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AC and DC polarographic studies of the reduction of
a divalent cobalt complex containing the ligand 2,2’,2"-
terpyridine were undertaken, and evidence is given
for the existence of a stable univalent cobalt complex
ion in aqueous solution. Diffusion controlled waves
were obtained for the Co(terpy)?* species in boric
acid buffer [pH 7.5] with and without excess ligand.
A small pre-wave which is attributed to adsorption is
observed. The heterogeneous rate constant and trans-
fer coefficient are evaluated for the main wave.

Introduction

Stable six co-ordinate complexes of trivalent cobalt
involving ligands with nitrogen donor atoms are well
known and have been extensively studied. The cor-
responding cobalt(II) complexes, on the other hand,
are less numerous. One such type of divalent cobalt
complex contains the tridentate ligand, 2,2'2”-ter-
pyridine [terpy].! Hogg and Wilkins? report the pre-
paration of cobalt(II) terpyridyl complexes and have
characterized the magnetic and spectral properties of
these compounds. Baker, et.al.>*° have also prepared
and studied a number of terpyridyl complexes of first
row transition metals.

Waind and Martin® examined the polarographic be-
havior of tris(2,2’-dipyridine)cobalt(III) ion, Co-
(dipy)s**, in aqueous solution and report the formation
of two waves corresponding to reduction to the Co"
and Co' complex, respectively. Maki and co-workers’
claim the preparation of the monovalent cobalt com-
plex, Co(phen);ClOs,, in ethanol solution at —5°C. The
similarity of the terpyridine ligand to bipyridine and
phenanthroline and the possibility of generating a mo-
novalent cobalt terpyridyl complex prompted us to stu-
dy the polarographic behavior of the cobalt(II) terpyri-
dine system

Experimental Section

Chemicals. With the exception of the cobalt ter-
pyridyl complex all chemicals were of reagent grade
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and used without further purification. The Co(terpy):-
(ClO4); was synthesized by J. Judge and donated by
W. A. Baker, Jr. The cobalt complex was stored in a
vacuum dessicator prior to dissolution in a boric
acid-sodium borate buffer of pH 7.5. The terpyridine
was used as received from the G. Frederick Smith Che-
mical Company. Twenty percent by volume of me-
thanol was added to the solutions to increase the solu-
bility of terpyridine. The concentrations of the Co-
(terpy)?* solutions were checked by ‘measuring the
absorbance at 505 mu.®

Apparatus. The DC polarograms were obtained
with an Indiana Instrument and Chemical Corp. Con-
trolled Potential and Derivative Voltammeter, Model
ORNL-1988A. AC polarograms were obtained with
an instrument assembled form Philbrick Researches
solid state operational amplifiers and standard elec-
tronic components. The AC polarograph was modified
after instruments described by Hayes and Reilley® and
Smith.® A Moseley Model 7001 X—Y recorder was
used to obtain permanent DC and AC polarographic
records. A Beckman Model G pH meter was used
to determine pH values. Absorption spectra were
taken with a Beckman Model DB recording spectropho-
tometer. A conventional thermostated polarographic
cell was used for all measurements. A saturated so-
dium chloride calomel electrode was used as the re-
ference electrode for the DC polarographic runs and
a saturated potassium chloride, silver-silver chloride
reference electrode for the AC runs. The tempera-
ture was maintained constant at 25.0+0.1°C.

Results and Discussion

Polarograms of millimolar concentrations of the
bis(2,2’,2"-terpyridine) cobalt(Il) cation in boric acid
buffer in excess terpyridine were taken and a typical
example is shown in Figure 1. A small pre-wave
occurs at about —0.8 volt vs. SCE prior to a larger
well-defined wave at —0.983 volt vs. SCE. A pola-
rogram of the terpyridine ligand alone in boric acid
buffer showed no appreciable reduction until a vol-
tage of —1.2 volts vs. SCE was reached.

The pre-wave was judged to be non-faradaic in
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nature after consideration of AC polarograms taken
on the same system at frequencies of 20 and 100 Hz.

Current, microomperes
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Figure 1. DC polarogram of 0.5 mM Co(terpy)’* in boric
acid-sodium borate buffer +20% methanol, pH=7.5. 2.0 mM
excess terpyridine.
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Figure 2. Phase selective AC polarogram of 0.5 mM Co-
(terpy),’* in borate buffer, pH=7.5. 2.0 mM excess ter-
pyridine. Applied potential: 20 Hz, 8 mv peak-to-peak a.c.
signal, 50 mv min~' d.c. scan rate.

A representative AC polarogram of the cobalt ter-
pyridine complex, shown in Figure 2, exhibits two
peaks; one at the potential of the pre-wave, the other
at the potential of the main wave. The first AC wave,
i.e. the DC pre-wave, has the characteristics of an
adsorption-desorption process.!! Supporting evidence
for this conclusion is also obtained from AC polaro-
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grams of terpyridine in boric acid buffer. These
show an AC wave with a peak potential of —0.8 v
vs. SCE, whereas the DC polarograms for this same
system show no polarographic activity until quite
negative potentials are reached. The non-faradaic
nature of the pre-wave is further substantiated by
current-time curves obtained on individual drops in
the potential region of the pre-wave. The shapes of
these curves are typical of charging current curves.
Because of these considerations the pre-wave is exclu-
ded from any further discussion of the polarographic
behavior of the cobalt(II) complex.

The main wave was ascertained to be due to a
faradaic process and to be diffusion controlled with
no appreciable kinetic complications. This was con-
cluded from the linear variation of limiting current
with the square root of mercury column height. This
is depicted in Figure 3. A similar conclusion is rea-
ched from the invariance of AC peak current with co-
lumn height for this system.
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Figure 3. Dependence of the diffusion current of the cobalt

complex on the mercury column height.
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Figure 4. Log analysis of current-time curves of Co(terpy),**
on the limiting current plateau of the DC polarogram.

Further confirmation that the limiting current is
diffusion controlled was obtained by examining the
current-time curves taken on individual drops in the
limiting current region. The second and subsequent



drops were used. These curves all exhibit a shape
characteristic of a diffusion controlled process. In
addition the plot of logi vs. logt shown in Figure 4
has a slope of 0.19 toward the end of the drop life.
This value compares favorably with the theoretical
value of 0.192 for a diffusion controlled current
for serial drops and with the experimentally deter-
mined value of 0.18 obtained at this laboratory for
cadmium ijon in 0.1 M KCI.

The diffusion current was found to be directly
proportional to the concentration of the complex over
the range of 0.2 to 0.5 mM Co(terpy)?*.

Polarograms of 0.5 mM Co(terpy)** were also run
with no excess ligand. In this case, the diffusion cur-
rent remained unchanged, and the shape of the main
wave was better defined. The diffusion plateau for
this system extended to —1.5 volt vs. SCE, a full 0.3 v
more negative than the reduction potential of uncom-
plexed terpyridine. This would indicate that terpy-
ridine is not liberated from the product of the electro-
de reaction, suggesting the possibility that the co-ordi-
nation sphere of the complex remains intact during
the course of reduction.

A value for n, the number of electrons transferred
in the faradaic process, was established in several
ways. First, n was calculated directly from the Ilko-

ia = 607 nCD'm?/*t"/¢

vi¢ equation, where iq is the diffusion current in mi-
croamperes; D, the diffusion coefficient in cm?/sec; C,
is the concentration of electroactive species in milli-
moles/liter; m, the mercury flow rate in mg/sec
and t is the drop time in seconds. Values for m and
t were determined to be 2.3 mg/sec. and 3.2 seconds,
respectively. A value for the diffusion coefficient for
Co(terpy)** was estimated by assuming it to be equal
to that determined experimentally for an ion of si-
milar charge, size and structure, i.e. Fe(dipy)s** which
has the value 4.6X107% cm?/sec. at 25°C.® When
these values are used along with experimental values
of concentration and current a value of 0.83 is calcu-
lated for n. This indicates that the cobalt(Il) ter-
pyridyl complex is reduced to the monovalent species,
Co(terpy):*.

Second, a comparison of values for the diffusion
current constant, I, which is defined as the quotient,
ia/Cm¥*t¥%, was made for a number of different
jons.1516 These values are presented in Table I along
with that obtained for the cobalt(II) complex in the
present investigation. Clearly from this table, values
of T of from 0.9 to 1.6 correspond to one electron
reductions while for two electron changes one expects
values of I in the range of from 2 to 3.6. The value
of 1.1 determined for the reduction of Co(terpy)*
ion indicates a one electron change or that a mono-
valent cobalt species has been produced.

Third, an estimate of n was made from the observed
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Table I. Values for the Diffusion Current Constant, I for
one and two Electron Transfer.

Reaction Background Electrolyte I Ref.

One electron changes

Fe'! — Fe!! sodium citrate 093 14
Fe'' — Fe'! sodium tartrate, pH 4 111 14
Mn! —» Mn'! 0.1 M sodium tartrate,

2.0 M NaOH -095 15
TiV — Ti™! 0.1 M ammonium citrate,

pH 6.1 102 15
Cr!'f 5 Cr!! 0.1 M NH,, 0.1 M

ammonium citrate, pH 85 123 15
Cri' 5 Cp! 1 M KCN 1.55 16

Two electron changes

Co* — Co°® 01 M NH,;, 01 M

ammonium tartrate 188 15
Ni' - Ni° 0.1 M pyridine, 0.1 M

) pyridinium chloride 26 15

Co" — Co° 0.1 M NH,, 0.1 M

ammonium citrate, pH 85 243 15
Co'" — Co° 1 M NH;, 1 M NHCI 3.4 15
Ni" = Ni° 1 M NH;, 0.2 M NH.CI 354 15
Co(terpy)?** Boric acid-sodium borate

pH 7.5 1.1

slope of 50 mv for the linear plot of the electrode

potential, E, vs. the function, log(,—l—_-) shown in
1¢—1

Figure 5. This plot was made from a polarogram
of 0.5 millimolar Co(terpy);”* in boric acid buffer
with excess terpyridine present. Assuming the elec-
trode reaction is reversible such a slope would corre-
spond to a value of 1 for n. Again a one electron
reduction is indicated. When a similar plot was
made for polarograms of solutions of the cobalt com-
plex containing no excess ligand, a least squares plot
gave a slope of 57 mv. The low value of 50 mv can
be attributed to the uncertainty of the points at po-
tentials more positive than the half-wave potential
because of the presence of the pre-wave. In this con-
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Figure 5. Plot of log l—l—l— versus potential for the DC
r o

polarogram of Figure 1.
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nection it is noteworthy that Waind and Martin®

i
ia—i
duction step: Co(dipy)s®*+e = Co(dipy)):* in KNO;
solution. No mention of a pre-wave is made in their
work.

Finally, consideration of the second wave in the
AC polarogram (Figure 6) which corresponds to the
main wave in the DC polarogram yields a value for
n. This wave is symmetrical in shape which indicates
that the electrode reaction is the result of a reversible,
diffusion controlled process at the frequency em-
ployed. Furthermore the wave at one half the peak
height has a width of 90.3 mv which agrees very well
with the expected value of 90 mv for a one electron
reversible reduction."”

A more detailed analysis of the AC polarograms,
produced a value of 0.099 cm/sec for the hetero-
geneous rate constant, K5, and a value of 0.44 for the
transfer coefficient, o, at a frequency of 100 Hug,. In
obtaining these two parameters corrections for double
layer charging current and solution IR drop were made
vectorially according to the method of Smith.”

The moderately large value for the heterogeneous
rate constant implies that the electrode reaction is
quasi-reversible with no appreciable kinetic compli-
cations. In fact for DC polarography such a high
rate constant is not detectable and hence the require-
ment that the reduction step be reversible when de-
ducing »# from the slope of the E vs. logi plot is va-
lid. The value of 0.44 observed for the transfer
coefficient is consistent with a quasi-reversible charge
transfer mechanism where the products and reactants
do not vary significantly in structure.

report an E vs. log( ) slope of 58 mv for the re-

{17) D. E. Smith in « Electroanalytical Chemistry », Vol. I, A. J].
Bard, Ed., M. Dekker, Inc., New York, N. Y. (1966), p. 23.
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Figure 6. Phase selective AC polarogram for the faradaic
process of Co(terpy)?*. Applied potential: 20 Hz, 10 mv
peak-to-peak a.c. signal, 50 mv min~' d.c. scan rate. (The
potential axis is referred to S.C.E. with saturated NaCl,
—12 mv vs. S.C.E)).
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