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The electrogenerated chemiluminescence (ECL) of tris(2,2'-
bipyridine)ruthenium(II) ([Ru(bpy);]*") ions with co-reac-
tants in aqueous solution!! is a remarkably sensitive and
versatile detection system!? that is now exploited in commer-
cial instrumentation throughout the world for rapid screening
and quantification of clinical biomarkers, food borne patho-
gens and biowarfare agents.”) New applications of the ECL of
[Ru(bpy);]*" and related complexes continue to appear in
areas as diverse as light-emitting devices,”! anion sensing,
multiplexed (microarray) immunoassays,” detection of dam-
aged or sequence-specific DNA,! and molecular encoding—
decoding.®

The pursuit of superior ECL reagents and strategies that
underpin such applications remains intensive,”™ and is
spurred by advances in the manipulation of reagent properties
(for example ECL efficiency, solubility, spectral distribution)
derived from extensive investigation of ruthenium, iridium,
and other metal complexes,[gl and innovations in nanotech-
nology.""!

Considerable attention has been focused on controlling
the emission color,’¢! with the enticing prospect of
simultaneously detecting multiple, spectrally distinct electro-
chemiluminophores for multi-analyte quantification or inter-
nal standardization.”**!12 The implementation of these
approaches, however, is complicated by the small number of
available complexes with high ECL efficiency and solubility
in analytically useful solvents,'®! and is fundamentally
limited by the width of the emission bands,"'*!* which can
span hundreds of nanometers. ECL spectra obtained by
Richter etal. using a mixture of [Ru(bpy);]*" and either
[Ir(ppy)s] (ppy =2-phenylpyridine) or [Ir(df-ppy),(pic)] (di-
ppy = 2-(2,4-difluorophenyl)pyridine,  pic =2-carboxypyri-
dine; see Scheme 1) in acetonitrile with tripropylamine
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Scheme 1. Metal complexes selected for dual-emitter investigations
(L= N*,N*-bis((2S)-1-methoxy-1-oxopropan-2-yl)-2,2"-bipyridyl-4,4-
dicarboxamide). The position of the sulfonate groups in the BPS
ligand is dependent on the source of the material.'”! The synthesis and
characterization of [Ru(bpy),(L)]*" and [Ir(df-ppy),(BPS)]” have been
described previously.®

(TPA) as a co-reactant show considerable spectral overlap
despite differences in emission maxima of 100 and 150 nm,
respectively,1* 1213

If we compare ECL with photoluminescence, where
selectivity is routinely derived not only from the wavelengths
of emission, but also the energy required to attain the
electronically excited state of the fluorophore," the question
arises of whether the excitation processes of ECL can also be
exploited for selectivity between multiple emitting species.
Herein we demonstrate that such systems can indeed be
controlled through electrode potential (Figure 1). We then
extend this concept through the repeated acquisition of ECL
spectra during cyclic voltammetry experiments to derive
three-dimensional (intensity versus wavelength and poten-
tial) resolution of electrochemiluminophores.

The ECL of metal complexes with an oxidative-reduction
co-reactant, such as TPA, involves several interrelated path-
ways,"” the most dominant of which is dependent upon
reaction conditions. Inspection of several key reaction steps
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Figure 1. Photographs of electrogenerated chemiluminescence from
a single solution of two metal complexes at four electrode potentials:
a) 0.8V, b) 0.95V, c) 1.23 V, and d) 1.40 V (versus the ferrocene/
ferrocinium couple). The solution contained 0.95 mwm [Ir(df-ppy),-
(BPS)]™ and 0.05 mm [Ru(bpy),(L)]*" (see Scheme 1 for chemical
structures), with 30 mm TPA co-reactant, and 0.1 M phosphate buffer
in 1:1 v/v water/acetonitrile. The colors were first observed by the
naked eye, and then photographs were taken at values of applied
potential that provided the greatest differences. Longer exposure times
were used for the redder emissions to achieve uniform image bright-
ness.

[for example Equations (1)-(5)] reveals two theoretical
sources of selectivity for different metal complexes: the
electrode potential and the co-reactant.

[Ru(bpy)s** —¢~ — [Ru(bpy),]** "
[Ru(bpy)s]** + TPA — [Ru(bpy)s]** + TPA™ .
TPA—e — TPA"* 5
TPA"" —H' — TPA’ 4)
[Ru(bpy)]** + TPA* — [Ru(bpy)s]** * s

Changes in the relative emission intensities from various
metal complexes (in separate solutions) with different co-
reactants have been observed,™>?! but the changes are
difficult to predict because the reactivity of both the co-
reactant and its radical oxidation products must be consid-
ered!?! and they cannot be modified without replacing the
reaction media. On the other hand, the electrode potential
can be easily tuned and applied at multiple levels to the same
system. We initially explored this idea under conditions akin
to those utilized by Richter and co-workers in their study of
the emission from two metal complexes at a single electrode
potential, "> which in our case comprised [Ir(ppy)s] and
[Ru(bpy),(L)]*" (Scheme 1) in acetonitrile with TPA as a co-
reactant. The addition of the electron-withdrawing amide
groups on the parent [Ru(bpy);]** complex imparts a signifi-
cant bathochromic shift in the emission (4, =666 nm) by
lowering the m* (LUMO) energy level ¥ thus increasing the
spectral separation from [Ir(ppy)s] (ca. 150 nm between peak
maxima). The two complexes also have distinct oxidation
potentials: [Ir(ppy);] at 0.32 V and [Ru(bpy),(L)]*" at 1.01 V
versus ferrocene.

When subjected to an electrode potential sweep capable
of oxidizing both complexes (0 to 1.04 V versus ferrocene),
the ECL spectrum for this combined system exhibited the two
characteristic emission bands of the respective charge transfer
(*MLCT and/or *LC) states (Figure 2a; spectrum A), similar
to that demonstrated by Muegge and Richter for [Ir(df-
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Figure 2. a) ECL spectra generated using an electrode sweep at
0.05Vs™' from 0 to 1.04 V (spectrum A) or 0 to 0.44 V (spectrum B)
vs. ferrocene for 0.5 mm [Ir(ppy)s] and 0.025 mm [Ru(bpy),(L)]*" in
acetonitrile/0.1 m TBAPF, (TBA =tetrabutylammonium) with 10 mm
tripropylamine (TPA) as co-reactant. b) ECL spectra generated using
chronoamperometry pulses at C) 1.30 V or D) 1.04 V vs. ferrocene for
0.1 mwm [Ir(df-ppy),(BPS)]” and 0.01 mwm [Ru(bpy),(L)]*" in 0.1m phos-
phate buffer, 1:1 v/v water/acetonitrile with 10 mm TPA co-reactant
(see the Supporting Information for further details).

ppy)a(pic)] and [Ru(bpy);]*". However, by selecting a voltage
between the oxidation potentials of the two complexes, we
were able to generate the [Ir(ppy);] ECL peak alone (Fig-
ure 1a; spectrum B) from the same reaction mixture.

Figure 2a shows that the ECL from the iridium complex
emerged at lower electrode potentials than its ruthenium
counterpart, but this order can be reversed by modifying
ligand structure. Substitution of a cyclometalating phenyl-
pyridine of the iridium complex with an ancillary diimine
ligand raises the oxidation potential®??! and can improve the
solubility in more analytically useful polar solvents.”) Herein
we selected the dianionic BPS ligand to incorporate addi-
tional polar functionality. The deleterious bathochromic shift
induced by the diimine ligand was countered by the addition
of electron-withdrawing fluorine groups on the phenyl rings
of the remaining ppy ligands,’>*! which stabilizes the HOMO
level from the metal and ligand orbitals and further increases
the Ir'V™ potential.”*?** The emission maximum of [Ir(df-
PPY)2(BPS)]™ (Apax = 547 nm)*¥is still 120 nm lower than that
of [Ru(bpy),(L)]*!, but the iridium complex is less readily
oxidized, with an oxidation potential of 1.25V versus
ferrocene (see the Supporting Information). Unlike [Ir-

(ppy)s], both [Ir(df-ppy).(BPS)]~ and [Ru(bpy),(L)]** are
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highly soluble in 1:1 v/v water/acetonitrile. The characteristic
ECL bands of both complexes were observed when this
system was subjected to 1.30 V versus ferrocene (Figure 2b;
spectrum C) and lower electrode potentials now imparted
considerable selectivity towards the ruthenium complex
(Figure 2b; spectrum D), albeit with lower overall emission
intensities.

The light emitted from a mixture of [Ir(df-ppy),(BPS)]~
and [Ru(bpy),(L)]*", with TPA as co-reactant, at the elec-
trode surface was visually inspected through the transparent
base of the electrochemical cell, with experiments conducted
in a dark room. We observed a clear change in the color of the
emitted light, from red to green, with increasing electrode
potential (Figure 1).

The emission of concomitant electrochemiluminophores
over wide ranges of both electrode potential and emission
wavelength can be rapidly explored by automated acquisition
of ECL spectra using a CCD camera coupled with cyclic
voltammetry experiments. This novel approach enables the
rapid generation of three-dimensional ECL spectra for
a comprehensive characterization of the luminescent redox
system. Figure 3a, for example, shows the data acquired
during the forward electrode potential sweep (1.0 V to 1.3V
vs ferrocene) for a mixture of 0.1 mum [Ir(df-ppy),(BPS)]™ and
0.01 mm [Ru(bpy),(L)]*". A total of 30 spectra were obtained,
each an average of 40 x 18 ms scans. The entire measurement
therefore required about 22 s. The analogous three-dimen-
sional photoluminescence plot is shown in Figure 3b. For this
combination of complexes over these excitation ranges, the
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Figure 3. 3D graphs of: a) ECL intensity as a function of applied
potential and emission wavelength, created by an automated acquis-
ition of ECL spectra throughout the forward sweep of a cyclic
voltammogram; and b) photoluminescence intensity as a function of
excitation and emission wavelengths. Conditions: a) 0.1 mm [Ir(df-
ppy)2(BPS)]” and 0.01 mm [Ru(bpy),(L)]*" in 1:1 v/v water/acetonitrile
with 10 mm TPA; b) 0.05 mwm [Ir(df-ppy),(BPS)]” and 0.025 mm [Ru-
(bpy)2(L)]*" in 1:1 v/v water/acetonitrile (see the Supporting Informa-
tion for further details).
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ECL and photoluminescence plots both show the emergence
of the ruthenium complex followed by the iridium complex, as
the respective excitation energy is modulated. Although the
system is sufficiently robust to allow a large number of
measurement cycles, it is clear that further work is needed to
improve the ECL efficiency of the green emitting components
for real-world applications.

We have also examined the analogous chemically initiated
luminescence (chemiluminescence) from two metal com-
plexes ([Ir(df-ppy),(BPS)]~ and [Ru(bpy),(L)]*") in 1:1 v/v
water/acetonitrile with a tertiary amine co-reactant (ofloxacin
or codeine) by merging the solution with 1 mm cerium(IV)
sulfate (in 0.05M H,SO,) in a spiral glass flow-cell positioned
within a Cary Eclipse fluorescence spectrophotometer. Under
these conditions we observed the simultaneous emission from
the two complexes (data not shown), similar to ECL
spectrum C in Figure 2b. Selective chemical excitation of
the two luminophores is theoretically possible, but unlike
ECL, the oxidation potentials are limited to those of available
chemical reagents. The chemiluminescence of ruthenium®
and iridium™'® complexes is most often initiated with lead
dioxide or cerium(IV), although permanganate®! and bro-
mateP” have also been used. However, none of these oxidants
were suitable to elicit an intense emission from only one
complex in the presence of the other.”’

This approach to electrogenerated chemiluminescence,
which exploits differences in redox and luminescence proper-
ties, opens new avenues for multianalyte ECL detection and
also for the characterization of the photophysical properties
and energy transfer mechanisms of luminescent metal com-
plexes. Moreover, the ability to tune the emission ratio of
multiple electrochemiluminophores with distinct spectral
distributions creates new possibilities for color selection in
light-emitting devices.
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