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The reduction mechanism of Chini clusters [Pt3(CO)6]n
2- (n ) 6-9) has been studied by nanosecond pulse

radiolysis in water/2-propanol solution. The monoelectronic reduction of all [Pt3(CO)6]6
2- by the alcohol

radicals produced by the solvent radiolysis is supposed to yield short-lived [Pt3(CO)6]6
3- clusters that split

immediately into [Pt3(CO)6]4
2- and [Pt3(CO)6]2

-. [Pt3(CO)6]2
- dimerizes to the stable tetramer [Pt3(CO)6]4

2-

with a diffusion-controlled rate constant. When only a fraction of the [Pt3(CO)6]6
2- in solution is reduced, a

slower addition reaction between excess [Pt3(CO)6]6
2- and the newly formed [Pt3(CO)6]4

2- gives then two
[Pt3(CO)6]5

2-. Results concerning the early steps of the reduction of clusters of higher nuclearity [Pt3(CO)6]n
2-

(n ) 7-9) are also presented. The general reduction mechanism of the platinum carbonyl compounds
[Pt3(CO)6]n

2- displays some similarities with the reduction ofn ) 6; i.e., stable [Pt3(CO)6]4
2- are formed

together with the transient [Pt3(CO)6]n-4
-.

Introduction

Over the past 30 years, the interest in platinum carbonyl
molecular clusters, in solution or supported, has been increasing
because of the specific thermodynamic properties they display
due to their small size.1-4 As early as 1970, for example, the
role of these platinum molecular Chini clusters [Pt3(CO)6]n

2-

as catalysts was demonstrated,5-7 namely for electrochemical
methanol oxidation and recently as a sensitizer in photographic
emulsions.8 These clusters were synthesized by keeping a
platinum salt in a CO-saturated basic medium for hours. Under
reducing conditions, metal reduction, ligation, and aggregation
reactions compete, leading to molecular clusters [Pt3(CO)6]n

2-.
They display twisted prismatic structure composed ofn stacking
triangular units stabilized by CO ligands (bridged and linear)
and a doubly negative charge (Figure 1).1 The intertriangular
distance is 3.08-3.10 Å for n ) 3-6. It has been shown at
least for the dimer that the charges are delocalized in the bonding
combination of antibondingπ* molecular orbitals of CO and
that the dianionic dimer is more stable than the neutral one.9

Interesting specific redox properties of [Pt3(CO)6]n
2- have been

found for these clusters (n ) 2-10).1,2,10-13 The general trend
in these compounds is one where the reactivity toward reducing
agents increases withn and the reactivity toward oxygen
increases with decreasingn. However, despite these extensive
studies, no detailed reaction mechanism has been yet directly
observed. Several chemical balances of redox reactions have
been established, but individual reaction steps and the kinetics
of these different chemical processes were never observed, and
even no speculative mechanism has been proposed. Neverthe-
less, the mechanism of these reactions must be considered as
of crucial importance for the understanding of the redox behavior
of [Pt3(CO)6]n

2- clusters in catalytic reactions.
When the steady-stateγ-irradiation of cluster solutions is

carried out at room temperature and under CO atmosphere
(Figure 2), the reductive process follows the sequence14

The reducing species are directly produced by radiolysis of the
hydro-alcohol mixed solvent. When irradiated, the 2-propanol-
water solvent behaves as a strongly reducing medium due to
the formation of solvated electrons e-

s replaced by H• atoms
under acidic conditions and of (CH3)2C•OH radicals (noted R•).
These are produced from excited alcohol molecules or by
alcohol scavenging of OH• and H• radicals. The radiolytic
radicals R• progressively reduce [Pt3(CO)6]10

2- into [Pt3(CO)6]9
2-,

itself replaced after further reduction by [Pt3(CO)6]8
2-. Other

clusters produced in these reactions become reactants as the
radiolysis is continued.

The aim of the present study is to determine the mechanism
and intermediate steps involved in the reduction of [Pt3(CO)6]n

2-

clusters. Because such clusters are highly reactive, we took
advantage of the time-resolved pulse radiolysis technique15,16

to observe their spectral properties evolution and their reactivity.
The carbonyl platinum clusters that will be studied in the present
work are constituted of 6, 7, 8, or 9 [Pt3(CO)6] trigonal units.
They are all stable and their optical spectra present two specific
intense absorption bands in the visible range. In the red, they
are at quite distinct wavelengths but in the blue the bands are
very close (Figure 2).11,14 Spectroscopic measurements17 and

Figure 1. Structure of [Pt3(CO)6]n
2- Chini clusters (n ) 4). They are

formed by a twisted prismatic stacking ofn triangular Pt3(CO)6 units,
stabilized by two negative charges. The intertriangular distance between
stacked units is 3.08-3.10 Å for n ) 3-6.1

[Pt3(CO)6]10
2- 98

γ
[Pt3(CO)6]9

2- 98
γ

[Pt3(CO)6]8
2- 98

γ
... (1)
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MO calculations9,18of the electronic structure of [Pt3(CO)6]n
2-.

Chini clusters have shown that their absorption bands must be
interpreted as the envelopes of several electronic transitions of
similar energies. The first part of this work will be devoted to
the monoelectronic reduction of [Pt3(CO)6]6

2- clusters (all or
part of them), the second to the comparative study of clusters
of higher nuclearity [Pt3(CO)6]n

2- (n ) 7-9).

Experimental Section

Clusters [Pt3(CO)6]n
2- (n ) 6-9) were prepared byγ-

radiolysis of K2PtCl4 solutions at pH 3.2 under a CO atmosphere
(reaction 1), as described in a previous work.14 Chemicals were
reagent grade and used without further purification: K2PtCl4
from Johnson Matthey, 2-propanol from Prolabo, CO (99.995%
purity) from Air Liquide. The solvent used was a 50/50 v/v
water/2-propanol mixture to increase CO solubility. The dose
absorbed was calculated from that in pure water and from the
electronic density. The yields are estimated in a first approxima-
tion as the average between water and alcohol solution yields.
Solutions containing the platinum salt (10-5-10-3 M) were
carefully saturated with carbon monoxide under 1 atm. Such
solutions were then exposed to a60Co source (dose rate 1.6
kGy h-1) at various irradiation doses depending on the nuclearity
n desired. Indeed, the radiolytic synthesis is selective andn is
controlled by adjusting the dose (the higher the dose, the lower
then value: 0.1 kGy/(mmol L-1) for n ) 9, 0.4 kGy mM-1 for
n ) 8, 0.6 kGy mM-1 for n ) 7, or 0.8 kGy mM-1 for n ) 6)
(Figure 2). Actually, the clusters of nuclearityn-2 which are
produced by reduction ofn-1 would readily recombine with
excess clusters with nuclearityn as in

The selectivity of the radiolytic synthesis with the dose is due
to this reaction between clusters of nonconsecutive nuclearities,
already described in the literature.2

Since the clusters are highly reactive with oxygen, the
solutions were handled, after the synthesis byγ-radiolysis, in a

glovebox under an inert atmosphere of N2. Samples of the
solutions were placed in optical cells for identification and for
time-resolved experiments in the absence of CO. The nuclearity
was deduced from the very specific UV/vis absorption spectra
recorded on a VARIAN DMS 100 Instrument. The pulsed
radiolysis facility (3 ns at half-height and 600 keV electron
energy), the flow cell flushed with nitrogen (perpendicular
optical length) 1 cm), and the time-resolved optical detection
have been described elsewhere.19 Doses per pulse vary from
less than 0.1 kGy to 0.3 kGy. They are obtained from dosimetry
in water with the hydrated electron signal and from the relative
electron density of the 2-propanol-water mixture. After each
pulse, the irradiated sample is replaced by fresh solution. The
time range of observation starts after the end of the pulse (10
ns) and, due to diffusion in the cell, was limited to 40 s.

In experiments with pulsed irradiation, the reduction process
is initiated as inγ-radiolysis. After an electron pulse, the
solvated electrons e-

s are readily exhausted within∼200 ns and
replaced by H• radicals, because the main reactant H+ at pH
3.2 is in large excess relative to the clusters. As soon as they
are formed, the H• radicals produced (also by direct radiolysis
of H2O and alcohol) are scavenged by 2-propanol as well as
OH• radicals arising from water radiolysis. Therefore, the
(CH3)2C•OH radical (noted R•) is the only reducing species
reacting with [Pt3(CO)6]n

2-. The radical yield is estimated to
be G(R•) ∼ 5, from the interpolated value between those in
acidic aqueous solutions of 2-propanol (G ) 6) and in neat
2-propanol (G ∼ 4). The neat mechanism observed is a reduction
of clusters. Therefore, we exclude a possible oxidizing role of
these radicals in the present case. Under pulse conditions, the
instantaneous radical R• concentration is in large excess relative
to [Pt3(CO)6]n

2-, in contrast with steady-state radiolysis, and
the radicals that do not reduce the clusters [Pt3(CO)6]n

2-

disproportionate and dimerize without further effect.
The kinetic schemes have been tested by global least-squares

fitting20 against the experimental time-resolved absorption
spectra after the pulse irradiation. At each wavelength, the
optical density OD(λ,t) is OD(λ,t) ) Σεi(λ)ci(t). The unknown
molecular extinction coefficients of transientsεi(λ) were deter-
mined independently for each speciesi. The instantaneous
concentrationsci(t) were calculated by adaptative step size
fourth-order Runge-Kutta integration of the kinetic equations.21

Unknown rate constants have been allowed to vary in the global
fitting procedure. Very short time reactions (electron scavenging
by H+, alcohol radical formation) have not been explicitly taken
into account in our kinetic schemes. As a consequence, the
fitting procedure excludes times below 500-1000 ns, and the
R• initial (around 1 ms) concentration is adjusted.

Results and Discussion

[Pt3(CO)6]6
2- Solutions.The initial solution studied by pulse

radiolysis contains [Pt3(CO)6]6
2- at 1.25× 10-4 to 2.5× 10-4

M (in Pt atom) or 0.7× 10-5 to 1.4× 10-5 M (in cluster) in
an equivolumic 2-propanol/water mixture under acid conditions
(pH ) 3.2) and N2 atmosphere. [Pt3(CO)6]6

2- clusters present
two specific narrow absorption bands at 430 and 802 nm (Figure
2). The extinction coefficients areε802 ) 5.14× 104 andε430

) 5.04× 104 M-1 cm-1 per cluster, respectively.10

One-Electron Reduction of All the Clusters.Figure 3 shows
the time evolution of spectra in the microsecond range, recorded
when a solution containing [Pt3(CO)6]6

2- at 2.5× 10-4 M (in

Figure 2. Absorption spectra of [Pt3(CO)6]n)2-9
2- obtained by increas-

ing the irradiation dose. [K2PtCl4]: 2.5 × 10-4 M (in Pt atoms); (50/
50% v/v H2O/2-PrOH); [CO]≈ 4.7× 10-3 M. Dose rate: 5 kGy‚h-1.
Optical length) 1 cm. pH) 3.2. Doses: 20 kGy (n ) 2), 10 kGy (n
) 3), 3.2 kGy (n ) 4), 1.6 kGy (n ) 5), 0.8 kGy (n ) 6), 0.4 kGy (n
) 7), 0.2 kGy (n ) 8), 0.1 kGy (n ) 9). Extinction coefficients are
expressed per Pt atom.

[Pt3(CO)6]n-2
2- + [Pt3(CO)6]n

2- f 2[Pt3(CO)6]n-1
2- (2)
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Pt atoms) or 1.4× 10-5 M (in clusters) was irradiated with a
dose per pulse of approximately 0.28 kGy, equivalent to a
concentration of radicals [R•] ∼ 1.4 × 10-4 M. These spectra
were obtained by addition of the experimental differencial
spectra (∆ODt(λ)) at 5 or 40 ms and of the initial optical density
(ODt)0(λ) of [Pt3(CO)6]6

2-): ODt(λ) ) ∆ODt(λ) + ODt)0(λ).
Since alcohol radicals are formed att ∼ 500 ns, but they only
absorb in the UV, they do not affect the visible spectrum of the
[Pt3(CO)6]6

2- clusters before irradiation at 802 and 430 nm. Note
that in contrast to theγ-radiolysis (reaction 1), the alcohol
radicals are formed within a short time and, if not reacted with
the clusters, they disproportionate and dimerize readily:

(2k3 ) (1.56 ( 0.10)× 109 M-1 s-1 in pure water).22

However, the 802 nm band decreases (bleaching) and a new
band at 620 nm progressively appears a few milliseconds after

the irradiation (Figure 3). The [Pt3(CO)6]6
2- clusters have

entirely disappeared from the solution at 40 ms, as shown by
the complete bleaching of the 802 nm absorption band. A
spectrum recorded at the end of the reaction has two very intense
bands at 395 and 620 nm, which indicate the presence of stable
clusters withn ) 4, [Pt3(CO)6]4

2- (Figures 2 and 3a). From the
optical density at 620 nm and the extinction coefficient
ε620([Pt3(CO)6]4

2-) ) 3.6 × 104 M-1 cm-1 per cluster, the
estimated concentration of the [Pt3(CO)6]4

2- cluster formed per
pulse is 2.05× 10-5 or 2.5 × 10-4 M in Pt atom, and thus
equal to the initial atom concentration of [Pt3(CO)6]6

2-.
Therefore, it is clear that [Pt3(CO)6]6

2- clusters (oxidation degree
-2/18) have been quantitatively replaced by [Pt3(CO)6]4

2-

(-2/12) -3/18) clusters. This process corresponds exactly to
a monoelectronic reduction. The presence of quasi-isosbestic
points at 500 and 690 nm suggests that other possible transients
formed in the mechanism have lifetimes much shorter than the
microsecond range or are under minor concentrations.

Figure 3b shows the typical time evolution profiles of the
differential absorbance atλ ) 802 nm andλ ) 620 nm obtained
after the same pulse. The initial very fast formation and decay
are due to the short-lived solvated electron (λmax close to 730
nm). Then the [Pt3(CO)6]4

2- formation at 620 nm is correlated
to the absorption decay at 802 nm. However, [Pt3(CO)6]4

2-

cannot be stoichiometrically produced from [Pt3(CO)6]6
2- by

the one-electron reduction without a rearrangement of atoms.
One or several intermediates must be formed prior to the
appearance of the product. The decay of [Pt3(CO)6]6

2- and the
increase of [Pt3(CO)6]4

2- both obey the same apparent second-
order kinetic law. We suppose that R• radicals first reduce
[Pt3(CO)6]6

2- into the triply charged clusters [Pt3(CO)6]6
3-,

which split immediately into [Pt3(CO)6]4
2- and [Pt3(CO)6]2

-:

An alcohol radical-cluster complex is possibly formed as a
transient in the reduction reaction (4). However, no spectral
evidence of [Pt3(CO)6]6

3- was found in our spectra. Unstable
[Pt3(CO)6]6

3- splits as in (5)] without being detected. Though
suggested by the material balance, triply charged clusters such
as [Pt3(CO)6]6

3- and monocharged clusters such as [Pt3(CO)6]2
-

have never been spectrally identified in the literature, probably
owing to their high reactivity and their transient character.

Because the initial concentration of clusters, 1.4× 10-5 M,
is much lower than the (CH3)2C•OH radical concentration,
(1-2) × 10-4 M per pulse, reaction 4 competes with the
(CH3)2C•OH disproportionation/dimerization (3).22

Because of this competition, the decay of [Pt3(CO)6]6
2- is

indeed kinetically close to second order. Nevertheless, the
amount of [Pt3(CO)6]4

2- formed indicates that, at this dose rate,
all clusters [Pt3(CO)6]6

2- have received one electron from
(CH3)2C•OH radicals (reaction 4). Following reaction 5,
[Pt3(CO)6]2

- clusters dimerize into stable tetramers:

Numerical simulation of the mechanism (reactions 3-6),
included the value ofk3, which was taken as equal to the
literature value in pure water.22 The simulation also assumed

Figure 3. (a) Evolution of the absorption spectra of a solution of
[Pt3(CO)6]6

2- from t ) 0 (before the pulse) tot ) 5 µs andt ) 40 µs
after the pulse. Total monoelectronic reduction. Spectra deduced from
OD(λ) ) ∆ODt(λ) + ODt)0(λ)). [[Pt3(CO)6]6

2-] ) 1.4× 10-5 M ([Pt]
) 2.5× 10-4 M); pH ) 3.2; (50/50% v/v H2O/2-PrOH). Dose rate∼
0.3 kGy/pulse. (b). Correlated signals (dashed lines) atλ ) 802 nm
andλ ) 620 nm with a single pulse and the corresponding fitting (lines).
The initial very fast formation and decay are due to the short-lived
solvated electron (λmax close to 730 nm). Values adjusted by the
simulation att > 1 ms: [R•]1µs ) 1.4× 10-4 M, k4 ) 1.85× 109 M-1

s-1, k5 > 1011 s-1, 2k6 ) 2.4 × 1010 M-1 s-1.

[Pt3(CO)6]6
2- + (CH3)2C

•OH f

[Pt3(CO)6]6
3- + (CH3)2CO + H+ (4)

[Pt3(CO)6]6
3- f [Pt3(CO)6]4

2- + [Pt3(CO)6]2
- (5)

[Pt3(CO)6]2
- + [Pt3(CO)6]2

- f [Pt3(CO)6]4
2- (6)

(CH3)2C
•OH + (CH3)2C

•OH f ((CH3)2COH)2 or

(CH3)2CHOH + (CH3)2CO (3)
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that reaction 5 was very fast. Calculations were made for a series
of radical concentrations that accounted for signals measured
at different doses per pulse (0.2-0.4 kGy) and different
[Pt3(CO)6]6

2- concentrations ((0.7-1.4) × 10-5 M).
A fit of experimental to calculated signals is shown as an

example for [R•] ) 1.4 × 10-4 M in Figure 3b. Note that
[Pt3(CO)6]6

3- and [Pt3(CO)6]2
- are consumed as soon as formed,

due to the high values ofk5 andk6, respectively. Thus, the optical
density of both species at 802 and 620 nm have little influence
on the calculated signal whatever the values of their extinction
coefficients. The adjusted values arek4 ) 1.85× 109 M-1 s-1,
k5 > 1011 s-1, and 2k6 ) 2.4× 1010 M-1 s-1, independently of
the dose per pulse, i.e., of the initial concentration of alcohol
radicals. Time profiles of cluster and R• concentrations are given
in Figure 4. The reduction (4) by the alcohol radical is over
within 20-30 µs and is the time-limiting step. It appears that
the dimerization (6) is fast enough to maintain the [Pt3(CO)6]2

-

concentration at a small level and to enable a correlation between
the decay at 802 nm of the initial cluster [Pt3(CO)6]6

2- during
the reduction and the increase at 620 nm of stable [Pt3(CO)6]4

2-,
with the presence of quasi-isosbestic points at 500 and 690 nm.
The one-electron reduction process (reactions 4-6) corresponds
to an integral overall transformation of hexamers into tetramers.

One-Electron Reduction of Part of [Pt3(CO)6] 6
2-. To study

the effect of the reducing species concentration on the kinetics,
a fraction only of [Pt3(CO)6]6

2- was reduced by decreasing the
irradiation dose delivered per pulse (e0.16 kGy). The concen-
tration of radicals is now aboute0.7 × 10-4 mol L-1. In the
nanosecond and microsecond range, we observed the same
reduction of [Pt3(CO)6]6

2- into [Pt3(CO)6]4
2-. Nevertheless, the

reduction of [Pt3(CO)6]6
2- was quantitatively less important

because most of the radicals disappear by dimerization (3) rather
than by reaction (4). The spectrum of nonreduced [Pt3(CO)6]6

2-

is still present at 80 ms, as expected (Figure 5a), but additional
spectral changes are observed at the millisecond scale. Beyond
a few milliseconds, the specific bands of remaining [Pt3(CO)6]6

2-

and of newly formed [Pt3(CO)6]4
2- simultaneously decrease and

two new bands appear in the final optical spectrum at 705 and
around 410 nm (Figure 5a,b), which correspond to clusters of
nuclearity n ) 5, [Pt3(CO)6]5

2- (Figure 2). Therefore, the
spectral change observed at 1-10 ms is assigned to the
formation of [Pt3(CO)6]5

2- clusters through an addition reaction
of type (2) between the nonconsecutive [Pt3(CO)6]6

2- and
[Pt3(CO)6]4

2- cluster chains (reaction 7) followed by the

cleavage (8) of [Pt3(CO)6]10
4- into smaller oligomers:

It corresponds indeed to an electron-transfer reaction between
a small and a heavier cluster, resulting in clusters of intermediate
size.

A reaction between nonconsecutive clusters (n e 6, ∆n g 2)
is known to produce clusters of intermediate nuclearity,2 as
demonstrated by mixing two solutions containing [Pt3(CO)6]n

2-

and [Pt3(CO)6]n+2
2- clusters. However, the kinetics were never

investigated up to now. The relative concentrations of both
species govern the final composition of the solution. Indeed, if
R ) [[Pt3(CO)6]n+2

2-]/[[Pt3(CO)6]n
2-] > 1, a mixture of

[Pt3(CO)6]n+2
2- and [Pt3(CO)6]n+1

2- is obtained. By contrast,
[Pt3(CO)6]n

2- and [Pt3(CO)6]n+1
2- coexist in the solution ifR

< 1. In our experiments, the ratioR depends on the concentra-
tion of [Pt3(CO)6]4

2- generated after the electron pulse and on
the remaining concentration of [Pt3(CO)6]6

2-, and thus on the
irradiation dose per pulse. According to the concentration values

Figure 4. Kinetic profiles of cluster and alcohol radical concentrations
obtained from the simulation under the experimental conditions and
with rate constants as in Figure 3.

Figure 5. (a) Evolution of the absorption spectra of a solution of
[Pt3(CO)6]6

2- at t ) 80 µs andt ) 10 ms after a pulse. Monoelectronic
reduction of part of clusters. Spectra deduced from OD(λ) ) ∆ODt(λ)
+ ODt)0(λ). [R•]1µs ) 1 × 10-5 M. Other conditions and initial spectrum
at t ) 0 as in Figure 3. (b). Correlated signals atλ ) 802 nm,λ ) 620
nm, andλ ) 705 nm at the millisecond range after a pulse and their
corresponding fitting.k4 andk6 as in Figure 3a. [R•]1µs ) 5 × 10-6 M,
k7 ) 6 × 108 M-1 s-1, andk8 ) 3 × 102 s-1.

[Pt3(CO)6]6
2- + [Pt3(CO)6]4

2- f [Pt3(CO)6]10
4- (7)

[Pt3(CO)6]10
4- f 2[Pt3(CO)6]5

2- (8)

Redox Kinetics of Chini-Type Pt Carbonyl Clusters J. Phys. Chem. A, Vol. 105, No. 25, 20016105



calculated from the transient spectrum obtained at 80 ms (Figure
5a),R > 1. [Pt3(CO)6]5

2- and a slight excess of [Pt3(CO)6]6
2-

are thus present and coexist at the end in the solution in the
molar relation established by the dose.

Numerical simulations under partial reducing conditions
included the rate constantsk4 to k6 with their above determined
values (under reduction of all the clusters). A satisfying fit is
obtained between experimental and calculated values up to 500
ms, but departures are observed in the range 10-3-10-2 s when
the new reactions 7 and 8 are included in the mechanism and
the splitting of [Pt3(CO)6]10

4- clusters (reaction 8) is assumed
very fast. The calculated absorbance would be too small at 820
nm and too large at 620 nm for any value ofk7, even if signals
fit eventually rather well at 10-2-10-1 s with the material
balance. This suggests that the [Pt3(CO)6]10

4- splitting should
be slow enough to let it somewhat accumulate up to a detectable
level and that [Pt3(CO)6]10

4- absorbs strongly at 620 nm. The
best fitting (Figure 5b) is obtained withε620 ) 6.0 × 104

M-1 cm-1, ε820 ) 3.3 × 104 M-1 cm-1, andε705 ) 2.4 × 104

M-1 cm-1 per cluster. In this mechanism, it is found thatk7 )
6 × 108 M-1 s-1 andk8 ) 3 × 102 s-1. The relative slowness
of (7) is probably due to a possible reverse dissociation of
[Pt3(CO)6]10

4- into the same initial stable clusters [Pt3(CO)6]6
2-

and [Pt3(CO)6]4
2-.

Although some examples of such a reaction between two
nonconsecutive clusters are known in chemistry, this time-
resolved study of the process has allowed us to observe it
directly for the first time and to evaluate the rate constant in
the case of the reaction of [Pt3(CO)6]6

2- with [Pt3(CO)6]4
2-.

Comparison with γ-Radiolysis. When [Pt3(CO)6]6
2- are

reduced byγ-radiolysis, the alcohol radicals are produced very
slowly in accordance with the low dose rate. Therefore, all
radicals are scavenged by the clusters (reaction 4) and the
recombination (3) becomes negligible. Tetramers formed in (5)
and (6) react also progressively with nonreduced [Pt3(CO)6]6

2-

(reactions 7 and 8), so that the pentamer [Pt3(CO)6]5
2- eventually

accumulates, at least for doses up to 0.8 kGy under the same
concentration condition (2.5× 10-4 M in Pt atoms) as above.
Further irradiation of [Pt3(CO)6]5

2- leads quantitatively to
[Pt3(CO)6]4

2- through a mechanism similar to the hexamer
mechanism (reactions 3-8), but initiated now by the splitting
of the reduced form of the pentamer [Pt3(CO)6]5

3-.
The slowness of theγ-induced reduction of [Pt3(CO)6]6

2- by
the radicals allows the accumulation of [Pt3(CO)6]5

2- after a
transient formation of [Pt3(CO)6]4

2-, as observed by pulse
radiolysis under conditions where only a fraction of the initial
[Pt3(CO)6]6

2- clusters are reduced.
[Pt3(CO)6]7-9

2- Solutions. The one-electron reduction of
each cluster in solutions of [Pt3(CO)6]n

2-, with n ) 7-9, under
various conditions of concentration of clusters (6× 10-6 to
1.5 × 10-5 M) and radicals ([R•] ) a few 10-4 M) was
accomplished by following the procedure of preceding experi-
ments.

[Pt3(CO)6] 7
2- Solutions.The first step observed at nanosec-

ond scale with [Pt3(CO)6]7
2- solutions (1.2× 10-5 M in cluster)

is, as shown above, the solvated electron scavenging by
hydronium ions. This reaction must be followed sequentially
by the rapid formation of alcohol radicals and the reaction of
(CH3)2C•OH with [Pt3(CO)6]7

2-. The disappearance of
[Pt3(CO)6]7

2- clusters is observed at the maximum wavelengths,
820 and 425 nm, while absorbances at 620 nm and at 560 nm
increase at the same time scale. The process is over within 80
ms (Figure 6a). The new absorption band at 620 nm corresponds
clearly to clusters of nuclearityn ) 4 (Figure 2). Note that at

560 nm the absorbance is much higher than in the [Pt3(CO)6]4
2-

spectrum. Therefore, additional species are present. From the
balance, the splitting of the reduced form [Pt3(CO)6]7

3- should
indeed lead to the doubly charged [Pt3(CO)6]4

2- and the simply
charged [Pt3(CO)6]3

-:

The maximum and the intensity of the simply charged
[Pt3(CO)6]3

- absorption band is apparently close to that of the
doubly charged trimer, at least around 560 nm. Alcohol radicals
concomitantly disappear by reaction 3.

Numerical simulations for various dose conditions give, as
it was indicated above, the time evolution of the total absorbance
at different wavelengths (560, 620, and 820 nm) in the
microsecond range. The splitting (10) being assumed very fast,
the adjusted value isk9 ) 8.6 × 108 M-1 s-1 (Figure 6b).

At the millisecond scale, no change is observed in the
absorption spectra, while at longer times (∼20 s), the decay of
absorbances at 560 and 620 nm is observed, and simultaneously
an absorption increase occurs at 705 and 420 nm, which is

Figure 6. (a) Absorption spectra of a solution of [Pt3(CO)6]7
2- at t )

80 µs andt ) 20 s after a pulse. [[Pt3(CO)6]7
2-] ) 1.2× 10-5 M ([Pt]

) 2.5× 10-4 M). Other conditions as in Figure 3. (b). Correlated signals
at λ ) 705 nm, λ ) 560 nm, andλ ) 620 nm after a pulse.
[[Pt3(CO)6]7

2-] ) 1.85 × 10-5 M ([Pt] ) 3.8 × 10-4 M). Adjusted
values: [R•]1µs ) 2.0 × 10-4 M, k9 ) 8.6 × 108 M-1 s-1.

[Pt3(CO)6]7
2- + (CH3)2C

•OH f

[Pt3(CO)6]7
3- + (CH3)2CO + H+ (9)

[Pt3(CO)6]7
3- f [Pt3(CO)6]4

2- + [Pt3(CO)6]3
- (10)
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assigned to the formation of [Pt3(CO)6]5
2- clusters (Figure 6a).

The most likely mechanism is that [Pt3(CO)6]3
- clusters dimerize

into [Pt3(CO)6]6
2-:

and that a further reaction of [Pt3(CO)6]6
2- just formed in

reaction (11) with [Pt3(CO)6]4
2- yields [Pt3(CO)6]5

2- as shown
above in reactions 7 and 8. Accounting for the values determined
for k7 and k8, the adjusted value is 2k11 ) 3 × 104 M-1 s-1.

The reduction process of clusters of nuclearityn ) 7 is
therefore similar to that observed for [Pt3(CO)6]6

2- in the
preceding section. The cluster reduction is followed by a splitting
reaction and leads to molecular clusters of smaller nuclearities,
in particular, [Pt3(CO)6]4

2-. [Pt3(CO)6]5
2- is then formed very

slowly by reaction between [Pt3(CO)6]6
2- and [Pt3(CO)6]4

2-.
The final spectrum corresponds to a one-electron reduction of
all initial clustersn ) 7 into n ) 5 andn ) 4 (which do not
react together) according to the overall balance:

This material balance implies that a possible reduction of
[Pt3(CO)6]3

- by the alcohol radicals does not occur under the
conditions of the experiment.

[Pt3(CO)6] n)8,9
2- Solutions.The reduction of [Pt3(CO)6]8

2-

and [Pt3(CO)6]9
2- was also studied in order to check whether

the above mechanism of [Pt3(CO)6]n
2- reduction, namely the

systematic formation of [Pt3(CO)6]4
2-, is general to clusters of

highern value.
For n ) 8, an absorbance increase is observed at 620 nm

only and is correlated with the decay of [Pt3(CO)6]8
2- at 852

nm (Figure 7a). The band at 620 nm is assigned as above to
tetramers. The final absorbance at 620 nm and the initial one
at 852 nm are close and according to Figure 2 correspond to an
integral reduction of octamers into tetramers. But, because of
the material balance, the [Pt3(CO)6]8

3- splitting leads to both
doubly and monocharged tetramers:

Then, no change is observed from 40µs to 40 s. It is unlikely
that the monocharged tetramer [Pt3(CO)6]4

- is so long-lived.
Therefore, a further reduction of this species by excess alcohol
radicals should be assumed to occur:

In the simulation (where the [Pt3(CO)6]8
2- reduction is also in

competition with reaction 3), the absorbances of both tetramers
at 620 nm are supposed to be close, and it is found thatk13 )
7.2× 108 M-1 s-1. Note that the process (13)-(14) corresponds
indeed to an overall reduction of two electrons per [Pt3(CO)6]8

2-

cluster, leading to two tetramers.
For n ) 9, we observed also the formation of [Pt3(CO)6]4

2-

at 620 nm and, in addition, a band at 705 nm. The increases in
the absorbances are correlated with the decay at 875 nm due to
the [Pt3(CO)6]9

2- reduction in competition with (3).

Then, at least up to 40 s (limit of observation), no decay was
observed at 620 and 705 nm. As stated above, it is improbable
that [Pt3(CO)6]5

- could be stable so long. Seemingly, [Pt3(CO)6]5
-

is also reduced by excess radicals R• into [Pt3(CO)6]5
2-.

The reaction kinetics have been simulated (Figure 7b) and the
rate constant of reaction 15 isk15 ) 1.3 × 109 M-1 s-1. The
final absorbances at 620 and 705 nm compared to the initial
one at 875 nm correspond indeed to the balance of the
mechanism (15)-(16). The overall bielectronic reduction of
[Pt3(CO)6]9

2- leads to stable consecutive tetramers and pen-
tamers that do not react mutually, as in the heptamer reduction.

Conclusion

The mechanism of the slow reduction (by a chemical agent
or by γ-radiolysis) of platinum carbonyl clusters [Pt3(CO)6]n

2-,
results in a decrease of the cluster nuclearityn by one unit from
[Pt3(CO)6]n

2- to [Pt3(CO)6]n-1
2-. The present pulse radiolysis

observations show for the first time that the mechanism involves
in fact a sequence initiated by a monoelectronic transfer from
the reducing agent. The reaction steps and kinetics involved in
the process of multistep rearrangement of the trigonal units were
directly investigated. These time-resolved observations of the
irradiated solutions demonstrate that the reduction process of
clusters [Pt3(CO)6]n)6-9

2- presents general features. Whether
n is odd or even, the process starts by a monoelectronic transfer
from alcohol radicals and yields [Pt3(CO)6]n

3- with a rate
constant of (0.7 to 1.8)× 109 M-1 s-1. These species are

[Pt3(CO)6]3
- + [Pt3(CO)6]3

- f [Pt3(CO)6]6
2- (11)

[Pt3(CO)6]7
2- 98

R•

[Pt3(CO)6]5
2- + 1/2[Pt3(CO)6]4

2- (12)

[Pt3(CO)6]8
2- 98

R•

[Pt3(CO)6]8
3- f [Pt3(CO)6]4

2- +

[Pt3(CO)6]4
- (13)

[Pt3(CO)6]4
- 98

R•

[Pt3(CO)6]4
2- (14)

[Pt3(CO)6]9
2- 98

R•

[Pt3(CO)6]9
3- f [Pt3(CO)6]4

2- +

[Pt3(CO)6]5
- (15)

Figure 7. (a) Correlated signals atλ ) 852 nm andλ ) 620 nm with
a single pulse. [[Pt3(CO)6]8

2-] ) 1.1× 10-5 M ([Pt] ) 2.5× 10-4 M).
Other conditions as in Figure 3. Values adjusted by simulation: [R•]1µs

) 6.3 × 10-4 M, k13 ) 7.2 × 108 M-1 s-1. (b). Correlated signals at
λ ) 875 nm, λ ) 705 nm, andλ ) 620 nm with a single pulse.
[[Pt3(CO)6]9

2-] ) 9.5 × 10-6 M ([Pt] ) 2.5 × 10-4 M). Adjusted
values: [R•]1µs ) 5.3 × 10-4 M, k15 ) 1.3 × 109 M-1 s-1.

[Pt3(CO)6]5
- 98

R•

[Pt3(CO)6]5
2- (16)
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unstable and split immediately into [Pt3(CO)6]4
2- and [Pt3-

(CO)6]n-4
-. Then the fate of unstable [Pt3(CO)6]n-4

- depends
on the nuclearityn. The smallest ones (n ) 6 or 7) dimerize;
the other ones (n ) 8 or 9) are easily reduced.The dimerization
rate constants of [Pt3(CO)6]2

- and [Pt3(CO)6]3
- (to yield

[Pt3(CO)6]4
2- and [Pt3(CO)6]6

2-, respectively) were determined.
In contrast, the reduction of [Pt3(CO)6]4

- and [Pt3(CO)6]5
- by

excess radicals into [Pt3(CO)6]4
2- and [Pt3(CO)6]5

2-, respec-
tively, is much faster than their dimerization, probably owing
to an increase of the cluster reduction potential with the
nuclearity as in the doubly charged cluster series.

The pulse radiolysis study under reduction conditions of only
part of [Pt3(CO)6]6

2- also enables the observation of the reaction
occurring between two nonconsecutive oligomers, such asn )
4 andn ) 6, yielding pentamers, which is a consequence of
the redox potential increase with the nuclearity. This indicates
that the mechanism in the steady-state regime ofγ-radiolytic
reduction of [Pt3(CO)6]6

2- is indeed a multistep process that
yields the doubly charged tetramer as a transient species before
the formation of [Pt3(CO)6]5

2-. Similar multistep mechanisms
have to be assumed also for slow reduction of other nuclearities.

Generally, the observations have shown that reduced transient
clusters [Pt3(CO)6]n

3-, or oxidized ones [Pt3(CO)6]n
- could be

formed, indicating that the platinum molecular clusters could
thus act either as electron donors or as acceptors depending on
the reactant.
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