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Annihilation Electrogenerated Chemiluminescence of
Mixed Metal Chelates in Solution: Modulating
Emission Colour by Manipulating the Energetics

Emily Kerr, Egan H. Doeven,* Gregory J. Barbante,“ Conor F. Hoggn,*b David J.
Bower,” Paul S. Donnelly,* Timothy U. Connell,” and Paul S. Francis

We demonstrate the mixed annihilation electrogenerated chemiluminescence of tris(2,2'-
bipyridine)ruthenium(I) with various cyclometalated iridium(III) chelates. Compared to
mixed ECL systems comprising organic luminophores, the absence of T-route pathways
enables effective predictions of the observed ECL based on simple estimations of the
exergonicity of the reactions leading to excited state production. Moreover, the multiple,
closely spaced reductions and oxidations of the metal chelates provide the ability to finely
tune the energetics and therefore the observed emission colour. Distinct emissions from
multiple luminophores in the same solution are observed in numerous systems. The relative
intensity of these emissions and the overall emission colour are dependent on the particular
oxidized and reduced species selected by the applied electrochemical potentials. Finally,
these studies offer insights into the importance of electronic factors in the question of

whether the reduced or oxidized partner becomes excited in annihilation ECL.

Introduction

Electrogenerated  chemiluminescence (ECL) is  the
luminescence arising from electron transfer reactions in which
at least one reactant has been electrochemically generated. This
phenomenon has not only provided an excellent means for
highly sensitive chemical detection,”” > * but also enabled
extensive exploration of exergonic electron-transfer reactions in
solution.* ° In fact, ECL investigations provided the first
experimental verifications of the ‘inverted region’ of Marcus
electron transfer theory,® 7 where the electron transfer rates of
highly exergonic reactions decrease with increasing free
energy. Thus, under certain circumstances, the formation of
(luminescent) excited states occur at much faster rates than the
thermodynamically favoured ground state products.’

Central to ECL is the ‘annihilation’ pathway, in which
oxidized and reduced species are formed, usually sequentially,
at two different electrode potentials," > with the subsequent
comproportionation of these species generating an emissive
excited state. For example, the singlet excited state of an
organic luminophore may be generated via recombination of its
electrogenerated radical anion and cation as in reaction 1-4
(known as the S-route). The oxidized and reduced species can
also be generated from different parent compounds, which is
referred to as a ‘mixed’ ECL system.

This journal is © The Royal Society of Chemistry 2014
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For organic ECL systems, the above excitation process is
frequently in competition with generation of the lower-lying
triplet excited-state (5). In solution at room temperature,
organic triplets are generally non-emissive, but triplet-triplet
annihilation can generate the emissive excited state (known as
the T-route) (6), even in reactions that lack sufficient energy for
direct singlet population (3).>*

R+ R — R +°R* %)
SR* +3R* > R + 'R* (6)

Accordingly, annihilation ECL is somewhat simplified for
luminophores exhibiting efficient phosphorescence at room
temperature. This includes various transition metal complexes
such as tris(2,2"-bipyridine)ruthenium(Il) (Ru(bpy);>),” '* in
which the emission of light from the lowest lying triplet state is
facilitated by spin-orbit coupling induced by the heavy-metal
ion.

Mixed annihilation systems combining more than one
organic compound,’ or a transition metal chelate with a non-
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emissive organic compounds,'" ' '* have been widely used to
study bimolecular electron-transfer reactions and the
competitive generation of excited states. Demonstrations of
ECL from cyclometalated iridium(III) chelates in recent
years,'” ' 15 with emission maxima spanning the entire visible
region, has created new opportunities for multi-colour ECL.
Several reports of mixed metal chelate co-reactant ECL systems
incorporating ruthenium(Il) and iridium(III) complexes have
emerged, where excitation is achieved solely by applied
oxidative potentials.'® "' This includes cases in which the
emissions were resolved by selective excitation at different
potentials.'”" Similarly, the co-reactant ECL of Ru(bpy);>" and
peroxydisulfate has recently been used in conjunction with
luminol ECL detection in a potential-resolved immunoassay of
two different antigens at a cell surface.”

Ruthenium(II) and iridium(III) chelates have also been
extensively utilized in light-emitting devices,> ?' and several
research groups have combined an electrochemiluminescent
Ru(bpy);>" derivative with an electroluminescent material for
bias- or potential-controlled switching between emission
colours.”> The use of multiple transition metal chelates in this
context offers several major advantages, as demonstrated by Su
et al,” who combined a blue-green and red emitting
iridium(IIT) complex in a solid-state electrochemical cell to
generate white electroluminescence, and Moon et al.,** who
recently created emissive plastic displays based on the mixed
annihilation ECL of Ru(bpy);>* and Ir(df-ppy),(bpy)” in block-
copolymer-based ion-gels. This approach enabled Moon et al.
to set the emission colour from orange-red to green, based on
the mole ratio of the incorporated complexes.”*

Despite these impressive advances towards multiplexed
ECL detection systems and colour-tuneable light-emitting
technologies, annihilation ECL from mixed transition metal-
chelate systems in simple solution is yet to be explored. This is
surprising, as the fundamental understanding gained from such
studies may underpin new developments in these areas. One
basic mechanistic question that has remained unanswered in
relation to annihilation ECL is whether the reduced or oxidized
partner becomes excited following the comproportionation
reaction. In the case of ruthenium complexes, formation of an
excited state from the reduced parent requires a metal-to-metal
electron transfer, whereas formation of an excited state from the
oxidized species involves a ligand-to-ligand electron transfer.
This suggests that the latter route ought to predominate due to
more a favourable electronic factor. By exploring mixed ECL
systems where the components have differing localizations of
electron density associated with their frontier orbitals, we hope
to gain insight into the importance of electronic factors in
annihilation ECL.

Utilizing an electrochemical cell coupled with a CCD
spectrometer for instantaneous collection of emission spectra,
we have examined the multi-colour emissions from a series of
mixed annihilation ECL systems containing Ru(bpy);>" and
various cyclometalated iridium(III) chelates exhibiting green or
blue luminescence, to understand and control the relative
emission intensities of these novel ECL systems.
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Experimental Section

Chemicals

Acetonitrile (Ajax Finechem, Australia) was distilled over
calcium hydride under grade 5 argon. Solutions were degassed
with argon prior to analysis. The chemical structure and
luminescence chromaticity of each ruthenium and iridium
complex used in this study is shown in Fig. 1.
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Fig 1. (a) Ruthenium and iridium complexes used in this study. (b) CIE
chromaticity characterization of the photoluminescence of individual complexes
(black squares) and the ECL from mixtures of complexes (white circles). The
photoluminescence CIE coordinates were obtained using a fluorescence
spectrophotometer with integrating sphere and corrected CCD detector.” The
ECL CIE coordinates were calculated using the mean RGB values® for the circular
area of the electrode in the photographs shown in subsequent figures. The
colour space representation was generated with efg’s Computer Lab software.

Tetrabutylammonium hexafluorophosphate (TBAPF,, 99.5%,
electrochemical grade) was purchased from Sigma-Aldrich
(Australia). The hexafluorophosphate salt of tris(2,2'-
bipyridine-kN1,kN1")ruthenium(2+) ([Ru(bpy);]J(PFs),) was

This journal is © The Royal Society of Chemistry 2014
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prepared from Ru(bpy);Cl,-6H,O (Strem Chemicals, USA).
fac-Tris[2-(2-pyridinyl-kN)phenyl-«C]iridium (tris(2-
phenylpyridinato-C? N)iridium(III); Ir(ppy)s, 99%) and tris[4,6-
difluoro-2-(2-pyridyl)phenyl-C2,N]iridium(III) (Ir(df-ppy)3)
were purchased from Sigma-Aldrich (Australia). Tris[2-(1H-
pyrazol-1-yl-kN?)phenyl-«xC]iridium
(tris(phenylpyrazole)iridium(IIl); Ir(ppz);, >99%) and fac-
tris(1-phenyl-3-methylimidazolin-2-ylidene-C,C(2)'iridium(III)
(Ir(pmi);, >99%) were purchased from LumTech (Taiwan).
Bis[3,5-difluoro-2-(2-pyridinyl-kN)phenyl-kC][2-[1-
(phenylmethyl)-1H-1,2,3-triazol-4-yl-xN3]pyridine-
kN]iridium(1+)
pPY)2(ptb)](PFy)),
previously described.'”

hexafluorophosphate(1-) ([Ir(dt-

was synthesized and characterized as

Experimental Procedure

An Autolab PGSTA12 potentiostat was used to perform
chronoamperometry and cyclic voltammetry experiments
(Metrohm Autolab B.V., Netherlands). A custom-built, light-
tight faraday cage encased the electrochemical cell, which
consisted of a cylindrical glass cell with a quartz window base
and Teflon cover with spill tray. A conventional three-electrode
assembly was used throughout, consisting of a glassy carbon (3
mm diameter) working electrode shrouded in Teflon (CH
Instruments, Austin, USA), Ag/AgNO; (0.02 M) reference
electrode and platinum wire counter electrode. The glassy
carbon working electrode was polished using 0.30 and 0.05 pm
alumina on a felt pad with water, rinsed in freshly distilled
acetonitrile and dried with nitrogen. The electrode was
positioned ~2 mm from the bottom of the cell.

For cyclic voltammetry measurements, the complexes were
prepared at equal concentrations in acetonitrile (0.1 M TBAPF¢
supporting electrolyte) and the potentials obtained were
referenced to the formal potential of the ferrocene/ferrocenium
couple (1 mM); measured in situ in each case. Prior to analysis,
solutions were degassed with grade 5 argon. ECL spectra were
obtained using a model QE65pro CCD spectrometer (Ocean
Optics). The the
electrochemical cell through an optic fibre (1 m, 1 mm core

spectrometer was interfaced with
diameter) and collimating lens wusing a custom-built
electrochemical cell holder. A HR 4000 Break-Out box was
programmed to initiate acquisition at the initiation of the
experiment using NOVA software. For annihilation ECL
experiments, appropriate concentrations of the complexes (in
freshly distilled acetonitrile with 0.1 M TBAPF4 supporting
electrolyte) were selected to generate similar emission
intensities. Solutions were degassed for 15 min prior to analysis
using grade 5 argon. ECL spectra were recorded using a 14 s
integration time with Spectra Suite software. NOVA software
was employed to configure the potentiostat to apply a 12 s
2-step chronoamperometry pulse to the appropriate applied
Oxidative and  reductive

potentials. potentials  for

chronoamperometry were determined by cyclic

voltammograms prior to each set of ECL experiments.

This journal is © The Royal Society of Chemistry 2014
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Results and Discussion

Preliminary experiments. Ru(bpy);>" with Ir(ppy);

Cyclic voltammetric scans of a mixture of Ru(bpy);*" and
Ir(ppy); in acetonitrile (containing 0.1 M TBAPF;) show a
combination of the characteristic electron-transfer processes of
the two metal chelates (Fig. 2b).'> ' ?° This system offers
numerous possible reactants for annihilation ECL, which will
depend on the applied oxidation and reduction potentials of the
alternating electrochemical process. For example, when pulsing
0.1 V beyond the first reduction and oxidation potentials of
Ru(bpy)s>" (as in Expt 1; Fig. 2¢), we form not only Ru(bpy);*
and Ru(bpy);®’, but also Ir(ppy);', for which a series of
subsequent reactions to form ground and excited state products
can be considered. The free energy (AG) of each reaction can
be estimated from the separation of the formal potentials of the
reactants, and for excited states, from the emission energy
(Eqns I and I1).> 2% %7

AGgs = E%p/a-— E°pip D
AC}es = (EOA/A- - EOD+/D) + Ees (II)

Where AG, and AG, are the free energies of the reactions
leading to the ground and excited states respectively; E®5 5. and
E°pyp are the formal potentials of the acceptor and donor
species in the annihilation reaction and E is the energy of the
excited state in eV from the emission maximum. These
estimations omit the Coulomb repulsion energy required to
bring the reactants into the active complex and the vibrational
levels of the radiative transition, but as these contributions are
small and often opposing, they can (at least to a first
approximation) be reasonably neglected.””” ** In subsequent
experiments, we show this approach to be an effective predictor
of the observed emissions.

Ground-state products:
Ru(bpy)s” + Ru(bpy)s** — 2 Ru(bpy);** (1)
Ru(bpy)s” + Ir(ppy)s” — Ru(bpy)s>* + Ir(ppy)s @)
AGgy =-2.64 and -2.08 eV, respectively.
One excited-state product:
Ru(bpy)s" + Ru(bpy)s’* — [Ru(bpy)s*']* + Ru(bpy)s”  (3)
Ru(bpy);” + Ru(bpy);’” — Ru(bpy)s”” + [Ru(bpy)s*1* (4
Ru(bpy)s” + Ir(ppy)s” — [Ru(bpy)s” T* + Ir(ppy)s )
Ru(bpy);" + Ir(ppy);” — Ru(bpy)s”" + [Ir(ppy)s]* (6)
AG =-0.63,-0.63, -0.07, and +0.27 eV, respectively.
Two excited-state products:
Ru(bpy);” + Ru(bpy);*" — 2 [Ru(bpy)s” T* ™
Ru(bpy);” + Ir(ppy)s” — [Ru(bpy)s*']* + [Ir(ppy)s]* ()
AGg, = +1.37, and +2.28 eV, respectively.

Reactions 1 and 2, which form only ground state products,
are so exergonic (AG << 0) that they fall into the Marcus

inverted region, and thus are kinetically unfavourable compared
to the generation of excited states.” On the other hand, reactions

Chem. Sci., 2014, 00, 1-3 | 3
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7 and 8, which would form two excited state products, are not
thermodynamically feasible (AG >> 0).

The formation of [Ru(bpy);*']* from the annihilation of
Ru(bpy);" and Ru(bpy);** is well-known." ** There has been
ongoing interest in the subtle question of which of the two
parent species forms the excited state,’ as reactions 3 and 4 are
thermodynamically equivalent, and co-reactant ‘oxidative-
reduction’® and ‘reductive-oxidation’** ECL show that either
reactant is capable of forming the excited state.' The question
of HOMO—HOMO versus LUMO—LUMO electron transfer
is not easily resolved by experiment, but in the case of the
annihilation mechanism, simple orbital overlap arguments
suggest that the formation of [Ru(bpy);>‘]* from the oxidized
parent (involving ligand-to-ligand electron transfer) will be
kinetically favoured over formation from the reduced parent
(which requires transfer).” The
investigation of mixed inorganic ECL systems involving
iridium complexes offer an interesting means to gain insight
into this question because iridium complexes of the type
investigated here often have the electron density of their
HOMO delocalized over their ligands as well as on the metal.
For example, the HOMO of Ir(ppy); has been estimated to be
less than 50% metal based, on the basis of DFT calculations.®!
Therefore, the HOMO—HOMO electron transfer route ought to
be relatively less disfavoured when an iridium complex is the

metal-to-metal electron

oxidant compared to the case where a ruthenium complex with
a purely metal-based HOMO is used.

On the basis of equation II, the reaction of Ru(bpy);" with
Ir(ppy)s " is sufficiently exergonic to attain [Ru(bpy)s;>'1* (AGes
< 0), but not [Ir(ppy):]* (AG. > 0). Indeed, only the
characteristic orange-red emission of [Ru(bpy);*']* was
observed in Expt 1 (Fig. 2d). We can isolate reaction 5 by
applying suitable voltages to generate only Ru(bpy);' and
Ir(ppy); (Expt 2). Although this isolated mixed system is less
exergonic than conventional Ru(bpy);>" annihilation ECL, the
orange-red emission of [Ru(bpy);>']* is still observed as
predicted (Fig. 2e). The observation of intense orange-red ECL
from Expt 2-4 of comparable intensity to Expt 1, shows that the
HOMO—HOMO electron transfer route to the excited state is
not significantly inhibited in this system.

The reaction of Ru(bpy);" with Ir(ppy);" does not generate
[Ir(ppy)s]*, but the ruthenium(II) chelate exhibits
additional closely spaced ligand reductions that could be
exploited to increase the exergonicity of the Ir(ppy);* reduction.
Pulsing between the potentials required for the oxidation of
Ir(ppy); and the second reduction of Ru(bpy);*" (Expt 3) did
not change the spectral distribution, but pulsing between
potentials suitable for the oxidation of Ir(ppy); and the third
reduction of Ru(bpy);>" (Expt 4) provided sufficient energy to
populate the [Ir(ppy)s;]* state (AG., < 0; reaction 10).
Experimentally, we observed the combined orange-red ECL of
[Ru(bpy)s*1* and green ECL of [Ir(ppy);]* as a yellow
emission (Fig. 2e, Expt 4), which can be confidently ascribed to
reactions 5 and 10.

two
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Fig. 2. (a) Cyclic voltammogram of 0.25 mM Ru(bpy)32+ and 0.25 mM Ir(ppy)s in
acetonitrile containing 0.1 M TBAPFe. (b) Relevant reduction and oxidation
potentials of the two metal chelates. (c) lllustration of potentials used in
annihilation ECL experiments. (d, e, f) Spectra and photographs of the ECL at the
working electrode of selected annihilation ECL experiments using 0.003 mM
Ru(bpy)32+ and 0.25 mM Ir(ppy)s in acetonitrile containing 0.1 M TBAPFe.

Ru(bpy)s + Ir(ppy)s” — Ru(bpy)s " + [Ir(ppy)s] * (€))

Ru(bpy)s” + Ir(ppy);” — Ru(bpy)s + [Ir(ppy)s]* (10)
AG, =+0.09 eV, and -0.15 eV, respectively.

This journal is © The Royal Society of Chemistry 2014
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In the previously explored annihilation-ECL systems
containing mixtures of organic molecules,” the luminescence
was often found to emanate from the lowest lying singlet
excited state of one of the emitters, after either direct
population or efficient energy transfer. One explanation for the
simultaneous ECL from two distinct emitters in Expt 4 could be
the large difference in the concentration of the two metal
chelates, and thus an insufficient concentration of Ru(bpy);>"
for significant energy transfer from the higher energy
[Ir(ppy)s]* emitter. However, there is very little overlap in their
respective absorption and emission bands (due in part to the
large Stokes shift of their phosphorescent emissions).
Furthermore, mixed electrochemiluminophore co-reactant ECL
experiments have shown that the emission from [Ir(ppy);]* can
occur in the presence of Ru(bpy);>” without significant energy
transfer.'® ¥

In Expt 1-4, the limiting reactants for annihilation ECL in
terms of concentration are the reduced ruthenium complexes.
However, when Ir(ppy); was also reduced (e.g. Expt 5),
relatively high concentrations of both Ir(ppy);" and Ir(ppy)s’
were formed, and the characteristic green emission of
[Ir(ppy)s]* was dominant (reaction 11 and Fig. 2f).
Ir(ppy);” + Ir(ppy);” — [Ir(ppy)s]* + Ir(ppy)s (11)
AGg=-0.65 eV

The mean RGB data from the photographs of the mixed
annihilation ECL near the electrode surface were used to
calculate the CIE chromaticity. For experiments in which the
emission was found to occur from only one metal complex
(e.g., [Ru(bpy);*‘1* in Expt 2, or [Ir(ppy)s]* in Expt 5), the CIE
coordinates were in reasonable agreement with those obtained
from photoluminescence experiments using a spectrometer with
integrating sphere and corrected CCD detector (Fig. 1b),
despite difference in the responses of the digital camera and
CCD detector over the visible region. For experiments that led
to more than one emitting species (e.g., [Ru(bpy);*']* and
[Ir(ppy)s]* in Expt 4), intermediate CIE coordinates were
obtained (Fig. 1b).

Mixing emissive and non-emissive metal chelate species.
Ru(bpy)s** with Ir(ppz)s,

The above findings suggest that annihilation ECL should also
be possible using a mixture of Ru(bpy);*>" and a non-emissive
iridium complex with similar oxidation potential to Ir(ppy)s,
without needing to generate the oxidized Ru(bpy)s®" species.
For this experiment, we selected Ir(ppz);, which has a
photoluminescence quantum yield below 0.01 at room
temperature, due to efficient population of a non-emissive
metal centred *MC) excited state.’® The reduction potential of
Ir(ppz); is outside the potential window of the acetonitrile
solvent, but its oxidation potential (0.38 V vs Fc”") is
marginally higher than that of Ir(ppy); (0.33 V vs Fc”%),
ensuring AG < 0 for the generation of [Ru(bpy);]*™* (reaction
12). The application of alternating potentials sufficient to create

This journal is © The Royal Society of Chemistry 2014
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these precursors (Expt 6, Fig. 3) resulted in the characteristic
emission from [Ru(bpy);]*"* (Fig. 3d).

Ru(bpy);" + Ir(ppz);" — [Ru(bpy)s*']* + Ir(ppz)s
AGy =-0.12 eV

(12)

Population of the [Ru(bpy)s*'1* excited state via an energy
transfer pathway can effectively be ruled out due to the low
luminescent quantum yield of Ir(ppz);. Therefore the intense
orange-red emission observed in this system is due to efficient
HOMO—HOMO electron transfer in reaction 12.

(c) s > Expt6
Ru(bpy)
(b)
r(ppz)
(a) N
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 15

Potential (V vs Fc%*)

(d) 1600
& ’
1400 u(bpy)
1200
3 1000
s
z
2 800
i
£
2 600
8
400
200
o f . i -
350 450 550 650 750 850 950

Wavelength (nm)
Fig. 3. (a) Cyclic voltammogram of 0.5 mM Ru(bpy)gb and 0.5 mM Ir(ppz); in
acetonitrile containing 0.1 M TBAPFe. (b) Relevant reduction and oxidation
potentials of the two metal chelates. (c) lllustration of potentials used in
annihilation ECL experiments. (d) Spectrum and photograph of the ECL at the
working electrode of annihilation ECL Expt 6, using 0.01 mM Ru(bpy)gb and 0.5
mM Ir(ppz)s in acetonitrile containing 0.1 M TBAPFs.

An energy insufficient metal chelate system. Ru(bpy);>* with
Ir(pmi);,

Although the reactions of Ru(bpy);" with Ir(ppy);* (Expt 2) or
Ir(ppz); " (Expt 6) are less exergonic than that of Ru(bpy);* with
Ru(bpy)s**, they can each directly populate the [Ru(bpy);]*"
excited state. The oxidation potential of Ir(pmi); (0.22 V vs
Fc”"), however, is lower than that of Ir(ppy)s, and although
both species are photoluminescent, the generation of
[Ru(bpy)s]*"* or [Ir(pmi);]* from the reaction of Ru(bpy);"
with Ir(pmi);* (Expt 7; data not shown) is not feasible
(reactions 13 and 14).

Ru(bpy);" + Ir(pmi);" — [Ru(bpy);*"]* + Ir(pmi);
Ru(bpy);" + Ir(pmi); " — Ru(bpy)s>" + [Ir(pmi)s]*

(13)
(14

Chem. Sci., 2014, 00, 1-3 | 5
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AG.s = 10.04, and +1.26 eV, respectively.

As predicted, no significant ECL was observed from this
experiment. Unlike ‘energy-insufficient’
comprising organic molecules,’ the initial population of lower

many systems
energy excited states, followed by up-conversion to generate
the emissive excited state, is not possible in these mixed metal-
chelate systems where the emission occurs from short-lived
triplets.” '3

Manipulating emission in mixed metal chelate ECL systems: (i)
Dominant emission determined by reduced species. Ru(bpy);**
with Ir(df-ppy)s.

The oxidation potential of Ir(df-ppy); is 0.21 V less positive
than Ru(bpy);>', and the reduction potential of Ir(df-ppy)s; is
0.36 V more negative the third reduction of Ru(bpy);>*. Under
these experimental conditions, pulsing 0.1 V beyond the first
reduction of Ru(bpy);*>" in conjunction with one or both
oxidized metal chelates (e.g. Expt 8 or 10) produced a strong
orange-red emission from [Ru(bpy);*']* and a weak blue
emission from [Ir(df-ppy);]*. In contrast, pulsing beyond the
reduction of Ir(df-ppy); in conjunction with one or both
oxidized metal chelates (e.g. Expt 9 or 11) generated a large
emission from both [Ir(df-ppy)s]* and [Ru(bpy):>']*. For
example, the ECL spectra for Expt 8 and 9 are shown in
Fig. 4d. Once again the unexpectedly high efficiency of the
HOMO—HOMO electron transfer route to the excited state is
evident in the intense orange-red ECL emission observed in
Expt 8 and 9.

In both Expt 8 and 9, [Ru(bpy);>']* is formed by the
oxidation of Ru(bpy);’ (reaction 15), but in Expt 9 this
immediate precursor is not initially the dominant form of the
ruthenium chelate at the electrode. In Expt 8, small amounts of
[Ir(df-ppy);]* are formed from the reduction of Ir(df-ppy);"
(reaction 16, AG¢ ~ 0), but in Expt 9 this emitter may be
formed from reactions 17 and 18. At these metal chelate
concentrations, [Ru(bpy);*']* dominates in Expt 8, and the
emission from [Ir(df-ppy);]* is greater in Expt 9 (Fig. 4d).
Similar reasoning can be presented for Expt 10 and 11. The
dominant emission colour in this system is therefore largely
determined by the applied reduction potential of the
electrochemical process, if the applied oxidation potential is at
least sufficient to achieve the first metal-chelate oxidation.

Ru(bpy);" + Ir(df-ppy)s  — [Ru(bpy)s* 1* + Ir(df-ppy);  (15)
Ru(bpy);" + Ir(df-ppy);" — Ru(bpy);”* + [Ir(df-ppy)s]*  (16)
Ru(bpy)s + Ir(df-ppy)s — Ru(bpy)s*" + [Ir(df-ppy)s]*  (17)
Ir(df-ppy)s” + Ir(df-ppy);” — Ir(df-ppy); + [Ir(df-ppy)s]*  (18)

AG =-0.63,+0.07, -0.35, and -0.71 eV, respectively.
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Fig. 4. (a) Cyclic voltammogram of 0.25 mM Ru(bpy)gb and 0.25 mM Ir(df-ppy)s
in acetonitrile containing 0.1 M TBAPF. (b) Relevant reduction and oxidation
potentials of the two metal chelates. (c) Illustration of potentials used in
annihilation ECL experiments. (d) Spectra and photographs of the ECL at the
working electrode of selected annihilation ECL experiments using 0.01 mM
Ru(bpy)3Z+ and 0.25 mM Ir(df-ppy); in acetonitrile containing 0.1 M TBAPFs.

(ii) Dominant emitter determined by oxidized species. Ru(bpy);>*
with Ir(df-ppy),(ptb)*.

The first reduction and oxidation potentials of Ru(bpy);>* lie
inside those of Ir(df-ppy)(ptb)” (Fig. 5). This enables the
selective  generation of  [Ru(bpy);*']*  without any
electrochemical interaction between Ir(df-ppy).(ptb)" and
electrode (Expt 12). The ECL intensity in this case, however,
was weak, because of the low concentration of Ru(bpy);>" (the
precursor to both the oxidized and reduced reactants in Expt 12)
in this group of experiments. Nevertheless, extending the
applied voltages to include the oxidation (Expt 13) or reduction
(Expt 14) of Ir(df-ppy).(ptb)" resulted in ECL from both
[Ru(bpy);>'1* and [Ir(df-ppy).(ptb)']*, but at considerably
different ratios (Fig. 5d). All mixed annihilation reactions in
these experiments are sufficiently exergonic to form either
emitter (reactions 19-22).

Ru(bpy);" + Ir(df-ppy)s(ptb)**

— Ru(bpy);™" + [Ir(df-ppy)a(ptb) 1* (19)
Ru(bpy)s" + Ir(df-ppy)a(ptb)*"

— [Ru(bpy);*1* + Ir(df-ppy)a(ptb) (20)
Ru(bpy);** + Ir(df-ppy)a(ptb)

— Ru(bpy);™" + [Ir(df-ppy)a(ptb) 1* 21

This journal is © The Royal Society of Chemistry 2014
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Ru(bpy);™ + Ir(df-ppy)s(ptb)
— [Ru(bpy)s”"]* + Ir(df-ppy)(ptb)”
AG¢=-0.19,-0.91, -0.30, and -1.02 eV, respectively.

22)

(c)

Ru(bpy),™*
(b) > *
Ir(df-ppy),(ptb)

@ \J/\f

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 15
Potential (V vs Fc”*)

(d) 800
Ru(bpy);**

700 1 Ir(df-ppy),(ptb)

ECL Intensity (a.u.)

350 450 550 650 750 850 950
Wavelength (nm)

Fig. 5. (a) Cyclic voltammogram of 0.5 mM Ru(bpy)g,2+ and 0.5 mM Ir(df-
ppy)2(ptb)” in acetonitrile containing 0.1 M TBAPFg. (b) Relevant reduction and
oxidation potentials of the two metal chelates. (c) Illustration of potentials used
in annihilation ECL experiments. (d) Spectra and photographs of the ECL at the
working electrode of selected annihilation ECL experiments using 0.004 mM
Ru(bpy)32+ and 0.4 mM Ir(df-ppy),(ptb)” in acetonitrile containing 0.1 M TBAPF.

Notably in Expt 14, it is the iridium excited state that is
populated by electron transfer from the HOMO of the
ruthenium complex to the HOMO of the iridium complex,
though with seemingly lower efficiency than the previously
cases where the iridium HOMO is the donor.

Further extending the applied potential range to include
both the reduction and oxidation of Ir(df-ppy)(ptb)” (Expt 15)
resulted in a similar ECL spectral distribution to that of Expt
13. Therefore, in contrast to the above system, the dominant
emission in this case is largely determined by the applied
oxidation potential, so long as the other applied potential was at
least beyond the first reduction. In Expt 13 and Expt 9, the
combined emissions spanned the entire visible region, resulting
in near-white luminescence (Fig. 1b, 4d, and 5d).

This journal is © The Royal Society of Chemistry 2014
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Conclusions

The mixed annihilation ECL of metal chelates provides an
alternative approach to multi-colour ECL, in which the relative
intensity of the emissions from multiple luminophores (and
hence overall emission colour) can be controlled initially by
selection of the electrochemical and spectroscopic properties of
the complexes, and then the applied electrochemical potentials.
The absence of the up-conversion processes often encountered
in ‘energy insufficient’ organic mixed systems simplifies
predictions of excited state generation. Furthermore, the
numerous closely spaced reductions and oxidations of the
mixed systems enable fine tuning of the reaction energy and
hence control of the resulting ECL emission colour. Apart from
the relevance of these studies to research into voltage
controllable light emitting devices, the observation of efficient
HOMO—HOMO electron transfer pathways in these mixed
systems offers interesting insights into the somewhat intractable
question of whether the reduced or oxidized partner becomes
the excited state in classic annihilation ECL experiments. In the
case of ruthenium complexes where the HOMO is almost
exclusively metal-based, it is generally believed that electron
transfer between LUMOs is strongly preferred due to more
favourable orbital overlap compared with the alternative
HOMO—HOMO transfer where the reduced partner becomes
excited. Our results tend to support this analysis, because the
delocalized nature of the HOMO in the case of the iridium
complexes studied here renders this electronic factor less
unfavourable, resulting in higher than expected ECL intensities
in cases where Ru(bpy);" forms an excited state by loss of an
electron from its HOMO.
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