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the binding of increasing number of «-NAD+ molecules. The 
latter mechanism has been previously proposed to explain CPL 
results of «-NAD+ which, like those of linear polarization 
presented here, change predominantly upon addition of the 
second coenzyme molecule. 

The results obtained in the present study may be of a more 
general interest, since variation of/? across single electronic 
bands may be more common than suspected. It was found 
before for the dansyl chromophore when bound to anti-dansyl 
antibodies.'9 Several more cases were listed elsewhere.8 These 
results lead to some important conclusions. In the first place, 
whenever p varies across the emission band it is meaningless 
to present the excitation polarization spectrum without stating 
precisely what part of the emission band was used in the 
measurement. The variation of/? in the fluorescence spectrum 
may explain in part why the limiting value of p expected to be 
0.5 at the long-wavelength edge of the absorption spectrum is 
not often attained,8 since it is common practice to collect a 
large part of the emission band in polarization studies. The 
sensitivity of p to the environment of the emitting chromophore 
in cases involving weak transitions dictates special precaution 
when p is used to probe the viscosity of the medium in which 
the chromophore is embedded, e.g., in membranes. If the 
transition is weak, changes in p may occur due to perturbation 
of the electronic levels rather than to changes in viscosity. 
Study of the polarization across the emission band may help 
verify the eligibility of a fluorophore for such purposes. 

Finally it should be noted that fluorophores whose emission 
is due to a weak transition may be exploited to serve a useful 
purpose. The sensitivity of their polarization spectrum across 
the emission band to the environment of the fluorophore may 
be used as an additional property by which the environment 
is probed. Such an application of the emission polarization 

Decreasing from 3 to 1 the oxidation state of the cobalt 
atom in aquocobalamin, i.e., passing from B-12a to B-12r and 
B-12s, results in various changes in axial ligandations which 
are also under the dependence of the acidity of the medium. 
The equilibrium thermodynamics of these various reactions 
have been investigated in detail in the second paper of this se
ries.2 A quantitative description of the stability domains of the 

spectrum has been illustrated in the study of the heterogeneity 
of anti-dansyl anti-bodies.19 
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transition dipole moment will be minimal when the projection of the mag
netic transition dipole moment on the plane defined by the rotating electric 
vector is parallel to the latter vector. Thus, the CPL may be unaffected by 
changes in the direction of the electric vector like those found in the present 
study (see Table I) even if the angle between the magnetic and electric 
vectors is large, as long as the general requirement stated above is ful
filled. 

three oxidation states of cobalt in aquocobalamin as a function 
of potential and pH is thus available, providing the values of 
the characteristic standard potentials, pK&s, and equilibrium 
constants. 

Regarding the B-12r-B-12s couple a kinetic investigation 
using cyclic voltammetry has provided a description of the 
oxido-reduction mechanisms at various pHs showing in par-
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Abstract: Cyclic voltammetry and rotating disk electrode voltammetry on gold, vitreous carbon, and mercury electrodes have 
been used to investigate the mechanism and the kinetic characteristics of B-12a-B-12r oxido-reduction. Base-on aquo-B-12a 
and base-on B-12r are the electrochemically reacting species in a large part of the pH range (pH 3-8), giving rise to a slow 
charge transfer. The charge transfer process involving the base-off forms is markedly more rapid. It begins to compete with 
the process involving the base-on forms only in very acidic media: below pH 1.5 for B-12r oxidation and below pH 0 for the re
duction of B-12a. The nucleotide side-chain opening and closing rate constants have been derived from the evaluation of this 
competition. Above pH 8 two competing reduction processes are observed: reduction of the hydroxo form through its prior con
version into the aquo form and direct reduction of the hydroxo form. The latter, which completely predominates at pH 12, oc
curs at a potential negative to the B-12r-B-12s couple, giving rise to an apparent disproportionation phenomenon. The rate of 
proton abstraction from the aquo-B-12a yielding hydroxo-B-12a has been determined. A general picture summarizing the re
action pathways in the B-12a-B-12r-B-12s system and their thermodynamic and kinetic characteristics is given. 
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Figure 1. Cyclic voltammetry of the B-12a-B-12r system in neutral media: 
pH 4 (Britton-Robinson buffer), sweep rate 0.1 V s_1, initial concentration 
5 X 10"3 M. Full line: gold electrode. Dashed line: vitreous carbon elec
trode. 
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Figure 2. Rotating disk electrode voltammetry of the B-12a-B-12r system 
at pH 7 (Britton-Robinson buffer) on a gold electrode. Determination 
of the electron transfer rates at 125 (O), 250 (X), 500 (A), and 1000 (•) 
rev/min. 

ticular the importance of the base-off-base-on reaction.3 

Several chemical and electrochemical characteristic rate 
constants were determined at this occasion. As far as kinetics 
and mechanisms are concerned no such investigation exists 
regarding the B-12a-B-12r system. Previous polarographic4-6 

and cyclic voltammetric5 studies have been shown2 to be un
easily interpretable owing to the probable interference of 
mercury oxidation. So far, the only available kinetic data on 
the B-12a-B-12r oxido-reduction is merely the indication that, 
on a gold electrode, the system is much slower than the B-
12r-B-12s couple, particularly in alkaline media.2 

In the present paper we attempt to provide a detailed de
scription of the kinetics and mechanisms in the B-12a-B-12r 
system as a function of pH. Based on the previous thermody
namic analysis of this system2 it can be predicted that the pH 
range will be divided into three main regions according to the 
nature of the accompanying ligand exchange reactions: (1) 
neutral media (pH 3-8), both members of the electrochemical 
couple are base-on forms; (2) alkaline media (pH >8), inter
ference of the hydroxo form of B-12a; (3) acidic media (pH 
<3), interference of the side-chain opening reactions first at 
the Co(II) and then at the Co(III) level. 

Several electrode materials were employed depending on 
medium acidity. In neutral media both gold and vitreous car
bon were used. Vitreous carbon was mostly used in the most 
acidic media since the potential for hydrogen evolution is 
markedly more negative than with gold. In alkaline media a 
gold electrode was generally employed. However, a few ex
periments were carried out with mercury at the highest pH 
since the B-12a wave is then sufficiently negative to be clearly 
out of any interference with mercury oxidation. Two tech
niques were employed: cyclic voltammetry (CV) and rotating 
disk electrode voltammetry (RDEV). 

Results 
Neutral Media. CV and RDEV experiments were carried 

out on a gold electrode at several pHs ranging from 3 to 8. A 
typical cyclic voltammogram obtained at pH 4 is represented 
in Figure 1 showing two waves with the first markedly less 
reversible than the second. Accordingly, two waves of equal 
heights are observed in RDEV corresponding to B-12a —-
B-12r and B-12r - • B-12s reductions, respectively. 

The first cathodic wave apparently features a simple slow 
electron transfer process with negligible influence of associated 
chemical reactions.7-9 This would correspond to the reduction 
of base-on B-12a into base-on B-12r (reaction el on the 
mechanistic chart below), which are the stable species in the 

Table I. Characteristics of Base-on B-12a-Base-on B-12r Oxido-
Reduction 

PH 

4" 
6.3* 
1" 
av 

£.°, 
V vs. SCE 

-0.050 
-0.050 
-0.040 
-0.047 

a\ 

0.48 
0.45 
0.45 
0.46 

fcsapl, 
cm s - 1 

7.3 X 10"6 

8.3 X 10~5 

7.5 X 10~6 

8 X 10~6 

D, 
cm2 s - 1 

1.9 X 10~6 

2.2 X 10-6 

1.9 X 10"6 

2 X 10-6 

" Britton-Robinson buffer. b ClO4Na 0.05 M. 

considered pH range.2 It also implies that the most probable 
loss of a water molecule in the sixth axial coordination is so 
rapid that it can be considered as a part of the charge transfer 
rather than a pre- or a postassociated chemical reaction. On 
these grounds the kinetic characteristics, transfer coefficient 
(ai), and standard rate constant (A:sap'') can be derived from 
the analysis of the RDEV waves10 taking for the standard 
potential the value (-0.042 V vs. SCE) obtained from previous 
spectroelectrochemical experiments2 and for the diffusion 
coefficient Z) = 1.5 X 1O-6 cm2 s_1 (see Experimental Sec
tion). The results of such an analysis are shown in Figure 2 for 
4 rotation speeds at pH 7 under the form of a In k(E) vs. (E — 
Ei0) plot with 

k(E) = A:s
aP-' cxp[-ai(F/RT)(E - £,0)] 

being obtained from 

In [Ic(E)] = In (D/S) 

- I n 
Ii - i{\ + cxp[-ai(F/RT)(E - E1Q)]] 

(z'i = limiting current; 8 = diffusion layer thickness; here <5(cm) 
= 3.4 X 10-3w (H)_1/2). 

The average values of ai and&sap'' are given in Table I. It 
is seen that they practically do not depend upon pH and on the 
medium being buffered or not. This shows that eventual re
placement of water by an anion of the buffer as sixth ligand 
exerts no significant influence on the characteristics of the 
charge transfer reaction. 

The voltammograms obtained on gold and on vitreous car
bon at the same pH (Figure 1) exhibit very little difference. 
This leads to the important conclusion that the above charge 
transfer constants reflect the intrinsic properties of the re
duction of base-on B-12a into base-on B-12r with negligible 
influence of the electrode material. On the average, ct\ = 0.46, 
ks^1 = 8 X 10~6 cm s-1, Ex

0 = -0.042 V vs. SCE. 
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B12a - BUr - B12i Mechanistic Chart 
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The anodic peak is such that the middle between its position 
and that of the cathodic peak gives an £]° value (second col
umn of Table I) very close to the spectroelectrochemical value. 
The agreement between these E0 determinations and the 
spectroelectrochemical data suggests that oxidation of B-12r 
into B-12a follows in the reverse direction the same pathway 
as the reduction, i.e., involves the base-on forms only. This point 
will be confirmed by the results obtained in acidic media which 
are reported below. They show that oxidation of B-12r involves 
the base-on form down to pH 1.5. In the last column of Table 
I are figured values of the diffusion coefficient as derived from 
the height of the RDEV wave10 using the geometrical surface 
area of the disk. It is seen that they are slightly larger than the 
value determined below as can be expected from the actual 
surface area of the electrode being larger than its geometrical 
surface area. 

Alkaline Media. Above pH 8, the hydroxo form of B-12a 
tends to predominate over the aquo form at equilibrium.2 This 
results first in a negative shift of the CV peak potential (Figure 
3) and of the RDEV half-wave potential (Figure 4) with pH. 
Then, while still moving negatively, the first wave decreases 
at the expense of the second wave. That the sum of the two 
wave heights remains constant and corresponds to an overall 
electron exchange of 2 faradays/mol is clearly seen on the 
RDE voltammograms (Figure 4). It is noted that, when suf
ficiently small, the height of the first wave varies with the 
rotation speed w much less than proportionally to co1/2 as would 
be the case for a diffusion-controlled process. This behavior 
is typical, at the level of the first wave, of a reaction sequence 
involving a chemical reaction preceding a charge-transfer 
process.11 The height of the first wave reflects then the kinetics 
and thermodynamics of the antecedent chemical reaction while 
the location of the wave depends upon these parameters as well 
as upon the charge-transfer kinetics. The aquo form being 
easier to reduce than the hydroxo form, it follows that the first 
cathodic wave features the reduction of B-12a through its aquo 

Figure 3. Cyclic voltammetry of the B-12a-B-12r system in alkaline media 
on a gold electrode: sweep rate 0.1 V s _ l , B-12 concn 5 X 1O-3 M. 

form (reaction path (cl + el) on the chart). On these grounds, 
the rate constants k\ and k-\ can be derived from the height 
of the first cathodic RDEV wave according to12 

/i/C/i)<i = ATXVa/CA-XVa +1) 

i\ being the observed limiting current and (/'Od the diffusion-
controlled limiting current. K is the equilibrium constant of 
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Table II. RDEV Determination of the Rate Constant of the Reaction Aquo-B-12a <=± Hydroxo-B-12a 

111, 

rev/ 
min l l / ( ' l ) d 

10 
(*',+*'_,), s"' ' l / ( ' l ) d 

PH 
11 

(*', + W. - i ) , s - " ' l / ( ' l ) d 

12 
(fc',+ *'_,), s~> 

125 
250 
500 

1000 
2000 
av 

0.89 
0.82 
0.75 
0.72 

9.2 X 105 

5.8 X 10s 

4.7 X 105 

7.1 X 105 

6.5 X 105 

0.87 
0.79 
0.70 
0.62 

2.8 X 107 

1.9 X 107 

1.5 X 107 

1.4 X 107 

1.6 X 107 

0.58 
0.49 
0.43 
0.34 

1.3X K 
1.3 X IC 
1.5 X IC 
1.5 X IC 

1.4X K 

Figure 4. Rotating disk electrode voltammetry of the B-12a-B-l 2r system 
in alkaline media on a gold electrode. Rotation speed: 125, 250, 500, 1000, 
and 2000 rev/min. B-12 concn: 5 X 10~3 M. 

the antecedent reaction: 

OH2 

K • 

Jeq ' 

= 10" -pH 

X is a kinetic factor comparing the rate of the chemical reaction 
to the rate of diffusion 

X = (k'} + k'-i)52/D 

k'\ and k'-\ being the pseudo-first-order rate constants of 
reaction cl. The results are shown in Table II for three pH 
values. Assuming the proton abstraction in the sixth ligand 
water molecule to be operated by OH, the second-order rate 
constant fci is found as equal to 6.5 X 109,1.6 X 1010, and 1.4 
X 1010 M - 1 s_1 at pH 10, 11, and 12 respectively, i.e., satis
factorily constant within experimental error. 

As can be seen in Figures 3 and 4, the second wave features 
the direct reduction of the hydroxo form, which occurs at a 
potential very close to the reversible reduction potential of 
B-12r into B-12s. The same is found at pH 12 on a mercury 
electrode. Indeed, at this pH, the first wave becomes unim
portant provided that the sweep rate is sufficiently high (Figure 
5). The second wave is then negative enough to be recorded 
without interference of mercury oxidation. It is interesting to 

Figure 5. Cyclic voltammetry of the B-12a-B-12r system on a mercury 
electrode,at pH 12 (Britton-Robinson buffer with 0.1 M tetrabutylam-
moniump-toluenesulfonate): sweep rate 13 V s_1, B-12concn 2.4 X 10 -3 

M. 

note that the reduction wave of the hydroxo-B-12a is now 
clearly negative to the reversible potential of the B-12r-B-12s 
couple. This is related to the fact that the electron transfer to 
hydroxo-B-12a is slow and that the sweep rate is higher (13 V 
s_1) than in the above experiments on a gold electrode. The 
anodic wave in Figure 5 has been recorded starting from neg
ative potentials in order for its height to be directly compared 
to that of the cathodic wave. The peak width of the cathodic 
wave indicates that the transfer coefficient for the reduction 
of hydroxo-B-12 is a2 = 0.4.7 With this value of a the height 
of the cathodic wave should be 1.3 times that of the anodic 
wave.7 This figure is indeed found by direct comparison of the 
cathodic and anodic peak heights in Figure 5. Direct electron 
transfer to hydroxo-B-12a leads to a B-12r with an OH - as 
sixth ligand. This is obviously an extremely unstable species 
which immediately decomposes into the standard base-on 
B-12r which is reduced into B-12s at this potential. Accord
ingly no trace of reversibility could be found even raising the 
sweep rate up to 1400 Vs - 1 . During a second cathodic scan
ning the characteristic pattern of B-12r is found in place of the 
initial wave (compare the present Figure 5 with Figure 5a in 
ref 3). It follows that the standard potential of reaction e2 
cannot be determined and so for the standard rate constant. 
The only attainable kinetic characterization of this electron 
transfer process is therefore the forward rate constant: 

yfcs
ap'2 exp (a2FE2

0/RT) = 6 X IO"11 cm s"1 

Turning back to cyclic voltammetry on gold, it was observed 
that the peak potential of the anodic wave featuring the reox-
idation of B-12r into B-12a practically does not vary with pH 
between 9 and 11 and has about the same value (+0.13 V vs. 
SCE) as in neutral media. This is in accordance with the oxi
dation of B-12r following the pathway (el) + (cl). In such 
conditions, the deprotonation reaction has indeed no influence 
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Table III. CV Determination of the Rate Constants of the B-12a Base-off-Base-on Reaction 

PHO(K = 4 X IO-3) H0=-
v, (kf+kb), 

V s - ' ip/('p)d X s- ' 0'P/0'p)d 

•1 (K = 4X 10-2) 

( * f+*b) , 
X s- ' 

0.05 
0.10 
0.20 

0.054 
0.038 
0.036 

fcb = 44; Af = 

21.4 
10.0 
6.3 

k-3 = 0. 8; k3 

43 
40 
50 

2.2 X 106 

0.080 1.0 2 
0.075 0.7 3 
0.056 0.5 4 

kb = 3; fcf = k-} = 0.12; k3 = 1.5 X 10
6 

Anodic peak potential 

IV v, SCE) 

_0.4 W t 

_0.3 

_0.2 

_ " • ' 
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I i 
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I 

Figure 6. Cyclic voltammetry of the B-12a-B-12r system on a vitreous 
carbon electrode in acidic media. Anodic peak potential as a function of 
pH: B-12concn4 X 10 -3 M, sweep rate 0.1 Vs"1 . Full line: experimental. 
Dashed line: theoretical. 

on the overall kinetics, the electron transfer step being rate 
determining. 

Acidic Media. A vitreous carbon electrode was used sys
tematically in acidic media for the reasons given previously. 

The first modification which is observed when the pH is 
decreased below 3 is a positive shift of the anodic peak (Figure 
6). The cathodic pattern remains unchanged down to pH 0. At 
this pH, a small prewave appears on the first cathodic scan, its 
height being approximately independent of the sweep rate. The 
height of this prewave increases when the pH decreases (Figure 
7). During a second cathodic scan the height of the prewave 
is higher than during the first. An almost reversible system is 
thus obtained at H0 = - 2 (the Hammett acidity function H0

U 

is used instead of pH below pH 0). 
The appearance of the prewave is typical of a reaction se

quence involving a chemical reaction preceding the electron 
transfer process.'' This suggests that below pH 0 a part of the 
reduction occurs through the protonated base-off B-12a, al
though the less reducible base-on B-12a predominates at 
equilibrium in this pH range. It leads to protonated base-off 
B-12r which is then the stable form of B-12r. The rate con
stants of the base-off reaction can be derived from the height 
of the prewave.'' The results are shown in Table III for three 
sweep rates at pH 0 and - 1 . kf and kb are the rate constants 
for the formation of the protonated base-off and base-on B-12a, 

Figure 7. Cyclic voltammetry of the B-12a-B-12r system on a vitreous 
carbon electrode at pH (H0) = 1,0, - 1 , - 2 : sweep rate 0.1 Vs_ 1 ,B-12 
concn 4 X 10 - 3 M. Full line: first sweep. Dashed line: second sweep. 

respectively. K = kf/kb is the equilibrium constant corre
sponding to the formation of the protonated B-12a (K = 
1 0 P * A - P H ) . The calculations are dependent upon the value of 
the pK\. We took —2.4 as determined previously by spectro
photometry14 and which corresponds to an E0 for the base-off 
B-12a-base-off B-12r couple of 0.27 V vs. SCE.2 A confir
mation that this pKfi, value is correct is provided by the E0 of 
the aquocob(II)-inamid couple being 0.26 V vs. SCE.15 

It is seen in Table III that k(does not vary with pH whereas 
kb decreases with pH by a decade per pH unit. This in accor
dance with a base-on-base-off conversion involving first the 
opening of the nucleotide side chain and then the protonation 
of Bzm rather than a direct attack of the proton on the Bzm 
nitrogen bonded to the cobalt. In the latter case, indeed, k{ 
should increase with acidity and kb remain constant. In the 
context of the first mechanism (c2 -I- c3 on the chart) reaction 
c2 can be regarded as being always equilibrated since &2 and 
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k-2 are large as compared to k^ and fc_3. Thus &3 = kb(\ + 
104-7-PH)and£_3 = kf. 

In agreement with this (c2 + c3) mechanism, k^ and /c_3 
are found satisfactorily constant when the pH varies (Table 
III). 

The kinetic characteristics of the base-on B-12a-base-on 
B-12r electron transfer (e3) can be derived from the quasi-
reversible voltammogram obtained at HQ = —2 and the width 
of the anodic peak at higher pHs (Figure 7). At, e.g., pH 1 the 
rate of reaction (c2 + c3) following the charge transfer (e3) 
is sufficient to render the system completely irreversible (see 
Figure 1 in ref 9 with log A = -0.37 and log X = 2). The peak 
width then leads to «3 =* 0.5. Analysis1' of the quasi-reversible 
pattern obtained at HQ = —2 then gives 

A:s
ap '3= 1.2 X 10- 3 cm S"' 

Similar values are found for the cob(III)inamid/cob(II)inamid 
couple.15 However, when decreasing the pH below —1 a posi
tive shift of the anodic peak potential is observed reflecting a 
similar variation of the base-off B-12a-base-off B-12r standard 
potential. This may reflect a further protonation reaction in
volving the base-off B-12r. 

The positive shift of the anodic peak between pH 3 and 1 can 
be interpreted as follows. The base-on B-12r is easier to oxidize 
than the protonated base-off form. At 0.1 V s_ 1 base-on B-12r 
oxidation corresponds to an irreversible peak potential at 0.14 
V whereas the irreversible peak of base-off B-12r is located at 
0.34 V. In the last case the follow-up chemical reactions (c2 
+ c3) are so fast that the rate-determining step is indeed the 
charge transfer as it is in the first case. However, when de
creasing the pH below 2.9 the proportion of base-on form at 
equilibrium decreases: 

\{Z7\ /\/J7~ 
= 10"'8 + 10""p H 

Then the peak potential of base-on B-12r oxidation is given 
by 

£ p
a = 0.14 + (0.059/a,) log (1 + 10"1-8 + 102 9-PH) 

The resulting variations of the anodic peak with pH are rep
resented in Figure 7 (dashed lines). It is seen that the value of 
0.34 is reached at about pH 1.5. It follows than between pH 
3 and 1.5 the most oxidizable form of B-12r remains the 
base-on form. Along the anodic wave, oxidation thus proceeds 
first via the base-on B-12r (reaction el) and then involves the 
protonated base-off form beyond 0.34 V. Between pH 3 and 
1.5 the sum of the nucleotide side-chain opening and closing 
rate constants is about 160 s -1 .3 '16 At low sweep rates as used 
here, these reactions do not therefore influence the overall 
kinetics, the base-off-base-on reaction remaining at equilib
rium.11 This explains why no splitting of the anodic wave is 
observed with a first part that would correspond to the oxida
tion of the base-on form and a second part to the base-off 
form. 

Discussion 

The various possible reduction and oxidation pathways and 
the corresponding thermodynamic and kinetic constants have 
been discussed above following the description of the experi
mental results. It is, however, necessary to further discuss a few 
points. 

From the results obtained in acidic media it is now possible 
to evaluate the influence of the base-on-base-off reaction in 
the reduction of B-12a in neutral media. In the antecedent 
base-off-base-on reaction (c2 + c3) the overall closing rate 

Table IV. Reduction of the Base-off Form in Neutral Media as 
Compared to the Reduction of the Base-on Form 

pH K * b , s - ' X (ip)/('P)d 

3 4X10-« 4 XlO4 104 9X10- 4 

4 4X10- 7 4X105 10s 3X10- 4 

5 4 XlO-8 1.3X10« 3.3 XlO5 5 X 10~5 

6 4X10- 9 1.9X10« 4.8 XlO5 6 X 10"6 

7 4 XlO-10 2X10« 5X105 6XIO-7 

constant is 

A:b = 2X 106/(1 + 104-7~PH) 

The equilibrium constant of the opening reaction being 

K = I O - " - P H 

with = (RT/F){kb/v), the height of the kinetic wave corre
sponding to the reduction through the base-off form as com
pared to a diffusion-controlled wave is14 

(ip)/(jp)d = KVx/0A46 

This ratio is given as a function of pH in Table IV for a low 
sweep rate, 0.1 V s_1. It is seen that, above pH 3, this reduction 
pathway is completely negligible as compared to the direct 
reduction of the base-on form. 

From the single two-electron wave obtained in very alkaline 
medium (pH >12) one might infer that B-12r is able to dis
proportionate into B-12a and B-12s. It has been shown,2 on the 
basis of equilibrium measurements, that this is actually not 
true, even though the disproportionation equilibrium constant 
tends to increase somewhat at high pH. The disproportiona-
tion-like behavior actually results from kinetic factors, both 
chemical and electrochemical. The first of these is that the 
conversion of the aquo form into the hydroxo form is slower 
and slower as the pH increases resulting in a reduction pathway 
involving only the latter. On the other hand, electron transfer 
to the hydroxo-B-12a is slow thus arising at a potential negative 
to the B-12r-B-12s couple which results in a two-electron 
wave. 

It is interesting to note the large differences in the standard 
rate constants of electron transfer to the various forms of the 
B-12 species. Electron transfer to base-on B-12a is 150 times 
slower than to base-off B-12a. This seems to be related to Bzm 
being more strongly bonded to the cobalt atom than water, 
which results in a larger vibrational contribution to the reor
ganization energy of the electron transfer.17,18 Similarly, 
electron transfer is much faster in the base-off B-12r-base-off 
B-12s couple (ks > 0.1 cm s - 1)3 than in the base-off B-
12a-base-off B-12r couple (ks = 2 X 10~3 cm s~') reflecting 
a smaller change in the vibrational energy in the first case than 
in the second. 

In conclusion, the mechanism of the B-12a-B-12r oxido-
reduction can be summarized as a function of pH and potential 
along the following lines: 

(1) Reduction of B-12a occurs via the aquo-base-on form 
in the largest part of the pH range (1-8). 

(2) Between pH 3 and 8 it involves a simple charge transfer 
(reaction cl) whereas at pH 3 the base-on B-12r initially 
formed is converted into its protonated base-off form. 

(3) Base-off B-12a begins to interfere noticeably only below 
pH 1 (reaction path: c3 + c2 + e3), a part of the reduction still 
occurring through the base-on form (el + c6 + c5) at a more 
negative potential. Very acidic media (HQ < -2.4) are required 
in order that this last route becomes negligible. 

(4) Oxidation of B-12r into B-12a involves the base-on form 
above pH 3 (reaction e l ) . It occurs exclusively through the 
base-off form only below pH 1.5. Between these two pHs both 
routes are followed depending upon potential. 
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(5) In alkaline media, a part of the reduction whose im
portance decreases when raising pH still occurs through the 
aquo-base-on B-12a (cl + el) up to pH 12. The remainder of 
the current involves the reduction of the hydroxo form, which 
requires a more negative potential (e2) and leads directly B-12s 
in a two-electron process. 

In the above mechanistic chart are also figured the results 
previously obtained for the B-12r-B-12s system3 so as to 
present a general picture of the reaction pathways and their 
thermodynamic and kinetic characteristics19 for the three 
oxidation states of aquocobalamin. 

Experimental Section 

Chemicals. Both acetatocobalamin (Rh6ne-Poulenc) and hydrox-
ocobalamin (Roussel-Uclaf) were used in buffered media while only 
the first was used for the experiments in unbuffered media. Britton-
Robinson buffers and perchloric acid solutions below pH 2 were em
ployed as described in ref 3. In unbuffered solutions the supporting 
electrolyte was sodium perchlorate in 0.05 M concentration. All the 
solutions were prepared from water distilled twice in a quartz appa
ratus. The B-12 concentration was 5 X 1O-3 M L - 1 . 

Cyclic Voltammetry and Rotating Disk Electrode Voltammetry. The 
instrumentation, cell and electrodes, and mercury working electrode 
were the same as in ref 2. The rotation system was from Tacussel (EDI 
+ CONTROVIT). The gold and vitreous carbon electrodes were disks 
of 3 X 1O-2 and 7 X 1O-2 cm2 geometrical surface area, respectively. 
Both electrodes were polished with diamond paste of decreasing 
particle size (7, 3.5, and 1 M) between each run in RDEV and every 
ten runs in CV. After polishing the gold electrode was rinsed with 
acetone and water successively and the carbon electrode with water 
and methanol. Reproducible results were thus obtained both in blank 
experiments and in the presence of B-12. 

Determination of the Diffusion Coefficient. Previous determina
tions4 have led to the value of 4 X 1O-6 cm2 s_1 that we have used 
previously in our kinetic analysis of the B-12r-B-12s system.3 Since 
in the present investigation the value of the diffusion coefficient is 
repeatedly required for determining charge transfer and chemical 
reaction rate constants we have tried to check the above-mentioned 
value. Two methods were employed in this purpose. The first one is 
based on cyclic voltammetry of the B-12r-B-12s system in acidic 
medium (HCIO4 0.1 M) on a hanging mercury drop electrode of 
known surface area. In these conditions the electrochemical process 
simply involves a fast charge transfer with no detectable interference 
of associated chemical reactions and of reactant adsorption. 

The results are shown in Figure 8 under the form of a plot of peak 
current vs. square root of sweep rate. From the slope of this plot the 
diffusion coefficient is found7 as equal to 1.4 X 1O-6 cm2 s_1, i.e., 
markedly smaller than the previous value. We then employed the 
capillary method20'21 starting from aquocobalamin 2 X 1O-3 M in 0.02 
M KCl. After 5 days the concentration was decreased by a factor of 
0.66 as determined by UV-visible spectrophotometry which led to D 
= 1.6 X 10~6 cm2 s_1 In the analysis described so far we have 
therefore used D = 1.5 X 1O-5 cm2 s -1. The value determined by the 
Stokes method4 may have been in error since the method is not well 
adapted to concentrations at the millimolar level.22 
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