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Infrared spectroelectrochemistry of [Co3(CPh)(CO)9] in methanol at
a platinum electrode

Paula A. Brooksby, Noel W. Duffy, A. James McQuillan,*,† Brian H. Robinson and Jim Simpson

Department of Chemistry, University of Otago, PO Box 56, Dunedin, New Zealand

In situ infrared spectroelectrochemistry [SNIFTIRS (subtractively normalized interfacial FTIR spectroscopy)]
has been used to obtain spectra at a platinum electrode of the reduction products of [Co3(CPh)(CO)9] in absolute
methanol, in CO saturated methanol, in the presence of a ligand [P(C6H4SO3-m)3]

32 (L) and in dichloromethane.
The cluster species 49e [Co3(CPh)(CO)9]~2, 50e [Co3(CPh)(CO)9]

22 and, tentatively, the 47e [Co3(CPh)(CO)8]
2 and

49e [Co3(CPh)(CO)8L]~2 were identified and their interrelationships elucidated. Adsorption of the cluster at the
surface may be responsible for the unexpected formation of CO2 upon decomposition of Co(CO)4

2.

Electron-transfer processes in metal–metal bonded clusters
have been probed primarily using cyclic voltammetry.1 Clusters
with strong π-acceptor ligands, such as CO, normally undergo
one-electron reduction to the radical anion as the primary pro-
cess whereas clusters with donor ligands, such as cyclopenta-
dienyl or phosphines, may be oxidised to the radical cation.
Control of the redox chemistry is therefore possible by tuning
the ligand sphere.2 The most important consequence of radical
anion or radical cation formation is activation of the cluster
towards nucleophilic substitution. This has allowed a number
of efficient electron-transfer catalysed (ETC) cycles to be
devised 2,3 with considerable synthetic utility.3,4

One of the most studied family of systems is that based
on the tricobaltcarbon cluster 2 [Co3(CR)(CO)9]. The electro-
chemical behaviour of these clusters and their phosphine
derivatives has been examined 5–7 in several non-aqueous sol-
vents, MeCN, acetone, thf and CH2Cl2. These clusters primar-
ily undergo reversible reduction to the 49e radical anion, with
the unpaired electron occupying an a2 SOMO centred on the
Co3 framework,8 followed by the irreversible formation of a 50e
dianion. This dianion rapidly undergoes Co]Co bond cleavage
giving the electroactive species Co(CO)4

2. The activated 49e
radical anion then participates in rapid ETC ligand exchange
reactions, both within the electrode double layer and in bulk
solution. It has been suggested 7 that a key step in these reac-
tions is the reversible loss of CO to give a co-ordinatively
unsaturated 47e anion which can be further reduced to a 48e
dianion (Scheme 1). The kinetic data could also be compatible
with Co]Co edge cleavage as the rate determining step.
Although the 49e radical anion has been isolated and character-
ised 9,‡ there are features of Scheme 1 which are still puzzling. We
have shown 10 that the essential electrochemical processes are
unchanged in water or aqueous methanol, including rapid ETC
reactions. Electrochemical experiments with [Co3(CR)(CO)9]
clusters in non-aqueous solutions at platinum electrodes often
show some data variability which appears to indicate adsorp-
tion of cluster material.

This work sets out to provide a spectroscopic test of the pro-
posed mechanisms and to generate new molecular information
about the reaction products. Methanol is similar to water in
many respects but much more suitable for infrared studies with
generally weaker infrared absorptions and a wider potential

† E-Mail: jmcquillan@alkali.otago.ac.nz
‡ The green anion was prepared by sodium reduction of the cluster in
thf and, after concentrating the solution, precipitated as the N(PPh3)2

1

salt. It was recrystallised from CH2Cl2 but no crystals suitable for X-ray
diffraction work were obtained.

window. It has no large absorptions in the carbonyl region and
thus provides a good medium to investigate the [Co3(CR)(CO)9]
cluster. The IR spectroelectrochemistry of absolute methanol
solutions has been studied by Pham et al.11 and Brooksby
et al.12 and the reduction and oxidation behaviour of absolute
methanol is well documented. It was also of importance to
investigate the cluster configuration at the electrode surface
using spectroscopic methods which have proved successful in
investigations with organic substrates.13

Results and Discussion
Cyclic voltammetry of [Co3(CPh)(CO)9] in absolute methanol
and CO saturated methanol

A cyclic voltammogram between 10.4 and 20.9 V of 1.0 ×
1023 mol dm23 [Co3(CPh)(CO)9] in absolute methanol contain-
ing 0.1 mol dm23 NaClO4 electrolyte is shown in Fig. 1(i). The
negative potential limit is close to that for the onset of dianion
formation.5 The primary redox process depicted by the waves at
A and B is that associated with the 48e/49e couple [Co3(CPh)-
(CO)9]

0/2. Peak C is due 5 to the oxidation of Co(CO)4
2, a

decomposition product of a radical species.
When CO was present there was no voltammetric evidence

for Co(CO)4
2 [Fig. 1(ii)]. This observation is similar to that of

Hinkelmann et al.7 for [Co3(CMe)(CO)9]. Wave E is associated
with methanol oxidation.

These results from methanol solutions are similar to the well
documented results for [Co3(CPh)(CO)9] and related clusters in
aqueous 10 and non-aqueous 5,6 solvents. Extension of the
potential range to 21.2 V for the cyclic voltammograms of
1.0 × 1023 mol dm23 [Co3(CPh)(CO)9] in absolute methanol
and in CO saturated methanol solutions showed little change
[Fig. 1(iii),(iv)]. Reduction of [Co3(CPh)(CO)9]~2 to the 50e
dianion is expected in this region but the 21.2 V potential limit
is close to that for solvent decomposition. In Fig. 1(iii) an
additional peak is observed at 20.94 V on the reverse scan
which may arise from the oxidation of this dianion. This peak is
again not observed when CO is present. Whether in solution or
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adsorbed on the surface CO plays a significant role in the
electrochemistry.

The electrochemical behaviour of CO dissolved in methanol
at a platinum electrode has been investigated.14 A featureless
cyclic voltammogram within the solvent limits is observed
between 21.0 and 11.1 V (vs. SCE). At the positive potential
limit adsorbed CO is oxidised to CO2. At the negative potential
limit adsorbed CO appears to desorb from the platinum sur-
face. Carbon monoxide only affects the potential range where
methanol oxidation and reduction occurs. The addition of
1.0 × 1023 mol dm23 [Co3(CPh)(CO)9] to a CO saturated meth-
anol solution gave voltammetric waves for the primary couple
unchanged from those already described [Fig. 1(ii)].

A small prepeak, D, appeared on all the initial scans where
the platinum electrode was newly polished. This was not
observed during the second or subsequent scans. It is not seen
in aqueous solution,10 nor if the solution is purged with CO
[Fig. 1(ii)]. The process which gives rise to D has been observed
at intermittent times during scans conducted in acetone and
dichloromethane, and is likely to be a feature that arises in low
dielectric solvents. A prepeak, such as wave D, is generally 15,16

associated with the strong adsorption of a reduction product,
in this case the 49e radical anion. The absence of peak D
during subsequent potential cycling, in methanol solutions
without added CO, suggests that any adsorbed material
remains on the platinum surface within the timescale of the
voltammetry. Further adsorption of electroactive material is
therefore blocked.

SNIFTIRS spectra of [Co3(CPh)(CO)9] in CO saturated
methanol

Infrared spectroscopic methods have been developing during
the past two decades that allow the observation of molecular
changes associated with electron transfer processes at elec-

Fig. 1 Cyclic voltammograms of 1 × 1023 mol dm23 [Co3(CR)(CO)9]
in methanol containing 0.1 mol dm23 NaClO4 electrolyte. Scan rate =
100 mV s21. All scans were initially to more negative potentials from
20.2 V: (i) 10.4 to 20.9 V, N2 saturated; (ii) 10.2 to 20.9 V, CO
purged; (iii) 10.4 to 21.2 V, N2 purged; (iv) 10.4 to 21.2 V, CO
saturated

trodes. Using the SNIFTIRS 17 methodology, absorbance differ-
ence spectra that are induced by changes in potential are
obtained. Species present at higher concentrations at the
sampling potential (Es) give rise to positive IR bands while
those present at higher concentrations at the reference potential
(Eb) give negative IR bands. The spectrum of the bulk solvent
and electrolyte do not change with potential and are not
observed. Ideal electrochemical cell behaviour is sacrificed in a
SNIFTIRS thin layer cell and large solution resistances often
result. The observation of species produced during reduction
and oxidation reactions may therefore occur at potentials which
are somewhat different to those observed during conventional
electrochemical experiments.

Distinguishing between adsorbed and solution species is
possible using the surface selection rules 17 which predict
differences between the spectra of adsorbed species for s- and
p-polarised light. p-Polarised spectra contain information
about both adsorbed and solution species while s-polarised
spectra contain information about only solution species. A
comparison of the spectra obtained using both types of polar-
isation will usually allow detection of adsorbed species, pro-
vided the absorptions arising from solution species do not
obscure the generally weak absorptions of adsorbed species.

As shown in the voltammetry, CO saturated methanol solu-
tions containing [Co3(CPh)(CO)9] provide the least complex
system to study and will be examined initially. An infrared solu-
tion spectrum of [Co3(CPh)(CO)9] in methanol has four ν(CO)
bands at 2102w (sym. A1 mode), 2055vs cm21 (E), 2039vs (A1),
and 2022w (sh) cm21 (E) as expected for a local C3v symmetry.18

The attachment of a large unsymmetrical group on the carbyne
or by CO replacement by other ligands is known to lead to a
splitting of the 2039 cm21 band and the appearance of weaker
bands at lower wavenumbers.18

The SNIFTIRS spectra between 20.6 and 20.9 V of 1.0 ×
1023 mol dm23 [Co3(CPh)(CO)9] in a CO saturated methanol
solution containing 0.1 mol dm23 NaClO4 electrolyte are shown
in Fig. 2. All spectra shown were recorded using p-polarised
light. Spectra were also obtained using s-polarised light to test
for adsorbed species but no differences were observed between
the spectra of the cluster species with different polarisations.
The SNIFTIRS spectra recorded between 20.2 (Eb) and 20.6
V during the forward and reverse potential steps showed
no absorption changes in the carbonyl region and have been
omitted for clarity.

As the electrode potential is stepped from 20.6 to 20.9 V,
[Co3(CPh)(CO)9] is reduced to the radical anion [Co3(CPh)-
(CO)9]~2 in the thin solution layer. The negative absorption
peaks are due to the loss of [Co3(CPh)(CO)9], whilst the posi-
tive absorption peaks at lower wavenumber are due to [Co3-
(CPh)(CO)9]~2. The peaks at 1988 and 1977 cm21 are assigned
to the strong E modes of the 49e [Co3(CPh)(CO)9]~2, the
weaker A1 mode is seen as a broad ill defined feature at ca. 2010
cm21. For comparison, the ν(CO) bands of [Co3(CPh)(CO)9]~2

occur at 2040w, 1989s, 1973s and 1945vw cm21 in thf or
CH2Cl2 solutions and similar to those of the solid [isolated as
its N(PPh3)2

1 salt].9 The highest wavenumber weak absorption
of [Co3(CPh)(CO)9]~2 is not evident due to overlap with other
more intense absorptions.

A shift of 60–70 cm21 from the 48e to 49e species is compat-
ible with a large increase in charge associated with occupancy
of the antibonding a2 SOMO. This shift is significantly larger
than that of 30 cm21 observed when a CO is replaced by a
weaker π-acceptor ligand. Of interest is the confirmation from
the IR spectra that radical anion formation is reversible in
accordance with the CV results shown in Fig. 1(ii). No decom-
position products such as Co(CO)4

2 were observed but there is
one weak feature at 1950 cm21 which has not been assigned.
This absorption may be due to a dianion but since its intensity
correlates with the other [Co3(CPh)(CO)9]~2 peaks it is assigned
to the E mode of this anion.18
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The SNIFTIRS spectra for the extended potential range
where the dianion is expected to be observed are shown in
Fig. 3. As the electrode potential is stepped from 20.4 to
21.0 V, [Co3(CPh)(CO)9] is reduced to [Co3(CPh)(CO)9]~2 as
described above. When the potential is stepped further from

Fig. 2 The SNIFTIRS spectra of 1 × 1023 mol dm23 [Co3(CPh)(CO)9]
in methanol saturated with CO and containing 0.1 mol dm23 NaClO4

electrolyte. Negative potential steps starting at Eb = 20.2 V followed by
positive potential steps from 20.9 V

Fig. 3 The SNIFTIRS spectra of 1 × 1023 mol dm23 [Co3(CPh)(CO)9]
in methanol saturated with CO and containing 0.1 mol dm23 NaClO4

electrolyte. Negative potential steps starting at Eb = 0.0 V followed by
positive potential steps from 21.2 V

21.0 to 21.2 V there is a decrease in the intensity of the ν(CO)
peaks for [Co3(CPh)(CO)9]~2 and at the same time two
additional peaks emerge at 1931 and 1904 cm21. Stepping the
potential back to 20.2 V reverses this sequence of events except
that the broad feature at 1904 cm21 remains. On this evidence
the 1931 cm21 band is assigned to the most intense ν(CO) E
mode of the 50e [Co3(CPh)(CO)9]

22 species. The shift in energy
of ca. 60 cm21 is consistent with the addition of a further elec-
tron to the a2 SOMO and is of the order of that encountered for
the one-electron reduction of the parent.

The species giving rise to the broad peak at 1904 cm21

remained unoxidised until 0.0 V during the positive potential
steps, indicating some irreversible decomposition of the cluster
at high negative potentials. In methanol solution Co(CO)4

2 has
a broad band at 1904 cm21 and this assignment was previously
confirmed 9 from the IR spectrum in methanol of the N(PPh3)2

1

salt of this anion. Oxidation of Co(CO)4
2 during a SNIFTIRS

experiment gave a weak and broad absorption centred at
ca. 2030 cm21. The most likely candidate for assigning this peak
is the most intense E mode of [Co2(CO)8].

19 Absorptions due
to solution CO2 at 2339 cm21 and adsorbed CO at about
2070 cm21 were also present.

A bipolar peak seen at ca. 2060 cm21 in Fig. 3 during the
initial scan, and the singular peak around 2075 cm21 on the
reverse scan, was confirmed by polarisation studies as due to
CO adsorbed onto the platinum surface.14 The peak at 2339
cm21 is due to solution CO2.

14 In all of the SNIFTIRS spectra
the CO2 signal emerges as the oxidation of Co(CO)4

2 is com-
pleted. The origin of this CO2 signal appears to be related to the
oxidation of a decomposition product but this remains to be
established.

SNIFTIRS spectra of [Co3(CPh)(CO)9] in absolute methanol

The SNIFTIRS spectra between 20.3 and 21.2 V of 1.0 × 1023

mol dm23 [Co3(CPh)(CO)9] in absolute methanol are shown in
Figs. 4 and 5 (20.2 to 0.9 V and 0.0 to 21.2 V respectively).

Fig. 4 The SNIFTIRS spectra of 1 × 1023 mol dm23 [Co3(CPh)(CO)9]
in methanol containing 0.1 mol dm23 NaClO4 electrolyte. Negative
potential steps starting at Eb = 20.2 V followed by positive potential
steps from 20.9 V
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These spectra are essentially the same as those in Figs. 2 and 3
from 0.0 V until Es = 20.8 V. There was no observable differ-
ence between the spectra obtained in either p- or s-polarised
light.

The SNIFTIRS spectra for the reduction of [Co3(CPh)-
(CO)9] (Fig. 4) produced evidence of cluster decomposition at
20.9 V by the appearance of an infrared peak for Co(CO)4

2.
This is in accordance with the CV results [Fig. 1(i)]. There is
also evidence for minor amounts of [Co3(CPh)(CO)9]

22 (1931
cm21) being produced. During the positive potential steps
the oxidation of [Co3(CPh)(CO)9]~2 to [Co3(CPh)(CO)9] is ob-
served. However, complete recovery of the cluster compound
is not achieved when the potential has returned to 20.3 V, with
the infrared absorptions of the carbonyl peaks for [Co3(CPh)-
(CO)9] showing a net loss. This is due to [Co3(CPh)(CO)9]~2

decomposition but some diffusion of electroactive material out
of the infrared optical path may also contribute.17 As Eb is
approached during the reverse potential steps, two residual
peaks at 1992 and 1973 cm21 are observed and will be discussed
later in this paper. These peaks are not present in the SNIF-
TIRS spectra for the CO saturated methanol system (Figs. 2
and 3) and are more clearly observed in Fig. 5 when more
negative potentials are applied.

The SNIFTIRS spectra for the extended negative potential
region are shown in Fig. 5. These are significantly different at
20.8 V, once reduction of the cluster has begun, from those
observed when CO has been added (Fig. 3). There are at least
three different species present at 21.0 V. These are [Co3(CPh)-
(CO)9]

22 (1931 cm21), Co(CO)4
2 (1904 cm21) and a species (Z)

which has two strong absorptions at 1992 and 1973 cm21. The
intensity of the 1904 cm21 band (Figs. 3 and 5) indicates that
the majority of the decomposition to Co(CO)4

2 takes place via
the 50e dianion rather than the 49e anion.

To investigate the influence of solvent on the reduction
products of the cluster the SNIFTIRS spectra were run in
dichloromethane (Fig. 6). Although the bands are not as
clearly resolved there is a close correlation with the spectra in
methanol solution. The ν(CO) band wavenumbers of the

Fig. 5 The SNIFTIRS spectra of 1 × 1023 mol dm23 [Co3(CPh)(CO)9]
in methanol containing 0.1 mol dm23 NaClO4 electrolyte. Negative
potential steps starting at Eb = 0.0 V followed by positive potential steps
from 21.2 V

predominant reduction product, [Co3(CPh)(CO)]~2, are identi-
cal. However, there is a marked solvent shift to lower energy of
ca. 10 cm21 for ν(CO) of [Co3(CPh)(CO)9]

22 and of Co(CO)4
2.

An alternative assignment of the 1922 cm21 band to an octa-
carbonyl species is unlikely given its behaviour with potential.
Such solvent shifts are well known 20 for Co(CO)4

2. What
is surprising is the appearance of this decomposition species
at 20.7 V before the 49e species is observed in the
SNIFTIRS spectra. This suggests that another cluster species,
unstable in dichloromethane, is being formed at a lower
potential.

A clue to this species is provided by a careful examination of
Figs. 4 and 5. The two residual peaks at 1992 and 1973 cm21 can
be seen in Fig. 4 as Eb is approached during the reverse poten-
tial steps. These peaks are not present in the SNIFTIRS spectra
for CO saturated methanol solutions (Fig. 2). There is also a
change in the intensity profile of the principal product peaks in
the potential sequence 21.2 → 20.2 V in Fig. 5. Species Z
persists at potentials positive of the [Co3(CPh)(CO)9]

0/2 couple
potential.

The wavenumbers of the ν(CO) peaks for Z, as well as the
band profile, are similar to those of the 49e [Co3(CPh)(CO)9]~2

species and suggest that Z must be an anion with a closely
related structure. The obvious candidate is the 47e [Co3-
(CPh)(CO)8]

2 species analogous to the proposed 7 labile
species, [Co3(CMe)(CO)8]

2, in the redox cycle of [Co3(CMe)-
(CO)9].

Oxidation of Z led to the decomposition product, Co(CO)4
2,

as is seen in Fig. 5. Clearly, the co-ordinatively saturated
[Co3(CPh)(CO)9]~2 will be stabilised in the presence of CO and
this is observed. Hinkelmann et al.7 have suggested that this
also accounts for the chemical reversibility of the 48e/49e
couple at high concentrations of [Co3(CR)(CO)9]. Electro-
chemical evidence for the co-ordinatively unsaturated species is
inferred from the data obtained from 1025 mol dm23 solutions.
The SNIFTIRS spectra for 5 × 1025 mol dm23 [Co3(CPh)(CO)9]
in methanol did not allow Z and [Co3(CPh)(CO)9]~2 to be
distinguished.

Fig. 6 The SNIFTIRS spectra of 1 × 1023 mol dm23 [Co3(CPh)(CO)9]
in dichloromethane containing 0.1 mol dm23 NBu4ClO4 electrolyte.
Negative potential steps starting at Eb = 20.2 V followed by positive
potential steps from 21.2 V
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SNIFTIRS spectra of [Co3(CPh)(CO)9] in the presence of a
phosphine ligand

Phosphines participate in very efficient electron transfer
catalysed reactions where the 49e [Co3(CPh)(CO)9]~2 is the
initiating species.2 The reduction (or oxidation) of electro-
active species in a thin layer arrangement is essentially complete
within a very short period of time, of the order of seconds.
Therefore a catalytic reaction, once initiated, will proceed quite
rapidly, but not necessarily go to completion depending upon
the limiting reagent. Scheme 2 is representative of an ETC
reaction for [Co3(CPh)(CO)9] and L based upon the scenario
put forward by Hinkelmann et al.7

Fig. 7 contains the SNIFTIRS spectra of 1 × 1023 mol dm23

[Co3(CPh)(CO)9] and 1 × 1023 mol dm23 Na3[P(C6H4SO3-m)3]
(L) in methanol with 0.1 mol dm23 NaClO4 electrolyte. It is clear
from the IR spectra that the moment [Co3(CPh)(CO)9] begins
to be reduced (at 20.50 V) the substituted cluster, [Co3(CPh)-
(CO)8L], is formed. The latter has ν(CO) peaks at 2078, 2035,
2024 and 2013 cm21. From 20.6 to 20.8 V the IR spectra show
a significant amount of [Co3(CPh)(CO)9]~2 is present, whilst no
further increase in the ν(CO) peaks for [Co3(CPh)(CO)8L] is
seen. This result is expected as there are two competing path-
ways in which [Co3(CPh)(CO)9] is being removed (I and IV of
Scheme 2). In the thin layer there is a limited supply of
[Co3(CPh)(CO)9] and in this case the electrochemical reduction
of the cluster dominates. Once [Co3(CPh)(CO)9] has been
depleted from the thin layer no further catalysis past step III
can occur.

As the potential becomes more negative, the IR spectra pre-
dominantly reflect the behaviour that is observed in the absence
of L. A notable difference is the increase in the relative intensity
of the IR peak (at 1937 cm21) which has been attributed to
[Co3(CPh)(CO)9]

22 and the reduction of [Co3(CPh)(CO)8L].
The IR bands for [Co3(CPh)(CO)8L]~2 are expected to be
found in much the same wavenumber region as that of
[Co3(CPh)(CO)8]

2 and this would make identification of
these bands difficult. However, [Co3(CPh)(CO)8L]~2 was
shown 3 to be unstable with respect to decomposition to
[Co3(CPh)(CO)9] and, as already observed, reaction II is not
significantly competitive. Therefore, the predominant pathway
of reduction at Es > 20.8 V is likely to be reaction V. The
SNIFTIRS spectra that were run in the presence of a threefold
excess of L had a very small peak at ca. 1965 cm21 which may be
related to [Co3(CPh)(CO)8L]~2.

The IR spectra resulting from the positive potential steps
are similar to those observed in solutions without L (or CO).
Once [Co3(CPh)(CO)9] has been produced in the thin layer,
from the oxidation of [Co3(CPh)(CO)9]~2, then the ETC reac-
tion can recommence. At 20.9 V (positive potential steps) the
substituted cluster, [Co3(CPh)(CO)8L], is reformed and is not
oxidised further within the potential limits explored here.

Conclusion
The SNIFTIRS results have provided, for the first time, in situ
infrared spectra of the species produced during the electro-

Scheme 2

[Co3(CPh)(CO)9] [Co3(CPh)(CO)9]•– [Co3(CPh)(CO)9]2– [Co3(CPh)(CO)8L]–
e e

I V
Es>–0.8 V

[Co3(CPh)(CO)8]–

–CO +LII III

IV

[Co3(CPh)(CO)8L] [Co3(CPh)(CO)9]

L

chemical reduction of [Co3(CPh)(CO)9] in methanol under N2,
CO and in the presence of a phosphine ligand. From the com-
monality of electrochemical behaviour for generic [Co3(CR)-
(CO)9] clusters a similar reaction sequence can be expected for
other capped clusters of this type. In general, these results in
thin layers concur with the interpretation by Hinkelmann et al.7

of the solution electrochemistry for [Co3(CMe)(CO)9]. There is
clear evidence for a co-ordinatively unsaturated species (Z)
which is stable over a considerable potential range and the
oxidation of which leads to [Co3(CPh)(CO)9]. Reduction of
[Co3(CPh)(CO)9] gave the species identified as 49e [Co3(CPh)-
(CO)9]~2, 50e [Co3(CPh)(CO)9]

22 and tentatively 47e [Co3-
(CPh)(CO)8]

2. The interrelationships between these species at
various electrode potentials, and in the presence of CO, were
able to be better resolved using the SNIFTIRS technique.
Decomposition to Co(CO)4

2 occurred from both the dianion
and the co-ordinatively unsaturated species, but not necessarily
from the primary reduction product, [Co3(CPh)(CO)9]~2.

The SNIFTIRS spectra for the reduction of [Co3(CPh)-
(CO)9] in the presence of L clearly show the rapid ETC form-
ation of the neutral product, [Co3(CPh)(CO)8L]. The ETC cycle
was quickly suppressed in the thin layer cell due to the depletion
of [Co3(CPh)(CO)9]. Reduction of the [Co3(CPh)(CO)8L]
species was evident in product IR peaks but the product species
was not able to be identified. Since the substituted [Co3(CPh)-
(CO)8L] species was able to be identified it should be possible in
further studies to investigate the competitive co-ordination that
occurs between a chelating and non-chelating phosphine
ligand.

Experimental
The compound [Co3(CPh)(CO)9] was prepared by the literature

Fig. 7 The SNIFTIRS spectra of 1 × 1023 mol dm23 [Co3(CPh)(CO)9]
and 1 × 1023 mol dm23 Na3[P(C6H4SO3-m)3] in methanol containing
0.1 mol dm23 NaClO4 electrolyte. Negative potential steps starting
at Eb = 20.2 V followed by positive potential steps from 21.1 V
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method and doubly crystallised from hexane.21 All manipu-
lations were carried out in an inert atmosphere. Carbon mon-
oxide was used directly from a steel cylinder. As CO from this
source has been shown 22 to contain [Fe(CO)5] any iron carbonyl
impurity was removed by bubbling the gas through a methanol
scrubbing solution containing PPh3. A comparison of the
results obtained during the reduction of [Co3(CPh)(CO)9],
using CO directly from the steel cylinder or purified as above,
showed no observable difference.

Spectroscopy and electrochemistry

Measurements were made at 20 8C with purified solvents.
Acetone was removed from the reagent-grade methanol by
fractional distillation from iodoform and dried by fraction dis-
tillation from Mg/I2 then standing over activated 4 Å molecular
sieves. The water content was less than 0.01 vol. % (typically
between 0.008 and 0.003 vol. %) water as determined by the Karl
Fischer titration using a biamperometric end-point detection
method.23 Dichloromethane was washed with aqueous alkali,
distilled, dried over activated 4 Å molecular sieves 24 and stored
in the dark under nitrogen. Electrolyte solutions were freshly
prepared prior to each experiment from anhydrous NaClO4 or
tetrabutylammonium perchlorate.

All potentials are with respect to an aqueous KCl saturated
calomel electrode (SCE). Electrode potential control, electro-
chemical data and SNIFTIRS were obtained using an EG & G
Princeton Applied model 363 potentiostat coupled to a HB
Thompson & Associates model DRG16 ramp generator for
cyclic voltammetry. Working potentials were monitored with a
Thandar TM351 digital multimeter and the I/A vs. E/V plots
recorded on a Houston X-Y recorder.

Cyclic voltammograms were conducted in a standard three
electrode cell comprising platinum disc working and platinum
wire secondary electrodes with an aqueous KCl saturated calo-
mel electrode. Solutions were purged with oxygen-free nitrogen
before measurements. The polished platinum working electrode
and other components of the electrochemical cell were similar
to those previously described.14 The platinum working elec-
trodes were polished with 0.015 µm Al2O3 before being sub-
jected to an electrochemical cleaning treatment which consisted
of 30 s of potential stepping between 4.0 and 24.0 V at 2 Hz in
0.5 mol dm23 aqueous H2SO4 solution. Such a treatment gave
well resolved adsorbed hydrogen peaks in a cyclic voltam-
mogram recorded in the 0.5 mol dm23 H2SO4 solution. The
electrode was then successively rinsed with water, methanol and
a portion of the cell solution before being placed in the spectro-
electrochemical cell without allowing the electrode surface to
dry at any stage of the rinsing.

The infrared spectra were obtained with a Digilab FTS60V
evacuable optical bench spectrometer equipped with a mercury
cadmium telluride detector and coupled to a thin layer electro-
chemical cell via a CaF2 608 dove prism. A description of the
SNIFTIRS cell and evacuable optical bench will be given else-
where.12 The SNIFTIRS spectra were obtained with a solution
layer of about 5 µm between the electrode and the CaF2 prism.
The lower limit of the wavenumber range was determined by
the CaF2 absorption. All spectra were recorded at 4 cm21 reso-
lution with an acquisition time of 60 s at each potential after
30 s was allowed for steady state conditions to be achieved.
The noise level over most of the spectral range was less than
0.0002 absorbance.
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