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Abstract

Hydrogen peroxide (kD,) can be used as a coreactant to generate reductive-oxidation ECL of Tris(®&dine)ruthenium(ll),
Ru(bpy)?* (bpy = 2,2-bipyridine), in pH 7.5 phosphate buffer solution (PBS). Although Ru(¥pig adsorbed and precipitated on the
electrode upon reduction of Ru(bg¥) in aqueous solutions, ECL can still be generated and scanning electrochemical microscopy (SECM)
experiments verified the presence of some dissolved Rufbimythe solution. When kD, is electrochemically reduced, it produces hydroxyl
radical ¢OH). ECL is generated by an energetic electron transfer (ET) reaction between Rtigapy)OH. The ECL intensity depends
on both the Ru(bpyf* and HO, concentrations. However, a relatively high concentration @H>1 mM H,O, with 0.1 mM Ru(bpyj}?*)
guenches ECL significantly. 4@, also quenches the photoluminescence of Ru@pwith a quenching rate constant of 571F M~1s1,
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The second involves the use of a coreactant, that produces
a strong reducing or oxidizing agent in a reaction following

Electrogenerated chemiluminescence (ECL) involves ET. Employing a coreactant is useful especially when either
light emission that arises from a highly energetic elec- R** or R*~ is not sufficiently stable for the ECL annihi-
tron transfer (ET) reaction between electrogenerated specieslation reaction, or when the solvent has a narrow potential
Usually, the emitting species is regenerated after EC3]. window so that R* and R~ cannot both be formed. With
There are two main methods of generating ECL. The first a coreactant, ECL can be generated by applying a poten-
is ion annihilation, which involves ET between oppositely tial in one direction. Depending on the reaction path to pro-
charged radical ions (R and R*) generated at an electrode duce the ECL emitter in the excited state, it is referred to as
(vide infra): oxidative-reduction or reductive-oxidation ECL. For exam-
ple, oxalate ion (€04) [4,5] and various aminef—9] are

R*”+R"— R+ R* (1) used for oxidative-reduction ECL where an oxidative step

R* = R+ hv ) produces a strong reductant. Peroxidisulfate iofOg5™)
[10-12]is frequently used for reductive-oxidation ECL. A

where R is an ECL emitter. widely used system for coreactant ECL is the Ru(gpY/jri-

n-propylamine (TPrA) systerj8,13], shown below:
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Ru(bpys®" —e~ — Ru(bpy:®" (5) versus Ag/AgCl, unlegs mentioned otherwise. All s_oluti.ons
2 5 used for electrochemistry and ECL were purged with nitro-
Ru(bpyy®" +Pr,N—C*H-Et — Ru(bpyy“**+P  (6) gen gas to remove oxygen, unless mentioned otherwise.

or 2.3. Scanning electrochemical microscopy (SECM)

R 2t 4 PpN—-C*H-Et — R t4p 7
u(bpyR™ +ProN-C t uRYET + ) SECM measurements were performed with a CHI-
900 scanning electrochemical microscope (CH Instruments,
Ru(bpy)** (from Eq (5)) + Ru(bpy)™ Austin, TX). An annealed carbon fiber ®n diameter
— Ru(bpys®™ + Ru(bpyy>" (8) (Goodfellow, Cambridge, UK) was heat-sealed in a glass
capillary to prepare the SECM tip as described previously
where Pris CHCHyCHy—, Etis CHiCHy— and Pisareac-  [19]. The RG value of this tip was 5, determined from mea-
tion product. surements with an optical microscope. A GCE (0.0%tm
ECL produced by a coreactant has been used in a vari-was used as the substrate electrode. The tip was polished and
ety of aqueous analytical techniqu@sl4-17] because the  rinsed with water and acetone prior to each measurement.
electrochemical potential window of an aqueous solution is

too narrow to readily produce both sufficiently stable radical 2 4. pPhotoluminescence and ECL measurements

cations and anions for annihilation ECL. Therefore, devel-

opment of a coreactant is important in adopting ECL in such  photoluminescence (PL) spectra were obtained with an

analytical techniques as well as imprOVing SenSitiVity and ISA Spex F|uoro|og_3 (JY Horiba, Edison, NJ) A quartz

reprOdUCibi”ty of the ECL emitter/coreactant System. cuvette with a 1cm path |ength was used for all PL mea-

H20; as a coreactant in ECL has not yet been reported. In syrements. All solutions used for PL were purged with N

this paper, we demonstrate that hydrogen peroxiceOg gas.

can be used as a coreactant to generate ECL of Rufbiiy) To obtain a simultaneous CV and integrated ECL signal, a

an aqueous solution via reductive-oxidation. We also discussphotomultiplier tube (PMT, Hamamatsu R4220p) was used,

electrochemical reduction of Ru(bpy} in pH 7.5 phosphate  with —750 V supplied to the PMT with a high-voltage power

buffer solution (PBS) using cyclic voltammetry and scanning  sypply series 225 (Bertan High Voltage Co., Hicksville, NY).

electrochemical microscopy (SECM). The ECL spectrum was measured as previously reported
[20]. A charge-coupled device (CCD) camera (Photometrics
CH260, Tucson, AZ) cooled te-110°C and interfaced to

2. Experimental a computer was used to obtain the ECL spectra. The CCD
_ . camera was focused on the exit slit of a grating spectrometer
2.1. Chemicals and solutions (concave grating) having a 1 mm entrance slit (Holographics,

Inc.). All integrated ECL signals were produced by scanning
Tris(2,2-bipyridine)dichlororuthenium(ll) hexahydrate, potentials from 0V to a potential sufficiently negative to re-
Ru(bpy}Clz-6H20 (99.99%) and sodium hydroxide were duce both HO, and Ru(bpyj?*. The ECL spectrum was
obtained from Aldrich (Milwaukee, WI) and used as re- produced by pulsing the potential from 0+d.5 V.
ceived. Hydrogen peroxide (30%), NgalPlO4-H,O, and
NagHPOy-12H,O from Fischer Scientific Co. (Fair Lawn,
NJ) were used without further purification. Phosphate buffer 3. Results and discussion
solution (PBS) (0.2 M) was prepared by a literature method
[18] and the pH was adjusted to 7.5 by addition of2M NaOH. 3.1. Electrochemical reduction of Ru(bp$) in pH 7.5
All agueous solutions used in this work were prepared with pps
deionized water (MilliQ, Millipore).

Electrochemical reduction of Ru(bpy) in aqueous so-
2.2. Electrochemistry lutions is rarely discussed, because the potential window of
water is narrow and the background reduction current of wa-
A conventional three-electrode electrochemical cell was ter interferes with the reduction waves of Ru(kgsy)in CV.
used for the electrochemistry and ECL experiments. GlassyHowever, one can see a reduction wave of Ru(sy)n
carbon (GCE, 0.07 cf), platinum wire (Pt, 0.4mm diame- CV even in the aqueous solution, if the following condi-
ter), and silver/silver chloride (Ag/AgCl in saturated potas- tions are satisfied: (a) low proton {Hconcentration, (b)
sium chloride solution) were employed as working, counter sufficiently high concentration of Ru(bpy)" to overcome
(or auxiliary), and reference electrodes, respectively. Cyclic the background reduction current of water, and (c) use of a
voltammograms (CVs) were obtained with either a CHI 660 GCE that has more negative overpotential fdr &hd wa-
electrochemical workstation (CH Instruments, Austin, TX) ter reduction than metal electrodes, such as Pt and Au. For
or a homemade potentiostat. All potentials are reported in V example, Fiaccabrino et gR1] showed that ECL could be
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03 : — —_ of the prewave was independent of the Ru(BpY)oncen-
1 tration from 2 to 7 mM. However, when the electrode poten-
0.2 tial was scanned back, the corresponding diffusion-controlled
wave and prewave for oxidation of Ru(bgy)were not ob-
0-14 served in the CVEig. 2(@)). Instead, a sharp oxidation peak
—— appeared with the characteristic stripping peak shape. This
=z 004 0 may indicate that some precipitation of Ru(bgyalso oc-
_§ ol = curs on the electrode in addition to adsorption. The solubil-
’ o1 ity of Ru complexes having highly hydrophobic bipyridine
< ligands probably decreases in the aqueous solution upon re-
024 E o1 . ..
= duction of the charge. Similar results were reported for an
oad acetonitrile—water (1:1, v/v) mixtur@6].
' o Even though adsorption and precipitation of Ru(kpy)
o4 . E‘Y vs. A_\g/AgfI:I) - occurs, some dissolved Ru(bpy)is formed in the aqueous
-1.0 1.1 1.2 -1.3 1.4 15 solution. To verify this, tip approach experiments were per-
E (V vs. Ag/AgCl) formed using SECM. The substrate-generation/tip-collection

(SG/TC) mode was chosen because the glassy carbon
Fig. 1. Cyclic voltammogram (CV) of 5mM Ru(bpy)* (solid line) in pH substrate (0.07 cf) produced a larger diffusional flux of
7.5 PBS at0.1V/s. The dotted line represents the'packground CVat0.1V/s. Ru(bpy);* than the carbon fiber ti[Eig. 3shows the experi—
Inset is CV of 5mM Ru(bpyy?* under same conditions but scanned from . +
0.0V. All CVs were measured at GCE (0.07%m mental approach curve for reduction of 1 mM R_u(tygy)pH

7.5 PBS at the substrate held-at.48V andthetipat-1.2V

to oxidize Ru(bpyd* back to Ru(bpy?*. As the tip ap-
obtained with the Ru(bpy}* system in aqueous solution by  proached to the substrate (ai@/s), the tip currentifp) in-
generation of the +1 and +3 species. They also demonstrate¢treased because of the concentration gradient of Ru{bpy)
production of dissolved Ru(bpy) in aqueous solution by a  produced at the substrate electrode as well as the positive
generation/collection experiment using carbon interdigitated feedback mode of the tif27]. This indicates that dissolved
microelectrode arrays. Ru(bpyy* is also generated upon Ru(bp$) reduction.

Fig. 1 shows CV of 5mM Ru(bp@?* in pH 7.5 PBS,  Once the tip made contact with the substrajgsteeply in-

measured at GCE (0.07 énwith a scan rate of 0.1V/s.  creased and this point was designatedia®pm (d is the

Oxygen was removed from the solution by bubblingddas distance between tip and substrate).
for at least 1 min. Although water began to be reduced at

around—1.25V, this background current did not interfere 3.2. Electrochemical reduction of hydrogen peroxide

with the first reduction of Ru(bpy$*. Unlike the reduction (H202)

wave of Ru(bpyj?* in nonaqueous solvents (e.g., acetoni-

trile) [22,23] the reduction of Ru(bpy}* in pH 7.5 PBS Electrochemical reduction of ¥, shows a broad irre-

showed two waves: a small wave-at.39V and a largerone ~ Vversible wave in CV.

at —1.45V. When the electrode potential scan was reversed Fig. 4 shows CVs of 10mM HO; in pH 7.5 PBS

at—1.50V, a large and sharp oxidation peak was observedmeasured at various scan ratesGd began to reduce at

at—1.33V. —0.4V at GCE and peak potentialsy) shifted in a negative
To analyze these waves, we carried out experiments of thedirection as a function of (inset ofFig. 3). Assuming that

scan rateif) dependence of the CV behavibig. 2shows the electrochemical reduction of 4@, is a totally irreversible

CVs of 5mM Ru(bpy}2*in pH 7.5 PBS at various scan rates  System with the rate-determining step of the first electron

(0.02-0.5V/s). IrFig. 2(@), two consecutive waves appeared transfer, one can expect ttiggwould shift by 1.1RT«F for

at all scan rates. As shown fig. 2(b) and (c),ip of the first each 10-fold increase in Therefore, the transfer coefficient

wave linearly increased with(but not withv/2) and showed (@), which is a measure of the symmetry of the energy

at zero intercept. On the other hariglof the second wave barrier, can be extracted from a slope of the inset plot of

was |inear|y dependent with zero intercept on|y VVI'I:Hz. Flg 4. The obtained was 0.2, consistent with the literature

Based on these results, hef the first wave is not diffusion- ~ values (0.15-0.318,29]

controlled and the prewave probably results from a product ~ Electrochemical reduction of#, seems to occur by Eq.

(here Ru(bpyy*) strongly adsorbing on the electro@é,25] (9), which is analogous to the Fenton react[80,31} Im-

This prewave is followed by a diffusion-controlled wave for mediate decomposition of4, would occur after accepting

reduction of dissolved Ru(bpy3* to dissolved Ru(bpy). one electron from the electrode,

The prewave exists because the free energy of adsorptio _ . -

of Ru(bpys* makes reduction of Ru(bpyj* to adsorbed H20; +€" — *OH + OH ©)

Ru(bpyx* easier than reduction to Ru(bgy)in solution. followed by the one-electron reduction of the hydroxyl radi-

In addition, the calculated charge (average, #9017 u.C) cal. Imamura et al. verified the presence of hydroxyl radical
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Fig. 2. (a) Cyclic voltammograms (CVs) of 5mM Ru(bp¥) measured at various scan ratekif pH 7.5 PBS: (I) 0.02 V/s, (I1) 0.05 V/s, (1) 0.1 V/s, (IV)
0.2VIs, (V) 0.3V/s, and (VI) 0.4 V/s. All CVs were measured at GCE (0.0%)cth) Dependence of peak curreig)(onv. (c) Dependence af on w12 1n
(b) and (c), squares and circles represguf the first and second waves in CVs shown in (a), respectively. All error bars represent 10% error.
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Fig. 3. Experimental approach curve for reduction of 1 mM Ru(bBypH
7.5 PBS in the SG/TC mode. The tip potential was held- a2 V and the
substrate potential at1.48 V. Tip approaching rate,im/s.

(*OH), generated upon electrolysis of®p, by electron spin
resonance (ESHB2]. The*OH produced has a high redox
potential €' =1.77-1.91V versus SHE}3-35]and 99%
of initial amount of*OH is usually consumed withinjbs by
reactions with HO,, another*OH, dissolved C@ and Q
[32], and at the electrode.

3.3. Background emission from the Ru(kgy)solution

Prior to the ECL study, we checked to see if there was
any background emission on reduction. For this, pH 7.5 PBS
containing 0.1 mM Ru(bpygf* was used and emission was
measured in the absence of®b by scanning the electrode
potential only in a negative direction (0.0 t62.0V). As
shown inFig. 5a) and (b), a small background emission was
seen, if the Pt counter electrode was exposed to the solution
(Fig. 6(a)). On the other hand, scanning the GCE in a posi-
tive direction (0.0 to +1.3V) did not produce such light. In
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Fig. 4. Cyclic voltammograms (CVs) of 10mM28; in pH 7.5 PBS at
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(0.07 cn?). Inset is a plot ofp vs. logy.

the presence of dissolved,(this emission occurred when
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Fig. 6. Electrochemical cells used for ECL measurement. (a) Exposed
counter electrode and (b) isolated counter electrode.

the background emission still was observed when current
passed for Ru(bpy¥*’* (seeFig. 5b)). This emission had

a higher intensity than that measured in the presence of O
and also continued until the backward potential scan finished.
However, no light emission was observed from 0.6-&b0 V
(seeFig. 5(c)) when the Pt counter electrode was isolated
from the Ru(bpyj?*-containing solution by a glass capil-
lary and a porous Vycor tipHig. 60b)). The experiments
described here bear directly on recent reports by Cao et al.

current fpr e redu_ction appeared at the. working_ ellectrode, [36] that claimed emission from Ru(bp)} during the re-
and continued until the backward potential scan finished (seeq,ction of dissolved oxygen in aqueous solution. According

Fig. 5a)). After the solution was purged withpNMor 20 min,

5nA
(@
40 nA
(b) cae
[0.5 nA
T T T v T v T T T
0.0 -0.5 -1.0 -1.5 -2.0
(c) E (V vs. Ag/AgCl)

Fig. 5. Plot of background emission \is. Background emission was mea-
sured in pH 7.5 PBS containing only 0.1 mM Ru(bg®) (a) As-is (no N
purging) and exposed counter electroélig(6(a)), (b) N» purging for 20 min
and exposed counter electrodiy. 6(a)), and (c) N purging for 20 min and
an isolated counter electrodeiq. 6(b)).

to their emission mechanism, when dissolvedsdeduced at

the working electrode, reactive oxygen species (ROS), such
as HO», are produced, ultimately leading to hydroxyl radi-
cal (*OH) which can oxidize Ru(bpy}* to Ru(bpy}3*. The
latter is then reduced to Ru(bpy)”, e.g. by hydroxide ion.
Moreover, they reported that addition of TPrA enhanced this
cathodic ECL signal. However, our experiments with an iso-
lated counter electrode did not show any emission irpa N
purged or unpurged solution. In addition, no emission was
observed, even in a solution containing 0.1 mM Ru(gfY)
and 100 mM TPrA when an isolated counter electrode was
used. Thus, we feel the observation of ECL during a back-
ground cathodic scan in our experiments and those in Ref.
[36] results from anodic processes at the counter electrode,
where the light from that electrode is scattered into the detec-
tion device. This suggests that the counter electrode reaction
is the main contributor to the background emission, via oxida-
tion of Ru(bpy}?*. The cell shown itfFig. 6(b) was employed

for further ECL studies.

3.4. Reductive-oxidation ECL of Ru(bgh) with H,O»

Fig. 7 shows the simultaneous ECL and CV of 3mM
Ru(bpyx?* and 1 mM B0, in pH 7.5 PBS, measured with
a GCE (0.07 crf) at 0.1 V/s. When only KO, was reduced,
no luminescence was observed. As the electrode potential
approached the potential of Ru(bp¥) reduction, ECL was
generated. Its maximum intensity was found at the PL max-
imum of 620nm (inset ofFig. 7(b)), demonstrated that
Ru(bpyy?** was produced. A suggested ECL mechanism is:

H20,4+€ — *OH + OH™ (10)
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Fig. 7. Simultaneous ECL (a) and CV (b) of 3mM Ru(bghy1 mM H,0,
in pH 7.5 PBS. Scan rate =0.1V/s. Inset of (a) is the ECL spectrum of this
system. GCE (0.07 cfhwas used for all measurements.

Ru(bpys®" +e” — Ru(bpyy® (11)
Ru(bpys™ +°*OH — Ru(bpyk®"™ + OH™ (12)
Ru(bpyx®™ — Ru(bpyk®" + v (620 nm) (13)
Because of the high redox potential ofOH

(E°'=1.77-1.91V versus SHHE33-35) the produced
*OH is a sufficiently strong oxidizing agent to oxidize
Ru(bpyr* to Ru(bpy}?**. To verify this, we estimate the
energy AH°’) available in Eq.(12) by employing the
following equation:

—AH® = E°(*OH/OH")

—E°(Ru(bpy}?*/*) — 0.1eV (14)

where 0.1eV is an estimate of the entropy tef\§’) at
25°C[1].

Then, —AH°" was compared with the energy (2.12eV
[12]) of Ru(bpyk?*". The estimated-AH®" was at least
2.95eV (2.95-3.09 eV), which is higher than the energy of
Ru(bpys?*", therefore, Eq(12)is the energy-sufficient sys-
tem.

If one considerE®’ of Ru(bpysZ3* as +1.26 V versus
SHE [37], another ECL route is also possible. In addition
to Eq. (12), the generatedOH can oxidize Ru(bpyf* to
Ru(bpy)®*. Therefore, annihilation could occur for ECL as
follows: Eq.(10) followed by

*OH + Ru(bpys® — OH™ + Ru(bpy:>* (15)

J.-P. Choi, A.J. Bard / Analytica Chimica Acta 541 (2005) 143-150

Ru(bpy}®" + Ru(bpyy™ — Ru(bpys®"™ -+ Ru(bpy)?"
(16)

Although Lytle and Hercules reported light emission by the
reaction of Ru(bpyy®* and OH" in strong basd38], this

is probably not the ECL mechanism in the present case. The
concentration of OH produced was buffered in pH 7.5 PBS.
This route would also allow the appearance of ECL sDpd

the reduction wave, i.e. Ru(bpy) formation by reaction
with *OH followed by reaction with OH, which was not
observed.

3.5. Dependence of ECL on Ru(bg’)and HO»
concentration

To see the effect of the Ru(bpy) concentration, ECL
was measured with a PMT by scanning the electrode poten-
tial at 0.1 V/s.Fig. 8 shows a plot of ECL intensity versus
Ru(bpys?* concentration. When 1 mM #D, was used as
a reference concentration of coreactant, ECL was not ob-
served at the concentration of Ru(bg#/)less than 0.1 mM.
This limitation is probably due to adsorption and precipita-
tion of Ru(bpy}*. However, ECL was observed from 0.1 mM
Ru(bpys?* to 3mM (Fig. 8). No significant increase in ECL
was observed above 3 mM Ru(bp$) with 1 mm HOo. This
may indicate thatOH became the limiting reactant. How-
ever, higher concentrations of,B, caused a decrease in
the ECL intensity.Fig. 9 shows how the ECL of 0.1 mM
Ru(bpy)?* is affected by the KO, concentration. ECL was
measured with a PMT by scanning the electrode potential at
0.1V/s and the same GCE (0.07€mvas used as ifig. 8.

In this system, ECL was not observed belowM H20,.
Weak ECL was detected beginning aiBl H202, and its
intensity linearly increased up to 1 mMVpB,. At a concen-
tration greater than 1 mM #D5, the ECL intensity exponen-
tially decreased and almost no ECL signal was seen at 90 mM

2.5 ——1————1————T————T————T——7—
2.0 AN T
- -'.
1.54 ."" h
&; | &
= 1.0 . J
— o
& L4
0.5 §
.-'.
- "_l,.-'
00{ .= .
0.5

) T 1 T T 1] T 1 1 )
05 00 05 1.0 15 20 25 30 35 40 45 50
Ru(bpy),2* Concentration (mM)

Fig. 8. Dependence of ECL intensity on the concentration of RugBpy)
withl mM H,O, as a reference concentration of coreactant in pH 7.5 PBS.
Scan rate 0.1 V/s, GCE (0.07 én
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Fig. 9. Dependence of ECL intensity on the concentration gdHwith
0.1 mM Ru(bpy}?* in pH 7.5 PBS. Scan rate 0.1 V/s, GCE (0.02ym

H205. This suggests thatdD, can quench the excited state
of Ru(bpyx?*, and this becomes more important at relatively
high concentrations.

To test the quenching effect of,B,, photoluminescence
(PL) quenching experiments were performed with.\2
Ru(bpyx?* in pH 7.5 PBS. As shown ifFig. 1Q PL of
Ru(bpyx?* was quenched by addition of@®, without any
change in the wavelength of maximum intensity of emission.
To quantitatively analyze this quenching, the PL quenching
rate constant;) was estimated from the Stern—Volmer rela-
tionship (inset ofig. 10 as defined by39]:

F
T = L4 Ksv[H202] = 1+ kqr[H202]

whereF andFq denote the PL intensity with #D, and the
initial PL intensity without HO,, respectivelyKsy is the
Stern—Volmer quenching constakg,the PL quenching rate
constant, and is the lifetime of Ru(bpy)**". The estimated

IR TP SR B | T S |
135 La
2.0 130 o
125 .
lr 120 .
§ 'ﬁ 115 - :
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‘E" 105 .
8 1004 . .
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o 1.04 H,0, Concentration (M)
(2]
L
o
=
w 054
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T T | L T T
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Wavelength (nm)

Fig. 10. Photoluminescence (PL) spectra qfN Ru(bpyk?* measured
with (1) 0 mM, (II) 16 mM, (1) 49 mM, (IV) 82 mM, (V) 114 mM, and (VI)
147 mM of HO». Inset is the Stern—\Volmer plot of PL quenching. A quartz
cuvette (1 cm path-length) was used for all measurements.
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Ksv was 2.3 M1 andkq was 5.7x 10° M~1s71 by takingt
as 400 n$40].

4. Conclusions

Electrochemical reduction of Ru(bps) in an aqueous
solution induces three different forms of Ru(bgy) (1)
adsorbed, (2) precipitated, and (3) dissolved. Because
it produces®*OH, H,O, can be used as a coreactant for
reductive-oxidation ECL. In the Ru(bp?'/H20> system,
ECL is generated mainly by high energy ET between
dissolved Ru(bpy" and®*OH. Excess HO, quenches both
ECL and PL. While oxidative-reduction ECL of Ru(bg¥J
is detected as low aspM in an aqueous solution containing
oxalate or TPrA13], the limit of reductive-oxidation ECL
of Ru(bpyk?* is about 10uM probably due to adsorption
and precipitation of Ru(bpy]J.
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