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In this work, an electrochemiluminescence (ECL) reagent
bis(2,2'-bipyridine)(5,6-epoxy-5,6-dihydro-[1,10]phenan-
throline)ruthenium complex (Ru-1) was synthesized, and
its electrochemical and ECL properties were character-
ized. The synthesis of Ru-1 was confirmed by IR spectra,
element analysis, and 'H NMR spectra. For further study,
its UV—vis absorption and fluorescence emission spectra
were investigated. Ru-1 also exhibited quasi-reversible
Ru/Ru™ redox waves in acetonitrile solution. The
aqueous ECL behaviors of Ru-1 were also studied in
the absence and in the presence of tripropylamine. The
complex was fabricated on a y-(aminopropyl) triethoxysi-
lane (APTES) pretreated indium tin oxide (ITO) substrate
via aminolysis reaction between the 5,6-epoxy-5,6-dihy-
dro-[1,10]phenanthroline ligand and APTES. The result-
ing Ru-1 modified ITO substrate exhibited a broad absorp-
tion band in the visible region (350—600 nm) and its
fluorescence emission spectrum was centered at 622 nm.
The Ru-1 modified ITO electrode showed relative low ECL
response. To improve the solid-state ECL response, a gold
nanoparticles (GNP)/Ru-1 modified ITO electrode was
constructed. The mixing of GNP and Ru-1 could produce
the aggregates, which were further immobilized onto a
3-mercaptopropyltrimethoxy-silane (3-MPTMS) pretreat-
ed ITO substrate via Au—S interactions to construct the
GNP/Ru-1 modified electrode.

Electrochemiluminescence'™ (ECL; also called electrogener-
ated chemiluminescence) of tris(2,2'-bipyridine)ruthenium (II)
[Ru(bpy)s>*] first reported by Tokel and Bard® in 1972 has played
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an important role in the development of ECL and its applications,
as manifested in, for example, the growing interest in clinical tests
and biomolecule detection.®?° The ECL of Ru(bpy)s®* involves
the production of light at the electrode surface by generating
species that can undergo highly energetic electron transfer
reactions to form excited states.!

Although the most thoroughly studied ECL system has been
the Ru(bpy);?*/TPA system (where TPA = tripropylamine) due
1=7.9-20 many other
polypyridine ruthenium complexes have also been investigated
as Ru(bpy)s®* analogues. Ru (bpy)s>"-N-hydroxysuccinimide (NHS)
ester and phosphoramidite conjugate, for example, were used as
nonradioactive ECL labels in clinical diagnostic assays."?° Re-
search has also extended to ruthenium coordination complexes
containing phenanthroline and other related ligands.

Phenanthroline as a particular ligand for coordination chem-
istry has been intensively studied since the late nineteenth century,

to its commercial and clinical importance,
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Figure 1. Structure of Ru-1 complex included in this study.

Scheme 1. Schematic Routine for the
Rabrication of Ru-l Modified ITO Electrode
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and much progress has been made in this field.?! Some ruthenium
coordination complexes containing phenanthroline ligands have
been synthesized and studied as ECL chromophores.?*?* Oxida-
tion of 1,10-phenanthroline gives the ligand 5,6-epoxy-5,6-dihydro-
[1,10] phenanthroline (Phen-epoxide), which can be converted
into several 5-substitution products such as 5-cyano-[1,10]phenan-
throline.?*

In this paper, a ruthenium complex containing Phen-epoxide
ligand (Ru-1, as shown in Figure 1) was synthesized. Its
spectroscopic, electrochemical, and electrochemiluminescent char-
acteristics were also extensively evaluated. Because of the chemi-
cal reactivity of the Phen-epoxide ligand, Ru-1 could be
fabricated on a y-(aminopropyl) triethoxysilane (APTES) pre-
treated indium tin oxide (ITO) substrate via aminolysis reaction
of the ligand Phen-epoxide and the amino group of APTES
(Scheme 1).2>2¢ The absorption, emission, and ECL properties
of the Ru-1 modified ITO substrate was characterized. Further-
more, by mixing gold nanoparticles (GNP) and Ru-1, one could
obtain the aggregates containing Ru-1. An improved solid-state
ECL electrode could be fabricated by assembling these GNP/
Ru-1 aggregates on a 3-mercaptopropyltrimethoxysilane (3-
MPTMS) pretreated ITO substrate via gold—thiol interactions.*®

EXPERIMENTAL SECTION
Chemicals and Materials. Ruthenium(III) chloride hydrate
was obtained from Kunming Institute of Precious Metals (Kuming,
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China). 5,6-Epoxy-5,6-dihydro-[1,10] phenanthroline (Phen-ep-
oxide), sodium hexafluoro-phosphate, APTES, 3-MPTMS, and
ferrocene were purchased from Aldrich Chemical Co. (Milwaukee,
WI) and used without further purification. Tripropylamine (TPA)
was obtained from Acros (NJ]). Chloroauric acid (HAuCly) was
purchased from Shanghai Chemical Reagent Company (Shanghai,
China). Sodium citrate and sodium chloride were purchased from
Beijing Chemical Reagent Company (Beijing, China). Acetonitrile
was dried over CaH, and freshly distilled under nitrogen prior to
electrochemical measurement and characterization. Other re-
agents and chemicals were at least analytical reagent grade. The
water used throughout all experiments was purified by a Milli-Q
system (Millipore, Bedford, MA).

Synthesis. The ligand cis-bis(2,2"-bipyridine) dichlororuthe-
nium [Ru(bpy),Cly] was prepared according to a previously
published method.?” Ruthenium complex Ru-1 was then synthe-
sized according to a previous literature procedure.?” Generally,
the synthesis was carried out as follows giving a good yield
(70—80%): A mixed solution of 10 mL of ethanol, 40 mL of water,
180 mg of the ligand Phen-epoxide, and 500 mg of Ru(bpy),Cl,
were refluxed for 4 h under nitrogen atmosphere. After refluxing,
the solution was cooled to room temperature and 5 mL of
saturated sodium hexafluoro-phosphate was added to precipitate
the product Ru-1. The red precipitate was collected by filtration
and washing.

Ru-1 was certified using elemental analysis and *H NMR and
IR spectra. The data are shown as follows. 'H NMR (400 MHz,
DMSO) oy (ppm): 5.120 (s, 2H, al and al’), 7.677 (12H, a2 and
a2', a3 and a3', b2 and b2’, b3 and b3', b6 and b6', b7 and b7"),
8.170 (4H, b4 and b4', b5 and b5'), 8.540 (2H, a4 and a4"), 8.851
(4H, b1 and bl’, b8 and b8). IR vy/cm L 840 (P—F), 802
(C—0—C). Anal. Calcd for C3HyNgOFoPsRu: C, 42.67; H, 2.69;
N, 9.34; Ru, 11.3. Found: C, 42.38; H, 3.02; N, 9.217; Ru, 11.

Preparation of Ru-1 Modified ITO Electrode. For the Ru-1
assembly experiment, the transparent ITO glass was pretreated
following a reported method.?® The monolayer of Ru-1 on the
ITO substrate was fabricated as follows (Scheme 1). Before the
assembly of the monolayer of Ru-1, a precursor film of APTES
was deposited on a clean ITO surface by dipping the ITO substrate
in 5% APTES (v/v) ethanol solution overnight. After thoroughly
rinsing with ethanol and water, the ITO/APTES substrate was
then immersed into the 0.25 mM Ru-1 aqueous solution contain-
ing 1 mM NaHCOj for 48 h to assemble Ru-1 through aminolysis
of the ligand Phen-epoxide.?>?® The resulting ITO substrate was
thoroughly rinsed with water, dried with nitrogen, and used for
the electrochemical and spectroscopic measurements.

Solid-State ECL of GNP/Ru-1 Modified ITO Electrode.
GNP (13 nm) was prepared via a citrate reduction approach.?
According to our previously reported approach,'® 13 nm GNP and
Ru-1 aggregates were assembled on a 3-MPTMS pretreated ITO
substrate?® and used for solid-state ECL characterization.

Instrumentation. Infrared (IR) spectra were recorded within
the 4000—400 cm ™ region on a Perkin-Elmer model 580B infrared
spectrophotometer with the KBr pellet technique. Absorption
spectra were recorded on a Cary 500 scan UV—vis-NIR spectro-
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Figure 2. UV-vis absorption (a) and fluorescence emission (b)
spectra of 0.02 mM Ru-1 (line 1) and Ru(bpy)sCl; (line 2) in 100 mM
phosphate buffer (pH = 7.4) at room temperature. The excitation
wavelength is 460 nm.

photometer (Varian, Harbor City, CA) at room temperature.
Fluorescence emission spectra were recorded on a Perkin-Elmer
LS55 luminescence spectrometer at room temperature. Element
analysis was performed using Elementar Analysensystem GmbH
VarioEL. For ruthenium element determination, inductively coupled
plasma mass spectrometry (POEMS, TJA Corporation) was
applied.

The electrochemical and electrochemiluminescent measure-
ments were performed at room temperature with a CHI 800
workstation (CH Instruments, Austin, TX) with an ECL detector
using a three-electrode system. A KCl-saturated Ag/AgCl elec-
trode and a platinum wire electrode were used as the reference
and the auxiliary electrode, respectively. To inspect the ECL
response of Ru-1 on the electrode, a Ru-1 modified ITO electrode
(or GNP/Ru-1 modified ITO electrode) was used as the working
electrode. To investigate the ECL behaviors of Ru-1 in solution,
an unmodified platinum plate electrode was used as the working
electrode. The ECL emission was detected with a model MCFL-A
chemiluminescence analyzer system (Xi’An Remax Science &
Technology Co. Ltd., Xi’An, China).

RESULTS AND DISCUSSION

UV-Visible Absorption and Fluorescence Emission Spec-
tra of Ru-1. Electronic spectrum of Ru-1 was acquired in phosphate
buffer solution. As shown in figure 2, the absorbance spectrum
of Ru-1 was similar to that of Ru(bpy)sCls. The spectrum was
dominated by the ligand-centered (LC) and intraligand (IL) bands
in the UV region and the spin allowed metal-to-ligand charge-
transfer (MLCT) transitions in the visible region.?*3!

The room temperature fluorescence emission spectrum in
phosphate buffer solution is shown in Figure 2. Compared to
Ru (bpy)3Cls, the complex Ru-1 exhibited a red shift. The results
suggested that the emitting MLCT excited-state energy of Ru-1
was lower than its corresponding complex Ru(bpy)sCl,. The red
shift effect might due to the epoxide structure of the Phen-oxide
ligand.*?

Electrochemical and ECL Characterization of Ru-1. To
investigate the electrochemical properties of the Ru-1 complex,
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Figure 3. Cyclic voltammogram of 1 mM Ru-1 in acetonitrile at room
temperature (scan rate = 0.15 V/s). Inset: the relationship between
the anodic peak current of Ru"/Ru"' and the square root of the scan
rate.
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Figure 4. ECL intensity-potential curve of 0.2 mM Ru=1 in 100 mM
buffer (pH = 7.4) in the absence (- - -) and presence of 0.45 mM
TPA (—) at room temperature (scan rate = 0.1 V/s).

cyclic voltammograms (CVs) were obtained in acetonitrile solu-
tion. Quasi-reversible Ru'/Ru'™ redox pairs were observed (as
indicated by the arrows in Figure 3). Under the experimental
conditions and over the range of scan rates from 20 m to 300
mV/s, the dependence of anodic peak current of Ru™-1/Ru""-1
redox pair on the scan rates was investigated to identify the type
of current. As shown in the inset of Figure 3, the peak current
was approximately proportional to the square root of scanning
rate, v'/2, which indicated that the electro-oxidation of the Ru-1
complex on the platinum electrode underwent a diffusion pro-
cess.>® It is well documented that the ligands 2,2'-bipyridine and
[1,10] phenanthroline could be successively reduced in the
cathodic region and featured a series of quasi-reversible one-
electron reduction waves.>**® The complex Ru-1 here exhibited
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Figure 5. Absorption (A) and fluorescence emission (B) spectra of Ru-1 immobilized on an ITO substrate at room temperature. The excitation

wavelength is 460 nm.
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Figure 6. ECL intensity—potential curve of Ru-1 modified ITO
electrode (line 1) and unmodified ITO electrode (line 2) in 18 uM TPA
at room temperature (scan rate = 0.05 V/s).

similar one-electron reduction behavior in the cathodic region;
however, the reduction waves were not well-resolved (see Figure
3). These reduction waves might be assigned to the 5,6-epoxy-
5,6-dihydro substitution of the [1,10] phenanthroline.

To check the ECL behavior of Ru-1 in 100 mM phosphate
buffer (pH = 7.4) in the absence and presence of TPA as
coreactant, the CVs were recorded as shown in Figure 4. The
onset of luminescence occurred at approximately 1.0 V, at which
Ru™ was oxidized to Ru™™, and then the ECL intensity rose steeply
due to the catalytic oxidation of coreactant TPA.!%6

Characterization of Ru-1 Modified ITO Electrode. Ru-1
immobilized on the ITO electrode through aminolysis of the ligand
Phen-epoxide was investigated by absorption and fluorescence
emission spectra. Figure 5A shows the absorption spectrum of
the Ru-1 modified ITO electrode. It exhibits a broad absorption
band in the visible region (350—600 nm) due to the spin allowed
dr(Ru) —z(ligand) * metal-to-ligand charge transfer (MLCT) tran-
sitions.?” The room temperature fluorescence emission spectrum
of Ru-1 immobilized on the ITO electrode is presented in Figure
5B showing a maximum intensity centered at 622 nm.>***These
results confirm the successful immobilization of Ru-1 on the ITO
substrate.

Figure 6 shows the ECL behaviors of the Ru-1 modified ITO
electrode and the unmodified ITO electrode in 18 uM TPA. As
shown in Figure 6, the Ru-1 modified ITO electrode shows similar
but lower ECL intensity compared to Ru-1 in solution (Figure
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4). The lower ECL signals could be a consequence of limited
loading of Ru-1 because of the monolayer nature.®”

Solid-State ECL of GNP/Ru-1 Modified ITO Electrode.
According to our previous study, because of the electrostatic
interactions between the positive charges of cationic molecules
(i.e., Ru-1 in this work) and the negatively charged citrate coating
on the GNP, the addition of Ru-1 into citrate-stabilized GNP
resulted in a black-red colloidal solution. Such colloidal solution
would further aggregate to form a black precipitate. The resulting
GNP/Ru-1 aggregates could be used to fabricate solid state ECL
sensor on a 3-MPTMS pretreated ITO substrate via strong Au—S
interactions.'®

Figure 7 shows the CVs and corresponding ECL intensity—
potential curves of GNP/Ru-1 modified ITO in the absence and
presence of 167 uM TPA at scan rate of 50 mV/s at room
temperature. A pair of characteristic reversible redox peaks of
Ru-1 near 1.1V could be observed in the absence of TPA (Figure
7A, dotted line), which could be attributed to the successful
assembly of GNP/Ru-1 on the ITO substrate. The other two kinds
of peaks in Figure 7A could be assigned to the oxidation peak
and reduction peak of the GNP contained in the aggregated
structures, respectively.'® Specifically, the oxidation peak P; could
be assigned to the formation of an oxidation layer (layer P;) on
the surface of the GNPs during the forward scan while the
reduction peak P, should be the reduction wave of the oxidized
layer Py during the backward scan. In the presence of 167 uM
TPA (Figure 7A, solid line), typical catalytic oxidation behaviors
were observed near 1.1 V where TPA was catalytically oxidized
by immobilized Ru-1. A negative shift was observed for the
oxidation and reduction peaks of the GNP in the presence of TPA
in this case (Figure 7A). The reason for this negative-shift is not
clear at the current stage and needs further investigation. To check
the ECL properties of Ru-1 immobilized on the modified ITO
electrode, the ECL intensity—potential curves were recorded in
a detection reservoir with and without 167 uM TPA. As shown in
Figure 7B, the onset of luminescence occurred at approximately
1.1V, at which Ru®* was oxidized to Ru*". The ECL signal rose
quite steeply when 167 uM TPA was added into the reaction
buffer.

Figure 8 shows the ECL intensity—potential curves of the
GNP/Ru-1 modified ITO electrode in 100 mmol/L phosphate (pH
= 8.5) buffer solution with and without 167 uM TPA under

(37) Tang, Z.Y.; Wang, Y.; Podsiadlo, P.; Kotov, N. A. ddeeldgées 2006, 18,
3203.
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Figure 7. Cyclic voltammograms (A) and corresponding ECL intensity—potential curves (B) of GNP/Ru-1 modified ITO in the absence (- - -)
and presence (—) of 167 uM TPA at room temperature (scan rate = 0.05 V/s).
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Figure 8. ECL intensity—time curves of the GNP/Ru-1 modified ITO
electrode in the absence (- - -) and presence (—) of 167 uM TPA at
room temperature (scan rate = 0.05 V/s).

continuous CV for 10 cycles. The relative standard deviation of
the ECL peak height of the GNP/Ru-1 modified ITO electrode
in buffer solution was 0.95%, which reflects the good stability of
the GNP/Ru-1 modified ITO electrode.

CONCLUSION

In summary, we have synthesized a ruthenium(Il) complex
containing Phen-epoxide ligand. Its spectroscopic, redox, and
ECL properties were carefully examined. Because of the chemical

reactivity of the Phen-epoxide ligand, the complex was success-
fully fabricated on an APTES pretreated ITO substrate via
aminolysis reaction. The fabrication, emission, and ECL properties
of the Ru-1 modified ITO substrate were characterized. Solid-
state ECL was further realized through a GNP/Ru-1 aggregates
based assembly approach on a 3-MPTMS pretreated ITO sub-
strate. Since the complex prepared could be converted into other
5-substitution products due to the chemical reactivity of the Phen-
epoxide ligand, the Ru-1 complex could be even used to label
materials with an ECL tag in the future. Moreover, the GNP/
Ru-1 aggregates modified ITO substrate exhibits excellent ECL
behaviors and therefore holds great promise as new luminescent
materials for solid-state ECL detection in CE or a CE microchip.
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