337

J. Electroanal. Chem., 266 (1989) 337-348
Elsevier Sequoia S.A., Lausanne - Printed

in The Netherlands

The electrochemical reduction of a cadmium cryptate
on a mercury electrode in acetonitrile .
Jadwiga Stroka
Department

of’ Chern~sf~,

~nivers~fy of Wursan; 02093 Wurszawa

(PO/and)

Brian G. Cox
Department

of Chemistry,

Hermann

Schneider

Ma*-Planck-lnstituf
(Received

Uhiversity of Stirling, Stirling FK9 4LA (Great Britain)

ftir bioph~ysika~ische Chemie, D-3400 Gcttingen (F. R. G.)

6 June 1988;. in revised form 2 February

1989)

ABSTRACT
The reduction
of the Cd(2,2,2)2+
complex has been studied in acetonitrile
using polarography,
chronocoulometry,
and cyclic voltammetry.
The corresponding
kinetic parameters
have been calculated
and are compared with those obtained for the solvated cadmium cation in the same solvent. The study of
the eiectrochemical
reduction mechanism showed that the final stable products are the free ligand (2.2.2)
and cadmium-amalgam.
The stability
constant
of the cadmium
cryptate
in acetonitrile
has been
estimated as log K, = 17.3 from the electrochemical
measurements.

INTRODUCTION

In 1968 Dietrich et al. [1,2] first synthesised cryptands, bicychc diaza polyethers.
which form very stable complexes (cryptates) with alkali and alkaline earth cations
in water and organic solvents. Structural studies revealed that the cryptates of alkali
and alkaline earth cations generally exhibit l/l
stoichiometry,
with the cations
normally being located within the intramolecular
cavity of the cryptands.
However.
much less is known about the structures and thermodynamic
properties of transition
metal cation complexes of cryptands. It was found that the transition
metal cations
form mostly mononuclear
l/l
complexes,
but in some cases the formation
of
binuclear (2/l) complexes is also possible [3].
The electrochemical
behaviour
of macrocyclic
complexes
of alkali [4-61 and
alkaline earth [7] cations in propylene carbonate (PC) has been reported recently. It
was found that the Kf cation forms stable inclusion complexes [3] with cryptands
~22-0728/89/~03.50
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(3,2,2). (2,2.2) and (2,2,1) in PC solutions. The electrochemical
reduction
of these
complexes is highly irreversible and occurs at potentials quite negative compared to
the reduction of solvated K’. The final stable products of the reduction have been
identified
as a K-amalgam
and free ligand. For the stable cryptand
inclusive
complexes the EC mechanism
was proposed, in which the rate determining
step is
the charge transfer [3,6]. The reduction mechanism of the Na(2,2,2)+ and Li(2,2,2)’
cryptates [6] is probably
the same because the electrochemical
behaviour of these
cryptates is similar to that of the K(Cry)+ inclusion complexes.
The electrochemical
reduction of the cryptates M(2,2,1)2’ (M = Fe, Co, Ni) has
also been studied on the mercury electrode in PC solutions [8]. In this case the
reduction on the mercury electrode is a slow two-eiectron
process, and the electrochemical step precedes the chemical decomplexation.
For each of the complexes the
free ligand (2,2,1) is one of the final reduction
products,
and the reduction
mechanism was also interpreted
as an EC mechanism [8].
It is noteworthy,
that the reduction of the T1(2,2,2)+ complexes on the mercury
electrode
in PC solutions
[9] leads, according
to the authors,
to the product
T1”(2,2,2) which is subsequently
oxidised in the anodic process. The electrochemically estimated stability constant of T1(2,2,2)+ complexes is about three orders of
magnitude lower than that obtained from potentiometric
measurements
[lo].
The present study is devoted to the electrochemical
reduction
of the cadmium
on a mercury electrode in acetonitrile
(AN). The aim of the
cryptate, Cd(2,2,2)“,
research was to determine
the mechanism
and the kinetic parameters
of the
electrode process.

All measurements
have been carried out in acetonitrile
(Merck, spectroscopically
pure). The supporting
electrolyte
was 0.1 M tetraethylammonium
perchlorate
(TEAP) (Fluka). TEAP was recrystallised
and dried for 48 h at 50 o C under reduced
pressure before use. The ligand, cryptand (2,2,2) (Merck), was used without further
purification.
Cd(ClO,)>
(Ventron)
was dried for 24 h at 80°C under reduced
pressure,
Solutions
used in the measurements
were normally
prepared
by consecutive
dilution
of stock solutions.
However, in the case of highly concentrated
ligand
solutions,
the appropriate
quantity
of ligand was weighed directly. A hanging
mercury drop electrode (HMDE)
and/or
a dropping
mercury electrode (DME)
were used as indicator electrodes in a three-electrode
measuring system. A Pt gauze
constituted
the counter electrode. All potentials were measured against an aqueous
calomel electrode saturated with sodium chloride, and the reference electrode was
separated from the measuring cell by a salt bridge.
All measurements
were carried out at 25 + O.l”C using a water-jacketed
cell.
Argon, used for deoxygenation
of the solutions, was first passed through traps filled
consecutively
with H,SO, and the solution under study. The Cd’+ concentration
was 5 X lo- 4 M in all solutions.
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The electrochemical
methods used in this work were: (i) normal pulse polarography, (ii) voltammetry,
and (iii) single potential step chronocoulometry.
Pulse experiments were carried out using equipment
based on a design developed in Gierst’s
laboratory.
For techniques
(i) and (ii), a linear sweep generator
(type EG-20
ELPAN) connected with a potentiostat
(type 50-05 ELPAN) and an X-Y recorder
(type 30A Yokogawa) were used. Voltammetric
curves at higher scan rates were
recorded on the screen of an oscilloscope.
RESULTS

Electrochemical

behaviour of the Cd(2,2,2)’ + complex

in acetonitrile

The polarographic
and cyclic voltammetric
curves were recorded over the potential range 0 to - 1.2 V vs. SCE in AN solutions containing
5 X 10e4 M Cd(ClO,),
and 0.1 M TEAP. Experiments
were performed under the same conditions
on Cd*+
solutions
to which successive aliquots of a ligand had been added, with ligand
concentrations
varying between 0 and 5.36 x lo-* M.
Polarographic investigations
It is necessary here to consider two different experimental
situations, corresponding to concentration
ratios of (2,2,2) to Cd’+ ((2,2,2)/Cd*‘)
greater or less than
one, respectively.
For (2,2,2)/Cd*’
< 1, two distinct reduction
waves, whose halfwave potentials were separated from each other by about 0.5 V (see Fig. 1, curve 2)
were observed. The first wave (E,,* = -0.3 V) corresponds
to the reduction
of
solvated cadmium cations, whereas the second, more negative wave (E,,* = - 0.820
V) corresponds
to the reduction
of Cd(2,2,2)*+. The limiting currents of the two
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Fig. 1. Polarographic curves in AN+O.l
M TEAP+S
X1O-4
M Cd2+ at ratios of concentrations of
ligand (2,2,2) to Cd2+ equal to 0 (curve 1); 0.6 (curve 2); 1 (curve 3); 100 (curve 4). Capillary parameter
M = 0.287 mg s-‘.

-

Fig. 2. Polarographic
limiting currents in AN+O.l
ratio of concentrations
of (2,2,2) to Cd2+. Curve
m = 0.287 mg s-‘,

M TEAP+S X10e4 M Cd’+ as a function of the
1 for Cd’+ ions, curve 2 for Cd(2,2,2)2+ cryptate;

waves are proportional
to the concentrations
of Cd*+ and Cd(2,2,2)*‘,
respectively.
Addition of the ligand (2,2,2) to a solution in which [(2,2,2)]/[Cd*‘]
< 1 leads to a
wave towards zero as the ratio of the
successive decrease of the Cd*+ reduction
concentrations
of (2,2,2) to Cd2+ approaches unity: beyond this only the reduction
wave of Cd(2,2,2)2t is observed (Fig. 2). The polarographic
results suggest that the
stoichiometry
of the complex investigated
is l/l.
The half-wave potential of the complex in a solution with a large excess of the
ligand ([(2,2,2)]/[Cd2’]
= 100) is about 20 mV more negative than in a solution
containing
equal concentrations
of ligand and Cd’+. Logarithmic
analysis of the
shows that the electrochemical
reduction
of the
reduction
wave of Cd(2,2,2)2t
complex is irreversible;
the slope log{ i/(id - l)}/E equals 0.075 k 0.005 V.
In order to investigate
the nature of the transport
of Cd’+ to the mercury
electrode, the polarographic
current was measured as a function of the Cd(2,2,2)*+
concentration
in the range 10e4 to lop3 M. The plot of i, vs. [Cd(2,2,2)2’]
(Fig. 3)
is linear and passes through the origin; this indicates that the reduction process is
not preceded by a chemical reaction,
and the reactant
is not adsorbed
on the
mercury electrode. This is confirmed additionally
by values of the diffusion coefficients of Cd2+ and Cd(2,2,2)*’
calculated
from the limiting currents which were
found to be equal to 6.2 X 10e6 and (8.2 t 0.5) X 10Ph cm* s-‘, respectively, being
very similar to diffusion coefficients of other reactants of similar charge and size.
The diffusion coefficient of the complex was independent
of ligand concentration
in
the solutions investigated.
Cyclic voltammetric

measurements

Cyclic voltammetric
measurements
mechanism
of the electrode process.

were carried
The potential

out in order to determine
the
scan rate was varied between
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Fig. 3. Polarographic
limiting currents
concentration;
m = 0.340 mg s-‘.

’ M

in AN+O.l

M TEAP

as a function

of Cd(2,2,2)*+

cryptate

lo-’
and 20 V s-’ and the results are shown in Fig, 4. In solutions
with
((2,2,2)]/[Cd2’]
< 1, two cathodic peaks were observed (Fig. 4, curve 2). The first
peak corresponds
to the reduction
of uncomplexed
Cd2+ ions, and the second
cathodic peak corresponds
to the reduction
of the Cd(2,2,2)2’
cryptate. With an

Fig. 4. Cyclic voltammetry
in AN+O.l
M TEAP for different ratios of concentrations
Cd*+ = 0 (curve 1); 0.6 (curve 2); 1 (curve 3). Cd 2+=5x10-4M.Scanrateu=2X10-2Vs-‘.

of (2,2,2)

to

Fig. 5. Cyclic voltammet~ of Cd(2,2,2) 2+ in AN solution containing 0.1 M TEAP, 5 x 10m4 M CdZc
and 3.1 x10-* M (2,2,2) down to -1.17 V (curve 1) and - 1.05 V (curve 2); u = 2x 10m2 V s-l.

excess of ligand ([(2,2,2)]/[Cd*‘]
= 1 to loo), only one cathodic peak (see Figs. 4
and 5), characteristic
of the cryptate reduction, was observed.
The anodic parts of the cyclic voltammo~ams
are of particular
interest. In
solutions
where the hgand concentrations
were lower than those of Cd”,
two
anodic peaks were observed. The first peak, at potential
EraI, corresponds
to the
oxidation of the cadmium amalgam to uncomplexed
Cd*+ ions, and the second, at
potential
EpaZ, probably corresponds
to the oxidation of the cadmium amalgam to
fn solutions
cont~ning
a large excess of ligand
the Cd(2,2,2)”
complex.
([(2,2,2)]/[Cd2’]
> 5 to loo), only one peak, at a potential
close to EpaZ, was
observed in the anodic part of the voltammogram.
Polarization
of the electrode to
more negative potentials leads to an increase in the height of the anodic peak (Fig.
?I), and a ratio of anodic to cathodic peak current which is larger than 1. This can be
explained by the fact that in reduction of the Cd(2,2,2)2’ on the mercury electrode,
Cd-amalgam
is formed and (2,2,2) is released.
From the voltammetric
results presented above we conclude that the oxidation
mechanism at the mercury electrode can be written as follows:
Cd(Hg)

- 2 e- + (2,2,2)

--, Cd(2,2,2)‘+

(1)

Cyclic voltammograms
were also recorded in solutions
containing
only a small
excess of ligand ([(2,2,2)]/[Cd*‘]
= 1 to 5). When a single potential cycle from 0 to
- 1.1 V was recorded (Fig. 6, curve l), one anodic and one cathodic peak were
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Fig. 6. Cyclic voltammetry
of Cd(2,2,2)*+
Cd*+ and 1.4OX1O-3
M (2,2,2) (curve
0 = 2x10-2
v s-‘.

cryptate in AN solution containing 0.1 M TEAP, 5 x 10m4 M
1). Voltammogram
after 60 s waiting at -1.1 V (curve 2);

observed. However, if the experiment
was repeated, but with the potential
held
beforehand
at - 1.1 V for 60 s, for example, an additional
anodic peak was
observed (Fig. 6, curve 2). The new, more positive peak can be explained by the
oxidation of Cd(Hg) to Cd*+. The amplitude of this peak increases as the polarizaThe above observations
are
tion time at the potential
of - 1.1. V increases.
consistent with the fact that during the reduction of Cd(2,2,2)*+, Cd(Hg) is formed
and (2,2,2) diffuses away from the surface layer into the bulk solution. This also
explains the anodic oxidation of Cd(Hg) which was previously observed at lower
reactant concentration.
The observed anodic peak at the potential
Epa2 in this case
was small (see Fig. 4, curve 2) because the ligand liberated during the cathodic
process, and required for reaction (l), is removed by complexation
with Cd*+ ions,
which are present either in the bulk or in the surface layer.
Finally, the stability constant of the Cd(2,2,2)*’ complex was calculated from the
formal potentials
taken from the cyclic voltammetric
curves. The voltammograms
were recorded with a potential scan rate equal to 10e2 V s-’ in solutions containing
respectively
uncomplexed
Cd*+ and an excess of ligand ([(2,2,2)]/[Cd*‘]
= 10 to
100). The formal potentials were calculated using the modified Randles equation [8]
because of the irreversibility
of the process investigated.
The formal potentials were
also estimated from the intercept of the Tafel plots calculated from the chronocoulometric curves and were found to be in good agreement
(+ 5 mV) with those
obtained from cyclic voltammetry.
The formal potentials are shown as a function of
the free ligand concentration
in Fig. 7: the slope of the plot (30 &- 1 mV) confirms a
l/l stoichiometry
of the cryptate.
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Fig. 7. Formal potential of the Cd(2,2,2)2*/Cd(Hg)
a function of the free ligand concentration.

The stability

constant

was calculated

system in AN +O.l

In

5 X 10e4 M Cd*+ as

using eqn. (2), in which

= E; (Cd(2,2,2)2+/Cd(Hg)~
- g

M TEAP+

- E; (Cd2+,‘Cd(Hg))

DCd2+/DCd(2.2,2)Z+

P-1

EP(Cd(2,2,2)‘+/Cd(Hg))
and EP(Cd2+/Cd(Hg))
denote the formal potentials
of
the Cd(2,2,2)~+/Cd(Hg~
and Cd’+/Cd(Hg)
systems, respectively,
and KS is the
stability constant of Cd(2,2,2) ‘+ . The logarithm (base 10) of the stability constant
K, of Cd(2,2,2)2+ m
. AN containing
0.1 mol dmS3 TEAP was found in this way to
be equal to 17.3 + 0.2 (Fig. 8).

-logIf 2.2.2 l/M 1
Fig. 8. Extrapolation
of the product of stability constant and free ligand concentration
of logarithm of the ligand concentration.
Experimental
solution; AN +O.l M TEAP+

to the zero value
5 X 10V4 M Cd’+.
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M TEAP +5~10-~
Fig. 9. Limiting cathodic charge as a function of the pulse times in AN+O.l
Cd*+ when Cd(2,2,2)*+ was equal to 9.6. Qdl is the charge of the double layer.

Kinetic parameters

M

for the Cd(2,2,2)’ ‘/ Cd(Hg) system in acetonitrile

Kinetic parameters
were determined
using single potential
chronocoulometry.
This method allows the observation
of both the cathodic and anodic processes. The
cathodic and anodic chronocoulometric
curves were recorded in solutions containing the Cd(2,2,2)2+ complex with varying excesses of ligand ([(2,2,2)]/[Cd2’]
= 10
to 90). Anodic chronocoulometric
curves were measured with current integration
times of 64, 49, 36, 25, and 4 ms, and cathodic curves with integration
times varying
from 100 to 4 ms. The cathodic process was found to be diffusion limited, as the
plot of limiting charge vs. the square root of integration
time is linear and passes
through the origin (Fig. 9).
The chronocoulometric
curves were analysed using the Randles method [ll]. The
standard
rate constants
were calculated
from the intercepts
of the anodic and

TABLE

1

Kinetic parameters for the Cd(2,2,2)*+/Cd(Hg)
system in AN solutions, containing
Cd*’ at 5 x 10V4 mol/dm3
and various concentrations
of ligand (2,2,2)
c,/mol

dmm3

0
5.9 x10m4
4.8 x~O-~
9.9 x10-3
1.53x10-2
2.9 x10_’
2.55 x lo-*
2.55 x lo-*
3.05X10~2
4.06xlOK’
4.56x10-*
a Data obtained

- log(k,/cm

s-t)

0.72 a
3.48
3.30
3.14
3.10
2.96
2.90
2.92
2.93
2.81
2.68
by Biegler et al. [12] in 0.9 mol/dm3

0.1 mol/dm3

cm

pn

0.3 a
0.8
0.81
0.79
0.79
0.82
0.83
0.85
0.85
0.83
_

0.45
0.45
0.42
0.42
0.37
0.35
0.38
0.40
0.43
0.46

AN in NaCIO,

_

as supporting

electrolyte.

TEAP,
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cathodic Tafel curves at the formal potential,
and were reproducible
to within
+ 0.07 log units for the integration
times used. For solutions with a very large excess
of ligand ([(2,2,2)]/[Cd2’]
= 90) the standard rate constants
were calculated
only
from the anodic Tafel curves, as maxima were observed on the cathodic curves. The
cathodic and anodic transfer coefficients
were calculated
from the slopes of the
cathodic and anodic curves, respectively.
The reproducibility
of the values of (in
and fin for all of the solutions investigated
was within kO.03.
The kinetic parameters are collected in Table 1. It can be seen that the standard
rate constants
increase slightly with increasing
ligand (2,2,2) concentration.
The
apparent cathodic and anodic transfer coefficients are independent
of ligand concentration,
and have values of 0.82 + 0.03 and 0.42 + 0.05, respectively.
The cathodic (z,,~) and anodic (zoX) reaction orders were calculated
from the
dependence
of the logarithm of the cathodic (kfh) and anodic (k,,) rate constants
at constant electrode potential
on the logarithm of the free ligand concentration
(Figs. 10a and lob). The cathodic reaction order is close to zero and the anodic one
close to 1. This result confirms
that the electrooxidation
mechanism
can be
described by eqn. (1). The data obtained in the polarographic
and cyclic voltammetthat the species reduced on
ric curves, and the value of z,~, lead to the conclusion
is a
the mercury electrode is the Cd(2,2,2)2+ complex, and that the reduction
two-electron
process.
DISCUSSION

In acetonitrile
a single complex

solutions containing
0.1 M TEAP, the cadmium cation forms only
with (2,2,2), with l/l
stoichiometry,
Cd(2,2,2)2’.
The complex is
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very stable, with log K, = 17.3. In different solvents, the stability constant increases
in the order H,O [3] < MeOH [3] < AN. The Gibbs energy of transfer of the
Cd(2,2,2)2f cryptate from water to AN may be calculated from
AG,,(Cd(2,2,2)2’

> = AG,,(Cd*+)
= 15.0 kJ mol-’

+ AG,,(2,2,2)

- RT In{ ~s(AN)/~,(H~O))
(3)

This gives a value of 15.0 kJ mall’
using AG,,(Cd”‘)
= 69.9 kJ mall’
[13],
AG,,(2,2,2) = 4.9 kJ mol-’ [14], and the stability constant in water, log K, = 6.8 [15].
It can be seen that the Gibbs energy of transfer of Cd(2,2,2)2’ from water to AN is
much smailer than that of the uncomplexed
Cd”
cation. This suggests that
complexation
of Cd*+ by the cryptand (2,2,2) leads to a reduction in the sofvation
energy in both water and acetonitrile
and an almost complete screening by the
ligand of the metal ion from the surrounding
solvent.
The Cd(2,2,2)”
complex in AN has the following electrochemical
characteristics:
(1) The half-wave potential
of the Cd(2,2,2)*’
cryptate is about 0.5 V more
negative than that of the uncomplexed
Cd” cations.
(2) When the ratio of ligand to cation concentration
is less than 1, two
well-separated
polarographic
waves are observed, the heights of which are proportional to the concentrations
of Cd” and Cd(2,2,2)2f.
(3) When [(2,2,2)]/[Cd*‘]
> 1, only one reduction wave is observed, with an E,,z
value which is slightly dependent
upon the ligand concentration.
(4) The cathodic
reduction of the Cd(2,2,2)‘+ complex is diffusion limited.
The oxidation mechanism
of the Cd-amalgam
in the presence of the ligand is
described by eqn. (1).
The final stable products
of the electroreduction
of Cd(2,2,2)2’
have been
identified
as the Cd-amalgam
and the free ligand (2,2,2). We believe that the
cathodic reduction occurs according to the concerted electron transfer dissociation
step mechanism.
Most probably
the kinetically
determining
step is the charge
transfer and the dissociation
step is fast, because the cathodic
rate constants
obtained were independent
of the current integration
times used.
The electrochemical
behaviour observed here is very similar to that obtained for
the inclusive alkali metal cryptates in propylene carbonate (PC) [4]. We think that in
both cases the reduction mechanism
is the concerted electron transfer dissociation
step mechanism.
The standard rate constant
for the Cd(2.2,2)“’
complex is about
two orders of magnitude
lower than that for the electroreduction
of uncomplexed
Cd*+ ions in AN (Table 1). In the Cd(2,2,2)2+ complex, interaction
between the
cadmium ion and the electrode is probably
prevented
by the strong interaction
between the ligand and the Cd*-+, and also by the very slow dissociation
rate
constant
for the complex.
The formation
and dissociation
rate constants
for
Cd(2,2,2)2+ have been measured in methanol [16] with values k, = 4.9 x 10’ M-’
S --’ and k, = 1.9 x 10m3 s-‘. If the formation
rate constant for the complex in AN
is comparable to that in methanol, then, in view of the high thermodynamic
stability

rate constant
is very low
of Cd(2,2,2) 2t in AN, it is clear that the dissociation
indeed in AN.
However, since the very stable Cd(2,2,2)2t
complex is reduced on the mercury
electrode, it is possible that in the activated state the bonds between the Cd’+ cation
and the cryptand (2,2,2) are loosened;. this fact could be also responsible
for the
decrease of the electroreduction
rate.
A decrease in rate constant is also observed for the reduction of (2,2,2) complexes
of alkali metal cations, Lit, Na’, K+ and Rb+, in PC, but only by one order of
magnitude.
The reaction rates of the cryptates M(2,2,2)“+ (M’+ = Cs+ [6], Mg2+,
Ba2+ [7]) in PC solutions are comparable
to those of the corresponding
uncomplexed cations. Such behaviour
may be explained in terms of adsorption
of the
alkaline earth cryptates on the mercury electrode [7].
The kinetic parameters
for the Cd(2,2,2)2+/Cd(Hg)
system show that the standard rate constant
increases
with increasing
ligand concentration
(A log k,/
A log cL = 0.5). This follows from the fact that the reaction orders of the cathodic
and anodic processes are different, being equal to 0 and + 1, respectively.
The
values of the cathodic and anodic transfer coefficients
are different
(WI = 0.82,
,i3n = 0.42). This suggests that the mechanism and the geometry of the energy barrier
for the cathodic and anodic processes are different. The low values of fin suggest
that the anodic process is probably controlled by the transfer of the first electron.
Since the cathodic transfer coefficient obtained in AN for the Cd2+/Cd(Hg)
system
is about three times lower than that for the Cd(2,2,2)2+/Cd(Hg)
system, it seems
that the reduction mechanisms
for the two reactants are different.
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