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Addition of [Ru(bpy)3][PF6]2 to [(C6H13)4N]4[S2Mo18O62] in CH3CN resulted in the formation of analytically
pure [Ru(bpy)3]2[S2Mo18O62]. Insolubility in CH3CN and solubility in DMF allow solid state and solution phase
electrochemical data to be compared. Voltammetric studies of [Ru(bpy)3]2[S2Mo18O62] adhered to a glassy carbon
electrode surface and placed in contact with CH3CN (0.1 M Bu4NPF6) indicate diffusion of ions within the solid
occurs rapidly in order to achieve charge neutralisation required for oxidation of the [Ru(bpy)3]

2� cation and
reduction of the [S2Mo18O62]

4� anion. Mass increases on the electrode surface (detected by the electrochemical quartz
crystal microbalance method) accompany both oxidation and reduction processes, eqns. (i)–(iv). Cyclic voltammetry

[Ru(bpy)3]2[S2Mo18O62] (solid) � PF6
� (solution)

�e�

�e�
[Ru(bpy)3]2[S2Mo18O62][PF6] (solid) (i)

[Ru(bpy)3]2[S2Mo18O62] (solid) � Bu4N
� (solution)

�e�

�e�
[Bu4N][Ru(bpy)3]2[S2Mo18O62] (solid) (ii)

[Bu4N][Ru(bpy)3]2[S2Mo18O62] (solid) � Bu4N
� (solution)

�e�

�e�
[Bu4N]2[Ru(bpy)3]2[S2Mo18O62] (solid) (iii)

[Bu4N]2[Ru(bpy)3]2[S2Mo18O62] (solid) � Bu4N
� (solution)

�e�

�e�
[Bu4N]3[Ru(bpy)3]2[S2Mo18O62] (solid) (iv)

of 0.2 mM [Ru(bpy)3]2[S2Mo18O62] in DMF (0.1 M Bu4NPF6) reveals one reversible oxidation (E r
1/2 � 791 mV) and

two reversible fully solution phase diffusion controlled reduction reactions (E r
1/2 �33 and �310 mV vs. Fc�/Fc),

corresponding to the [Ru(bpy)3]
2�/3� and [S2Mo18O62]

4�/5� and [S2Mo18O62]
5�/6� charge transfer processes, respectively.

With 1 mM [Ru(bpy)3]2[S2Mo18O62] in DMF (0.1 M Bu4NPF6) precipitation on the electrode surface occurs on
scanning to potentials more negative than the initial reduction process, due to formation of [Bu4N]2[Ru(bpy)3]2-
[S2Mo18O62]. Enhanced levels of surface based processes are also observed in the voltammetry of [Ru(bpy)3]2-
[S2Mo18O62] in DMF (0.01 M Bu4NPF6), corresponding to precipitation of [Bu4N][Ru(bpy)3]2[S2Mo18O62] and
[Ru(bpy)3]2[S2Mo18O62][PF6] on the electrode surface. Data imply that mixed cation salts are more soluble than
those containing only [Ru(bpy)3]

2� in all redox levels.

Introduction
The chemical, photochemical and electrochemical properties of
polyoxometalate anions have been of interest in recent years 1

because of their application to catalysis, medicinal chemistry,
analytical chemistry and solid state technologies. In the area of
electrocatalysis, extensive studies have been undertaken to probe
the nature of films of polyoxometalates formed on electrode
surfaces in the presence of a range of cations, including
[Os(bpy)3]

2� and [Ru(bpy)3]
2� (bpy = 2,2�-bipyridine).2 In par-

ticular, it has been shown by Kuhn and Anson that alternating
layers of [P2Mo18O62]

6� and [Os(bpy)3]
2� may be irreversibly

adsorbed onto electrode surfaces.3 These stable redox-active
multi-layers are promising for use as electrochromic devices,
electron transfer mediators in sensors and for electrocatalytic
surfaces. Although no details were provided, it was suggested
that analogous [Ru(bpy)3]

2�–polyoxometalate films would be
accessible, although possible structural limitations may exist.3

In order to explore the properties of the ruthenium polyoxo-
metalate materials, we have synthesized [Ru(bpy)3]2[S2Mo18O62]
and studied its redox chemistry in both solution and solid
phases. The salt is insoluble in all common solvents except
dimethylformamide (DMF). Consequently, solution phase data

are accessible in DMF (electrolyte) media and studies using
solid [Ru(bpy)3]2[S2Mo18O62] attached to an electrode placed in
acetonitrile (electrolyte) are possible. Relationships between
solution and solid phase redox chemistry can therefore be
established.

Results and discussion
A Solution phase voltammetry of [(C6H13)4N]4[S2Mo18O62]

and [Ru(bpy)3]2[PF6]2 in DMF and CH3CN

A detailed knowledge of the redox processes that occur for
[S2Mo18O62]

4� and [Ru(bpy)3]
2� in solution is essential back-

ground for the study of the redox chemistry of [Ru(bpy)3]2-
[S2Mo18O62] and related solids at electrode–solid–solvent
(electrolyte) interfaces. The voltammetry of [S2Mo18O62]

4� has
been defined in CH3CN (0.05–0.2 M Bu4NClO4)

4–6 and reveals
an extensive series of eight one electron reversible reduction
processes. Four reversible reduction processes were observed
for [S2Mo18O62]

4� (1 mM) in DMF (0.1 M Bu4NPF6) under con-
ditions of cyclic voltammetry at a glassy carbon electrode
over the potential range �400 to �1600 mV (Fig. 1a, Table 1).
These processes correspond to the solution phase reaction
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Table 1 Half wave potentials for the reduction of [S2Mo18O62]
4� and oxidation of [Ru(bpy)3]

2� in DMF and CH3CN (0.1 M Bu4NPF6) obtained by
cyclic voltammetry at a glassy carbon electrode using a scan rate of 100 mV s�1

E1/2 ([(C6H13)4N]4[S2Mo18O62])/mV E1/2 ([Ru(bpy)3][PF6]2)/mV

Process DMF CH3CN Process DMF CH3CN

[S2Mo18O62]
4�/5�

[S2Mo18O62]
5�/6�

[S2Mo18O62]
6�/7�

[S2Mo18O62]
7�/8�

�22
�322

�1026
�1327

100
�137
�793

�1069

[Ru(bpy)3]
3�/2�

[Ru(bpy)3]
2�/1�

[Ru(bpy)3]
1�/0

[Ru(bpy)3]
0/1�

�799
�1741
�1924
�2193

�890
�1721
�1911
�2159

sequence given in eqn. (1). Reduction processes at more negative

[S2Mo18O62]
4�

�e�

�e�
[S2Mo18O62]

5�
�e�

�e�
[S2Mo18O62]

6�

�e�

�e�
[S2Mo18O62]

7�
�e�

�e�
[S2Mo18O62]

8� (1)

potentials were less well defined in DMF than in CH3CN 5 and
are not considered further here.

Reversible values of E r
1/2 (E

r
1/2 = half-wave potential calculated

as (E p
red � E p

ox)/2) are shifted cathodically and ∆Ep values
(E p

red, E p
ox and ∆Ep are reduction, oxidation and peak-to-peak

potentials, respectively) are larger in DMF relative to those
observed in CH3CN. The solvent dependence of E r

1/2 values is
consistent with DMF having a smaller acceptor number than
CH3CN (16.0 compared with 19.3).7 Analysis of limiting
current values and wave shapes of steady-state hydrodynamic
voltammograms (Fig. 1b) at a rotating disk electrode confirmed
that each reduction step in DMF was associated with a revers-
ible one electron charge transfer process, as has been found with
CH3CN.4–6 In addition the diffusion coefficient, D, calculated
from the Randles–Sevcik (cyclic voltammetry) and Levich
(rotating disk voltammetry) equations for [S2Mo18O62]

4� in
DMF is 2.3 × 10�6 cm2 s�1, whilst that in CH3CN is 6.6 × 10�6

cm2 s�1. This smaller D value in DMF is reflected by smaller
current responses per unit [S2Mo18O62]

4� concentration for the
reduction processes in this solvent.

Fig. 1 Electrochemistry of [(C6H13)4N]4[S2Mo18O62] (1 mM) in the
presence of Bu4NPF6 (0.1 M). (a) Cyclic voltammograms in DMF and
CH3CN; ν 100 mV s�1. (b) Steady state hydrodynamic voltammogram
in DMF; ν 10 mV s�1. Rotation speed 500 rpm.

A solution of [Ru(bpy)3]
2� (1 mM) in DMF or CH3CN

(0.1 M Bu4NPF6) gave the expected Ru3�/2� metal-based redox
process (eqn. 2) and three bipyridine ligand reduction processes

[Ru(bpy)3]
2�

�e�

�e�
[Ru(bpy)3]

3� (2)

(eqn. 3). Observed E r
1/2 values (Table 1) agree with those

reported previously.8

[Ru(bpy)3]
2�

�e�

�e�
[Ru(bpy)3]

�
�e�

�e�

[Ru(bpy)3]
0

�e�

�e�
[Ru(bpy)3]

� (3)

Examination of data in Table 1 suggests that the pro-
cesses summarised in eqns. (1) and (2) would be fully resolved
for the salt [Ru(bpy)3]2[S2Mo18O62], but that a complex over-
lap of processes summarised in eqn. (3) and those for
[S2Mo18O62]

8�/9�, 9�/10�, etc. at very negative potentials would
occur. Consequently, we have not examined the very negative
potential region in studies on [Ru(bpy)3]2[S2Mo18O62].

B Voltammetry of [Ru(bpy)3]2[S2Mo18O62] in DMF

[Ru(bpy)3]2[S2Mo18O62] is only sparingly soluble in DMF. The
solubility product, Ksp, is estimated to be about 4 × 10�11 M3

L�3. However, the solid is significantly more soluble in the pres-
ence of added Bu4NPF6 presumably due to the enhanced solu-
bility of Bu4N

� salts. Consequently, the role of the electrolyte is
significant and voltammetric studies on DMF solutions of
[Ru(bpy)3]2[S2Mo18O62] containing 0.1 and 0.01 M Bu4NPF6 are
reported.

(i) In the presence of 0.1 M Bu4NPF6. Analysis of voltam-
mograms established a well defined reversible one electron
oxidation process corresponding to the [Ru(bpy)3]

2�/3� couple
(eqn. 2; Fig. 2a). The E1/2 value of �808 mV is close to that
obtained in the absence of [S2Mo18O62]

4�. However, only the
initial reduction step had the characteristics of a reversible one
electron diffusion controlled process (Fig. 2b and 2c). This
was followed by a series of processes indicating interaction with
the surface, rather than the series of well defined diffusion
controlled processes observed separately for [(C6H13)4N]4-
[S2Mo18O62] and [Ru(bpy)3][PF6]2 under the same conditions
(eqns. (1) and (3)).

The first diffusion controlled reduction process in DMF
(0.1 M Bu4NPF6) (Fig. 2b and 2c) has an E1/2 value of �6 mV,
which is 17 mV more positive than found for [(C6H13)4N]4[S2-
Mo18O62] under the same conditions. This is therefore assigned
to reaction (4), with the [Ru(bpy)3]

2� cation playing a minor role

[S2Mo18O62]
4� (solution) � e�

[S2Mo18O62]
5� (solution) (4)

only, presumably via ion pairing. However, clearly the presence
of the [Ru(bpy)3]

2� cation modifies the subsequent [S2Mo18-
O62]

4� reduction processes in a fundamentally more significant
manner than expected from ion-pair considerations alone. A
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Fig. 2 Electrochemistry of [Ru(bpy)3]2[S2Mo18O62] (1 mM) in DMF (0.1 M Bu4NPF6). (a) and (b) Cyclic voltammetry with different initial and
switching potentials; ν 100 mV s�1. (c) and (d) Hydrodynamic voltammetry over different potential ranges; ν 10 mV s�1, rotation speed 500 rpm.

rotating disk voltammogram (Fig. 2d) reveals that the second
[S2Mo18O62]

4� reduction process is barely detectable in the
presence of [Ru(bpy)3]

2� and clearly is not mass transport
controlled.

The first solution phase and second reduction processes were
studied at a number of different rotation speeds and scan rates.
It was found that increasing either the scan rate or the rotation
speed did not eliminate the occurrence of the surface based
features associated with the second and subsequent reduction
processes. The interpretation proposed to explain the voltam-
metry is that precipitation of a mixed cation solid such as
[Bu4N]2[Ru(bpy)3]2[S2Mo18O62] is extremely rapid and occurs
once reduction of dissolved [S2Mo18O62]

5� commences. The
proposed reaction pathway for formation of this material is
given in eqn. (5).

[S2Mo18O62]
5� (solution)

�e�

�e�
[S2Mo18O62]

6� (solution)

fast

[Ru(bpy)3]
2�, Bu4N

�
[Bu4N]2[Ru(bpy)3]2[S2Mo18O62] (solid) (5)

(ii) In the presence of 0.01 M Bu4NPF6. A saturated solution
(≈0.2 mM) could be prepared from [Ru(bpy)3][PF6]2 (2 mM)
and [(C6H13)4N]4[S2Mo18O62] (1 mM) (or the dissolution of
[Ru(bpy)3]2[S2Mo18O62] by sonication of the equivalent mass
of solid for 30 min). The voltammetry shows that both the
[S2Mo18O62]

4�/5� and [S2Mo18O62]
5�/6� reduction processes are

significantly modified by the presence of [Ru(bpy)3]
2� (Fig. 3)

and also that distinct differences exist relative to the equivalent
processes with 0.1 M Bu4NPF6 electrolyte. In particular, both
the [S2Mo18O62]

5� and [Ru(bpy)3]
3� species now appear to be

surface active and apparently precipitate onto the electrode sur-
face. The influence of uncompensated resistance (IR drop) is
also significant when the electrolyte concentration is only 0.01
M.†

† The voltammetry of [(C6H13)4N]4[S2Mo18O62] and [Ru(bpy)3[PF6]2 in
DMF are not significantly altered when the electrolyte concentration
is reduced from 0.1 to 0.01 M.

The voltammetric data suggest that pure [Ru(bpy)3]2[S2-
Mo18O62], [Ru(bpy)3]5[S2Mo18O62]2 and [Ru(bpy)3]3[S2Mo18O62]
salts are more insoluble than mixed cation salts such as [Bu4-
N]2[Ru(bpy)3][S2Mo18O62], [Bu4N][Ru(bpy)3]2[S2Mo18O62] and
[Bu4N]2[Ru(bpy)3]2[S2Mo18O62] and that oxidised and reduced
forms of the complexes are less soluble than [Ru(bpy)3]2[S2-
Mo18O62]. Thus, lowering the electrolyte concentration favours
precipitation of solid after oxidation and reduction. It can also
be implied that [Bu4N]2[Ru(bpy)3][S2Mo18O62] is more soluble
than [Ru(bpy)3]2[S2Mo18O62] by the fact that the latter salt is
more soluble in DMF in the presence of a large excess of
Bu4N

� and by noting that lowering the electrolyte concen-
tration leads to a decrease in the concentration of dissolved
[Ru(bpy)3]2[S2Mo18O62]. In accordance with these consider-
ations it was found that the voltammetry of [Ru(bpy)3]2-
[S2Mo18O62] (0.2 mM) in DMF (0.1 M Bu4NPF6) reveals both a
solution phase diffusion controlled reversible oxidation process
(E1/2 �791 mV) and two solution phase diffusion controlled
reversible, well defined reduction processes (E1/2 �33 and �310
mV) without any evidence of precipitation or solid state reac-
tions, in contrast to studies with 1 mM [Ru(bpy)3]2[S2Mo18O62].
We can conclude from this information that [Bu4N][Ru-
(bpy)3]2[S2Mo18O62] and [Bu4N]2[Ru(bpy)3]2[S2Mo18O62] have a
restricted level of solubility in DMF (0.1 M Bu4NPF6), beyond
which they are rapidly precipitated onto the electrode surface.

C Electrochemical quartz crystal microbalance (EQCM)
studies in DMF

The voltammetric data implied that precipitation (or adsorp-
tion) of solid material occurs during the course of voltam-
metric experiments on [Ru(bpy)3]2[S2Mo18O62] dissolved in
DMF (0.1 or 0.01 M Bu4NPF6). Microgravimetric EQCM
measurements were used to interrogate the nature of the surface
based processes.

(i) In the presence of 0.1 M Bu4NPF6. EQCM experiments at
a gold electrode with solutions containing either [Ru(bpy)3]-
[PF6]2 (2 mM) and [(C6H13)4N]4[S2Mo18O62] (1 mM) in DMF
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Fig. 3 Voltammetry of [Ru(bpy)3]2[S2Mo18O62] (≈0.2 mM) in DMF (0.01 M Bu4NPF6) at a 3.0 mm diameter glassy carbon electrode. Cyclic
voltammograms for (a) reduction of [S2Mo18O62]

4� and (b) oxidation of [Ru(bpy)3]
2�; ν 100 mV s�1. Hydrodynamic voltammograms over the

potential range encompassing (c) the [S2Mo18O62]
4�/5� and [S2Mo18O62]

5�/6� processes and (d) the [Ru(bpy)3]
2�/3� process; ν 10 mV s�1, rotation speed

500 rpm.

Fig. 4 The change in mass on a gold electrode surface for a solution containing [Ru(bpy)3][PF6]2 (2 mM) and [(C6H13)4N]4[S2Mo18O62] (1 mM) in
DMF (0.1 M Bu4NPF6); ν 20 mV s�1; (a) reduction of [S2Mo18O62]

4�, (b) oxidation of [Ru(bpy)3]
2�.

(0.1 M Bu4NPF6) (or the equivalent amount of [Ru(bpy)3]2-
[S2Mo18O62]) revealed that a negligible mass increase accom-
panied the [S2Mo18O62]

4�/5� process (Fig. 4a). Thus the process
remains diffusion controlled even when [Ru(bpy)3]

2� is present
as the cation. However, at potentials more negative than �200
mV, which coincides with the onset of the [S2Mo18O62]

5�/6� pro-
cess, µg quantities of solid rapidly became detected at the gold
electrode surface (Fig. 4a).‡ The maximum mass increase is
consistent with electrode adsorption of many layers of solid or
more likely precipitated two electron reduced material being
present on the electrode surface. However, the adhered solid
does not lead to electrode blockage so that ion transport must
be able to occur within the solid, presumably via a layered struc-
ture. The mass continued to increase even after the potential
was switched at �450 mV and attained a maximum value on

‡ Altering the electrode surface from glassy carbon to Au results in only
minor differences in the voltammetric response.

the reverse scan at �200 mV under the conditions of Fig. 4a.
On the reverse scan at potentials more positive than �200 mV
(coinciding with the onset of oxidation of [S2Mo18O62]

6� back
to [S2Mo18O62]

5�) the mass of solid on the electrode surface
decreased rapidly until the potential reached 0 mV. All mass
attached to the electrode during the course of reduction was
removed once the potential had returned to the initial value of
�300 mV.

A barely detectable mass change in the ng region was
detected on the electrode surface when the potential was
scanned from �500 to �1100 mV (Fig. 4b), as expected if the
voltammetry of the [Ru(bpy)3]

2�/3� process remains essentially
diffusion controlled even in the presence of [S2Mo18O62]

4�.

(ii) In the presence of 0.01 M Bu4NPF6. An equivalent
EQCM experiment with lower electrolyte concentration reveals
a greater increase in mass upon the electrode on scanning the
potential from �500 to �550 mV (Fig. 5a). A larger potential
window was scanned than in the previous experiment due
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Fig. 5 The change in mass on a gold electrode surface for a solution containing [Ru(bpy)3][PF6]2 (2 mM) and [(C6H13)4N]4[S2Mo18O62] (1 mM) in
DMF (0.01 M Bu4NPF6); ν 20 mV s�1; (a) reduction of [S2Mo18O62]

4�, (b) oxidation of [Ru(bpy)3]
2�.

to the enhanced IR drop (low electrolyte concentration) giving
rise to significant broadening of the voltammetric responses.
Under these low electrolyte concentration conditions a small
but readily detected mass increase also accompanies the [S2-
Mo18O62]

4�/5� process. At �100 mV (onset of the [S2Mo18-
O62]

5�/6� process) the mass on the electrode surface starts to
increase rapidly and continues to do so until the potential is
switched at about �550 mV. After switching the potential scan
direction the mass on the electrode surface increases further,
reaching a maximum value at about �200 mV. There is a very
small decrease in mass on the electrode surface between �200
and �100 mV on the reverse scan. At potentials more positive
than �100 mV the mass on the electrode surface decreases
rapidly (during reoxidation of [S2Mo18O62]

5� to [S2Mo18O62]
4�)

but never quite returning to zero, even when a potential of
about �500 mV has been reached, indicating that some
material has been left on the electrode surface after one
complete cycle of the potential.

Under the low electrolyte concentration conditions signifi-
cant mass changes now also accompany the [Ru(bpy)3]

2�/3�

oxidation process. A small mass increase on the electrode sur-
face is observed on scanning between �400 and �1300 mV
(Fig. 5b). On switching the potential at �1300 mV the mass
continues to increase, reaching a maximum at �900 mV. The
mass decreases on scanning more negative than �900 mV, but
never returns to zero, indicating again that some solid material
has been left on the electrode surface.

These EQCM experiments confirm that the surface based
processes, resulting from the oxidation or reduction of dis-
solved [Ru(bpy)3]2[S2Mo18O62], markedly depend on the con-
centration of supporting electrolyte in solution. Surface based
precipitates giving thick films or microcrystals having structures
enabling rapid transport of ions within the solid are indicated
to be formed and the presence of electrolyte can clearly influ-
ence the composition of the solid adhered to the electrode
surface.

D Solid state voltammetry of [Ru(bpy)3]2[S2Mo18O62]

[Ru(bpy)3]2[S2Mo18O62] can be attached to an electrode sur-
face as a finely ground solid and its voltammetry and redox
interconversion studied when the electrode is placed in
CH3CN (0.1 M Bu4NPF6), provided ion transport can be
achieved across the solvent–solid interface to achieve charge
neutralisation.

Voltammograms of solid [Ru(bpy)3]2[S2Mo18O62] attached to
a glassy carbon electrode surface immersed in CH3CN (0.1 M
Bu4NPF6) are shown in Fig. 6 at a scan rate of 100 mV s�1. The
solid state [Ru(bpy)3]

2�/3� oxidation process is well defined (Fig.
6a), with an E1/2 value of �895 mV, 5 mV more positive than
that observed for the free [Ru(bpy)3]

2� ion in solution (Table 1).
The process is summarised in eqn. (6).

[Ru(bpy)3]2[S2Mo18O62] (solid) � PF6
� (solution)

[Ru(bpy)3]2[S2Mo18O62][PF6] (solid) � e� (6)

The solid state response is independent of whether or not
the solution is stirred so that mass transport of solution
phase ions is not indicated. This behaviour is characteristic
of diffusion control of ions within the solid, as has been
observed in the voltammetry of osmium bis(bipyridyl)tetra-
zine chloride attached to platinum surfaces 9 and also in
studies with conducting polymers.10 SEM images show that the
adhered solid material exists as discrete particles on a solid
surface, with the solid array probably being many layers thick
(Fig. 7).

Three reduction processes were observed over the potential
range �500 to �1000 mV (Fig. 6b), with E1/2 values of �116,
�101 and �744 mV. These values are slightly more positive
than those observed for free [S2Mo18O62]

4� in solution (Table 1).
The reduction processes are represented in eqns. (7)–(9).

Fig. 6 Voltammetry of solid [Ru(bpy)3]2[S2Mo18O62] adhered to a
glassy carbon electrode surface and immersed in CH3CN (0.1 M
Bu4NPF6); ν 100 mV s�1; (a) oxidation of [Ru(bpy)3]

2�, (b) reduction of
[S2Mo18O62]

4�.
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[Ru(bpy)3]2[S2Mo18O62] (solid) � Bu4N
� (solution)

�e�

�e�
[Bu4N]3[Ru(bpy)3]2[S2Mo18O62] (solid) (7)

[Bu4N][Ru(bpy)3]2[S2Mo18O62] (solid) � Bu4N
� (solution)

�e�

�e�
[Bu4N]2[Ru(bpy)3]2[S2Mo18O62] (solid) (8)

[Bu4N]2[Ru(bpy)3]2[S2Mo18O62] (solid) � Bu4N
� (solution)

�e�

�e�
[Bu4N][Ru(bpy)3]2[S2Mo18O62] (solid) (9)

Scanning to potentials more negative than �1000 mV resulted
in the observation of more complex reduction processes.

The uptake of ions required for charge neutralisation (as
described in eqns. (7)–(9)) should result in a mass increase on
the electrode surface. EQCM experiments on solid [Ru(bpy)3]2-
[S2Mo18O62] adhered to a gold electrode in contact with CH3CN
(0.1 M Bu4NPF6) confirm that this is the case for both the
oxidation and reduction processes. The fact that solution phase
and solid state processes have similar potentials and wave
shapes, even though the mass transport processes are signifi-
cantly different, implies very little interaction of the cation and
anion in either the solid state or solution phases. A very open
layered solid state structure may be present in [Ru(bpy)3]2-
[S2Mo18O62] which enables ready penetration of solvent and
electrolyte.

Fig. 7 Scanning electron microscopy images of [Ru(bpy)3]2[S2Mo18-
O62] adhered to a brass plate.

Conclusion
The isolation of [Ru(bpy)3]2[S2Mo18O62] has led us to observe
clearly defined, reversible solid state redox processes for both
oxidation of the cation and reduction of the anion when the
solid is confined to an electrode surface placed in contact with
CH3CN (0.1 M Bu4NPF6). Counter ions required for charge
neutralisation during the course of the oxidation and reduction
processes are easily transported between the solution (electro-
lyte) and solid phases and also within the solid. Mass increases
on a gold quartz crystal for the oxidation (PF6

� uptake) and
reduction (Bu4N

� uptake) processes confirm this to be the
case. Thin films of electroactive [Ru(bpy)3]2[S2Mo18O62] on the
electrode surface have not been detected by immersing the
electrode into a DMF solution containing dissolved compound
unlike, for example, [P2Mo18O62]

6� which can readily form
monolayer films.3 Multilayer films also can be achieved by
dipping the modified [P2Mo18O62]

6� electrode into a solution
containing [Ru(bpy)3]

2� or [Os(bpy)3]
2� cations. However,

whilst well defined reduction processes are observed with these
multi-layer films, the [Ru(bpy)3]

2�/3� oxidation processes is not
observed and the [Os(bpy)3]

2�/3� redox process is only detected
when the cation is the last coating on the electrode. Direct
attachment of [Ru(bpy)3]2[S2Mo18O62] presumably gives rise to
a thick layer of solid that allows ready access of solvent and
electrolyte, so that voltammetry of the cation and anion are
equally well defined in both the solid state and solution phase
processes.

EQCM and cyclic voltammetric studies in DMF (0.1 M
Bu4NPF6) with 1 mM [Ru(bpy)3]2[S2Mo18O62] reveal that the
[S2Mo18O62]

5�/6� process is changed from a solution phase to
a surface based process by the presence of [Ru(bpy)3]

2�, but
only minor changes are detected for the [S2Mo18O62]

4�/5� and
[Ru(bpy)3]

2� processes. The magnitude of the mass attached to
the electrode surface during the course of the [S2Mo18O62]

5�/6�

process is far greater than expected for a monolayer thin film
coverage and multilayer precipitation is believed to occur. This
precipitate formed after the two electron reduction stage is most
likely to be a mixed cation salt with the probable stochiometry
[Bu4N]2[Ru(bpy)3]2[S2Mo18O62]. Use of 0.2 mM solutions of
[Ru(bpy)3]2[S2Mo18O62] give almost exclusively solution based
voltammetry indicating that the solubility of [S2Mo18O62]

6� is
electrolyte concentration dependent.

The solubility of [Ru(bpy)3]2[S2Mo18O62] in DMF is also
dependent on the concentration of Bu4NPF6. Lowering the
concentration of Bu4NPF6 to 0.01 M reduces the solubility of
[Ru(bpy)3]2[S2Mo18O62] to about 0.2 mM. At these lower con-
centrations the [S2Mo18O62]

4�/5� reduction and [Ru(bpy)3]
2�/3�

oxidation processes also become surface based. EQCM studies
confirm mass increases occur on the electrode surface for these
processes, with the mass increase being much greater than that
observed for [Ru(bpy)3]2[S2Mo18O62] (1 mM) in DMF (0.1 M
Bu4NPF6). It is concluded from these data that as long as
the solubility of [Ru(bpy)3]2[S2Mo18O62] and its reduced forms
is not exceeded the [Ru(bpy)3]

2�/3�, [S2Mo18O62]
4�/5� and [S2-

Mo18O62]
5�/6� processes are reversible and diffusion controlled

and occur in the solution phase.

Experimental
Reagents

Acetonitrile (CH3CN; Mallinckrodt, Biolab Scientific, HPLC
grade, 99.9%) and dimethylformamide (DMF; Mallinckrodt,
Biolab Scientific, HPLC grade, 99.9%) were dried over molec-
ular sieves prior to use. Diethyl ether was used as supplied by
Merck. Tetrabutylammonium hexafluorophosphate (Bu4NPF6)
was synthesized as described in reference 11 and used as the
supporting electrolyte in all experiments. Ferrocene was used
as supplied by BDH chemicals. The synthesis of [(C6H13)4N]4-
[S2Mo18O62] is described in reference 12. [Ru(bpy)3][PF6]2
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was kindly donated by Professor G. B. Deacon. All experi-
ments were conducted under ambient temperature conditions
(22 ± 1 �C).

Synthesis of [Ru(bpy)3]2[S2Mo18O62]

[Ru(bpy)3][PF6]2 (61.4 mg; 7.14 × 10�5 mol) in CH3CN (15 ml)
was added with stirring to a solution of [(C6H13)4N]4-
[S2Mo18O62] (150 mg; 3.57 × 10�5 mol) in CH3CN (20 ml). The
resulting dark orange-brown precipitate was stirred for 10 min
and then left standing in the dark for 1 h. After this time the
solid was filtered off, washed with copious amounts of CH3CN,
diethyl ether and dried in the dark in a desiccator (129 mg;
93%). Found: C, 18.58; H, 1.29; N, 3.75; S, 1.61. C30H24-
Mo9N6O31RuS requires: C, 18.49; H, 1.24; N, 3.70; S, 1.65%.

The solubility, S, and solubility product, Ksp, of [Ru(bpy)3]2-
[S2Mo18O62] in DMF were determined by weighing out a known
quantity into 20 ml of the solvent. The mixture was stirred for
1 h and filtered through a glass sinter of known weight. The
sinter was dried to constant weight and the mass of [Ru-
(bpy)3]2[S2Mo18O62] present in a saturated solution of dissolved
material in DMF was determined by difference.

Instrumentation and procedures

Solution phase voltammetric experiments using stationary
macro-disk electrodes were carried out in a standard three-
electrode arrangement with a glassy carbon disk (0.071 cm2) as
the working electrode, a platinum wire as the counter electrode
and a Ag/Ag� (CH3CN, 10 mM AgNO3) double junction refer-
ence electrode. The effective electrode area of 0.071 cm2 was
determined by measurement of the peak current value obtained
for reversible one electron oxidation of a 1 mM solution of
ferrocene by cyclic voltammetry and the Randles–Sevcik
equation Ip = (2.69 × 10�5)n3/2AD1/2Cν1/2 where Ip is the peak
current (A), n the number of electrons, A the electrode area
(cm2), D the diffusion coefficient (taken to be 2.3 × 10�5 cm2

s�1 13), C the concentration (mol cm�3) and ν the scan rate (V
s�1). Electrode potentials are quoted relative to the ferro-
cenium–ferrocene redox couple (Fc�/Fc) except where other-
wise noted. Rotating disk electrode experiments used the same
configuration as for stationary solution ones except that the
glassy carbon disk working electrode was rotated by a variable
speed rotator (Metrohm 628–10). Voltammetric experiments on
solids attached to the electrode surface used the same configur-
ation as for the solution experiments except that the glassy
carbon working electrode had an effective area of 0.00985 cm2.
The relevant solid material was finely ground and mechanically
attached to the electrode surface by transfer from solid attached
to a cotton bud. The electrode was then immersed into the
electrochemical cell containing CH3CN and Bu4NPF6 (0.1 M).

A BAS100 (Bioanalytical Systems) Electrochemical System
was used in the macro-disk electrode solution phase voltam-
metric experiments. Solid state electrochemical experiments
were carried out on a Cypress Systems (model CYSY-1R) com-
puter controlled electroanalysis system. Electrochemical quartz
crystal microbalance experiments were carried out on an
ELCHEMA-701 instrument (Postdam, New York) in conjunc-
tion with an ELCHEMA PS-205 potentiostat and Voltscan
software (Intellect Software, Postdam, New York). 10 MHz
AT-cut gold sputtered quartz crystals were purchased from
Bright Star Crystals (Vermont, Vic., Australia). The diameter

of the gold sputtered area was 5 mm. The quartz crystal was
mounted onto the side of a glass cell and held in place by two
O-rings.

Scanning electron microscopy (SEM) images of [Ru(bpy)3]2-
[S2Mo18O62] were obtained with a Hitachi S-5000 system.
Solid [Ru(bpy)3]2[S2Mo18O62] was finely ground in the same
manner as that attached to electrode surfaces and applied to
a polished brass plate using a cotton bud in order to obtain
an image.

Oxygen was removed from the solutions by purging with
nitrogen. All experiments were carried out in the dark to avoid
photochemical reactions reported elsewhere.14 Microanalyses
were carried out by Chemical and Micro Analysis Services Pty.
Ltd., Belmont, Victoria, Australia.
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