained ca. 10-4~-Cl,- ( 10-lM-Cl-, 5 x 
10-3~1-C12, and ~O-IM-H+) and the cobalt(I1) concentration 
was varied from lov2 to 5 x ~ O - , M .  The kinetics of the 
CI,- decay were mixed first and second order because of 
conipetition between the pseudo-first-order reaction (1 3) 
( [Co2+] 9 [Cl,-]) and the second-order disproportionation 
of Cl,-. Pseudo-first-order rate constants obtained for 
reaction (13) are plotted against cobalt(I1) concentration 
in Figure 3. The rate constants are a good linear function 
of the cobalt(1r) concentration and the plot shows no 
curvature even at  the highest cobalt (11) concentrations. 
The second-order rate constant for reaction (13), kI3,  
calculated from the gradient in Figure 3 is (1.4 0.2) x 
106 1 mol-l a t  25 "C. The temperature dependence of 

P 

FIGURE 3 Dependence of the pseudo-first-order rate constant 
for the reaction of Go2+ and C1,- on the Co'I concentration, a t  
25 "C. The solutions contained ca. 10-4M-C13- (lO-lM-Cl-, 
li x 10-2~-C12, and 10'l~-H+) and I = 0 . 3 ~  

k,, was deterinined by measuring the rate constants a t  
constant CoII concentration and several temperatures. 
Second-order rate constants are given in Table 1 together 
with the activation parameters. 

TABLE 1 
Rate constants for the reaction C1,- + Co2+ + 

CoC12+ + C1- at  O.~M-HCLO, and I = 0 . 3 ~  
Temp. "C 13.5 22.0 31.5 41.5 

10-'%/1 mol-ls-l 
AHr = 29 & 4 kJ mol-l 

0.82 & 0.1 1-29-f 0.1 1*80& 0.2 246k 0.2 
A S  = -31 j, 10 J I<-l mol-1 

DISCUSSION 

The observation that CoC12' is the primary reaction 
product in the oxidation of Co2+,q by C1,- proves that this 
reaction, like those between Fe2+aq and halogen radical 
anions, is inner sphere, and there was no evidence of an 
outer-sphere path. We were unable to distinguish 
between inner sphere-substitution controlled and inner 
sphere-electron-transfer controlled mechanisms by direct 

l4 J. P. Hunt, Co-ordination Chenz. Rev., 1971, 7, 1. 
l5 A. 31. Chmelnik and D. Fiat, J .  Chew. Phys., 1967, 47, 3986. 

experimental observation, but the intimate mechanism 
may be inferred from the rate constant and activation 
enthalpy. The rate constant kI3 is 1.4 x lo6 1 mol-l s-1 
at  25 "C and the water-exchange rate1* for Co2+aq 
is ca. 2 x lo6 s-l. Substitution at and other 
bivalent transition-metal ions is essentially controlled 
by the rate of loss of water from the first co-ordination 
sphere, and the substitution rate will be of the same 
order of magnitude as the water-exchange rate. The 
activation enthalpy for water exchange has been 
measured several times and the values cover a range 
of 12 kJ mol-l. The value of 43 kJ mol-1 obtained in 
two different laboratories l4,l5 is probably the most 
reliable. For the inner sphere-substitution controlled 
reaction between Br2- and Fe2+aq the activation en- 
thalpy is also ca. 10 kJ mol-l smaller than the activation 
enthalpy for water exchange on the metal ion. If the 
inner-sphere reaction is electron-transfer controlled, the 
activation enthalpy must be greater than that for 
substitution. We conclude therefore that the Co2faq- 
Clz- reaction is definitely substitution controlled. 

The inner-sphere reactions of C1,- with Fe2+,q and 
Co2f,q are both substitution controlled despite the 
108 k J mol-l difference in the overall free-energy changes 
for the reactions. A parallel outer-sphere path of lower 
activation energy was found in the Fe2+,,-C1,- system.l 
The influence of the free-energy change for the re- 
action is much larger for outer- than for inner-sphere 
oxidations and an outer-sphere mechanism cannot 
compete with the inner-sphere path for the Co2+-C12- 
reaction. 

Unlike the oxidation of FeIL to FeIII, the oxidation 
of CoII (high spin) to CoIII (low spin) must involve a 
change in spin multiplicity. The lifetime of the CoTI1 
transition involving the change of spin multiplicity is 
however short enough (<lo ps) for this not to  be the 
rate-determining process. In  the reduction of Co- 
( b i p ~ ) , ~ +  (bipy = 2,Z'-bipyridine) by e-aq a transient 
intermediate with a lifetime of ca. lo* s was identified l6 
as an excited (t2?eg1) state of Co(bipy),2+. We find that 
the spectrum of the CoC12+ product of reaction (13), 
50 [ J s  after the flash, is identical with the spectrum of 
ground-state CoC12+ (Figure 1) formed by the reaction 
of C O ~ +  with C1-. Our results suggest that changes 
in the spin multiplicity of cobalt are not necessarily a 
barrier to rapid electron transfer. The reactions of 
C12-, Br,-, and I,- with the complex Co(trarts-[14]- 
diene)2+ (tram- [ 14ldiene = 5,7,7,12,14, lkhexamethyl- 
1,4,8,1 l-tetra-azacyclotetradeca-4,l l-diene) are very 
fast (109-1010 1 mol-l s-l) and both the CoII and CoIII 
complexes are low spin. Malone and Endicott * did 
not definitely distinguish between inner- and outer- 
sphere mechanisms for the Co(trarts-[ 14]diene)2+ oxid- 
ations. The rate of exchange of H20 in the axial 
positions is likely to be very high. The rate of water 
exchange for NiII and CoII complexes increases rapidly 
as the number of water molecules co-ordinated to the 

16 W. L. Waltz and R. G. Pearson, J .  Phys. Chern., 1969, 73, 
1941. 
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metal decreases14 and may be as large as lo9 s-l for 
the complex Co(trans-[14]diene)2+. The rates of oxid- 
ation of the Co(tralz~-[14]diene)~+ complex by the halogen 
radical anions are almost independent of the reduction 
potentials of the latter, and the rates of the Co2+--C1,- 
and Co(trans-[ 14]diene)2+-I,- reactions (for which the 
overall free-energy changes are the same) differ by three 
orders of magnitude. The halogen radical anions must 
react with both Co(trans-[14]diene)2* and Co2+, by a 
common inner sphere-substitution controlled mechanism. 

We have estimated the standard reduction potentials 
for reactions involving the radical anions C12-, Br2-, 
and I,- from the standard free energies of formation 
of the halide ions,l' the free energies of hydration of 
the appropriate inert gases, and the equilibrium con- 
stants l8 for the reaction (1) (X = C1, Br, or I). After 
this work was completed Malone and Endicott published 
similar estimates8 We have checked our estimates 
against available kinetic data. The combination of our 
data for the rate of the Cofl-C1,- reaction with the rate 
of the reverse reaction (the reduction of CoIII by Cl-) 
confirms the estimate of EO, +2.3 V, for the reduction 
of Cl,-. The estimate of Eo for the reduction of Br2-, 
+1-8 V, agrees with the value obtained by combining 
the rate of reduction2 of MnIII by Br- with the rate 
constant for oxidation19 of MnII by Br2-. Recent 
reduction potentials for C12-, Br2-, and 12-, obtained 
by a combination of pulse radiolysis and polarography 
in solutions of halide ions cannot be reconciled with 
the experimental observations of the oxidations of metal 
ions by the halogen radical anions. 

The standard reduction potential of the hydroxyl 
radical has been estimated to  be -1-2.0 V in basic solu- 

OH + e - - w O H -  (14) 
tion,21 and recent investigations of the equilibria be- 
tween OH and the halide ions allow the reduction 
potentials of C1,- and Br,- to be calculated in terms of 
Eo for OH. The equilibrium constant for reaction (15) 

OH + 2C1- + OH- + C1,- (15) 
has been measured 18a and is 1 mol-l. Equilibrium 
constants for reactions (16) and (17) involving OH and 
Br- in basic solution have been measured by Behar.22 

OH + Br- === BrOH- K = 2-9 x lo3 1 mol-l 
BrOH- + Br- + OH- + Br,- K = 3.7 

(16) 
(17) 

Using these equilibrium constants the standard re- 
duction potentials of C1,- and Br,- are +2.3 and 
+1-8 V, again in agreement with the estimated values 
in Table 2. 

l7 ' Selected Values of Chemical Thermodynamic Properties,' 
National Bureau of Standards Technical Note 270-3, U.S. 
Government Printing Office, Washington, D.C., 1968. 

l* (a) A. T. Thornton and G. S. Laurence, unpublished work; 
(b)  B. Cercek, M. Ebert, C. W. Gilbert, and A. J. Swallow, ' Pulse 
liadiolysis,' eds. M. Ebert, J. P. Kecne, A. J. Swallow, and J. H. 
Baxendalc, Academic Press, London, 1965, p. 83; (c)  J. H. 
Baxendale and P. L. T. Bevan, J .  Chent. SOC. ( A ) ,  1969, 2240. 

The reaction between Col* and C1,- accounts for the 
retardation by CoT1 of the rate of reduction of Co3+ 

TABLE 2 
Standard reduction potentials involving halogen radical 

anions 
Reaction X -- C1 Br I 

x + e - m x -  + 2.59 + 2.08 + 1.31 

X, + e- X2- t 0 . 4 3  + 0.41 + 0.06 
$X, -t- e- X- + 1-36 + 1-09 + 0.53 

Values (in volts), estimated from available thermodynamic 
data, are considered to  be within &0.05 V of the true values. 
For C1,- and Br2-, values calculated using independent kinetic 
data agree with those in the Table to within f0-05 V. 

by C1-. The scheme is reaction (12) followed by re- 
actions (18) and (19). The dependence of the overall 

X, $- e- 2X- +%29 + 1-77 +- 1.00 

CoC12' + c1- + C O I I  + c1,- 
C O ~ +  + C1,- --t COII + C1, 

(18) 
(19) 

rate on the CoII concentration is complex and the re- 
action is not integral order in C1-. 

The overall second-order rate constant5 for the 
reduction of CoIII a t  25 "C and ~ M - H +  is 1.3 1 molt1 s-1 
and at this temperature the rate constant l 3  for formation 
of CoC12-+ is 35 1 mol-l s-l. The equilibrium constant 
at 25 "C is 31 1 mol-l and at  the low C1- coiicentrations 
used by Sramkova et aL5 the rates of reaction (12) and 
(18) are comparable. A full kinetic analysis suggests 
that the reason for the apparent limit to  the retardation 
due to  CoII, reached at CoII concentrations of cn. ~O-,M, 
is not the proposed formation of Col* chloro-complexes 
(Kcdl+ ca. 0.3 1 mol-l) 23 but that reaction (19) can 
become rate determining as the CoII concentration is 
increased. Although the measured rate constant for 
the CoIII reduction cannot be simply identified with 
that for the reverse of reaction (13), the rate of this 
reaction must be within a factor of 10 of 1.3 1 mol-l s-l 
in order to account for the observed chloride-ion de- 
pendence. We can therefore estimate Eo for the 
reduction of C1,- by combining this rate constant with 
our rate constant for reaction (13) (k13 = 1.4 x lo6 1 
mol-l s-l) and the standard reduction potential for 
Co3 kBq, +145 V. The standard reduction potential 
for C1,- calculated in this way is +%2 5 0.06 V, in 
excellent agreement with the value estimated from 
thermodynamic data, +2.3 V. 
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