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Water-insoluble phosphine-surface-stabilised rhodium clusters [Rhe(PR3)sHi2][BAry], (R =cyclohexyl,
Arf = (3,5-CF3),CgHs) can be immobilised onto suitable glassy carbon, graphite, or tin-doped indium oxide
(ITO) electrode surfaces. When immersed into alcohol/aqueous electrolyte media, they display stable vol-
tammetric responses consistent with the formation of organic microdroplet | aqueous electrolyte two-
phase conditions which are similar to those observed in corresponding anhydrous (CH,Cl,) solution
phase. This results in an electrode surface that is straightforwardly modified with cluster materials that
can uptake or release dihydrogen depending on their redox-state. The results presented herein lead to a
slight re-evaluation of the originally reported hydrogen store and release cycle for this system.

© 20009 Elsevier B.V. All rights reserved.

1. Introduction

We have recently reported on the cluster materials [Rhg(PR;3)4-
Hy;)[BArS, [R=Cy, Pr; Arf=(3,5-CFs),CeHs], R-[H12][BAr],
(Scheme 1) [1,2]. These octahedral rhodium clusters are shrouded
in alkyl phosphine ligands and support 12 hydrido ligands that
span every Rh-Rh edge. Molecular-orbital calculations show that
these molecules are unsaturated in the sense that there is a low-ly-
ing, effectively double-degenerate, LUMO-set of orbitals available
for the uptake of up to four electrons (Scheme 2). Cyclic voltamme-
try and chemical redox experiments (performed under strict exclu-
sion of water and oxygen) underscore this and show the reversible,
sequential, uptake to two electrons to ultimately give neutral R-
[H12]° [3.,4]. Alternatively, four electrons from the bonding pairs
in two H, molecules can satisfy the empty orbitals’ requirements,
leading to R-[H16][BAr}],, for which calculations and experimental
evidence point towards Hy-like ligands on the metal cluster-sur-
face [3-5]. The addition of H, is reversible by subjecting
R-[H16][BAr;|, to a vacuum, and others have also reported on
reversible multiple dihydrogen addition to unsaturated clusters
[6]. We have recently demonstrated that these facets of redox
behaviour and reversible binding of H, can be combined in the

* Corresponding authors.
E-mail addresses: F.Marken@bath.ac.uk (F. Marken), andrew.weller@chem.ox.
ac.uk (A.S. Weller).

0022-328X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2009.02.003

solution phase (CH,Cl,) to give redox-switched hydrogen release
for a well-defined cluster material for the triscyclohexylphosphine
congener [3,7]. The events that occur are initial chemical reduction
of Cy-[H16][BAr,], to produce a putative unstable intermediate
Cy-[H16][BAr;] that loses H, to afford Cy-[H14][BAr}] (Scheme 1).
Re-oxidation in solution by addition of [Fe(1’-CsHs),][PFg] ulti-
mately results in Cy-[H12][BAr}], which is available for H, uptake
again. These events can also be promoted electrochemically, and
in this case we suggested that two molecules of H; are lost quickly
on initial reduction (t,;~170ms), to form Cy-[H12|[BAr], a
slightly different order to that observed on chemical reduction.
Although these materials show impracticably low hydrogen up-
take/release capacity (ca. 0.1 w/w%), their ability to work under
ambient conditions of room temperature and pressure while also
showing fast release kinetics by application of an external elec-
tronic stimulus makes them, we believe, unique. Of more general
interest is that the change in population of the frontier cluster orbi-
tals results in different properties, Cy-[H16]** and Cy-[H14]* will
not uptake H, while Cy-[H12]* and Cy-[H12]** do (Scheme 2)
[3], which is potentially useful behaviour with regard to the study
and exploitation of redox-switchable properties in functional
molecules.

In this paper, we explore the deposition of these cluster materi-
als onto electrode surfaces in an attempt to take the well-defined
solution-phase redox behaviour and H, gain/loss characteristics
into an aqueous surface regime. Although the total amount of
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hydrogen stored and released is always going to be small (vide su-
pra) the opportunity to move from solution-phase chemistry to
that of materials immobilised on electrode surfaces is clearly of
significant interest towards the development of possible future
strategies for the storage of hydrogen. Immobilisation of cluster
materials on electrode surfaces by establishing covalent chemical
bonds between the surface and redox-active molecule have been
reported previously, e.g. polyoxometallates [8], metal halide clus-
ters, {MgX12}™ (X =Cl, Br, I) [9] and tri-ruthenium [10] or tri-nickel
complexes [11]. In some cases ligand-loss (e.g. CO) from these
immobilised clusters can also be effected by oxidation, demon-
strating redox-promoted changes in the surface-bound structure
[12]. Alternatively, redox-active microparticles of organometallic
and coordination complexes can be mechanically attached to car-
bon electrodes and studied in aqueous solvent/electrolyte systems
in which the complex under investigation is not soluble in all
accessible oxidation states [13,14]. More recently, the method of
microdroplet immobilisation has been developed [15]. This meth-
od allows highly water-insoluble materials to be dissolved in non-
polar water-immiscible solvents and then immobilised at an elec-
trode in the form of microdroplets. In contact with the aqueous
electrolyte phase the resulting liquid | liquid biphasic system
exhibits interesting and versatile reactivity consistent with simul-
taneous electron and ion transfer [16]. These attractive alternative
methodologies to chemical modification avoid the need to cova-

anions not shown.

lently attach molecules to the electrode surface - which can often
involve multi-step modification of both the redox-active materials
and the surface. As far as we are aware these methods have not
been used to study the redox-behaviour of cluster species on a
surface.

In this contribution, we report that the Rhg cluster Cy-[H12]-
[BAr%], can be coated onto suitable electrodes under aqueous and
aqueous/alcohol electrolyte media and reveal redox-behaviour
consistent with microdroplet immobilisation at the electrode sur-
face. Moreover, the redox processes under these biphasic condi-
tions are very similar to those previously observed for strictly
anhydrous CH,Cl, solution-phase. The nature of these processes
is further investigated with voltammetry, microscopy, and electro-
spray mass ionisation spectroscopy (ESI-MS). It is also shown that
the hydrogen adsorption and release chemistry for the cluster fam-
ily Cy-[Hn]™" is robust under biphasic conditions and not affected
by the presence of water - potentially opening the way for the
development of these and related cluster materials as surface
immobilised redox-switchable functional or catalytic materials.

2. Results and discussion

A typical solution cyclic voltammogram for Cy-[H12][BAr],
dissolved in anhydrous CH,Cl, is shown in Fig. 1(i) for a potential
region which encompasses the Cy-[H12]**"* reversible couple
[Emia = —0.59 V vs. Fc”* with Eig = 1/2(EY* + Ey®)] the reversible
Cy-[H12]""° couple [Eqiq = —1.55V vs. FcO/*] and the quasi-revers-
ible Cy-[H12]**/?* oxidation [Emiq = +0.52 V vs. Fc®*] [3]. To inves-
tigate cluster immobilisation at the electrode surface we initially
attempted to deposit solid Cy-[H12] [BArﬁ}z by simple mechanical
transfer of crystalline material, as developed by Bond et al. [13].
This resulted only in a very weak electrochemical response using
a variety of electrolyte combinations. In contrast, deposition onto
glassy carbon or graphite by evaporation of a CH,Cl; solution did
produce an electrochemical response. The aqueous phase for vol-
tammetric measurements was chosen as 0.01 M Na[BAr%] in 3:2
EtOH:H,0, the ethanol being required to dissolve Na[BAr}] and also
promote microdroplet formation (vide infra). Fig. 1(ii)a shows that
under these conditions a reduction-oxidation process occurred in a
potential range consistent with the expected Cy-[H12]*>*"* process,
although the response was only weak. Surprisingly, there was a
dramatic improvement when 15 equiv. of [NBu,][BAr,] were co-
deposited with Cy-[H12][BArf),. Fig. 1(ii)b shows that a well-de-
fined and reversible reduction response is obtained, now more
consistent with the process observed in anhydrous CH,Cl,. This
voltammetric process remained stable over more than 20 potential
cycles. When the potential was scanned over a wider range evi-
dence for the Cy-[H12]*° process and for the Cy-[H12]**/?* process
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Fig. 1. Cyclic voltammograms (scan rate 100 mVs~') for the reduction and
oxidation of (i) Cy-[H12] [BArZ]2 in solution at a 3 mm diameter glassy carbon disc
electrode in anhydrous CH,Cl, solution (ca. 0.1 mM Cy-[H12][BAr}],, 0.01 M [NBuy]-
[BAr})), (ii) Cy-[H12|[BAr;], deposited onto a 3mm diameter glassy carbon
electrode and immersed in 3:2 EtOH:H,0 (0.01 M Na[BArS]) (a) without and (b)
with co-deposition of [NBuy][BArY], (iii) Cy-[H12][BArj], deposited onto a 10 mm x
10 mm ITO electrode modified with a monolayer of carbon nanoparticles and
immersed in 3:2 H,0:EtOH (0.01 M Na[BAr}]) with co-deposition of [NBuy][BAr],
and (iv) Cy-[H12|[BAr}], co-deposited with [NBuy][BArj] onto a 3 mm diameter
glassy carbon electrode immersed in aqueous 0.01 M K[PFs] (a) without and (b)
with 50 pL 1-octanol added into the electrolyte solution. Mark and arrow indicates
starting potential and direction of scan.

were also obtained (not shown). Therefore, the redox system Cy-
[H12]™ appears to be chemically highly robust in the presence
of an aqueous environment. The ratio of 3:2 EtOH/H,0 as the sup-
porting electrolyte solvent was found to be optimal. Higher pro-
portions of EtOH resulted in solubilisation of the electroactive
material at the electrode (i.e. the first scan showed a strong re-
sponse, subsequent scans showed essentially no response), while
less afforded no electrochemical response. Presumably the etha-
nol-rich organic droplets required for redox-behaviour are not
formed at lower ethanol concentrations, while the ethanol also al-
lows for solubilisation (and thus movement) of the Na[BAr}] be-
tween the aqueous electrolyte and microdroplet. Optimisation
experiments to determine the maximum coverage obtainable on
the surface by measuring the current on reduction by sequential
deposition of small portions (2 pl) of a 2.5 x 10~* M solution of
Cy-[H12][BArj], revealed that the current drawn plateaued after
10 pl of this solution had been added, which gave a maximum
charge of 9.3 x 107° C. This represents an efficiency of observed
electrochemical reduction of only 3.9%.

The cluster Cy-[H12][BAr;], appears to be relatively inert to-
wards water and ethanol as well as to air on the open bench. Sam-
ples kept in open vessels for a day on the bench show less than 1%

decomposition by NMR and ESI-MS. The stability of this material
towards air and moisture under bench top conditions is still a sur-
prise given that the cluster material is formally unsaturated, but is
exploited here by the use of an aqueous electrolyte without special
precautions apart from bubbling Ar gas through the solution. We
have recently reported that reactivity of the cluster species
iPr-[H16][BAr,], with water requires the presence of a hydrogen
acceptor (tert-butylethene) but there was no equivalent reaction
with the sterically more shrouded Cy-[H12|[BAr}], [17] - a further
indication of the complex’s stability to water and the influence
upon reactivity that the alkyl phosphines can impart.

In order to further explore the electrochemical process respon-
sible for the well-defined Cy-[H12]?** redox process in the immo-
bilised cluster, the type of electrode was changed. When deposited
onto ITO (with a monolayer of carbon nanoparticles and poly-dial-
lyldimethylammonium chloride - PDDAC - applied to allow facile
electron transfer [18]) the co-deposition of [NBu4][BArZ] again al-
lowed reversible voltammetric responses to be obtained for
Cy-[H12] [BArﬁ}z (see Fig. 1(iii)). Glassy carbon or basal-plane pyro-
lytic graphite (bppg) electrodes worked equally well and could be
used interchangeably.

Optical microscopy images for the ITO electrode (with a mono-
layer of carbon nanoparticles and PDDAC) with Cy-[H12]|[BAr}],
and 15 equiv. of [NBu,][BAr}] co-immobilised immersed in 3:2 eth-
anol:H,0 with 0.01 M Na[BAr}] provided clear evidence for the for-
mation of microdroplets of a separate phase. Fig. 2 shows
microdroplets of ca. 10 pm average size, which presumably contain
Cy-[H12][BAr;], and [NBu,|[BArS). We suggest that the latter salt is
required to enable the formation of an ethanol-rich organic phase
that contains the redox-active cluster, separate from the aqueous
electrolyte phase in the microdroplet. During the reduction of
Cy-[H12][BAr}], in the organic phase, anion transfer to the aqueous
phase must occur to balance the overall charges (see Fig. 2B). The
overall mechanism for the reduction and re-oxidation of
Cy-[H12][BAr;), at the electrode surface is depicted in Fig. 2B.
The transfer of the electron to the rhodium cluster is accompanied
by the expulsion of an anion (to maintain charge neutrality) and
during re-oxidation the anion has to transfer back into the organic
phase. Under such a regime, changing the anion in the aqueous
phase would be expected to show a characteristic move of the vol-
tammetric response, depending on the transfer potential of the an-
ion [19]. Experiments conducted in the aqueous/ethanol mix using
K[PFg] rather than Na[BArZ] resulted in a shift of E,;q to more posi-
tive potential by 50 mV - consistent with this. Further evidence for
microdroplet formation comes from the observation that when
aqueous 0.01 M K[PFg] is employed as the electrolyte there is
essentially no voltammetric response, but on addition of a small
(1% v/v) amount of 1-octanol very well-defined peaks are observed
that are very similar in current height to those observed with the
3:2 ethanol:H,0 mix (see Fig. 1(iv)).

Whatever the exact nature of the surface immobilised species a
number of experiments indicate successful deposition on the sur-
face: removing the electrode and depositing in fresh electrolyte re-
sults in the same voltammograms, rinsing the electrode with
CH,Cl; results in washing off of the cluster material and effectively
no electrochemical response is observed (i.e. only background re-
sponse) when placed back in the same electrolyte solution, and
an ESI-MS spectrum of material washed off the electrode (CH,Cl,)
after a number of cycles shows the only cluster material to be pres-
ent as Cy-[H12]**.

With the immobilisation of the cluster Cy-[H12]|[BAr%], on the
electrode surface established, charging the electrode with H,
(1 atm, 5 min) or depositing preformed Cy-[H16] [BAr:}z [2] on
the electrode surface, resulted in a new electrochemical response
(see Fig. 3(ii)). The reduction occurs at a negative potential of
—1.15V vs. Fc*® and appears highly irreversible. Upon cycling



R.M. Hiney et al./Journal of Organometallic Chemistry 694 (2009) 2808-2813 2811

B
aqueous phase A
organic
phase S

electrode

Fig. 2. (A) Optical micrograph showing microdroplet formation for the ITO
electrode (with a monolayer of carbon nanoparticles and PDDAC) with
Cy-[H12|[BAr;], immobilised and 15equiv. of [NBu,|[BArj] co-immobilised
immersed in 3:2 ethanol:H,0 with 0.01 M Na[BAr%]. (B) Schematic description of
the biphasic redox process during Cy-[H12]?>** reduction. (C) Schematic description
of the biphasic redox process during Cy-[H16]*** reduction. A~ = anion, [BAr;] .

the potential back to positive potential and into a second reduction
cycle the familiar response for the Cy-[H12]?** is observed. This
indicates that H; loss had occurred on reduction, as previously ob-
served in anhydrous CH,CI, solution (cf. Fig. 3(i)). Thus on the first
scan, Fig. 3(ii)a, an irreversible redox event at (E.eq = —1.15 V) is ob-
served, Cy-[H16]**"*, which is followed by an oxidation peak cen-
tred at E,x = —0.31 V. On the second scan, Fig. 3(ii)b, this peak is
accompanied by a reversible reduction peak at E.q=-0.79
(Ey,=—-0.51V, AE,=0.56V), attributed to a species that has lost
H,. Purging the solution with H, re-establishes the original cyclic

[}-116]+f2+ [H}4]+f2+

[H14]0/+

0.2 pA

E/V vs. Fct/0

Fig. 3. Cyclic voltammograms (scan rate 100 mVs~!) for the reduction and
oxidation of (i) Cy-[H16][BAr), in solution at a 3 mm diameter glassy carbon disc
electrode in anhydrous CH,Cl, solution (ca. 0.1 mM Cy-[H16][BAr),,
0.01 M [NBu,][BAr})), (ii) Cy-[H16][BArs], deposited onto a 3 mm diameter glassy
carbon electrode and immersed in 3:2 EtOH:H,O (0.01 M Na[BAr})) with co-
deposition of [NBu,|[BArh] (a) first cycle and (b) second cycle, (iii) Cy-[H16][BArj],
deposited onto a 10 mm x 10 mm ITO electrode modified with a monolayer of
carbon nanoparticles and immersed in 3:2 H,O:EtOH (0.01 M Na[BArZ]) with co-
deposition of [NBu4][BAr§] (a) first cycle and (b) second cycle, and (iv)
Cy-[H16][BAr], deposited onto a 3 mm diameter glassy carbon electrode immersed
in aqueous 0.01 M K[PFs] with 50 pL 1-octanol added into the electrolyte solution
and co-deposition of [NBu4][BArf,] (a) first cycle and (b) eighth cycle. Mark and
arrow indicates starting potential and direction of scan.

voltammogram (e.g. Fig. 3(ii)a) demonstrating that the H, loss
and gain at the surface immobilised cluster can be cycled. Essen-
tially the same electrochemical behaviour is observed on ITO dip-
coated with C-nanoparticles (Fig. 3(iii)) and with octanol rather
then ethanol (Fig. 3(iv)). ESI-MS experiments of material washed
from the electrode after a number of cycles on a basal plane pyro-
lytic graphite (bppg) electrode have been completed (bppg was
used to maximise the surface area of the electrode in contact with
deposited material) and show that Cy-[H14]** (m/z calc.: 1156.4,
obs.: 1156.5) has been formed on reduction, indicating that
1 equiv. of H, is lost per cluster molecule on the first reduction
sweep. Monocationic Cy-[H14]* is not observed by ESI-MS. We
have previously noted [3] that this species can observed by ESI-
MS under strictly anaerobic conditions and is it likely that the sam-
pling method used here means that fast oxidation to form Cy-
[H14]** occurs once the sample is removed from the Ar-purged
electrolyte. Not withstanding this, it is clear that a cluster with
14 hydrido ligands has been formed on reduction. However, the
major component of the material on the surface of the electrode
still is unreacted Cy-[H16]** (m/z calc.: 1157.5, obs.: 1157.5), while
there is also a small amount of Cy-[H12]** (m/z calc.: 1155.5, obs.:
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Fig. 4. ESI-MS (CH,Cl,) solution of the initial Cy-[H16]** deposit on a bppg
electrode after being held at —1.2V after 3 h. (a) Experimental spectrum. (b)
Simulated spectrum for Cy-[H16]**. (c) Simulated spectrum for Cy-[H14]%*. Lower
mass, low intensity, peaks are due to Cy-[H12]** and do not change in relative
intensity over time.

1155.5). Holding the potential at —1.2 V results in a steady increase
in the amount of Cy-[H14]** observed by ESI-MS, although com-
plete consumption was not achieved, even after 3 h (Fig. 4). Cy-
[H12]?* does not increase in relative concentration (as measured
by ESI-MS). While this lack of complete conversion no doubt de-
pends on droplet size, mobility of [NBuy][BAr§] and other factors,
these results never-the-less unequivocally show that H, loss oc-
curs in the organic microdroplet on reduction, mirroring that ob-
served in CH,Cl, solution. The slow conversion to Cy-[H14]" also
mirrors the low efficiency of the electrochemical processes calcu-
lated for Cy-[H12]**".

3. Implications for redox-promoted H, loss

We have previously reported that electrochemical reduction of
Cy-[H16][BAr;), resulted in the ejection of two molecules of H, to
form Cy-[H12][BAri] which can then be oxidised to form
Cy-[H12][BAr%),, a cluster material available for the uptake of two
molecules of H, - thus completing the H, store and release cycle.
These conclusions were based on the observation that the cyclic
voltammogram after reduction of Cy-[H16][BAr;], was identical
to that of Cy-[H12][BAr%], [3,7]. However, we also reported that
chemical reduction using Cr(n®-C¢Hg), first formed Cy-[H14)-
[BAr:], which on chemical oxidation, using added [Fe(n®-CsHs),]-
[PFg], reformed Cy-[H12|[BAr}],. We reconciled these apparent dif-
ferences between electrochemical and chemical observations by
ready loss of H; at the electrode surface during voltammetry from
the Cy-[H14]™ cluster material. The surface electrochemistry cou-
pled with the ESI-MS results reported herein suggest that, in fact,
electrochemical reduction forms Cy-[H14][BAr;] as is observed in
solution, i.e. only one H; is lost on reduction. This apparent discrep-
ancy can be further reconciled by consideration of the solution-
phase cyclic voltammogram of independently synthesised
Cy-[H14][BAr}] [3] which, remarkably, is essentially identical to
that of Cy-[H12][BAr}],, and does not show any features that might
be associated with Hj loss. Underscoring these observations, calcu-
lations on model systems (PHs; for PCys) [4] indicate that
H-[H14][BAr}] is slightly more stable than H-[H12][BArj] + Hy
(Gibbs free energy difference = 12 k] mol~!). Thus the combination
of ESI-MS analysis of the products of electrochemical reduction of
surface immobilised or chemical solution-phase reduction of
Cy-[H16][BAr;), coupled with the close similarity of the electro-
chemical response of Cy-[Hn|[BAr;] (n = 12 and 14), support the re-
vised view that reduction of Cy-[H16][BAr;], results in the ejection

of only one equivalent of H, and not two - as previously thought.
Pleasingly, this revision now intuitively fits the schematic molecu-
lar orbital scheme shown in Scheme 2 in terms orbital populations
in as much that spontaneous H, loss from Cy-[H14][BAr}] would
seem less likely given that no high-lying orbitals are occupied,
and also reconciles subtle differences between experiment and
computation [4]. It does not, however, alter significantly our previ-
ous observations that these clusters undergo redox-promoted Hj-
loss and gain, and as far as we are aware they are still unique in this
regard. That chemical oxidation of Cy-[H14]* using [Fe(n’-
CsHs)2][PFs] results in the generation of Cy-[H12]** and not Cy-
[H14]%* [3], as is observed electrochemically, still remains to be
resolved.

4. Conclusions

That  [Rhg(PCy;)sHi2][BAIL],, Cy-[H12][BAr;],, unexpectedly
shows a lack of reactivity towards H,O allows conditions to be
developed which allow Cy-[H12][BAr,], to be immobilised at an
electrode surface and reduced or oxidised in aqueous electrolyte.
In the presence of dihydrogen the Cy-[H16][BAr%], cluster is formed
in situ and during one-electron reduction 1 equiv. of Hj is lost to
give Cy-[H14][BAr§], at the electrode surface. This process is
greatly facilitated by the addition of alcohol to the electrolyte
and excess [NBu,][BAr;] to the surface immobilised, aqueous insol-
uble, cluster material. These have the dual role of encouraging or-
ganic-phase microdroplet formation and also allowing for anion
transfer to and from the microdroplet on reduction and oxidation
of the cluster. This relatively straightforward methodology re-
moves the need for elaborate chemical functionalisation of the
cluster-periphery to allow surface binding and suggests that many
other cluster materials that show interesting redox-promoted
characteristics can be straightforwardly screened for surface redox
behaviour. Given that many cluster materials act as electron sinks
or reservoirs this has potential implications for the development of
electrochemically switched functional materials based on cluster
molecules. However, the low storage capacity of the cluster (0.1%
w/w) coupled with the low electrochemical efficiency (~4%) means
that these materials are impracticable for the storage and release of
Ho.

5. Experimental
5.1. Chemicals and reagents

Potassium hexafluorophosphate, ferrocene, ethanol, dichloro-
methane, octanol, poly(diallyldimethylammonium chloride)
(PDDA) (very low molecular weight) 35 wt.% in water and carbon
nanoparticles (ca. 9-18 nm diameter, Emperor 2000, Cabot Corpo-
ration) were obtained commercially and used without further puri-
fication. Na[BAr}] [20], [BusN][BAr;] [21], [Rhs(PCy;)sH12][BATS], [2],
[Rhe (PCys3)sHis|[BATy], [2] [Rhs(PCys)sHio][BAr,] [3] and [Rhe-
(PCy;)H1a[BAr] [3] were prepared according to literature meth-
ods. Demineralized and filtered (0.22 pm) water was taken from a
Millipore Milli-Q purification system.

5.2. Instrumentation

Voltammetric experiments were carried out using an Autolab
PGSTAT302N potentiostat system (EcoChemie, NL) with a platinum
wire counter electrode and a silver wire pseudo-reference elec-
trode (calibrated vs. internal ferrocene). Working electrodes em-
ployed were a 3 mm diameter glassy carbon electrode, a 5 mm
basal plane graphite electrode and tin-doped indium dioxide
(ITO) coated glass (1 cm x 4 cm, 30 Q per square, Image Optics,
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Basildon, UK). ITO electrodes were cleaned prior to use by sonica-
tion in ethanol, rinsing with water and overnight drying at 120 °C.
ITO electrodes were modified with carbon nanoparticles following
the procedure detailed by Marken and co-workers [18]. Mass spec-
tra were recorded on a Bruker Daltonics Micro-TOF in positive ion-
isation mode.

5.3. Procedures

Electrolyte solutions were degassed by purging with argon for
40 min prior to carrying out the electrochemical experiments,
which were conducted under a low flow of argon. However, due
to the robust nature of Cy-[H12][BAr],, drop-coating was carried
out under atmospheric conditions without special precautions.
Typically, 30 uL of a solution of 1 mg Cy-[H12|[BAr], in 1 mL
dichloromethane (0.25 mM) was drop-coated onto the electrode
using a Hamilton syringe (100 pL). For the experiments involving
co-deposition of [BusN][BAr;], 15 equiv. were added to a 0.25 mM
dichloromethane solution of Cy-[H12][BAr;], and the resulting
solution was drop-coated onto the electrode.
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