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A ruthenium complex containing phenanthroline quinone,
[Ru(pdon)2(aphen)](ClO4)2 (pdon = 1,10-phenanthroline-5,6-
dione, aphen = 5-amino-1,10-phenanthroline) (1), was prepared
as an electrocatalytic adsorbate on a gold electrode. Immobiliza-
tion of 1 on the gold electrode was confirmed by surface
enhanced resonance Raman spectroscopy. The rate constant ks
was calculated as 10 s�1 at pH 7.0. The electrocatalytic oxida-
tion of NADH using this modified electrode was investigated.

Nicotinamide adenine dinucleotide (NADH, reduced form)
is a coenzyme playing an important role in various biochemical
redox reactions. The electrocatalytic oxidation of NADH has
been a subject of great attention, because NADH-dependent en-
zymes are useful for constructing biodevices. However, the di-
rect electrochemical oxidation of NADH on conventional elec-
trodes is only possible with high overpotentials. Various types
of mediators have been employed for the oxidation of NADH
so far. Quinone compounds (e.g. naphthoquinone1 and pyrrolo-
quinoline quinone (PQQ)2) are one example of utilizable medi-
ators. 1,10-Phenanthroline-5,6-dione (pdon) has two important
parts: an ortho-quinone moiety that acts as a mediator for
NADH, and a diiminic moiety at positions 1 and 10 having the
ability to form stable metal complexes. It was reported that met-
al-free pdon shows electrocatalytic activity for the oxidation of
NADH.3 The reactivity of pdon is affected by coordination with
a metal ion.4 Indeed, transition-metal complexes with pdon show
greater electrocatalytic activity for the oxidation of NADH.5,6

Since self-assembled techniques have been widely studied
and can help to construct a highly-ordered monolayer designed
on a nanoscale, it is beneficial to create a functional electrode
surface.7 Self-assembled monolayers (SAMs) containing transi-
tion-metal complexes have attracted attention because of their
redox properties and catalytic ability.8–11 Here, we report the
construction of a novel electrode modified with a SAM of a
ruthenium complex containing pdon, the confirmation of the
complex immobilized on the electrode surface by surface-en-
hanced resonance Raman spectroscopy (SERRS), and the appli-
cation of this modified electrode to the electrochemical oxida-
tion of NADH.

A ruthenium complex containing pdon, [Ru(pdon)2-
(aphen)](ClO4)2 (aphen = 5-amino-1,10-phenanthroline) (1),
was synthesized (Scheme 1).12 A gold electrode was immersed
in a 10mM mercaptopropionic acid (MPA) solution. Subse-
quently, the freshly prepared MPA-modified electrode was im-
mersed in an aqueous solution of 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
to activate the carboxyl group, followed by a 1mM complex 1
acetonitrile solution overnight. For SERRS, a silver electrode
was used instead of a gold electrode.

The complex 1was obtained as dark brown crystals in a 37%

yield. To confirm the immobilization of 1 on the electrode sur-
face, we chose SERRS. SERRS is beneficial for detecting an
electrode surface, since it can provide information on an adsor-
bate forming a monolayer. Figure 1a shows the resonance Ra-
man (RR) spectrum of 1 in 0.1M phosphate buffer, pH 7.0. Be-
cause an oxidation and reduction cycle (ORC)13 was applied to
the electrode, the system becomes SERRS active and a SERR
spectrum of the adsorbed monolayer can be observed. The SERR
spectrum of 1 immobilized on the electrode is shown in
Figure 1b. The SERR spectrum of the novel modified electrode
is very similar to the RR spectrum of 1 in buffer (Figure 1). In
contrast, the characteristic vibration of the amide band at
1610 cm�1 is clearly visible in the SERR spectrum. It is suggest-
ed that the reaction of an amino group of 1 and a carboxyl termi-
nal of MPA immobilized on the electrode leads to the amide
bond. Thus, we can conclude that 1 is immobilized on the
MPA-modified electrode. Furthermore, this result demonstrates
that SERRS can probe a specific functional group in a monolayer
of a metal complex on the surface.

Cyclic voltammetric measurements of the modified elec-
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Figure 1. (a) The RR spectrum of 1 in 0.1M phosphate buffer
and (b) the SERR spectrum of 1 immobilized on the MPA-modi-
fied gold electrode. Spectra were obtained using 413.1-nm exci-
tation (2mW).
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trode were carried out in 0.1M phosphate buffer, and one of the
results is presented in Figure 2 (dashed and dotted line). The for-
mal potential of the complex 1 modified on a gold electrode is
�15mV (vs Ag/AgCl/3M NaCl). This response was assigned
to the quinone/hydroquinone couple. The rate constant ks for
the electron transfer between the electrode and the quinone moi-
ety was calculated from peak separations,14 and a value of 10 s�1

was obtained at pH 7.0. This value was slightly larger than that
reported for immobilized PQQ at the same pH.2 Stable redox re-
sponses were observed over a wide pH range (pH 3–9). The sur-
face coverage of 1 was estimated by integrating the cathodic and
anodic peaks after subtracting the background current and by as-
suming a four-electron transfer process. This assumption was
based on the experimental results, which were reported by Wu
et al.6 An average surface coverage value of 8:9� 10�11 mol/
cm2 was obtained. Since the theoretical value expected for a
closely packed monolayer is 2� 10�10 mol/cm2 based on the
calculation assuming 9.6 �A for the diameter of 1, the present
result is approximately 45% of the theoretical value.

In the presence of NADH, the cyclic voltammogram ob-
tained using the 1-modified electrode at a slow potential scan
rate exhibited a drastic enhancement of the anodic current be-
cause of the catalytic oxidation of NADH (Figure 2 solid line).
The potential value for the direct oxidation of NADH at a bare
gold electrode surface was 720mV (vs Ag/AgCl/3M NaCl),
which was measured in our laboratory. When we used this novel
modified electrode, the oxidation took place at around Ep=2 ¼
80mV (vs Ag/AgCl/3M NaCl), which represents a significant
diminution in the overpotential. Linearity of the plot of the anod-
ic electrocatalytic current vs NADH concentration was obtained
below 1.5mM NADH, and saturation was achieved above
10mM. The electrocatalytic reaction on the modified electrode
surface proceeds according to the following reaction scheme:

[Ru(pdon)2(aphen)]
2þ þ NADHþ Hþ

����!
kobs

[Ru(pdon)(pdol)(aphen)]2þ þ NADþ; ð1Þ

where pdol is 1,10-phenanthroline-5,6-diol. A rough estimate of
the second order rate constant for the electron transfer reaction
between NADH and the immobilized quinone moiety, kobs,
was calculated from cyclic voltammetry according to the ap-
proach of Andrieux and Saveant.15 A kobs of 1:2� 103 M�1 s�1

was obtained for the electrocatalytic oxidation of NADH (1.5
mM). This value was greater than that (1:6� 102 M�1 s�1;
5mM NADH) for the PQQ-modified gold electrode,16 which
is another example of a modified electrode formed by a SAM
of quinone compound for electrocatalytic oxidation of NADH,
at the same pH (7.0).

Even after 4 days of scanning between �200 and þ200mV
at pH 7.0, a clear electrochemical response was still obtained.
On adding of NADH to this buffer solution, the electrocatalytic
current was observed. The immobilization of the complex 1
through the covalent bond seems to cause this stability.

In summary, a novel electrode was constructed using a SAM
of a ruthenium complex containing phenanthroline quinone.
Quinone groups on the surface of this electrode retained their re-
dox activity and mediated the oxidation of NADH. This novel
quinone-modified electrode was stable and showed an electro-
chemical response even after few days.
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Figure 2. Cyclic voltammograms for the 1-modified electrode
without NADH (dashed and dotted line) and with 1.5mM
NADH (solid line) at v ¼ 4mV/s.
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