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A terminal ligand-substitution reaction at triruthenium redox centres within monolayer Ðlms is investigated.
For this purpose, a new redox-active trinuclear ruthenium complex containing one carbonyl ligand at a
terminal site, (mpy \ 4-methylpyridine,[Ru3(O)(CH3COO)6(CO)(mpy)(C10PY)] C10PY\

1, has been chemically adsorbed onto a gold electrode surface with aM(NC5H4)CH2NHC(O)(CH2)10SÈN2)
disulÐde-alkyl spacer C10PY. Densely packed monolayers of complex 1 on Au electrodes (surface coverage,

mol cm~2) display the MRuIIÈCONRuIIIRuIII/MRuIIIÈCONRuIIIRuIII couple atC(Ru3)\ 1.8 ] 10~10 E1@2 \ ]0.61
V vs. AgÈAgCl in a 0.1 mol dm~3 aqueous solution. Upon electrochemical oxidation of the adsorbedHClO4
complex at ]0.80 V, where the triruthenium carbonyl complex is in the oxidized form MRuIIIÈCONRuIIIRuIII,
the coordinated CO is replaced by an aqua ligand present in the bulk phase, which is followed by cyclic
voltammetry at appropriate electrolysis time intervals. During 8000 s of electrolysis, ca. 67% of the initially
assembled carbonyl complexes are converted to the triruthenium aqua complexes, while ca. 25% desorbed
from the electrode surface.

Introduction
There is presently much interest in the development of thin
Ðlms displaying speciÐc functions in view of both fundamental
interest and applications. In particular, preparation of self-
assembled monolayers or spontaneously adsorbed monolayers
is a highly useful approach to yield structurally ordered
molecular arrays on atomically smooth metal surfaces.1h5
Inorganic coordination compounds can be used to generate a
wide range of monolayers with metal-based physical and
chemical properties,6h17 including heterogeneous electron-
transfer, photophysical processes, sensing and catalysis. One
of the intriguing and fundamental aspects of coordination
compounds is solution ligand-substitution reaction or
exchange dynamics. However, for surface-conÐned metal com-
plexes, this issue has been scarcely addressed in the liter-
ature.18h20

In this work, we examined interfacial ligand substitution
reactions occurring in monolayers of a new triruthenium
complex 1, where[Ru3(O)(CH3COO)6(mpy)(CO)(C10PY)]
mpy \ 4-methylpyridine and C10PY\ M(NC5H4)-The structural formula of theCH2NHC(O)(CH2)10SÈN2 .
complex is illustrated in Fig. 1.

Fig. 1 Structural formula of complex 1.

The choice of the metal complex is based on our recent
interest in the development of functionallized monolayers uti-
lizing redox-active dinuclear21h23 and trinuclear24h26 metal
complexes. Across the series, oxo-centred triruthenium com-
plexes of the type (RCOO\ a car-[Ru3(O)(RCOO)6L3]0@`boxylate anion, L\ a monodentate terminal ligand)27 may be
regarded as highly attractive motifs for the preparation of
functionallized mono- and multilayer architectures due to
their known chemical properties including reversible
multistep/multielectron redox processes,28h30 ligand-mediated
electron-transfers,31h33 the formation of supramolecular struc-
tures,34h38 ligand-substitution reactions in solution39h41 and
homogeneous catalysis.42,43

It has been established for [Ru3(O)(CH3COO)6(CO)(py)2](py \ pyridine), the analog of 1, that the CO ligand on the
RuII centre can be replaced by a co-existing ligand (such as a
solvent molecule) upon chemical oxidation of RuII 28 or UV-
irradiation34 in solution. We Ðnd in this work that electro-
chemical oxidation also triggers the CO-substitution reaction
of the triruthenium complexes assembled on gold electrodes.
Knowledge about ligand-substitution reactions of metal com-
plexes in monolayers will also provide signiÐcant insights into
the construction of multilayers based on metalÈligand coordi-
nation bonds.44h46 We describe here the electrochemical
behaviour and the CO/aqua ligand substitution reaction of
the triruthenium carbonyl complex 1 assembled on Au elec-
trode surfaces. The preparation, characterization and electro-
chemical properties of 1 are also detailed.

Experimental

Materials

Reagents and solvents used were of commercially available
reagent-grade quality unless otherwise stated. RuCl3 É 3H2O

3420 Phys. Chem. Chem. Phys., 2001, 3, 3420È3426 DOI: 10.1039/b101561n
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was purchased from Shiga Kikinzoku Co. Acetonitrile used
for electrochemical measurements was distilled from CaH2under argon. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone under argon. Silica gel (Wako gel C-
300HG, Wako Chemicals) was used for column chromatog-
raphy. Ultrapure water was obtained by using a Milli-Q water
puriÐcation system (Yamato, WQ-500).

The ligand (C10PY) was prepared according to the method
reported previously.26 A triruthenium complex

(THF\ tetrahydro-[Ru3(O)(CH3CO2)6(THF)2(CO)] É 2THF
furan) was prepared as described in ref. 24.

Physical methods

Infrared spectra were recorded on a Hitachi 270-50 infrared
spectrophotometer using KBr disks. UVÈVIS spectra were
obtained with a Hitachi U-3410 spectrophotometer. 1H NMR
spectra were recorded on a JEOL JNM-EX 270 NMR
spectrometer at 270.15 MHz. All chemical shifts are reported
as d values downÐeld from an internal standard of tetra-
methylsilane (TMS) for use with and or 3-CDCl3 CD3CN
(trimethylsilyl)-propane sulfonic acid, sodium salt (DSS) for
use with Fast-atom bombardment (FAB) mass spectraD2O.
were recorded on a JEOL JMS-HX110 mass spectrometer in
the positive-ion mode and nitrobenzyl alcohol (NBA) was
used as a matrix. FAB mass spectrometry and elemental
analysis were performed at the Center for Instrumental
Analysis, Hokkaido University.

Electrochemistry of triruthenium complexes dissolved in
solution

Cyclic voltammetry and di†erential-pulse voltammetry were
performed using a Hokuto Denko Automatic Polarization
System HZ-3000. A working electrode, a counter electrode
and a reference electrode were glassy carbon, platinum coil
and AgÈAgCl (sat. NaCl), respectively. The electrochemical
measurements were conducted at 20 ¡C under an argon atmo-
sphere using acetonitrile solutions containing 0.1 mol dm~3
(n- as a supporting electrolyte and a metal complexBu4N)PF6with 0.5È1.0 mmol dm~3 concentration. Under these condi-
tions, the half-wave potential of the ferrocene/(E1@2)ferrocenium couple (Fc/Fc`) was observed at ]0.435 V vs.
AgÈAgCl with the peak-to-peak separation of 60 mV at(*Ep)a scan rate of 100 mV s~1.

Electrochemistry of monolayer-coated Au electrodes

The Au(111) electrode used in this study was prepared accord-
ing to the method previously described.47,48 The roughness
factor of the Au(111) electrode surface was 1.2 (the surface
area \ 0.0595 cm2) based on the observed charge in the cyclic
voltammogram for the reduction of gold oxide using 0.1 mol
dm~3 solution. The roughness factor of a poly-H2SO4crystalline gold electrode used in this study was estimated to
be 1.4. Prior to the surface modiÐcation, the Au electrodes
were washed with pure water, annealed in a hydrogen Ñame
and quenched with Milli-Q water.

Densely packed monolayers were prepared by immersing
the Au electrode into an ethanol solution (5 cm3) of complex
1, concentration 0.1 mmol dm~3, for 2 days in the dark at
20 ¡C. Prior to the electrochemical measurements, the modi-
Ðed Au electrode was rinsed with ethanol and Milli-Q water.

The monolayer-coated gold electrodes were placed in an
electrode holder made from Kel-F so that only one face of the
substrate formed a meniscus with an electrolyte solution. A
platinum wire and an AgÈAgCl (sat. NaCl) were used as
counter and reference electrodes, respectively. Cyclic voltam-

metry for monolayer-coated Au electrodes was conducted
using 0.1 mol dm~3 aqueous solutions at room tem-HClO4perature under an argon atmosphere at scan rates 50È500 mV
s~1. Prior to the electrochemical measurements, the HClO4aqueous solution was deaerated by bubbling argon gas for 30
min with stirring.

Preparations

This complex was[Ru
3
(O)(CH

3
CO

2
)
6
(CO)(mpy)(THF) ] .

prepared by an analogous method to that for
To a methanol/[Ru3(O)(CH3COO)6(CO)(py)(H2O)].34

dichloromethane (1 : 1 v/v) solution (50 cm3) containing
(232 mg, 0.234[Ru3(O)(CH3COO)6(CO)(THF)2] É 2THF24

mmol) was added a 0.9 equivalent of mpy (20 mg, 0.215 mmol)
with stirring at room temperature. The mixture was stirred for
64 h. After the solvent was removed by a rotary evaporator,
the residue was puriÐed by column chromatography using
silica gel (z2.0] 33 cm). Elution with 1È2% methanol/
dichloromethane a†orded three bands on the column. The
Ðrst band was eluted by 1% methanol/dichloromethane, while
the second and the third bands were eluted by 2% methanol/
dichloromethane. After the elution was completed, the sol-
vent was removed from each fraction. On the basis of 1H
NMR spectroscopy, the second fraction contains

where S represents[Ru3(O)(CH3COO)6(CO)(mpy)(S)]
and/or while the Ðrst and the third fractionsCH3OH H2O,

contain known complexes, [Ru3(O)(CH3COO)6(CO)(mpy)2]24and respectively. Recrys-[Ru3(O)(CH3COO)6(CO)S2],49tallization of the solid from the second band from THF/n-
pentane a†orded a deep blue crystalline solid, which was
collected by Ðltration, washed with n-pentane and dried under
vacuum. Yield, 72.6 mg (35.8%). Analysis : Calcd. for

C, 31.87 ; H, 3.84 ; N, 1.62%. Found: C,C23H33NO15Ru3 :
32.15 ; H, 3.89 ; N, 1.54%. Selected IR data (cm~1, KBr pellet) :
1942 vs (l(CO, terminal)), 1614 vs 1576 s(lasym(COO~)),

1426 vs 1H NMR 20 ¡C,(lasym(COO~)), (lasym(COO~)). (D2O,
vs. DSS) : d 9.43 (2 H, d, mpy 2,6-H), 8.10 (2 H, d, mpy 3,5-H),
3.74 (5.8 H, m, THF), 2.82 (3 H, s, mpy 1.97 (6 H, s,CH3),acetate 1.95 (6 H, s, acetate 1.88 (5.8 H, m, THF),CH3), CH3),1.73 (6 H, s, acetate UVÈVIS (acetonitrile) :CH3). jmax/nm
(e/mol dm~3 cm~1) 582 (4200).

1. A mixture of[Ru
3
(O)(CH

3
CO

2
)
6
(CO)(mpy)(C10PY) ]

complex (175 mg, 0.21[Ru3(O)(CH3CO2)6(CO)(mpy)(THF)]
mmol) and C10PY26 (402 mg, 0.65 mmol) was dissolved in
argon-purged methanol/dichloromethane (60 cm3, 1 : 2 v/v).
The solution was stirred for 40 h at room temperature under
argon. The resultant crude solid was puriÐed by column chro-
matography using silica gel (z 2.7 cm] 21 cm) with 2%
methanol/dichloromethane as an eluant and, during the
column chromatography, the methanol content was gradually
increased up to 6%. A total of seven bands (all deep blue in
colour) appeared on the column. The solvent was removed
under a reduced pressure to remain deep blue solid for each of
the samples. 1H NMR spectra revealed that the solid sample
from the 6th band contain the desired complex 1. The solid
was recrystallized from THF/n-pentane, collected by Ðltration,
washed with n-pentane and dried under vacuum. Yield, 16 mg
(5.4%). Analysis : Calcd. for C,C53H79N5O16Ru3S2 ÉH2O:
44.59 ; H, 5.72 ; N, 4.91 ; S, 4.49%. Found: C, 44.30 ; H, 5.42 ; N,
4.75 ; S, 4.24%. Selected IR data (cm~1, KBr pellet) : 2956 w

2928 vw 1944 vs (l(CO, terminal),(lasym(CH2)), (lsym(CH2)),1652 m (l(CO, C10PY)), 1610 vs 1574 m(lasym(COO~)),
1424 vs (COO~)). FAB-MS (NBA as a(lasym(COO~)), (lsymmatrix) : m/z\ 1382 [MÈCO]`, 1289 [MÈCOÈmpy]`. 1H

NMR 20 ¡C, vs. TMS) : d 9.02 (2 H, d, mpy b-H), 8.99(CDCl3 ,
(2 H, d, coord py a-H), 8.54 (2 H, d, py a-H), 7.92 (2 H, d,
coord py b-H), 7.86 (2 H, d, mpy a-H), 7.18 (2 H, d, free py
b-H), 6.32 (1 H, br, t, free 5.96 (1 H, br, t,pyÈCH2ÈNHÈCOÈ),
coord 4.94 (2 H, d, coordpyÈCH2ÈNHÈCOÈ), pyÈCH2ÈNHÈ),
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4.46 (2 H, d, free 2.67 (4 H, t,pyÈCH2ÈNHÈ),
2.87 (3 H, s, mpy 2.37 (2 H, t,ÈCH2ÈSSÈCH2È), CH3),2.26 (2 H, t, 2.09 (6 H, s, acetateÈCH2ÈCOÈ), ÈCH2ÈCOÈ),

2.08 (6 H, s, acetate 1.81 (6 H, s, acetateCH3), CH3), CH3),1.55È1.75 (16 H, br, m, 1.25È1.45 (16 H, br, m,ÈCH2È),
UVÈVIS (acetonitrile) : (e/mol dm~3 cm~1) :ÈCH2È). jmax/nm

584 (8900), 333 (12 000), 276 (sh, 21 000), 226 (sh, 43 000).

Results and discussion

Preparation, characterization and electrochemical properties of
complex 1

In this study, a molecular adsorbate containing a disulÐde
group, 1 (Fig. 1), was isolated and then monolayers were
formed on either an Au(111) electrode or a polycrystalline Au
electrode surface.

Complex 1 was prepared from a solvated complex
and a disulÐde alkyl[Ru3(O)(CH3COO)6(CO)(mpy)(THF)]

ligand C10PY through the terminal ligand substitution reac-
tion (THF] C10PY). The complex is isolated in the mixed
valent form (II,III,III), in which the divalent state is localized on
the ruthenium centre bound to CO, e.g., MRuIIÈ
CONRuIIIRuIII.30,50 One of the two pyridyl groups in C10PY is
bonded to a ruthenium(III) centre while the other is free from
coordination. Column chromatographic procedures (silica gel)
were required to isolate 1 in a pure form. A 1H NMR spec-
trum (270.05 MHz, exhibited three singlets with equalCDCl3)intensities due to acetate methyl signals Md 1.81 (6H), 2.08 (6H)
and 2.09 (6H) vs. TMS) as expected. An infrared spectrum of 1
(KBr pellet) contained a strong absorption peak due to l(CO)
of a terminal carbonyl ligand (1944 cm~1) together with the
asymmetric (1610 and 1574 cm~1) and symmetric (1424 cm~1)
stretches of bridging acetate moieties. An additional l(CO)
band ascribed to carbonyl moieties in C10PY was observed at
1625 cm~1. Fast-atom bombardment (FAB) mass spectrom-
etry a†orded a parent envelop at m/z\ 1382 ([MÈCO]`) with
fragment peaks corresponding to species with a successive loss
of terminal and bridging ligands. An electronic absorption
spectrum of 1 in acetonitrile displayed two intense absorption
bands in the visible region and 333 nm) together(jmax \ 584
with more intense shoulders in the UV region ; overall spectral
features matched well those of known carbonyl-containing
triruthenium(II,III,III) analogues, [Ru3(O)(CH3COO)6(CO)L2]and pyridine derivatives).28,30,49(L\H2O, CH3OH

In general, triruthenium complexes of this type show multi-
step redox processes in solution. Redox properties of 1 as well
as were examined by[Ru3(O)(CH3COO)6(mpy)(CO)(H2O)]
cyclic voltammetry using 0.1 mol dm~3 (n-

([complex]\ 1.0 mmol dm~3) with aBu4N)PF6Èacetonitrile
glassy carbon working electrode. Electrochemical data and
wave assignments are summarized in Table 1.

In the potential range between ]2.0 and [2.0 V vs. AgÈ
AgCl, four consecutive one-electron waves associated with
reduction/oxidation processes were observed. The assignment
of the redox waves is based on comparison of redox data for a
closely related complex with one terminal CO, e.g.,

(py \ pyridine), established[Ru3(O)(CH3COO)6(py)2(CO)]
previously.50 The mixed-valent complex MRuIIÈCONRuIIIRuIII
can be reversibly oxidized to MRuIIIÈCONRuIIIRuIII and MRuIIIÈ
CONRuIII.5RuIII.5, and is reduced reversibly to MRuIIÈ
CONRuII.5RuII.5 and irreversibly to MRuIIÈCONRuIIRuII.

Electrochemistry of monolayers derived from 1

Monolayers of 1 have been prepared by immersing gold elec-
trodes in a solution containing the complex under the condi-
tions described in the Experimental section. The disulÐde
alkyl ligand C10PY links the MRu3(O)(CH3COO)6(mpy)(CO)N
moiety and the electrode surface. Cyclic voltammograms for
the monolayer deposited on a polycrystalline gold electrode
are shown in Fig. 2. Electrochemical data are summarized in
Table 2.

The MRuIIÈCONRuIIIRuIII/MRuIIIÈCONRuIIIRuIII couple is
observed at V vs. AgÈAgCl with mVE1@2 \ ]0.61 *Ep\ 70
in 0.1 mol dm~3 aq. solution. The redox potential isHClO4similar to the corresponding redox potential of 1 dissolved in
acetonitrile (Table 1). In this study, electrochemical measure-
ments were attained under highly acidic conditions (pH 1.0) to
detect the highly positive redox wave.

Evidence of surface-conÐned redox centres is obtained from
the observation of a linear correlation of anodic and cathodic
peak currents against scan rates,51 as shown in the inset of
Fig. 2. The shape of the wave is independent of the scan rate
studied (50È500 mV s~1).

Fig. 2 Cyclic voltammograms for monolayers of 1 assembled on the
polycrystalline Au electrode in 0.1 mol dm~3 aqueous solu-HClO4tion at 20 ¡C in the electrode potential region between [0.25 and
]0.85 V vs. AgÈAgCl. A platinum wire is used for the counter elec-
trode. Scan rate \ 50, 100, 200 and 400 mV s~1. Inset : A linear corre-
lation of current intensities of the anodic and cathodic waves and(iparespectively) with the scan rate.ipc ,

Table 1 Electrochemical data of and (1 when n \ 0) in 0.10[Ru3(O)(CH3COO)6(mpy)(CO)(H2O)]n` [Ru3(O)(CH3COO)6(mpy)(CO)(C10PY)]n`
mol dm~3 (n- (20 ¡C)aBu4N)PF6Èacetonitrile

E1@2 b/V vs. AgÈAgCl (*Ep c/mV)

Total charge (n)d ([2/[1) ([1/0) (0/]1) (]1/]2)

[Ru3(O)(CH3COO)6(mpy)(CO)(H2O)]n` [1.72 (120) [0.75 (70) ]0.69 (80) ]1.37 (80)
[Ru3(O)(CH3COO)6(mpy)(CO)(C10PY)]n` (1 when n \ 0) [1.82e [0.86 (60) ]0.66 (60) ]1.29 (100)

a Scan rate \ 200 mV s~1. b Half-wave potential, where and are anodic and cathodic peak potentials, respectively.E1@2 \ (Epa ] Epc)/2, Epa Epcc Peak-to-peak separation, d Ru oxidation states : MRuIIÈCONRuIIRuII for n \ [2 ; MRuIIÈCONRuII.5RuII.5 for n \ [1 ; MRuIIÈ*Ep \ Epa [ Epc .
CONRuIIIRuIII for n \ 0 ; MRuIIIÈCONRuIIIRuIII for n \ ]1 ; MRuIIIÈCONRuIII.5RuIII.5 for n \ ]2. e Cathodic peak potential for irreversible process.

3422 Phys. Chem. Chem. Phys., 2001, 3, 3420È3426
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Table 2 Electrochemical data for monolayers of triruthenium car-
bonyl complex 1 and electrochemically-generated monolayers of tri-
ruthenium aqua complexes on polycrystalline Au electrodes (20 ¡C)a

Monolayers Monolayers of tri-
of 1 ruthenium aqua complex

E1@2 b/V vs. AgÈAgCl ]0.61 [0.09
*Ep c/mV 60 70
*Efwhm d/mV 150e 200f
C(Ru3)g/mol cm~2 1.8] 10~10 e 1.2] 10~10f

a In 0.10 mol dm~3 aqueous solution, scan rate \ 100 mVHClO4s~1. b Half-wave potential, vs. AgÈAgCl. c Peak-to-peak potential.
d Full-width at half-maximum value. e Obtained from the cathodic
wave. f Obtained from the anodic wave. g Surface coverage of the tri-
ruthenium redox centres.

The surface coverage of 1 on a gold surface, wasC(Ru3),determined to be 1.8] 10~10 mol cm~2, by integrating the
charge under the redox wave at ]0.61 V. This is consistent
with the theoretical value expected for close-packed mono-
layers, 1.7] 10~10 mol cm~2, assuming a molecular area of
ca. 114 based on X-ray crystallographic data of a structur-A� 2
ally similar complex, [Ru2Mg(O)(CH3COO)6(cpy)2(H2O)]
(cpy\ 4-cyanopyridine).52 Further, the surface coverage
observed here is similar to that of [Ru3(O)-

monolayers on the Au(111)(CH3COO)6(mpy)2(C10PY)]`
electrode (1.6] 10~10 mol cm~2).26

The full-width at half-maximum of the redox wave(*Efwhm)
at ]0.61 V (Fig. 2) is estimated to be 150 mV, substantially
larger than the predicted value for surface-conÐned non-
interacting redox centres, 90.6 mV.51 The broad redox wave
observed for the present monolayer can be interpreted as a
result of repulsive lateral interactions between adjacent redox
centres and/or multiple redox potentials due to the di†erent
microenvironments of the redox centres within the mono-
layers. The same magnitude of is also observed for the*Efwhm monolayer.26 A con-[Ru3(O)(CH3COO)6(mpy)2(C10PY)]`
stant, non-zero peak-to-peak separation between the anodic
and cathodic potentials e.g., 70 mV, is observed at scan(*Ep),rates 50È500 mV s~1. The electrochemical response of mono-
layers of 1 developed on the Au(111) electrode was virtually
identical to that of the monolayer formed on the poly-
crystalline Au electrode described above V,(E1@2\ 0.61

mV, mV, mol*Ep\ 70 *Efwhm\ 160 C(Ru3)\ 1.5] 10~10
cm~2). The scan rate dependence of the redox wave beyond
500 mV s~1 was not examined in this study.

Electrochemical oxidation process of monolayers derived
from 1

Electrochemical one-electron oxidation of surface-conÐned tri-
ruthenium carbonyl centres within monolayers leads to the
liberation of the carbonyl ligand and produces triruthenium
aqua complexes that are retained on the electrode surface.
This substitution reaction of a triruthenium redox centre can
be easily monitored by cyclic voltammetry, because redox
waves due to two surface species, e.g., complexes with carbon-
yl and without carbonyl, appear at considerably di†erent
potentials and are easily distinguished as described below. The
interfacial ligand substitution reaction is illustrated in Scheme
1.

Cyclic voltammetry was used to monitor the ligand liber-
ation process of 1 assembled on Au electrodes. Fig. 3 shows
the sequential variations in the cyclic voltammograms for
monolayers of 1 prepared on the polycrystalline Au electrode,
obtained at di†erent electrolysis times in 0.1 mol dm~3

solution.HClO4In this experiment, the electrode potential is maintained at
]0.80 V during electrolysis, where the surface-immobilized
complexes are in the MRuIIIÈCONRuIIIRuIII oxidation state. The
voltammogram recorded prior to the electrolysis (e.g., electro-

lysis time\ 0 s) is labeled as (a) in Fig. 3, which is consistent
with the voltammogram in Fig. 2 at a scan rate of 200 mV
s~1. Upon electrolysis, the charge under the ]0.61 V wave
due to surface-conÐned 1 begins to decrease, while a new wave
increases around ]0.1 V. This situation can be seen in volt-
ammograms (b) to (e). As mentioned above, the electrolysis at
]0.8 V corresponds to the one-electron-oxidation of the RuII
bound by CO, thus leading to a weakening of the RuÈCO
bonding, the liberation of CO and concomitant introduction
of a co-existing ligand Finally, as shown in voltam-H2O.
mogram (f ), the triruthenium aqua complex becomes domi-
nant as a surface species. The introduction of the aqua ligand
to the triruthenium redox centre is supported by the similarity
of the redox potential of the new wave to that of CO-free
triruthenium complexes deriv-[Ru3(O)(CH3COO)6(pyridine

dissolved in solution. For example,atives)2(H2O)]` [Ru3(O)-
exhibits the RuIIIRuIIIRuIII/(CH3COO)6(mpy)2(H2O)]`

RuIIRuIIIRuIII process at V in 0.1 mol dm~3 (n-E1@2 \ ]0.04
We consider that the ligand intro-Bu4N)PF6Èacetonitrile.26

duced into the vacant Ru site is the molecule present inH2Othe solution phase and not a pyridyl pendant present in the
vicinity of triruthenium groups (see Scheme 1), since the
pyridyl group should be protonated under the conditions
employed (pH 1). The substitution reaction of 1 assembled as
a monolayer is consistent with our previous observation using
the FT-IRRAS (Fourier-transform infrared reÑectionÈ
absorption spectroscopy) technique on a closely related
monolayer derived from [Ru3(O)(CH3COO)6(CO)(MeIm)-
(C2PY)] MMeIm\ 1-methylimidazole, C2PY\ M(NC5H4)-in which a decay in intensity ofCH2NHC(O)(CH2)2SÈN2N,25the l(CO) absorption band was observed as the electrolysis
time increased. A sequential potential sweep in the region
between [0.20 and ]0.85 V (not shown) was found to result
in a decrease in the charge of the redox wave at ]0.61 V and
concomitant increase of a new wave around [0.1 V. The tiny
new wave can be seen around [0.10 V in Fig. 2, most appar-
ently in the CV recorded at 400 mV s~1.

In Fig. 4, voltammetric charges due to the surface-conÐned
triruthenium carbonyl and aqua complexes, represented as

and respectively, are plotted against the electrolysisQCO Qaqua ,time. The value of was estimated from the anodic chargeQaquaof the [0.1 V wave, and that of from the cathodic chargeQCOof the ]0.61 V wave. The sum of two charges, e.g., QCOis also included in Fig. 4 to display the variation in] Qaqua ,the total amount of redox centres attached to the surface
during the ligand-substitution reaction.

As seen in Fig. 4, the total charge decreased(QCO] Qaqua)rapidly in the initial stage of the ligand-substitution reaction
(e.g., \2000 s), while it remained virtually unchanged to 8000
s of electrolysis. The Ðnal total coverage (at 7980 s) corre-
sponds to ca. 75% of the initial surface coverage of 1. The
decrease in the total charge corresponds to desorption of
redox centres from the gold surface. We tentatively assign the
domain of the loss as most likely the disordered phase of the
molecules on surface. The electrostatic repulsive force between
electrochemically-generated ]1 charged redox centres and
the gold surface (]0.80 V) would be signiÐcant, thus leading
to desorption of weakly attached redox centres. It is noted
that the additional redox couple ascribed to RuIIIRuIIIRuIII/
RuIIIRuIIIRuIV is expected to occur around ]1.0 V vs.
AgÈAgCl for the triruthenium aqua complex as observed for

in acetonitrile.26 The[Ru3(O)(CH3COO)6(mpy)2(H2O)]`
onset of the corresponding redox wave is actually seen in the
present voltammograms (Fig. 3) in the potential region
beyond ]0.8 V. After 8000 s of electrolysis, the surface cover-
age of triruthenium aqua complex was estimated to be
1.2] 10~10 mol cm~2 from the anodic wave, corresponding
to 67% of the initial coverage of 1. At this point, ca. 8%
(1.5] 10~11 mol cm~2) of the surface complex still remained
as 1. Invariant total surface coverage during the electrolysis

Phys. Chem. Chem. Phys., 2001, 3, 4320È3426 3423
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Scheme 1 An ideal representation of monolayers of triruthenium complexes on a gold electrode surface and the ligand-substitutionCO] H2Oreaction within the monolayer.

experiment after 2000 s indicates the stable character of the
monolayer under highly acidic conditions (pH 1). Identical
kinetic behaviour was observed for monolayers prepared on
Au(111) electrode.

It is of interest to compare the ligand substitution kinetics
of the surface-conÐned complex to that observed in the solu-
tion phase. Kido et al. observed that upon irradiation
with a Xe lamp ([290 nm) the coordinated

CO ligand in [Ru3(O)(CH3COO)6(py)2(CO)], [Ru3(O)-
and(CH3COO)6(cpy)2(CO)] [Ru3(O)(CH3COO)6-was replaced by acetonitrile molecule in(CH3OH)2(CO)]

homogeneous acetonitrile solutions to form [Ru3(O)-
(CH3COO)6(py)2(CH3CN)], [Ru3(O)(CH3COO)6(cpy)2-and respect-(CH3CN)] [Ru3(O)(CH3COO)6(CH3CN)3],ively.34,53 The substitution reaction was foundCO] CH3CN
to be Ðrst-order and rate constants of ca. 10~4 s~1 were

3424 Phys. Chem. Chem. Phys., 2001, 3, 3420È3426
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Fig. 3 Sequential variations in cyclic voltammograms for mono-
layers of 1 assembled on the polycrystalline Au electrode (0.1 mol
dm~3 aq., scan rate \ 200 mV s~1) during the course of theHClO4electrolysis experiment, showing ligand substitution reaction

at triruthenium redox centres within monolayer Ðlms.(CO] H2O)
The Au electrode potential is maintained at ]0.8 V vs. AgÈAgCl
during electrolysis, where the surface-conÐned triruthenium carbonyl
complex is in the oxidized form MRuIIIÈCONRuIIIRuIII. Cyclic voltam-
mograms recorded at electrolysis times of 0 (a), 50 (b), 120 (c), 270 (d),
930 (e) and 5980 (f ) are presented.

obtained for the series of the complexes. When the Ðrst-order
kinetic treatment is similarly applied to the present monolayer
prepared on the Au(111) electrode, namely, lnMQCO/(QCOvs. electrolysis time, the rate constant of] Qaqua)N1.4(^0.1)] 10~3 s~1 500 s) is obtained. (The(t1@2 \ ca.
kinetic analysis is conducted using data points between 0 and
800 s, during which time ca. 73% of the total carbonyl com-
plexes are aquated, and an apparent retardation of the reac-
tion is evident after 800 s.) Unfortunately, there are no kinetic
data for oxidation-triggered ligand substitution reaction in the
homogeneous phase for direct comparison with the present
monolayer case. More detailed comparative kinetic studies on
the complexes as a monolayer and in solution are in progress.

Electrochemistry of monolayers containing aqua complexes

Fig. 5 shows cyclic voltammograms for electrochemically-
generated (8000 s of electrolysis) triruthenium aqua complex
monolayers. The surface-immobilized character of the
triruthenium aqua complex is conÐrmed by the linear
correlation between the current intensities of the
RuIIRuIIIRuIII/RuIIIRuIIIRuIII couple V) and scan(E1@2 \ [0.09

Fig. 4 The variation in the charges of the cyclic voltammetric waves
due to the surface-conÐned triruthenium carbonyl complex 1 (QCO)and triruthenium aqua complex as well as the sum of two(Qaqua)charges (QCO] Qaqua).

Fig. 5 Cyclic voltammograms for electrochemically-generated
monolayers of the aqua complexes on the polycrystalline Au electrode
in 0.1 mol dm~3 aqueous solution at 20 ¡C in the electrodeHClO4potential region between [0.25 and ]0.40 V vs. AgÈAgCl. A plati-
num wire is used for the counter electrode. Scan rate\ 100, 200, 300,
400 and 500 mV s~1. Inset : A linear correlation of current intensities
of the anodic and cathodic waves and respectively) with the(ipa ipc ,
scan rate.

rates (50È500 mV s~1), as shown in the inset of Fig. 5. Electro-
chemical data for this monolayer are included in Table 2. The
much broader (200 mV at a scan rate of 100 mV s~1)*Efwhmmay infer a more disorded morphology of the electrochemi-
cally generated monolayer.

Conclusion
In the present work, we have prepared and examined redox
properties of spontaneously adsorbed monolayers of the oxo-
and acetato-bridged triruthenium complex possessing one car-
bonyl terminal ligand [Ru3(O)(CH3COO)6(mpy)(CO)-
(C10PY)] 1. The triruthenium carbonyl complex monolayers
reveal the MRuIIÈCONRuIIIRuIII/MRuIIIÈCONRuIIIRuIII couple at
]0.61 V for the Ðrst potential sweep, while a new wave
appears and grows around [0.1 V during the multiple poten-
tial cycles or electrolysis at ]0.8 V. The new redox wave cor-
responds to the RuIIRuIIIRuIII/RuIIIRuIIIRuIII couple due to the
triruthenium aqua complexes on the electrode surface which
are generated through carbonyl substitution reaction upon
oxidation. The ligand substitution of metal complexes
attached to surfaces is of marked importance and interest in
the future design of layer-by-layer multilayer assemblies based
on metalÈligand bond formation. Study along this line is cur-
rently in progress in our laboratory.
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