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Kinetic Parameters of the Electrode Reaction of Carbonatocobalt(III)
Complexes at Mercury Electrodes

Akifumi Yamapa,* Yutaka Kapo, and Yu Yokovama
Department of Materials Science and Technology, Technological University of Nagaoka, Kamitomioka, Nagaoka 949-54
(Received January 27, 1983)

The electroreduction of [Co(CO,)(NH,);]t, [Co(CO;)(NH,),]1+, [Co(CO;)(tn),]*, [Co(CO;)(pn),]*, [Co-
(CO;y) (en),]*, and [Co(CO,),(en)]~ (tn=trimethylenediamine, pn=propylenediamine, en=ethylenediamine)

have been studied at mercury electrodes in weak acid solutions.
waves; the first corresponds to Co''—— Co', and the second, to Co— Co®.

All complexes exhibit two irreversible reduction
The kinetic parameters of the

electrode reactions of the first step were determined by means of Tast and pulse polarography in solutions containing
0.005 M sodium acetate—acetic acid buffer (pH=6) and 0.995 M sodium nitrate at 25 °C. The differential pulse
polarograp hic characteristics of these complexes are also given.

The polarography of carbonatocobalt(III) complexes
has been briefly reported in the course of the survey
of the half-wave potential for mixed ammine cobalt!+2)
and ethylenediamine cobalt® complexes. However, a
systematic study of a series of carbonatocobalt(III)
complexes under the same conditions has not yet been
made. Data for electrochemical kinetic parameters are
of importance in the discussion not only of the prop-
erties of electrode reactions but also the effect of the
solvent, the supporting electrolytes and the electrical
double layer on the reactions.

In this paper, the kinetic parameters of the electrode
reactions of several carbonatocobalt(III) complexes were
examined by means of Tast and pulse polarography.

Experimental

Materials. The complexes, [Co(CO;)(en),]Cl0,,* [Co-
(COy) (pn);]NO,,* [Co(CO,)(tn),]C1O,,» [Co(CO,)(NH;),]-
NO,-0.5H,0,” [Co(CO,)(NH;);]NO,-0.5H,0,8 K[Co-
(COy)z(en)],”” [Co(NH,)e](NOy),,' and Na[Co(edta)]™!
were prepared by the literature methods. The concentration
of 0.0019% polyacrylamide (PAA) was used as the maximum
suppressor. All the other chemicals used were of a guaranteed
reagent-grade.

Electrochemical Measurements. A three-electrode cell'®
equipped with a saturated calomel electrode (Yanagimoto
MR-P2-05-1) and a platinum wire electrode was employed.
The dropping mercury electrode (flow rate, 1.25 mg s-1 and
drop time, 2.99 s in 1 M (1 M=1 mol dm-3) sodium nitrate
solutions) served as a working electrode. The kinetic param-
eters of the electrode reactions were determined by means of
Tast and pulse polarography. The polarograms were recorded
on Yanagimoto Model P-1000 polarograph with a Riken
Denshi Model F3EP x-y recorder. A Takeda Riken digital
multimeter, Model TR-6355, was used; the current and the
potential were thus measured precisely. Electrolytic solutions
were deaerated by bubbling purified nitrogen gas through the
solution, All measurements were made at 25+0.1 °C.

In a series of determination of the electrochemical kinetic
parameters of various cobalt(III) complexes, the electrochemi-
cal procedure was as follows. After measurements of residual
current of 10 ml of supporting electrolyte solution, a solid
sample of the cobalt complex under test was added to the
solution. The electrode potential which is premeditatedly
selected was applied. The current was then measured.
Measurements were made within ten minutes to avoid the
decomposition of complexes in the solution.

Results and Discussion

Many mixed cobalt(III) complexes with various
ligands have been prepared, but the kinetic parameters
of the electrode reactions have been studied only for a
few.1®» For the carbonatocobalt(III) complexes, the
polarographic half-wave potentials in neutral solutions
have been reported only for carbonatopentaammine-
cobalt(III)," carbonatotetraamminecobalt(III),? and
carbonatobis(ethylenediamine)cobalt(III)® complexes.
These cobalt(III) complexes are reduced in two steps:
the first corresponds to Co™—Co" and the second, to
Co">Co® This work reports extensive kinetic studies
of carbonatocobalt(III) complex ions, such as [Co-
(COy) (en),]*, [Co(COg)(pn)el*, [Co(COy)(tn),]*, [Co-
(CO) (NHy), %, [Co(COy)(NH,),]*, and [Co(COy)s-
(en)]-. They are made in acid solutions at mercury
electrodes.

The carbonatocobalt(III) complexes gave two polaro-
graphic waves. The limiting currents of both the first
and the second wave were diffusion-controlled and were
proportional to the concentration of the complex. The
limiting current of the second wave was twice that of the
first one, which suggests that a one-electron reduction is
followed by a two-electron reduction. From a polaro-
graphic log-plot analysis'® and other polarographic
experiments, both steps are considered to be totally
irreversible. The present investigation is concerned only
with the reduction of cobalt(III) to cobalt(II).

Figure 1 shows the Tast polarogram of the first wave
of several carbonatocobalt(III) complexes obtained in
solutions containing 0.005 M sodium acetate-acetic
acid buffer (pH=6) and 0.995 M sodium nitrate. In
the carbonatocobalt(III) complexes studied, the CO,2-
acts as a bidentate ligand, except for [Co(CO,) (NH,);]+,
in which the carbonate ions are unidentate ligands. An
examination of Fig. 1 shows the half-wave potentials
for the first wave of the complex depend on the types of
coordination. The order of the half-wave potential in
the series of complexes is:

[Co(CO,)(NH,)s]* > [Co(CO4)(NH,),J* > [Co(COy)y(en)]-
and
[Co(CO;)(tn),]* > [Co(COy)(pn),]* > [Co(COy)(en),]*.

In the first series, carbonatopentaamminecobalt(III)
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Fig. 1. Tast polarograms for the first wave of several

carbonatocobalt(III) complex ions obtained in 0.005 M
acetate buffer (pH=6), 0.995 M sodium nitrate and
0.0019, PAA at 25 °C.

(a) [Co(COy)(en),]*, (b) [Co(CO;)(pn),l*, (c) [Co-
(COy)(tn),]*, (d) [Co(COy)y(en)]=, (&) [Co(CO,)-
(NHy)]*, (f) [Co(CO;,) (NH,),]*

TaBLE 1. DIFFERENTIAL-PULSE POLAROGRAPHIC
CHARACTERISTICS OF THE ONE-ELECTRON REDUCTION
oF | mM coBALT(III) COMPLEXES OBTAINED IN
0.005 M ACETATE BUFFER (pH=6), 0.995 M
sopIUM NITRATE AND 0.0019% PAA art 25 °C.

E,0.SCE I, AW

Complex - WA v
[Co(CO;),(en)]- —0.630 —0.45 194
[Co(CO;) (en),]+ —0.470 —1.5 106
[Co(CO,) (pn),]+ —0.436 —1.4 111
[Co(COy) (tn),]+ —0.410 —1.1 90
[Co(CO;) (NHS;),4]* —0.495 —1.0 123
[Co(COs) (NH;),]* —0.382 —0.59 218
(—0.57)* (—0.38)» —

[Co(INHj)e]3* —0.363 —1.3 113
[Co(edta)] - +0.145 —3.2 102

a) Corresponds to the second peak.

may be less stable than carbonatotetraamminecobalt-
(III) since the ligand CO,42- acts as unidentate in
[Co(CO,) (NH,);5]t. Dicarbonatoethylenediamine-
cobaltate(II1I) may be more stable than carbonatotetra-
amminecobalt(III) because the CO42- ligand occupies
four coordination positions in the former, but only
two in the latter. In the second series, the order of the
half-wave potential is in accordance with that of the
tris-type complexes ([Co(tn);]3*>[Co(pn);]3+>[Co-
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Fig. 2. Differential pulse polarograms for the first wave
of several carbonatocobalt(III) complex ions obtained
in 0.005 M acetate buffer (pH=6), 0.995 M sodium
nitrate and 0.0019, PAA at 25 °C.

() [Co(COq)(en),]*, (b) [Co(COg)(pn),l*, (c) [Co-
(COy) (tn),]*, (d) [Co(COg)s(en)]=, (e) [Co(COy)-
(NHg)q]*, (f) [Co(COy,) (NH,)s]*

(en)4]3+).1® The trimethylenediamine chelate ring is
more bulky than the ethylenediamine chelate ring, and
carbonatobis(trimethylenediamine)cobalt(III) may be
less stable than carbonatobis(ethylenediamine)cobalt-
(11I).

Figure 2 shows the differential pulse polarograms of
the first wave of several carbonatocobalt(IIT) complexes.
The wave height of [Co(COj),(en)]~ was about one-
third of [Co(COg)(en),]*. The differential pulse
polarogram of [Co(CO,)(NH;);]* showed two peaks
while the Tast polarogram gave a single wave as is
seen in Fig. 1. Tast and pulse polarograms of this
complex were observed over a wide potential range.

Various parameters which characterize a differential
pulse polarogram were obtained; they are shown in
Table 1 together with those of hexaamminecobalt(III)
and ethylenediaminetetraacetatocobaltate(III) ions.
The electrode reaction of [Co(NH;)e]3+ at a mercury
electrode is recognized as a typical key reaction for an
irreversible electron-transfer process.!® On the contrary,
the electrode reaction of [Co(edta)]~ is known to proceed
reversibly at a mercury electrode.!® For all the com-
plexes studied, the peak currents of the first wave were
found to be much smaller than that expected for a
reversible electron-transfer process indicating that the
electrode reaction is irreversible.

The reduction of carbonatocobalt(III) to cobalt(II)
species in an acid solution was considered to be irrever-
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sible from the facts described above. For a totally
irreversible electrode reaction, the following relations of
the Tast polarography are derived:17:18)

(RT/anF)1n[2x(3—x)/5(1—x)] = Ey/, — E, (1)

with:
x = I|I,, (2)

and:
Eyy = (RT/anF)1n[1.35 k3 (/D) /2], 3)

where I is the current at the potential E; I, the diffusion-
controlled current; D, the diffusion coefficient; ¢4, the
drop time; a, the transfer coefficient; k2, the cathodic
rate constant at E=0; n, the number of electrons; R, F,
and T have usual meanings. According to Eq. 1, a
plot of In[2x(3—x)/5(1 —x)] »s. E should be a straight
line. The transfer coefficient, a, can be obtained from
E,/, by applying Eq. 3. These relations are derived
under the assumptions that a transfer coefficient is
independent on electrode potentials and extrapolation
to E=0 is possible for the rate constants. The analysis
of electrode kinetics by these relations, therefore, may
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Fig. 3. Tast polarographic log plots for the first wave of
several carbonatocobalt(III) complex ions obtained in
0.005 M acetate buffer (pH=6), 0.995 M sodium
nitrate and 0.0019, PAA at 25 °C.

(a) [Co(COs)(en),]*, (b) [Co(COs)(pn)el*, (c) [Co-
[CO,)(tn)y]*, (d) [Co(COg)y(en)]~, (e) [Co(CO)-
(NH,)J*, (f) [Co(CO,)(NH;)s]*, (g) [Co(NH,)e]**
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be limited to a first approximation. However, such
kinetic parameters of electrode reactions play an
important role in the interpretation of electrode kinetics,
because the available data have been reported only
few.1®

An example of the plots for Eq. 1 is given in Fig. 3.
Table 2 summarizes the kinetic parameters of the
electrode reactions corresponding to the first wave for
various carbonatocobalt(III) complexes. The diffusion
coefficients required for the calculation of kinetic
parameters were taken from the earlier work.!® These
kinetic parameters obtained were checked by calculating
the current according to the relation:

2x(3—1x)/5(1—x) = 1.35 k3(ty/D)'/2 exp(—anFE/RT). (4)

The calculated currents were in agreement with the
observed ones except for the case of [Co(CO,) (NH;)s]*.
The order of a specific rate constant (k) was found to
be 10-6—10-2cm s~1. The transfer coefficients were
found to be above 0.5 except for the cases of [Co(CO,)-
(NHy)s]* and [Co(COyg)z(en)] .

The kinetic parameters of electrode reactions for
these carbonatocobalt(III) complexes are also deter-
mined by means of pulse polarography. To a pulse
response of totally irreversible system, the following
equations are applied:7:1®

(RT/2anF) 1n[x*(1.75+%)/(1—x)] = Ey/s — E, (5)
with:
Eyj, = (RT/anF)1n[2.31 k3(t,/D)"2]. (6)

where x is defined by Eq. 2. In this case a plot of
In[x%(1.75+x)/(1 —x)] vs. E should give a straight line.
The transfer coefficient (a) and the specific rate constant
(k2) can be claculated if a linear plot is obtained.

Examples of the plot of Eq. 5 obtained at various
electrode potentials are given in Fig. 4. A linear plot
was obtained except for [Co(CO,)(NH,);]*. The log
plot for [Co(CO,)(NHjg)s]* is somewhat sigmoid in
shape. The kinetic parameters obtained from these
plots are given in Table 3. The half-wave potentials
obtained by means of pulse polarography were found
to shift to more negative potentials. This is expected
from the magnitude of the sampling time as is given by
Egs. 3 and 6. The measurements were made at sampling
times of 2.99 and 0.04s for the Tast and the pulse
polarography, respectively.

The transfer coefficients obtained by means of those

TaBLE 2. KINETIC PARAMETERS OF ELECTRODE REACTIONS OF THE ONE-ELECTRON REDUCTION OF
coBALT(III) COMPLEXES OBTAINED BY TAST POLAROGRAPHY IN 0.005 M AGETATE BUFFER
(pPH=6), 0.995 M sop1um NITRATE AND 0.001% PAA ar 25 °C.

E,/, vs. SCE KIS/ D kS D»
Complex = A% cs/f‘//’ cms-! 10-8cm?2s-1
[Co(CO;,),(en)]- —0.567 0.40 5.9 x 10-5 1.5 x 107 6.74
[Co(CO;)(en),]+ —0.465 0.74 6.4 x 10-7 1.8 x 10-® 7.85
[Co(CO;) (pn),]* —0.435 0.68 4.3 x 10-¢ 1.1 x 10-8 6.21
[Co(COy) (tn),]t+ —0.395 0.79 2.3 x 10-8 5.0 x 10-® 4.76
[Co(CO;) (NH;) ]+ —0.439 0.65 6.7 x 10-¢ 2.0 x 10-8 9.04
[Co(CO;) (NH,;)s]+ —0.360 0.34 3.6 x 108 9.6 x 108 7.09
[Co(NHj;)]3+ —0.327 0.65 1.1 x 10-* 3.1 x 10-7 8.06

a) Taken from the previous work.1??
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TaBLE 3. KINETIC PARAMETERS OF ELECTRODE REACTIONS OF THE ONE-ELECTRON REDUCTION OF
coBALT(III) COMPLEXES OBTAINED BY PULSE POLAROGRAPHY IN 0.005 M ACETATE
BUFFER (pH=06), 0.995 M sopium NITRATE aND 0 0019, PAA aT 25 °C.
E,;, vs. SCE kI/D k2
Complex —WT— o —°£§1L/5— cmcs-l
[Co(COy),(en)]- —0.624 0.48 1.8 x 10— 4.7 x 10~
[Co(CO;) (en),]+ —0.490 0.82 3.4 x 107 9.5 x 10-10
[Co(COy,) (pn),]+ —0.456 0.75 3.8 x 10-8 9.5 x 10-9
[Co(COy) (tn),]* —0.437 0.80 2.6 x 10~ 5.7 x 109
[Co(COy) (NHy) ]+ —0.508 0.67 4.0 x 10~ 1.2 x 10~
[Co(CO,) (NH,)]* —0.430 0.35 7.9 x 10~ 2.1 x 10-5
[Co(NH,),]*+ —0.379 0.67 1.1 x 10~ 3.1 x 10-7
s71/2. N. Maki et al.V’ have reported the half-wave
potential of carbonato- and dicarbonatoethylenedi-
aminecobalt(III) complex in solution of 0.5 M K,SO,:
4 E,[,=—0.50,V vs. SCE for [Co(COj,)(NH,);]* and
E,[,=—0.50, V uvs. SCE for [Co(HCO,)(NH,),]*.
= The hydrogencarbonate complex may exist partly in
X the solution, but no further experiments were done.
= Among the cobalt complexes used here, cobalt(III)
50 is substitution-inert towards solvolysis, while cobalt(II)
= is substitution-labile. In general, dissociation of the
b inert cobalt(III) complexes can be neglected from the
c standpoint of polarography, whereas that of the labile
" cobalt(IT) complexes occurs rapidly compared with
the scanning rate of the applied potential. Therefore,
the cobalt(II) complex results in the formation of an
. A . aquacobalt(II) mixture in an equilibrium state with

-0-3 -0.5 -0.7
(Evs.SCE)/V

Fig. 4. Pulse polarographic log plots for the first wave
of several carbonatocobalt(III) complex ions obtained
in 0.005 M acetate buffer (pH=6), 0.995 M sodium
nitrate and 0.0019%, PAA at 25 °C.
(a) [Co(COy)(en),]*t, (b) [Co(CO4)(pn),l*, (c) [Co-
(COy) (tn)]*, (d) [Co(COs)z(en)]~, (e) [Co(COy)-
(NHy)y]*, (f) [Co(COs)(NH,)5]*, (g) [Co(NHa)e]**

Tast polarography, however, were found to be smaller
than those of the pulse polarography. In the Tast
polarography, the electrolysis proceeds simultaneously
during the drop life, while in the pulse polarography
the faradaic current is negligibly small before the pulse
is applied. Therefore, the differencies of the kinetic
parameters obtained by the two electrochemical
methods may be mainly attributed to the depletion
effect as was pointed out by Hans et a/.29 Furthermore,
the electrode reactions of the cobalt complex studied
here are followed by chemical reactions as described
below. This may enhance the depletion effect. The
evaluated specific rate constant (ki) may be smaller
when the transfer coefficient increases as is seen from
Egs. 3 and 6.

As for [Co(COg)(NHg)s]*, the current-potential
curves between —0.25 and —0.45V us. SCE were
used in this calculation. The alternative value of a=
0.44, and ki/o/D=7.8x10-%s71/2 were obtained for
the use of the current between —0.45 and —0.60 V us.
SCE. If the whole data are used the following values
can be determined: a=0.32, and £/s/D=1.1x10"2

water molecules in aqueous solutions.

The overall electrode reaction for the first wave was
evaluated by a comparison of its electrode reaction with
that of other cobalt(III) complexes.’® Thus,

[Co(CO,) (NH,)5]* + € —— [Co(CO,) (NH,),], (7a)
[Co(CO,) (NH,)5] + pH,O — [CO(HZO)I,(NHQG_,,]*"'
+ QO + (p—1)NH,, (7b)

for the pentaammine complex, and
[Co(CO,) (NHy),]* 4 ¢ — [Co(CO,)(NH,),], (82)
[Co(CO;) (NHy),] + (p+2)H,0 —
[Co(Hz0) 12 (NHy)-p)*+ 4+ CO4*~ + pNH,,  (8b)

for the tetraammine complex. With the bis(diamine)

complex:
[Co(COy) (N),]*+e —— [Co(CO,)(N).], (9a)
[Co(CO,) (N2)]+(2p+2)H,O —
[Co(Hp0)3425(IN)2_p]**+ CO4%~ + p(N). (9b)

((N)=en, pn, tn)
The electrode reaction of dicarbonatoethylenediamine-
cobaltate(IIT) complex may be:
[Co(COy)s(en)]~ + € — [Co(COy),(en)]?-,
[Co(CO;);(en)]*~ + (26+¢)H,O —
[Co(H;0)zp454(en)1-p]*~ + pCOs*~ + gen. (10b)
The kinetic parameters given in Table 2 and 3 corre-
spond to the electrode reactions Co™—>Co (Egs. 7a,
8a, 9a, and 10a). Furthermore, the experimental data
obtained for complexes [Co(CO;)(en),]t, [Co(COy)-
(pn)e]*, [Co(COg)(tn),]*, [Co(CO,) (NH;),]*, and [Co-

(10a)



October, 1983]

(NH,)¢]3* show transfer coeflicients above 0.5, indicating
that the electrode process follows outer-sphere path-
ways.2V

The authors wish to thank the Ministry of Education,
Science and Culture for the financial support granted
for this research.
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