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A polarographic rate study of the acid hydrolysis of [CoX(NH;);]**- and trans-[CoX,(N),]*-type complexes
(X=ClI~ and Br—; (N),=(NHj,),, (ethylenediamine),, (propylenediamine), and (1,2-cyclohexanediamine),) has
been carried out in 0.1 M acetate buffer solutions. These complexes gave two polarographic waves; the first
wave corresponds to the reduction of Co(III) to Co(II) and the second one, to the reduction of Co(II) to Co(0).
The relation between the current and the time of the first wave in a positive potential was dependent on the dissolu-
tion wave caused by halogenide ions produced by acid hydrolysis and also on the parallel ECE mechanism. The
acid-hydrolysis rate of tervalent cobalt complexes was determined from the variation in the current of the first wave.
The rates are: 1.31 x 10-6 s~ for [CoCI(NH,),;]1(NOj),, 6.25 %X 10—* s for trans-[CoCl,(NH,),]ClO,, 3.20 x 10-5 s-1
for trans-[CoCly(en),]NO,, 4.28x 10-5s-1 for trans-[CoCly(pn),]ClO,, 1.53x 1025~ for trans-[CoCl,(chxn),]-
ClO,-H,0, 5.80x 10-¢ s~ for [CoBr(NH,);](NO,),, 4.19x 10-3s-1 for trans-[CoBr,(NH;),]ClO,, 1.51 x 10-4s-1
for trans-[CoBr,(en),]NO;, 3.30 x 10~4 s~ for trans-[CoBr,(pn),]C1O,-0.5H,0 and 5.10x 10—* s~ for trans-[CoBr,-

(chxn),]NO; at 25 °C and an ionic strength of 0.1.

The acid hydrolysis of several halogeno cobalt(III)
complexes, such as [CoX(NH,);]** and [CoX,(N),]*,
where X is Cl- and Br—, and where (N), represents
(NHj),, (en), and (pn),, has been studied by chemical
and spectrophotometric methods.1=®  There have,
however, been only a few papers on the determination
of the acid-hydrolysis rate constant under the same
conditions. The accuracy is not yet satisfactory.

When the acid hydrolysis of a halogeno cobalt(III)
complex proceeds, one mole or two moles of halogenide
ions are liberated. It is well known that the halogenide
ions, such as chloride and bromide ions, give a well-
defined diffusion-controlled polarographic wave.?
Therefore, by monitoring these liberated halogenide
ions polarographically, the rate of the acid hydrolysis
of such complexes can be obtained very accurately.

This paper will describe the polarographic deter-
mination of the acid-hydrolysis rate of halogeno cobalt-
(ITII) complexes, since we have obtained more satis-
factory results.

Experimental

The electrolysis cell was of a conventional design, compris-
ing a 50-ml cell, a platinum wire anode, and a saturated
calomel electrode. The dropping mercury electrode (flow
rate, 1.17 mg s~ and drop time, 3.97 s in 0.1 M acetate buffer
solutions (IM=1 mol dm=3)) served as a working electrode.
The current-time curves during aquation were recorded by
the use of a Fuso Model 312 polarograph with a Watanabe
Model WX441 x-y recorder.

The complexes used were prepared according to the litera-
ture,8-19 with partial modifications. The analytical data
for all the complexes obtained are summarized in Table 1,
together with the literature of the syntheses.

In a series of determinations of the acid-hydrolysis rates
of various halogeno cobalt(III) complexes, the electrochemical
procedure was as follows. After measurements of the re-
sidual current of a 40-ml portion of the supporting electrolyte
solution, a solid sample of the cobalt complex being tested
was added to the solutions. As soon as the complex had been
dissolved by bubbling in nitrogen gas, the current attribut-
able to the halogenide ions was measured against the time.
All the measurements were carried out at 25 °C. A small
amount of gelatin was added as a maximum suppressor.

TasrLe 1. ANALYTICAL DATA FOR Co(III) coMPLEXES
G(%) H(%) N(%)
Complex —_—— —— —_—

Found Caled Found Calcd Found Calcd
[CoCI(NH,;);](NO,),® — — 5.04 4.98 32.84 32.30
trans-[CoCl,(en),]NO,® 15.25 15.40 5.21 5.17 22.36 22.44
trans-[ CoCl,(pn),]ClO 29 19.12 19.09 5.49 5.34 14.91 14.84
trans-[CoCl,(chxn),]ClO, -H,OW 29.77 30.30 6.11 6.36 11.65 11.78
trans-[CoCl,(NH,),]ClO,» — — 4.33 4.07 19.38 18.84
[CoBr(NH,);](NO,),'® — — 4.59 4.34 28.02 28.17
trans-[CoBr,(en),]NO,4 11.90 11.98 4.15 4.02 17.66 17.47
trans-[CoBr,(pn),] ClO,-0.5H,0» 15.14 15.16 4.62 4.45 11.65 11.78
trans-[CoBr,(chxn),]NO,» 28.10 28.31 5.67 5.54 13.46 13.76
trans-[CoBr,(NH,),]ClO,16 — — 3.42 3.13 14.85 14.50
cis-[Co(H,0),(en),](ClO,) 417 10.00 9.36 4.58 3.93 10.74 10.91
cis-[Co(AcO),(en),]CIO® 24.28 24.22 5.51 5.59 13.85 14.12
cis-[Co(AcO),(pn),]Cl1O® 28.43 28.28 6.41 6.17 12.44 13.19
cis-[Co(H,0),(NH;) 4] (C1O,) 5 — — 3.97 3.50 11.90 12.14
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Results

The series of [CoCl(NH,);]%*, [CoBr(NH;),]%*, trans-
[CoCly(N) ]+ and trans-[CoBry(N),]* complexes (where
(N), represents (NHj),, (en),, (pn), and (chxn),) gave
two polarographic waves. Figure 1 shows examples
of the current-potential curves of these halogeno
cobalt(III) complexes obtained in 0.1 M acetate buffer
solutions at 25 °C.
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Fig. 1. Current-potential curves of 0.5 mM halogeno
cobalt(III) complexes obtained in 0.1 M sodium
acetate buffer solutions (pH 5.0) containing 0.005%,
gelatin at 25 °C. (a) [CoCl(NHj;);](NO;y),, (b) trans-
[CoBry(en),]NO;.

The first wave appeared in the field of the cathodic
current for the monohalogeno cobalt(III) complex or
in the field of the anodic and cathodic currents for the
dihalogeno cobalt(III) complex. The first wave was
considered to be a one-electron reduction of Co(III)
to Co(II). Since the limiting current of the second wave
was twice that of the first one, the second wave was
considered to be a two-electron reduction, that is,
Co(1I)>Co(0), in analogy with the electrode reaction
of other cobalt complexes.2)

Acid Hydrolysis of Halogeno Cobalt(III) Complexes 943

The cathodic limiting current of the first wave was
diffusion-controlled and was proportional to the concen-
tration of the complex. The anodic limiting current
of the first wave was also diffusion-controlled, but
increased gradually with the time elapsed corresponding
to the acid hydrolysis of the tervalent cobalt complex,
as is seen in Fig. 2. When the anodic current increased
with the time, the cathodic current decreased slightly.

The polarographic characteristics, such as the
diffusion current (i), the half-wave potential (E,/,), and
the reciplocal slope of the log-plot, are given in Table 2; -
they were obtained immediately after dissolving 0.5 mM
of the complex in 0.1 M sodium acetate buffer solutions
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Fig. 2. Current-potential curves of (a) 0.5 mM trans-
[CoBr,(chxn),]ClO,-H,O and (b) 0.5 mM #rans-[Co-
Br,(pn),]ClO,-0.5H,0 obtained in 0.1 M sodium ace-
tate buffer solutions (pH 5.0) containing 0.005%, gelatin
at 25°C. Currents are measured (1) immediately
after dissolving complex, (2) after 20 min and (3) after
40 min. Curves 4 are the current-potential curves of
(a) 1 mM KCl and (b) 1 mM KBr, respectively.

TABLE 2. POLAROGRAPHIC CHARACTERISTICS OF 0.5 mM HALOGENOGOBALT(III) COMPLEXES OBTAINED
IN A 0.1 M sop1uMm ACETATE BUFFER (pH 5.0) contAaINING 0.005%, GELATIN AT 25 °C

First wave Second wave
I

Complex iq Eys L4 Eys slope

wA V us. SCE wA V uvs. SCE (mV)
[CoCl(NHj;);](NOy), 1.51 0.054 3.04 —1.219 65
trans-[CoCl,y(en),]NO4 1.49 0.24, 3.04 —1.181 54
trans-[CoCl,(pn),]ClO, 1.43 0.23,4 2.96 —1.176 53
trans-[CoCl,y(chxn),]ClO,-H,O 1.20 0.22, 2.69 —1.163 60
trans-[ CoCl;(NH,) ] ClO, 1.59 0.22, 3.10 —1.224 74
[CoBr(NH;);](NO,), 1.55 0.15, 3.20 —1.221 72
trans-[CoBr,(en),]NO, 1.44 0.12, 2.94 "—1.183 56
trans-[CoBr,(pn),]Cl0O,-0.5H,0 1.37 0.12, 2.88 —1.176 55
trans-[CoBr,(chxn),]NO, 1.31 0.06, 2.92 —1.154 51
trans-[ CoBr,(NHj),]Cl1O, 1.50 0.10; 2.99 —1.219 73
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at 25 °C.

It has been reported that halogeno cobalt(III)
complexes undergo acid hydrolysis with first-order
kinetics and liberate halogenide ions:1-4:6:21)

[Co™X (NH,)]** + H,0 —
[Co™(H.0) (NH,)s]** + X7, (1)
trans-[Co™X,(N),]* + 2H,0 —
[Co™(H,0),(N),J*+ + 2X~ )
(X~=Br~ and Cl7;
(N)4= (NHj),, (en)s, (pn), and (chxn),).
Thus, by monitoring the concentration of halogenide
ions, the acid-hydrolysis rate can be measured.

Halogenide ions give a well-defined polarographic
wave in the presence of gelatin:?

2C1~ + 2Hg — Hg,Cl, + 2e-, 3)
2Br~ + 2Hg —— Hg,Br; + 2¢". 4)

An example of the polarogram of the halogenide ions
is also shown in Fig. 2. The anodic limiting current
around ca. +0.25—+0.30 V us. SCE is, therefore,
given as the sum of the current attributable to the
remaining halogeno cobalt(III) complex (i ompiex) and
the liberated halogenide ions ({ya10gen). Assuming a
first-order kinetics, the concentration of the liberated
halogenide ions and that of remaining halogeno complex
are represented?®? as pc°(1 —exp(—kt)) and c°exp(—kt),
where ¢° is the initial concentration of the complex and
where £ is the first-order rate constant of acid hydroly-
sis given by Eq. 1 or 2. The anodic current can, there-

fore, be expressed as:

ia = icomplex + iha.logen
= &31Ccomplex + Q2Chalogen

= a,c® exp (—kt) + apc°(1—exp (—kt)), (5)
where «, and «, are the proportional constant with
respect to the concentration and where p is the number
of halogenide ions liberated. In the present case, p=1
for the monohalogeno complex and p=2 for the

dihalogeno complex.
The first-order rate constant of the acid hydrolysis
of tervalent cobalt complex can be determined from the

time variation of the current given by Eq. 5. The
rearrangement of Eq. 5 yields:
p -1 31_)"
In e = kt + In < 7w (6)

with:
6=t )
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Equation 6 shows that, if the values of «; and «, are
constant with the time, the plot of In[ pc°/(pc°—c)] against
the time should be a straight line. From the slope of
this plot, the rate constant of acid-hydrolysis can be
obtained.

The rate constant for the acid-hydrolysis of tervalent
cobalt complexes was determined according to Eq. 5
with the concentrations obtained from the working
curve prepared with the standard solutions of potassium
chloride or potassium bromide. Examples of these plots
are shown in Fig. 3, while the rate constants obtained
are given in Table 3. The relation between In[pc°/
(#c°—c)] and the time gave a straight line with an
intercept.

In[ pe®/(pe°—0)]

t/min
Fig. 3. Relations of In[ pc°/(pc°—c)] against time for (a)
trans-[CoBr,(chxn),]NO;, (2) trans-[CoBr,(pn),]ClO,.
0.5H,0 and (3) trans-[CoCl,(chxn),]ClO,-H,O obtain-
ed at ionic strength of 0.1 at 25 °C.

Discussion

For the series of [CoX(NH,);]** and trans-
[CoX,(N),]* complexes, all the rate data followed the
first-order rate relation given by Eq. 6 with a satis-
factory linearity. A good agreement between the data
obtained in the present study and those in the literature
was obtained except for trans-[CoCly,(NH,),]* and trans-
[CoBry(NH;),]* (Table 3). This suggests that the
polarographic method based on the measurement of the
dissolution wave can be applied for the determination
of the acid hydrolysis of complexes by analogy with the
chemical®® and the spectrophotometric method.23:6)

As for trans-[CoCly(NHj,),]*, the value of 2.05x 10-3
s~! has been reported.® From our results, however, this
value seems to be fast: if it is ture, aquation should
proceed to an extent of 229, 2 min after the complex

TABLE 3. RATE DATA FOR THE ACID HYDROLYsIS OF Co(III) COMPLEXES OBTAINED AT
25 °C AND AN IONIC STRENGTH OF 0.1

X-=Cl- X-=Br-
Complex . ) . . ) .
This study Otbher studies This study Otbher studies

kjs-1 kjs-t kjs-1 kjs-t
[CoX(NH,)5]%* 1.31x10-¢ 1.7x10-¢1 5.80x 10-¢ 6.3x10-¢1
trans-[CoX,(en),]* 3.20x10-5 3.5x10-5® 1.51x10+4 1.4x10-42%9
trans-[CoX,(pn),]* 4.28%10-8 6.2x10-5® 3.30x 104 3.13x104®
trans-[CoX,(chxn),]+ 1.53x 104 2.16x10-¢2v 5.10x 10+ —
trans-[CoX,y(NH,),]* 6.25%x 104 2.05x 10-23 5,8 4.19%x10-2 ca. 7x 103 ®
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is dissolved. Owur results clearly indicate that this is
not so. The literature values® for trans-[ CoBr,(NH;),]*+
were estimated to be 3.5 times the rate constant for the
dichloro analog; also the accuracy is not satisfactory.
The acid-hydrolysis rate of trans-[CoBry(chxn),]* has
not yet been reported, but the present value seems valid
in comparison with the other halogeno analog.

The extinction coefficients of the halogeno complex
are ca. 30—100 mol-! cm~1. Therefore, if a number
of products with the same order of the extinction
coefficient are produced, it seems difficult to determine
the rate constant with any accuracy. On the other
hand, in the polarographic method, only halogenide
ions gave an anodic wave; furthermore, the diffusion
coefficients of halogenide ions are about 3 times those
of complexes. Therefore, the present polarographic
method is very useful in the determination of the acid
hydrolysis of such halogeno cobalt(IIT) complexes.

It is a well-known fact that the presence of excess
mercuric ions accelerates the rate of the acid hydrolysis
of several kinds of complexes.?3-2%) In the case of the
dropping mercury electrode, however, since mercurous
and mercuric ions are in equilibrium, and since the
mercuric ions amount to less than 1/120 of the mercury-
(I) ions,?6-28) the influence of the mercury(II) ions on
the acid-hydrolysis of complex may be neglected
compared with the large quantity of the bulk concen-
tration of the complexes.

With the advance in acid hydrolysis, the cathodic
limiting current decreased slightly. There are many
factors to account for this: the effects of an ionic radius,?®
an increase or decrease in the charge,®? a complex
formation,®) and an ion-pair formation.??-3%) However,
those effects can not explain the present decrease in the
current with the time. The decrease in the cathodic
limiting current can be expected from the discussion
given in connection with the change in the diffusion
coefficient. The cathodic current of the first wave may
be written as the sum of the current due to the remaining
halogeno cobalt(III) and the aquated cobalt(III)
complexes. Thus,

ic = icomplex + iaquated
= @1Ccomplex + Q3Coquateds (8)
where «, is the proportional factor of the aquated
complex with respect to the concentration. If the
current is diffusion controlled, «; and oy are related to
the diffusion coefficient thus:3%

ag = A"A/ Deoctnry 9)
az = A”l‘\/DCo(m)aq s (10)
where Dgocnyaq is the diffusion coefficient of the aquated
cobalt(III) complex and where A is the constant in-

cluding the flow rate of mercury and the drop time.
Thus, the cathodic current is;

ie = Anw/ Deoamy® exp (—kt)
+ ’A"r\/DCo(m)aq”o(l —exp (—kt)). (11)
If the diffusion coefficient of the aquated complex is
smaller than that of the original complex, the current
will decrease with the time.

This speculation was confirmed by ascertaing the
diffusion coefficients of the halogeno and aqua com-
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TasLE 4. DirrusioN COEFFICIENT OF Co(III) coMPLEXES
AND HALOGENIDE IONS OBTAINED IN A 0.1 M soprum
ACETATE BUFFER (pH 5.0) CONTAINING
0.0059%, GELATIN AT 25 °C

Diffusion
Complex coeflicient
(D/107% cm? s71)

[CoCI(NH,);]*+ 9.13
trans-[CoCly(en),]+ 8.56
trans-[CoCly(pn),]* 8.13
trans-[CoCl,(chxn),]*+ 6.79
trans-[CoCl,(NHj,) ]+ 9.37
[CoBr(NH,);]%* 9.11
trans-[CoBr,(en),]* 8.32
trans-[CoBr,(pn),]+ 7.93
trans-[CoBry(chxn),]+ 6.56
trans-[CoBr,(NHj;) ]+ 9.18
cis-[Co(H,0),(en),]** 6.18
cis-[Co(AcO),(en),]* 6.15
cis-[Co(AcO),(pn),]+ 5.63
cis-[Co (H,0),(NH,) 13+ 7.11
Cl- 22.31
Br- 25.14

plexes. Some of the observed and reported values for
the diffusion coefficient are listed in Table 4. The
method for the precise determination of the diffusion
coefficient has been described previously.?® In this
determination, the diffusion-controlled currents of the
cobalt complex, CI~ ions, and Br— ions were measured
at —0.70, 4-0.30 and +0.25 V vs. SCE respectively.

Although the aqua and acetato complexes are cis-
type, the diffusion coeflicients of the aqua and acetato
complexes are smaller than those of the halogeno
complexes. By using these diffusion coefficients, the
cathodic limiting current at —0.7V us. SCE was
calculated from Eq. 11 for various times elapsed. The
calculated values agreed with the experimental ones
within the limits of experimental error.

In the present study, the plot for first-order kinetics,
In[pc°[(pc®—c)] vs. t, has the intercept to be seen in
Eq. 6, whereas the conventional plot has no intercept.2?
This arises from the parallel ECE pathway represented
by the reaction:3%)

[Co™X(NH;);5]2* + e~ —— [Co"X(NH,),]*, (12a)
[Co™X (NHy),]* + 6H,0 ——
[Co™(H,0)¢]2t + X~ + 5NH,, (12b)
X~ 4+ —;—Hg — %Hggxz + e, (12c)
(X~=CI" and Br™)
or:
trans-[Co™X,(N),]* + e~ — trans-[Co"X,(N),], (I3a)
trans-[Co™X,(N),] + 6H,O —
[Co™(H,0),)** + 2X~ + (N),, (I3b)

2X~ + 2Hg —— Hg,X, + 2e".
(X~=Cl" and Br~;
(N)s=(NH,),, (en), (pn),, and (chxn),)

When the tervalent cobalt complex is reduced to the
bivalent one, the bivalent complex, which is substitution-

(13c)
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labile, liberates one mole or two moles of halogenide
ions and the dissolution wave of mercury attributable
to halogenide ions appears. This results in a net current
anodic for dihalogeno complexes and in a net current
cathodic for monohalogeno complexes. As the potential
becomes negative, dissolution ceases, and a wave with
a half-wave potential nearly equal to that of the dissolu-
tion wave in the presence of bromide ions appears
(Fig. 1).

At 25 °C, Reaction 13b for the acid hydrolysis of
dibromo cobalt(II) may proceed very rapidly, and the
net current for the parallel ECE pathway becomes
diffusion-controlled. From the theory of parallel ECE
pathway,3%:36)

a = A("l""lz)N/Dco(m)’ (14)
and:
ay = Anyp/Dy,, (15)

where n;, and n, are the number of electrons involved in
Reactions 12a and 13c respectively. The intercept (the
second term on the right-hand side in Eq. 6) was
calculated from the diffusion coefficients given in Table
3, and n;=—1 and n,=+1. The values are: 0.360 for
trans-[ CoBry(NHj),4]*, 0.339 for trans-[CoBr,(en),]*, and
0.330 for trans-[CoBr,(pn),]*, while the observed values
are 0.36, 0.34, and 0.33 respectively.

As for other complexes, «; was dependent on the
electrode potential because the current-potential curve
did not give a diffusion plateau. No kinetic parameters
of the two electrode reactions 12a and 13a have been
reported, and so no further calculation was made for
these cases.

The authors wish to thank the Ministry of Education
for the financial support granted for this research. A
part of the work was supported by a Grant-in-Aid for
Scientific Research, No. 364205.
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