Characterization of novel redox-active triruthenium(iir) complexes
with a disulfide alkyl ligand. Anion-dependent redox behaviour of
monolayer assemblies on gold
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New oxo-centred acetate-bridged triruthenium(i) complexes with a long alkyl-chain disulfide ligand, (NCsH,)-
CH,NHC(O)(CH,),SS(CH,),C(O)NHCH,(CsH,N) (CsH,N represents a 4-pyridyl residue, n = 10; abbreviated as
C10PY), have been prepared as a redox-active metal cluster adsorbate on gold electrodes: [Ru;(O)(CH;CO,)¢(mpy),-
(C10PY)]CIO, 5a (mpy = 4-methylpyridine), [Ru;(O)(CH;CO,)s(mpy),(C10PY)]CF;SO; 5b. The preparation,
spectroscopic and electrochemical properties of 5a,5b are presented and are compared with those of triruthenium(1)
analogues of a shorter alkyl-chain disulfide ligand (n = 2; abbreviated as C2PY), e.g. [Ru;(O)(CH;CO,)s(mpy),(C2PY)]-

ClO, 3a and [Ru,(O)(CH;CO,)s(Melm),(C2PY)]CIO, 4a (Melm = 1-methylimidazole). Characterization of all the
compounds was accomplished using '"H and "H-'H COSY NMR, UV-vis and infrared spectroscopy, elemental
analysis, fast-atom bombardment (FAB) mass spectrometry and cyclic voltammetry. Compounds 3a, 4a and 5a,5b
in 0.1 M [n-Bu,N]PFCH,;CN exhibit three {Ru,(O)} cluster core-based one-electron redox waves which are all
reversible in the applied potential range between +1.2 and —2.0 V vs. Ag—AgCl. The redox potentials are dependent
on the basicity of the terminal ligands (mpy and Melm), but are insensitive to the length of the methylene chains
of the disulfide ligand (C10PY and C2PY). Self-assembly of 5b on a gold electrode results in the formation of
electrochemically stable monolayers which exhibit one-electron redox wave corresponding to the Ru; redox process
I 1L, II-IL, LTI in aqueous media containing 0.1 M supporting electrolytes. The redox potentials and the shape of
the voltammetric waves of the surface-attached triruthenium complexes are found to be largely dependent upon the
nature of anions used (ClO,~, CF,SO;~, NO,~, PF,~ and SO,*") and also upon the basicity of terminal ligands on

the {Ru;(0O)} cluster moiety.

Introduction

The construction of artificial supramolecular architectures on
solid surfaces is currently of great interest and represents an
important aspect of chemistry of self-assembly processes, since
it offers highly ordered nanoscale structures with well defined
chemical and physical properties.! Especially, the use of atom-
ically flat electrode surfaces is a promising strategy to assemble
redox-active molecular components.? The ability to vary ter-
minal functionalities in self-assembled monolayers enables the
modulation of the resulting interfacial properties. Transition-
metal complexes with a thiol or a disulfide group are well
studied adsorbates for modification of gold electrodes. So far,
the development in the creation of two-dimensional arrays on
gold surfaces has relied heavily on the use of mononuclear spe-
cies, including ferrocene derivatives,** metalloporphyrins,’
ruthenium(ir),® osmium(i),” and rhenium(1)® complexes, while
the self-assembly of multinuclear transition-metal complexes
has been less common; only a few recent reports on the
latter are available, i.e. monolayers of trinickel(1) clusters® and
those of palladium(m)-based dendritic compounds.’® Since,
with an appropriate choice of metal ions and supporting
ligands, multinuclear complexes can exhibit various interesting

T Electronic supplementary information (ESI) available: FAB MS data
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chemical properties (i.e. multiple redox processes, multicentre
catalysis, etc.), further developments in the synthesis of
new self-assembled monolayers of varied metal clusters is
highly encouraged. In this regard, we have been preparing
novel monolayer assemblies on gold electrodes using redox-
active ruthenium and iron multinuclear complexes; examples
include (p-oxo)(u-acetato)diiron(III) complexes,!’ (u-oxo)bis-
(u-acetato)diruthenium(im) ~ complexes,’>  (u;-oxo)hexakis-
(p-acetato)triruthenium(m) complexes® and mixed-valent
triruthenium(i i) complexes.'* Among the series, proton-
coupled electron-transfer reactions were observed for mono-
layers of the (u-oxo)dimetal complexes,''* as found for the
discrete analogues dissolved in solution.™

The present study explores the preparation and electro-
chemistry of monolayers with (p;-oxo)hexakis(p-acetato)tri-
ruthenium(1m) cores, displaying a well defined reversible redox
response in water media. The oxo-centred, acetate-bridged
triruthenium complexes of the type [Ru(O)(CH;CO,)sL;]""
(L = amonodentate ligand) '!” constitute a well known class of
transition-metal cluster compounds owing to their reversible
multi-step redox chemistry.’*?° Recent developments in these
compounds include the preparation of Ruj-based multi-
component systems with multi-electron redox processes?! and
studies of intramolecular electron transfer,” photochemistry
and catalysis.** Thus, immobilization of the Ru; units may
allow to form a novel surface systems with unique interfacial
phenomena based upon the properties described above.
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Fig. 1 Triruthenium(ir) complexes in this study.

The complexes considered in this study are shown in Fig. 1.
The ligand C2PY?® and the new ligand C10PY possess two and
ten methylene groups, respectively, between the disulfide group
and pyridyl moieties. Solvent-co-ordinated complexes 1a, 1b
and 2a are the starting materials for C2PY complexes 3a,4a '
and the new C10PY complexes 5a,5h.

In our previous paper'® we reported cyclic voltammetric
behaviour of self-assembled monolayers of C2PY complexes 3a
and 4a on Au(111) electrodes. Complexes of a disulfide ligand
with a longer alkyl chain (e.g. C10PY) are expected to form
more stable and ordered monolayers due to enhanced van der
Waals interactions between the neighboring alkyl chains com-
pared to complexes with a shorter alkyl ligand (C2PY). Here we
describe details of the spectroscopic and electrochemical char-
acteristics of C10PY complexes 5a,5b along with the corre-
sponding properties of 1a, 1b, 2a, 3a and 4a, previously not
reported.”® Further we examined the redox behaviour of a
monolayer assembly of compound 5b on a gold electrode under
varied experimental conditions; emphasis is placed on the
effects of supporting electrolytes and solution pH on the sur-
face redox properties.

Results and discussion
Synthesis of triruthenium(111) complexes
Our preparative strategy to construct monolayers of tri-

ruthenium(1r) complexes on gold electrodes is based on the
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preparation of triruthenium(i) complexes having a disulfide
ligand as the anchoring group and subsequent attachment of
those compounds through the formation of Au-S bonds.?
In this study, new disulfide-functionalized triruthenium(im)
complexes, [Ru,;(O)(CH,;CO,)((mpy),(C10PY)]CIO, 5a and
[Ru,(O)(CH;CO,)4(mpy),(C10PY)]CF;SO, 5b, have been pre-
pared and characterized (Fig. 1). The ligand C10PY contains a
disulfide moiety with two pyridyl pendants at the termini which
can co-ordinate to metal centres. The complexes containing
C10PY are isolated as thermally stable, crystalline materials
that are readily soluble in organic solvents including aceto-
nitrile, methanol, and ethanol, but are insoluble in water.

NMR spectroscopy

'"H NMR spectroscopy provides firm evidence in complexes 5a
and 5b for the 2: 1 stoichiometry of mixed terminal ligands. The
data are summarized in Table 1. Here, 'H NMR data of C2PY
complexes and solvent-co-ordinated complexes are also
included for comparison.

The 'H NMR spectrum of compound 5b in CD;CN at
20 °C is shown in Fig. 2(a) as a typical example, and the proton
labeling scheme is given in Fig. 2(b). In spite of the para-
magnetic nature of Ru™,; complexes, all the signals of 5b are
observed in the “diamagnetic” region in the '"H NMR spectrum
due to a significant antiferromagnetic coupling between d°
ruthenium(mn) centres through the central oxo group, as found
in related complexes.” Two doublet signals at 6 8.46 (2 H) and



Table 1 'H NMR spectral data (270.15 MHz, CD,;CN, 20 °C)
Complex  Chemical shift (6 vs. TMS) and the signal assignments
1b mpy: p"-H 4.89 (s,4 H) acetate CH;:  6.33 (s, 6 H)
o’-H —1.58(s,4 H) 4.70 (s, 12 H)
CH, 2.88 (s, 6 H)
2a Melm: 492 (s,2 H) acetate CH;:  4.43 (s, 6 H)
1.10 (s, br, 2 H) 2.14 (s, 12 H)
0.17 (s, br, 2 H)
CH, 4.77 (s, 6 H) CH,OH: 3.25(s,3H)
3a C2PY: o-H 8.44 (d,2 H) mpy: p"-H 5.99(s,br,4 H) acetate CH;: 4.54 (s, 6 H)
B-H 7.20(d, 2 H) o’-H 0.29 (s, br, 4 H) 4.53 (s, 12 H)
B’-H 5.99 (s, br, 2 H) CH, 2.83 (s, 6 H)
o'-H 0.29 (s, br, 2 H)
NH 7.41 (br, 1 H), 7.20 (1 H)
NCH,CH,NH 4.59 (d, 2 H), 4.30 (d, 2 H)
CH, 2.85(t,2 H), 2.80 (t, 2 H),
2.53(t,2 H), 2.40 (t,2 H)
4a C2PY o-H 8.45(d,2 H) Melm: 6.21 (s,2 H) acetate CH;:  4.92 (s, 6 H)
B-H 7.21(d,2 H) 1.82(s,2 H) 3.44 (s, 12 H)
B’-H 6.11 (s, br, 2 H) ca.2.8 (2 H)“
o'-H —0.64 (s, br, 2 H) CH, 2.81 (s, 6 H)
NH 7.04 (t, br, 1 H), 6.71 (t, br,
1 H)
NC;H,CH,NH 499 (d,2H),4.32(d,2H)
CH, 2.88 (t,2 H), 2.79 (t, 2 H),
2.52(t,2 H), 2.38 (t,2 H)
5b CI10PY: o-H 8.46 (d, 2 H) mpy: p"-H 5.96 (s, 4 H) acetate CH;:  4.56 (s, 6 H)
B-H 7.18 (d, 2 H) o’-H 0.24 (s, 4 H) 4.54 (s, 12 H)
B’-H 5.90 (s, br, 2 H) CH, 2.82(s, 6 H)
o'-H 0.39 (s, br, 2 H)
NH 6.90 (s, br, 1 H), 6.57 (t, br,
1 H)
NC,H,CH,NH 4.58 (d,2 H),4.30 (d, 2 H)
CH, 2.70 (t, 4 H), 1.70-1.22
(m, 36 H)

“ Overlapping signal. The existence is deduced based upon the integral intensity of the overlapping resonances centred at ca. ¢ 2.8.
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Fig. 2 (a) '"H NMR spectrum of compound 5b in CD,CN at 20 °C.
Inset: expanded spectra for the acetate methyl resonances (0 4.4-4.7,
upper) and for the NH resonances (6 6.4-7.0, bottom). (b) Proton label-
ing scheme for Sb.

7.18 (2 H) are ascribed to the a- and B-protons of the pyridyl
ring in C10PY free from co-ordination, respectively; those are
nearly identical to the chemical shift values of the correspond-
ing signals for the free CI0PY molecule in CDCl; (0 8.54 and

7.17, respectively; the NMR spectroscopic data are given in the
Experimental section). Indeed these two signals are coupled to
each other in the 'H-'H COSY spectrum (not shown). Two
singlets found at 6 5.96 (4 H) and 5.90 (2 H) are assigned to
the paramagnetically upfield shifted **' B"-protons (mpy) and
’-protons (of the co-ordinated pyridyl ring in C10PY), respect-
ively. Owing to the same effect, signals of a”-protons (mpy)
and o'-protons (C10PY) which are in a close proximity of
ruthenium(1) centres are observed as broad singlets in further
upfield, 6 0.24 (4 H) and 0.39 (2H), respectively. Two signals at
04.30 (doublet, 2 H) and 4.58 (2 H, overlapping with one of the
acetate CHj signals; see later) can be ascribed to the methylene
protons a and a’, respectively. Also the 1:1 split signals for the
NH moieties are observable at 6 6.90 (broad singlet, 1 H) and
6.57 (broad triplet, 1 H) and are assigned to the protons b’ and
b, respectively (see inset (bottom) in Fig. 2a). These assign-
ments are supported by the COSY spectrum; the doublet signal
a has cross-peaks with the aromatic B-proton signal and also
with the NH triplet signal b, while the methylene resonance a’
has a cross-peak with the NH signal b’. Mixed terminal ligand
stoichiometry in 5b, e.g. two mpy ligands and one CI0PY
ligand, is evident from the appearance of two acetate CHj; sing-
lets in the 1:2 ratio at 6 4.56 and 4.54 (see inset (top) in Fig. 2a).
Resonances of a total of 20 methylene groups in 5b are found at
0 2.70 (corresponding to two methylene groups) and in the
region between 0 1.70 and 1.22 (corresponding to 18 methylene
groups). In the case of C2PY complexes 3a and 4a, six well
resolved methylene resonances of the C2PY moiety are
observed (Table 1).

UV-vis and infrared absorption spectroscopy

Absorption spectral data of the present complexes are summar-
ized in Table 2. Triruthenium(m) compounds containing
pyridine-based terminal ligands generally show three absorption
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Table 2 Electronic absorption spectral data (CH;CN)“

Anm (¢/dm® mol ' cm™)

Complex 1c* CLCT* -+

1b 697 (5900), 610 (sh, 4200) 390 (sh, 3100) 277 (18000), 233 (sh, 22000)

2a 683 (4500), 615 (sh, 3900) 380 (2600), 340 (sh, 3900) 275 (sh, 11300), 240 (sh, 15700)
3a 692 (6300). 610 (sh. 4600) 385 (sh, 3600), 335 (sh, 8600) 278 (19.300), 237 (24800)

4a 679 (6500), 610 (sh, 5200) 335 (sh, 7800) 280 (sh, 15800), 240 (sh, 25600)
5b 691 (6600). 615 (sh. 4700) 375 (sh, 4000), 325 (sh, 10100) 279 (20000), 234 (26 000)

“ sh = Shoulder. ® Intracluster “Ru,(u;-O)” transitions between molecular orbitals arising from dn(Ru)-pmn(u;-O) interactions. ¢ Cluster-to-ligand

charge-transfer transitions. ¢ —* transitions in terminal ligands.
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Fig. 3 A FAB mass spectrum of compound 5b in the mass region between 200 and 1700. Inset: observed (left) and calculated (right) isotope

patterns for the molecular ion of 5b.

bands in the UV-vis region. On the basis of the spectral
assignments described for the known analogues,®?' a broad
absorption band centred at 679-697 nm with a shoulder at 610—
615 nm is ascribed to the intracluster {Ru,(O)} charge-transfer
(ICCT) transitions. Absorptions around 335-390 nm are
assigned to the cluster-to-ligand charge-transfer (CLCT) transi-
tions. The highest energy absorption bands are ascribed to the
n-n* transitions of aromatic rings in terminal ligands. The
absorption spectral features are very similar within the series of
bis(mpy) complexes (1b, 3a and 5b) and the series of bis(Melm)
complexes (2a and 4a).

In the infrared spectra all the compounds display the acetate
stretches with a broad and a sharp absorption in the region
1540-1560 and around 1430 cm™!, respectively; the former
corresponds to the asymmetric stretch [v,g,(CO,7)] and the
latter the symmetric stretch [vg,(CO,)].** The energy
differences between these two bands [V,sm(CO,7) — vgm(CO;7)]
correspond to 110-126 cm™! which fall into the range of values
observed for bridging carboxylate ions in inorganic metal
compounds.?*

Mass spectrometry

Structural identification of C2PY and C10PY compounds (3a,
4a and 5b) was also carried out using FAB mass spectrometry.
A FAB mass spectrum of 5b is presented in Fig. 3. The mass
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spectrum of compound 5b contains the parent peak m/z = 1475
which corresponds to [M — (CF;SO;7)]*. As seen in the inset of
Fig. 3, the observed isotope distribution of the parent mass
envelope (left) is consistent with the calculated one (right). The
broad spectral feature of the mass envelopes is ascribed to the
isotope distribution of the Ru atom (**Ru—'**Ru). Most of the
dominant fragment peaks observed at m/z > 400 are assignable
to species with successive loss of terminal ligands (mpy and
C10PY) and bridging acetate anion(s). Identical spectral char-
acteristics are observed for compounds 3a and 4a (see ESI).f
For all the three compounds the mass fragments corresponding
to species with loss of half of the dialkyl disulfide ligand (C2PY
or C10PY) are detected (m/z = 963 for 3a; 1032 for 4a; 1168 and
982 for 5b).

Electrochemistry of the triruthenium(iir) complexes in
acetonitrile

The redox properties of complexes 5a,b were studied by cyclic
voltammetry (CV). Fig. 4 shows a cyclic voltammogram of 5b
dissolved in 0.1 M [n-Bu,N]PF,~CH;CN measured at a scan
rate of 100 mV s!. Table 3 collects electrochemical data of all
the compounds, including those of the ligand C2PY, for
comparison.

As shown in Fig. 4, compound 5b displays three one-electron
redox waves at +0.98, —0.06, and —1.34 V vs. Ag-AgCl in the



Table 3 Electrochemical data (20 °C) of the disulfide-containing ligand (C2PY) and triruthenium(1r) complexes [Ru;(O)(CH;CO,)q(mpy),(H,0)]-
ClO, 1a, [Ru;(O)(CH;CO,)¢(Melm),(CH;O0H)]CIO, 2a, [Ru;(O)(CH;CO,)s(mpy),(C2PY)]CIO, 3a, [Ru,;(O)(CH;CO,)s(Melm),(C2PY)]CIO, 4a and
[Ru;(0O)(CH;CO,)s(mpy),(C10PY)]CF;SO; 5b in CH,CN containing 0.1 M [n-Bu,N]PF, as supporting electrolyte

E,°IV vs. Ag-AgCl (AE,'/mV)

Complex IV, IV, X1V, III, 1T IV, I, ITI— 111, T, ITT I, I, ITII1, 1, 11 I, I, ITT1, I, X1 I, XL ITI-11, 1T, 1T Ligand centred
C2PY +1.40,° —0.40,© —2.064
1a e +1.08 (90) +0.04 (70) —1.25(80) —-2.124

2a +1.97 (120) +1.00 (110) —0.08 (100) —-1.514 —2.10/

3a +1.48¢ +1.00 (70) —0.05 (70) —1.34(80) —2.134 +1.40,5 —2.05¢

4a +1.64¢ +0.93 (70) —0.17 (70) —-1.574 —2.18% +1.44,°—2.18¢

5b +1.50¢ +0.98 (60) —0.06 (60) —1.34(60) —2.11% +1.33,2.11%

“ Half-wave potential. * Peak-to-peak separation. ¢ Anodic peak potential for irreversible process.  Cathodic peak potential for irreversible process.
¢ Not observed./ DPV peak value. ¢ Detected as a shoulder in CV. " Overlapping wave.
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Fig. 4 Cyclic voltammogram of compound 5b in CH;CN containing
0.1 M [n-Bu,N]PF; as a supporting electrolyte at 20 °C, a scan rate of
100 mV s~ . The glassy carbon working electrode (diameter = 3 mm), a
platinum wire counter electrode and an Ag-AgCl reference electrode
are used.

applied potential range between +1.20 and -2.00 V. All
these waves are ascribed to {Ru;O} core-based one-electron
redox processes as established previously for related
compounds.’®?! Sequential redox processes of the compound
generate four oxidation states, IV,IILIN, ILILIIL, ILILIT and
11,1111,

The three redox waves IV,IILII-IIL,IIL I, IILIILII-ILILI0 and
1L, 1L -, for all the compounds except 1a and 2a corre-
spond to diffusion-controlled one-electron reversible processes
according to the following observations: (i) the current peak
intensity ratios of the cathodic and anodic waves (i,:i,,) are
close to unity; (ii) the peak-to-peak separation (AE,) values are
~60 mV, which do not depend on the scan rates (v = 20-500 mV
s™1); (iii) the current peak intensities correlate linearly with v'2,
The replacement of the co-ordinated solvent in 1a,1b and 2a
with the N-heterocyclic ligand C2PY or C10PY shifts the redox
potentials negatively; this feature is evident by comparing the
redox data of bis(mpy) compounds 1a/3a, 1a/5a, and those of
the bis(Melm) compounds 2a/4a in Table 3. As discussed
previously,'®?! the E,, values are dependent on the electronic
character of the terminal N-heterocyclic ligands. Thus, the
more electron-donating Melm ligand (pK, 7.3) pushes the
redox potentials in the negative direction by 70-260 mV relative
to the mpy ligand (pK, 6.0). This feature is apparent by compar-
ing redox potentials in the series 1a/2a and 3a/4a. The extent of
the negative shift in the redox potentials (mpy —— Melm)
becomes more significant for the processes found in the more
negative potential region; for example, the difference in redox
potentials in compounds 3a and 4a is 70 mV for the 1v,1,1m—
1,111 couple, while the difference increases to 120 mV for the
1,10 and 230 mV for the 1w, -1, 1L couples. As
seen in 3a/5b, the chain length of the methylene groups of the

disulfide ligands does not seem to modulate redox properties of
the trimetallic centres.

In the most positive and negative potential regions the tri-
ruthenium centres and terminal dialkyl disulfide ligands are, in
most cases, irreversibly oxidized or reduced. They are also
included in Table 3. These assignments are based upon the
comparison of the redox potentials for related Ru; species and
those of the “free” ligand. The insoluble nature of C10PY in
CH,CN has precluded observation of the redox potentials of
this ligand under identical conditions.

Electrochemistry of the monolayers

Preparation of the monolayer assembly of C10PY complex 5b
on a gold electrode, 5b/Au, has been achieved in an identical
manner to that for compounds 3a and 4a described previ-
ously,” and an idealized view of the monolayer is illustrated in
the project Contents. Attachment of metal complexes on gold
through alkyl- and amide-based ligands has been reported by
other workers.*®

As shown in Fig. 5(a), the monolayers of 5b/Au display a
single redox wave in 0.1 M NaClO, (aq) (pH 7.0) in the applied
potential range between +0.5 and —0.5 V. This wave is ascribed
to the one-electron redox couple, LI, 11,105,111, based on the
analogy of the redox potential and the reversibility found in the
discrete molecule in acetonitrile (Table 3). It is confirmed that
the CV of 5a/Au (i.e., the electrode derived from complex 5a) is
consistent with that of Sb/Au.

CV of monolayers derived from the ligand C10PY shows no
redox wave in the corresponding potential range. Integration of
the voltammetric wave of Sh/Au yields the surface coverage of
the triruthenium redox centres, I'(Rus), to be 9.6 X 10** cm™,
which is approximately twice that of 3a/Au, 4.4 X 10" cm™.
Since the molecular area of the trinuclear headgroup can be
estimated to be ~114 A% by assuming perpendicular orien-
tation of the cluster to the gold surface, it is reasonable to con-
clude that close packing of the Ru, cluster moieties is achieved
for monolayers 5b/Au.

A plot of the current peak intensity of the anodic wave (i,,)
against the scan rate (v) is shown in Fig. 5(b). As expected for
surface-confined redox centres, the i,, values are directly pro-
portional to v.2” The value of the full width at half-maximum
(W) 18 130 mV for the anodic wave, which exceeds the value
of 90.6 mV expected for a one-electron redox process of
surface-confined molecules with no lateral interactions.® The
somewhat larger value observed for 5b/Au suggests substantial
repulsive interactions between the adjacent triruthenium redox
centres.

Noteworthy is the significant stability of the monolayers
toward repetitive potential cycles. For example, monolayers
5b/Au showed no alternation in cyclic voltammograms during
repeated potential scans (up to 1000 cycles at 100 mV s™?) for
the m,mrm—rur,m process (—350 to +300 mV) at pH 7.0 in
0.1 M NaClO, aqueous solution. Furthermore, as far as the
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Fig.5 (a) Cyclic voltammograms of monolayers of compound 5b on a
polycrystalline gold electrode, 5b/Au, in 0.1 M NaClO, aqueous solu-
tion (pH 7.0) at 20 °C recorded at scan rates of 100, 200, 300, 400 and
500 mV s™! (bottom to top). The surface coverage of Ru, redox centres
is 9.6 X 10" molecules cm 2. A gold electrode with diameter 3.0 mm
was used. The counter electrode and the reference electrode were a
platinum wire and Ag-AgCl, respectively. (b) A plot of anodic current
peak intensities against scan rates.

modified electrode was kept immersed in the ethanol solution
containing complex 5b (I mM) at 20 °C, identical redox
behaviour was observed during multiple electrochemical
experiments (over two weeks). We speculate that the significant
stability arises not only from the thermodynamic stability and
kinetically inert character of the triruthenium(r) framework %
but also from van der Waals interchain interactions among the
surface-oriented C10PY ligands. Further, the surface structures
may be stabilized by possible hydrogen-bonding interactions *
between the neighboring amide groups in C10PY, as suggested
for the C2PY system."

An enhancement in the stability of the longer chain mono-
layers 5b/Au relative to the shorter chain counterpart 3a/Au is
indicated by a reductive desorption experiment: in 0.5 M KOH
(aq), a single reductive desorption wave for Sb/Au is observed at
—0.89 V, which is more negative compared to the correspond-
ing value for 3a/Au (—0.62 V) under identical conditions."®

Electrolyte effects

To confirm electrolyte effects upon voltammetric data, CV was
performed using different types of sodium salts as support-
ing electrolytes (NaClO,, NaCF;SO,;, NaNO,, NaPF; and
Na,SO,). Complex 5b is positively charged (+1) and it becomes
neutral upon one-electron reduction. Thus, the Ru™, head-
groups in the monolayers require an equivalent amount of
anions to compensate the electric charge, which will be released
upon one-electron reduction of the cluster heads. It has been
established for ferrocene-based self-assembled monolayers 3!+
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Table 4 Anion dependence of redox waves of monolayers (a) 3a/Au
and (b) 5b/Au in water containing a 0.1 M supporting electrolyte*

Supporting AE Wewnm(@) ¥/ Weanm(C©)1
Electrolyte® E LIV mV mV mV
(a) 3a/Au?

NaPF" —0.110 35 150 150
NaClO, —0.095 30 160 160
NaCF,S0, —0.095 30 185 190
Na,SO, ~0.090 30 250 245
NaNO, —0.085 20 230 230
(b) Sb/Au’

NaPF" —0.130 20 135 135
NaClO, —0.100 20 130 140
NaCF,S0, —0.100 30 120 120
Na,SO, ~0.060 20 200 210
NaNO, —0.020 50 200 220

“pH 7.0 (phosphate buffer). Potentials are reported with respect to Ag—
AgCl at a scan rate of 500 mV s™'. ® The concentration of the support-
ing electrolytes was 0.10 M. ©Half-wave potential. Peak-to-peak
separation. ¢ Full width at half-maximum evaluated from the anodic
wave. / Full width at half-maximum evaluated from the cathodic wave.
¢ The surface coverage was 4.4 x 10" Ru, molecules cm 2. " Data
obtained at pH 6.0. ‘ The surface coverage was 9.6 x 10'* molecules
cm?

that the formation constant for forming ion pairs between
ferrocenium and anions determines the redox potential of the
monolayers.

The anion dependence of the redox waves of monolayers 3a/
Au and 5b/Au is compared in Table 4. The concentrations of
the supporting electrolytes were fixed at 0.10 M and the solu-
tion pH is adjusted to 7.0 by use of Britton—Robinson buffer
solution. It is found that the almost symmetrical feature of the
redox wave, as seen in Fig. 5(a), is maintained for each electro-
lyte solution, except for the case of Na,SO, (see above), but the
redox potential is highly dependent on the type of anion. For
both monolayers, the redox potentials shift in the negative dir-
ection in the order SO,>~ < NO,” < CF,SO, ~ ClO,” < PF,",
indicating that the formation constant for ion pairs between the
monopositive Ru; groups and anions becomes larger in this
order.*! The observed anion dependency is in good agreement
with the trend seen for ferrocene-modified electrodes.*** Inter-
estingly, the observed anion effect seems more significant for
longer alkyl chain monolayers Sb/Au (AE,,, = 110 mV) than the
shorter chain counterpart 3a/Au (AE,, = 25 mV). This pobably
reflects the morphological variation in two monolayers and/or
the local environments of the Ru; redox centres seen between
the two, resulting from the chain length alternation of the
adsorbed molecules along with the coverage density of the Ru,
molecules (see below).

The full width at half-maximum (W) values are also influ-
enced by the anions; for monolayer 3a/Au they range from 150
to 185 mV (cathodic waves) for NaPF,, NaClO, and NaCF,SO,
solutions, while they become larger (from 230 to 250 mV) for
Na,SO, and NaNO; solutions. One of the reasons may be the
occurrence of morphological disorder of the monolayers,
induced by specific interactions of the last two anions.

The unusual redox response observed for monolayers Sb/Au
in the presence of SO, is also evident from the voltammetric
shape, as shown in Fig. 6. Note that, since the pK,, value of
H,SO, is 1.92,** the predominant anionic species due to the
electrolyte is SO,*~ under the present experimental conditions
(pH > 2). As can be seen, the cathodic broad wave consists of a
peak at —0.05 V with an apparent shoulder at ca. —0.2 V, and
the cathodic and anodic traces are not identical. This unsym-
metrical character is seen specifically for the Na,SO, electrolyte
solution, suggesting that SO, substantially influences the
monolayer morphology and subsequent electron-transfer



Table 5 pH Dependence of the redox wave of IILILIII-1I,IILII process
for monolayers (a) 3a/Au and (b) 5b/Au in 0.1 M NaClO, aqueous
solution*

(a) 3a/Au

pH 2.2 4.8 6.1 7.0 9.4

E IV -0.070  —0.080 —0.077 —0.110  —0.090
AE,/mV 15 20 25 20 30
Wt /M V 130 130 150 160 170

W ImV 130 140 140 170 170

(b) 5b/Au

pH 2.3 4.7 6.0 7.2 10.0
E IV -0.070  —0.080 —0.080  —0.090  —0.100
AE,/mV 30 30 30 40 60
Wanm(@)/mV- 130 130 140 130 130
Wemm(©)YmV 130 140 140 140 140

“In water containing 0.10 M NaClO, as supporting electrolyte and
Britton-Robinson buffer solution. ® Redox potentials are quoted vs.
Ag-AgCl. ¢ Full width at half-maximum evaluated from the anodic
wave. ¢ Full width at half-maximum evaluated from the cathodic wave.

Rug{iLiiny Rug(1,i,1)

0.5uA

Y U W B W |
04 02 0 02
E/V vs. Ag/AgCl

Fig. 6 CV of monolayers of compound 5b on a polycrystalline gold
electrode, Sb/Au, in 0.1 M Na,SO, aqueous solution (pH 7.0) at 20 °C
recorded at scan rates of 100, 200, 300, 400 and 500 mV s~ (bottom to
top). Experimental conditions as in Fig. 5.

events between the Ru; centres and the electrode. Importantly,
the voltammogram presented in Fig. 5(a) (0.1 M NaClO,, pH
7.0) can completely be reproduced using the same electrode
upon substitution of the electrolyte solution by 0.1 M Na,SO,
(aq). The reproducibility of these two electrolytes was also con-
firmed at pH 4.5.

pH Dependence

Redox properties of monolayers 3a/Au and 5b/Au were exam-
ined in a wide pH range with the use of 0.1 M NaClO, (aq). The
electrochemical data are summarized in Table 5. Although the
Ru, redox centres have no protonation/deprotonation site, there
are equivalent amounts of pyridyl residues in the monolayers,
and protonation may be possible in acidic media to generate
positively charged pyridinium groups. Beulen et al* have
reported that for mixed monolayers consisting of both ferro-
cene redox centres and carboxylic acid residues the observed
ferrocene—ferrocenium redox wave was dramatically altered by
the protonation/deprotonation behaviour of the neighboring
carboxylates. In the present system, however, almost identical
cyclic voltammograms are observed at pH 2.3-10.0, with a
small deviation of E,;,, AE, and Wi, indicating that neither
Ru; monolayer structures nor electron-transfer rates are largely
affected by solution pH. The CV variation is too small to assess
the possible protonation/deprotonation equilibrium at the
nitrogen sites of the unco-ordinated pyridyl rings.

Conclusion

This work demonstrates tunable redox properties of redox-
active (u;-oxo)triruthenium(i) complexes self-assembled onto

gold electrode surfaces. The triruthenium complexes with the
disulfide ligands 3a—5b were characterized by spectroscopic and
electrochemical methods. An anion-dependent nature of the
one-electron reversible redox process found in the surface sys-
tem can be rationalized by the difference in degree of inter-
action between the positively charged Ru™, centres and the
electrolyte anions in solution, and the trend of the redox poten-
tial with various anions is similar to the electrochemical
behaviour found in metal complex-modified electrodes.

Experimental
Materials

Reagents and solvents used were of commercially available
reagent-grade quality unless otherwise stated. RuCl;-3H,0 was
purchased from Shiga Kikinzoku Co. Acetonitrile used for
electrochemical measurements was distilled from CaH, under
argon. Tetrahydrofuran (THF) was distilled from sodium-—
benzophenone under Ar. Silica gel (Wako C-300, Wako Chem-
icals) was used for column chromatography. Ultrapure water
was obtained by using a Milli-Q water purification system
(Yamato, WQ-500). A gold disk (Ishihuku Metal, 99.99%;
diameter 10 mm, thickness 3 mm) and a glass (Matsunami
Glass, 20 X 26 mm) was used for Au(111) substrates. Ultrapure
N, (99.99%) and Ar (99.95%) (Daido Hokusan) were used.

Physical methods

Infrared spectra were recorded on a Hitachi 270-50 infrared
spectrophotometer using KBr disks, electronic absorption spec-
tra by a Hitachi U-3410 spectrophotometer, 'H and "*C-{'H}
NMR spectra on a JEOL INM-EX 270 NMR spectrometer at
270.15 and 67.94 MHz, respectively. All chemical shifts are
reported as ¢ values downfield from an internal standard of
tetramethylsilane (TMS). Fast atom bombardment (FAB) mass
spectra were recorded on a JEOL JMS-HX110 mass spec-
trometer at the Center for Instrumental Analysis, Hokkaido
University in the positive-ion mode with 3-nitrobenzyl alcohol
as matrix.

Electrochemistry of triruthenium complexes in acetonitrile

Cyclic voltammetry was performed using a BAS CV-50W
voltammetric analyzer with Hokuto HA-501G potentiostat
and a HB-105 function generator equipped with a Graphtec
WX2400 X-Y recorder. The working electrode, the auxiliary
electrode, and a reference electrode were glassy carbon,
platinum coil, and Ag-AgCl, respectively. Differential-pulse
voltammetry (DPV) was carried out by the same equipment at a
scan rate of 20 mV s™'. The electrochemical measurements were
achieved at room temperature under an argon atmosphere in
acetonitrile solution containing 0.10 M tetrabutylammonium
hexafluorophosphate, [#-Bu,N]PF,, with a complex concen-
tration of 0.5-1.0 mM. Under these conditions the half-wave
potential (E,;,) of the ferrocene—ferrocenium couple (Fc-Fc*)
was observed at +0.435 V vs. Ag-AgCl with a peak-to-peak

separation (AE,) of 60 mV at a scan rate of 100 mV s™".

Syntheses

The triruthenium(m) complexes [Ru,;(O)(CH;CO,)s(mpy),-
(CO)] (mpy =4-methylpyridine), [Ru;(O)(CH;CO,)s(Me-
Im),(CO)] (Melm = 1-methylimidazole), [Ru;(O)(CH;CO,)¢
(mpy),(H,0)]CIO, 1a, [Ruy(O)(CH;CO,)s(Melm),(CH;0H)]-
ClO, 2a, [Ru;(O)(CH;CO,)s(mpy),(C2PY)ICIO, 3a and
[Ru;(O)(CH;CO,)s(Melm),(C2PY)]CIO, 4a, were prepared as
described previously.'® The ligand C2PY was prepared accord-
ing to the literature procedures.® “C-{'H} NMR (solvent
CDCl,; standard SiMe,; 20 °C): 6. 171.06 (C=0), 149.58 (py
a-C), 147.10 (py y-C), 122.11 (py B-C), 42.73 (NC;H,CH,),
3542, 34.01 (CH,).
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CH,C(0O)S(CH,),,C(O)NHCH,C:H,N (Ac-S-C10-py). The
acid CH,C(0)S(CH,),,CO,H (2.61 g, 10.0 mmol)*® and 1,1'-
carbonyldiimidazole (1.78 g, 11 mmol) were dissolved in THF
(45 cm®). To this was added dropwise argon-purged 4-(amino-
methyl)pyridine (1.1 cm®, 11 mmol), and the mixture stirred for
24 h under argon. The reaction was monitored by TLC; after 24
h a single spot (R; = 0.69) was obtained for the reaction mixture
(eluted with CH;0H), the value being different from that
of starting materials CH;C(O)S(CH,),,CO,H (R;=1.0) and
4-(aminomethyl)pyridine (R; = 0.28) under the same conditions.
An oily product (ca. 5 cm®) was obtained by reducing the
solvent on a rotary evaporator (the temperature was main-
tained at 32-42 °C during this procedure) and dissolved in
CH,0H (4 cm®). The addition of diethyl ether (25 cm®) and
storage of the mixture at 0 °C for 3 weeks resulted in the pre-
cipitation of a white solid, which was collected by filtration,
washed with diethyl ether (5 cm® x 4) and dried under vacuum
(1.65 g, 47%) (Found: C, 64.79; H, 8.68; N, 8.30; S, 8.92.
CoH30N,0,S requires C, 65.11; H, 8.63; N, 7.99; S, 9.15%);
Jy(solvent CDCl;; standard SiMe,; 20 °C) 8.51 (2 H, d, py a-H),
7.17 2 H, d, py B-H), 6.50 (1 H, m, NH), 4.23 (2 H, d, NC;H,-
CH,N), 2.85 (2 H, t, CH,), 2.32 (3 H, s, CH;CO), 2.26 (2 H, t,
CH,), 1.66-1.56 (4 H, m, CH,) and 1.27 (12 H, br s, CH,);
0c(CDCly) 195.93 (CH,C=0), 173.28 (NHC=0), 149.42 (py
a-C), 147.72 (py y-C), 122.07 (py B-C), 42.09 (NC;H,CH,NH),
36.45, 30.60, 29.39, 29.27 (an overlapping signal), 29.20, 29.18,
29.04, 28.95, 28.67 (CH, x 10) and 25.66 (CH;C=0); 7,,,,/cm™*
(KBr disk) 3296, 3080 (aromatic C-H), 2924, 2852, 1696
(CH,C=0), 1652 (NHC=0) and 1545 (aromatic C-C, py).

{(NC;H,)CH,NHC(O)(CH,),,S}, C10PY. A 1.24 g (3.54
mmol) amount of Ac-S-C10-py was dissolved in CH;OH (50
cm®) and a 0.55 g (3.98 mmol) K,CO; added. The mixture was
stirred at room temperature for 43 h and the solvent removed by
a rotary evaporator. The oily product thus obtained was dis-
solved in CH;OH (16 cm®) by warming with a hot water bath. A
white solid was obtained from the yellow solution by cooling
and keeping at room temperature for 2 d. It was collected by
filtration, washed with diethyl ether (40 cm®), and dried under
vacuum (575 mg, 53%), TLC R;=0.92 (CH;0H) (Found: C,
64.86; H, 8.80; N, 8.68; S, 10.03. C,,H,,N,O,S,-CH,;OH
requires C, 64.98; H, 9.04; N, 8.66; S, 9.91%); 05(CDCl;) 8.54
(4 H, d, py a-H), 7.17 (4 H, d, py B-H), 6.09 (2 H, br t, NH),
444 (4 H, d, NC,H,CH,N), 2.68 (4 H, t, CH,), 2.26 (4 H, t,
CH,), 1.68 (8 H, m, CH,) and 1.29 (30 H, br s, CH, + water);
0c(CDClL,) 173.04 (C=0), 149.74 (py 0-C), 147.29 (py y-O),
122.03 (py B-C), 42.17 (NC;H,CH,NH), 42.2, 39.1, 36.6, 29.4,
29.3, 29.3 (an overlapping signal), 29.1, 29.1, 28.4 (CH, X 10);
Tmad/em ™! (KBr disk) 3300, 3076 (aromatic C-H), 2920 (CH,),
2848 (CH,), 1644 (NHC-O), 1554 (C-C, pyridyl) and 802
(N-H); m/z (EI) 614 (M™).

[Ruy(0)(CH;CO,)((mpy),(CH,OH)ICF:SO; 1b. [Ruy(O)-
(CH,CO,)4(CO)(mpy),] (4.45 g, 0.504 mmol) was dissolved in
CH,0H (25 ¢cm®-CH,Cl, (30 cm®) at room temperature. A
CH,;OH solution (6 cm®) containing AgCF;SO; (270 mg, 1.05
mmol) was added and the mixture stirred in the dark for 24 h.
The resultant solution was filtered through Celite. Addition
of the filtrate to vigorously stirred diethyl ether (1000 cm?)
resulted in precipitation of complex 1b, which was collected by
filtration, washed with n-pentane (10 cm® x 3) and dried under
vacuum (469 mg, 69%) {Found: C, 25.07; H, 3.05; N, 2.14; S,
4.82. [Ru,(O)(CH,;CO,)¢(mpy),(CH;OH)]CF;SO;-CH,;0OH-Ag-
CF,;S0, (C,gH,AgF¢N,0,,Ru,S,) requires C, 25.29; H, 3.03;
N, 2.11; S, 4.82%}; Vpdem™ (KBr) 1556m,br {v,,m(CO,",
acetate)}, 1430vs {vy,,(CO,", acetate)}, 1258s, 1162m, 1034m
(CF,S0;7).

[Ru;(0)(CH;CO,)4(mpy),(C10PY),]ICIO, 5a. This complex
was prepared in the identical manner for 5b described below,

2700 J. Chem. Soc., Dalton Trans., 2000, 2693-2702

except that 1a and NaClO, were used in place of 1b and
NaCF;SO; (8 mg, 14%) {Found: C, 42.90; H, 5.27; N, 5.27; S,
5.97. [Ru,(O)(CH;CO,)¢(mpy),(CIOPY)]CI10,-2H,0 (CssHg-
CINgOyRU;S,) requires C, 43.16; H, 5.40; N, 5.12; S, 5.86%).

[Ru;(0)(CH;CO,)4(mpy),(C10PY),]JCF;SO; 5b. Under an
argon atmosphere, compound 1b (289 mg, 0.215 mmol) and
C10PY (516 mg, 0.839 mmol) were dissolved in CH;OH (30
cm®)-CH,Cl, (60 cm®) and the solution was stirred at room
temperature for 124 h. As the reaction proceeded the electronic
absorption peak at 679 nm for the original solution shifted to
691 nm in 100 h and remained unchanged afterwards. After
124 h the deep blue solution was evaporated to dryness by a
rotary evaporator. The resultant crude solid was purified by
column chromatography using a silica gel column (2.5 cm
diameter X 20 cm long) and a 10% CH;OH-CH,CI, solution as
eluant. The major fraction, deep blue, was collected and the
solvent removed. The crude solid was dissolved in CH;OH (3
cm®) containing NaCF,SO, (44 mg, 0.256 mmol). The addition
of diethyl ether (35 cm®) and subsequent cooling at 0 °C for 16 h
resulted in the precipitation of a solid product 5b, which was
collected by filtration, washed with diethyl ether (15 cm®) and
water (25 cm®) and dried under vacuum (129 mg, 29%) {Found:
C, 42.90; H, 5.27; N, 5.27; S, 5.97. [Ru,(O)(CH;CO,)s(mpy),-
(C10PY),]JCF;SO;-H,0 (CsHggF3NgOgRu;S;)  requires C,
43.16; H, 5.40; N, 5.12; S, 5.86%}; Vma/cm ™' (KBr disk) 1624m
(CO, CI0PY)}, 1542m,br {v,,m(CO,", acetate)}, 1432vs
{veym(CO, ™, acetate)}, 1270s, 1154m, 1034m (CF,;S0;7).

Electrode surface modifications with triruthenium(iir) complexes

Self-assembly of compound 5b on gold electrodes was con-
ducted in an identical manner to the case of monolayers of
compounds 3a and 4a on Au(111) as described previously.'?

Electrochemistry of the monolayers on gold electrodes

The gold electrodes (diameter, 3.0 mm) with (111) ordered
surface structures were prepared according to the method pre-
viously described*”*® and used for subsequent surface modifi-
cations with the molecular adsorbates. The roughness factor of
the surface was estimated to be less than 1.2 based on the
observed charge for the reduction of gold oxide. Prior to the
surface modification, the electrodes were washed with pure
water, annealed in a hydrogen flame, and quenched with pure
water.

The self-assembled monolayers of the triruthenium(ir) com-
plexes on gold were prepared by immersing the gold electrodes
in ethanolic solutions containing 1.0 mM of the appropriate
complex for 14 days. Prior to the electrochemical measure-
ments, the modified gold electrodes were washed with ethanol
and water, and then sonicated for 1 min in Milli-Q water
to remove any possible physisorbed materials. It was found
that upon the sonification procedure 5-10% of Ru,; complex-
derived species were eliminated from gold surfaces (estimated
from an observed decrease in the area of the voltammetric
wave).

The modified gold electrodes were placed in an electrode
holder made from Kel-F so that only one face of the substrate
touched an electrolyte solution meniscus. A platinum wire and
an Ag—AgCl (sat. NaCl) were used as counter and reference
electrodes, respectively. The pH of the solution was adjusted by
using Mellvaine buffer solution (pH 2-8) containing 0.1 M
NaClO, as an electrolyte or HCIO, (pH 1.0). The electrolyte
solution was deaerated by bubbling pure N, gas for 30 min
prior to electrochemical measurements. The electrode potential
was controlled by using a potentiostat (Hokuto Denko,
HA-301) and external potential was provided by using a func-
tion generator (Hokuto Denko, HB-115). Cyclic voltam-
mograms were recorded on an X-Y recorder (Rika Denki,
RW-11T). All the measurements were carried out at room



temperature. Potentials in this paper are all presented with
respect to Ag-AgCl (sat. NaCl).

CAUTION: perchlorate salts of metal complexes with
organic ligands are potentially explosive.* Only small amounts
of material should be prepared, and handled with great
caution.
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