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Functionalized surface with biological or redox active molecules has numerous applications
for molecular electronics, energy conversion, chemical or biological sensors, and
electrochemical catalysts.  Electrochemical reactions using functionalized electrodes have led
to supplementary advantages in terms of enhancement of catalytic efficiency because of
minimizing the amounts of catalysts and facilitating electron transfer between catalysts and
electrodes. The author’s group has developed homogeneous ruthenium catalysts for
electrochemical CO, reduction, water oxidation, and alcohol oxidation. For example,
[Ru(bpy)(‘crpy)(CO)]2+ (bpy = 2,2’-bipyridine: trpy = 2,2’:6°,2”-terpyridine) stably works as a
molecular catalyst for CO, reduction under the electrolysis at potentials more negative than —1.6
V (vs. Ag/Ag)).  Self-assembled thiolate monolayers (SAMs) on a gold surface have widely
been utilized as modified electrodes because of the easiness of preparation.  Electrochemical
potential windows of SAMs, however, are relatively narrow since thiolate group desorbs from
the gold surface at potentials more negative than —1.0 V (vs. SCE) in aqueous media. ~ Thus,
there is a strict limitation of SAMs electrode for application to electrochemical reductions.
Among various methodologies for optimizing of functionalized electrodes, electrografting
through irreversible reduction of diazonium moiety linked to redox active groups is a feasible
process to prepare modified electrodes with strong C-C bonds between redox-active molecules
and surfaces of carbon electrodes.  In this study, the author modified [Ru(bpy)(trpy)(X)]™ on a
surface of carbon electrode with C-C bonds, and investigated the redox behavior of the modified
electrodes including catalytic ability for electrochemical CO; reduction.

In chapter 2, the framework composed of [Ru(bpy)(trpy)Cl]" was immobilized on carbon
electrodes with C-C bond by two methods; one is that using so called the click chemistry (click
chemistry modification), in which an acetylene group bond to terpyridine of ruthenium complex
is allowed to react with phenylazide linked to surfaces of carbon electrodes, and the other is
electrochemical reduction of a diazonium complex [Ru(bpy)(trpy-ph—Nz)Cl]2+ on carbon
electrodes (electrografting modification). = The modified electrode prepared by the click
chemistry would form mono or quasi-monolayer on surfaces of carbon electrodes.  On the
other hand, the modified electrode prepared by electrochemical reduction of a diazonium
complex is more likely to form poly-film of the [Ru(bpy)(trpy)Cl]" framework on carbon
electrode surfaces. Because electrochemical reduction of a diazonium group generates
reactive phenyl radicals, which initially forms a C-C bond with the surface of carbon electrode,
and the subsequent generation of phenyl radicals repeatedly attacks on the top of the
[Ru(bpy)(tzpy—ph)Cl]2+ layers formed on the glassy carbon electrode.  The modified electrode
was relatively stable in aqueous media, since a decrease of the peak currents of the Ru'/Ru™
redox couple of the modified electrode was less than 5 % in 4 hour.  The modified carbon
electrode obtained by electrochemical reduction of [Ru(bpy)(trpy-ph)CI]" showed catalytic
currents for electrochemical CO, reduction in the cyclic voltammogram (CV) under CO,



atmosphere. The amounts produced in the electrochemical CO, reduction, however, would be
too small to conduct gas chromatography and electrophoresis analysis.  On the other hand,
high surface concentrations of the catalysts on the electrode will increase the amounts of the
products in the electrochemical CO; reduction. Electrochemical reduction of
[Ru(bpy)(‘trpy-ph-Nz)Cl]2+ on carbon electrodes did not produce high coverage of multi-layer
film on the electrode due to incomplete generation of [Ru(bpy)(trpy-ph—Nz)Cl]2+ in situ.

In chapter 3, the author isolated a diazonium complex, [Ru(bpy)(trpy-ph—Nz)(CO)]3+, and
modified the [Ru(bpy)(trpy)(CO)]2+ framework on the surface of glassy carbon electrodes with a
C-C bond by  electrochemical reduction of the  diazonium  complex,
[Ru(bpy)(trpy-ph—Nz)(CO)]3+, and investigated the catalytic ability of the modified electrode
toward electrochemical CO, reduction. A diazo complex, [Ru(bpy)(trpy-ph-N2)(CO)}(PFé)s,
was obtained by the reaction of [Ru(bpy)(trpy-ph-NH,)(CO)](PFs), with NaNO,.  Controlled
potential electrolysis of [Ru(bpy)(trpy-ph-N2)(CO)](PF¢); in CH3CN at —1.0 V using a glassy
carbon electrode formed multi-layer films composed of the [Ru(bpy)(trpy)(CO)]2+ framework.
The coverage of the complex on GC was estimated as 3.1 107'° mol cm™ from the CV, which
is ca. 60 times concentrated compared with that of multi-layer films composed of the
[Ru(bpy)(trpy)C1]* framework on carbon electrodes.  The modified electrode covered with the
multi-layer [Ru(bpy)(trpy-ph)(CO)]2+ films also showed catalytic activity for electrochemical
CO; reduction, and produced CO and HCOOH.  However, the modified electrode rapidly lost
the catalytic ability for CO, reduction in 0.5 hour. Scanning electron micrographs (SEM)
measurements of the modified electrode indicated detachments of the multi-layer
[Ru(bpy)(trpy-ph)(CO)J** films from the GC electrode after electrochemical CO, reduction.
The stability of the Ru complexes modified electrodes was evaluated by the changes of the peak
currents of the Ru'/Ru™ redox couple. Taking into accounts that multi-layer
[Ru(trpy)(trpy-ph)]2+ and [Ru(bpy)(trpy~ph)(CO)]2+ films showed the reversible Ru'/Ru'
couple around 1.0 V and 1.66 V, respectively, the former was used to evaluate the stability of the
modified electrodes.

In chapter 4, the author investigated the stability of the multi-layer [Ru(trpy)(trpy~ph)]2+
film generated by electrochemical reduction of a diazonium complex, [Ru(trpy)(trpy-ph—Nz)]3+,
on a glassy carbon electrode according to a literature. The CV of the multi-layer
[Ru(trpy)(trpy—ph)]2+ films on a carbon electrode displayed the Ru'/Ru™
redox couples at 0.95 V and —1.50 V, respectively.  The peak currents of the Ru'/Ru' redox
couple decreased by ca. 5 % after 50 cycle of the potential scans between 0.40 V and 1.40 V (vs.
Ag/Ag").  On the other hand, the decrease of the peak currents of the Ru/Ru™ (or trpy/trpy )

redox couple was ca. 20 % in the similar 50 cycle of the potential scans between —0.70 V and

and the trpy/trpy

1.40 V. Thus, negative potential scans of the modified electrode gave more damages on the
redox reactions of multi-layer [Ru(trpy)(trpy-ph)]** films compared with positive potential ones.
In fact, the controlled potential electrolysis of the multi-layer [Ru(trpy)(trpy~ph)]2+ films under
the same condition of CO, reduction (at —1.70 V for 0.5 h) decreased by about 50 % of the peak
currents of the trpy/trpy ~ redox couple.  Moreover, existence of Ru complexes on the carbon



electrode after the electrolysis was confirmed by XPS measurements.
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