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Enhancement of the electrochemiluminescence (ECL) of tris(2,2-bipyridine)ruthenium(II) ([Ru(bpy)3]2+) and
tri-n-propylamine by redox mediators has emerged as a new approach to maximise the sensitivity of this mode of
detection. Herein, we examine the influence of six water-soluble iridium(III) complexes on this widely used ECL
system by deconvoluting their respective contributions to the overall ECL intensity over a range of applied
potentials. The interconnected co-reactant ECL of these metal complexes, eliciting enhancement or quenching of

the [Ru(bpy)s]?* emission, can be understood by considering the available reaction pathways under different
conditions and the disparate electrochemical and photophysical properties of the reactants. The ideal properties
for enhancement are established, which will inform the future design and application of redox mediators in this

ECL system.

1. Introduction

Electrochemiluminescence (ECL) is a highly sensitive mode of
detection, in which electrochemically generated reactants form elec-
tronically excited species that emit light to return to the ground state [1].
Most ECL applications and commercially available ECL assay systems
make use of the tris(2,2-bipyridine)ruthenium(II) ([Ru(bpy)3]2+) and
tri-n-propylamine (TPrA) ‘co-reactant’ mechanism that is outlined in
Schemes 1-4 (Fig. 1, where M = [Ru(bpy)3]2+) [2-7]. Upon application
of a suitable electrochemical potential to oxidise both reactants, the
emitting species can be generated by reaction between the oxidised metal
complex and the a-amino alkyl radical (TPrA®) derived by deprotonation
after the oxidation of TPrA (Scheme 1, where M = [Ru(bpy)3]2+).
Oxidation of the co-reactant may be heterogeneous (Schemes 1, 3-5) or
homogeneous (Scheme 2). TPrA® can also reduce [Ru(bpy)s]?", enabling
the ‘annihilation’ ECL reaction between [Ru(bpy)s]™ and electro-
generated [Ru(bpy)g]3+ (Scheme 3). The pathways shown in Schemes 2
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and 3, however, make only minor contributions to the ECL intensity when
[Ru(bpy)g]2+ is at relatively low concentrations [8].

At potentials at which only the co-reactant is oxidised, ECL can still
be observed because the aminium radical cation, TPrA®", is a suffi-
ciently strong oxidant to generate the excited state luminophore from
[Ru(bpy)s]t (Scheme 4) [5]. This pathway is critical for ECL detection
in the widely used bead-supported assay format [11-13], where the
vast majority of the metal complexes are bound at distances from the
electrode that do not permit their direct oxidation, irrespective of the
applied potential.

Attempts to enhance this detection system have included the devel-
opment of new co-reactants, which exhibit advantages under certain
circumstances [12,14-18]. To date, however, none of these have been
found to be superior to TPrA for bead-based assays. The ECL signal of the
[Ru(bpy)s]*>" luminophore has been amplified using dendrimer or
nanoparticle labels with multiple metal-complex centres [19-22], but
their relative complexity, non-linear improvement in intensity and/or
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Fig. 1. Reaction pathways for certain transition metal complexes (M and E) with tri-n-propylamine (TPrA; E,x = 0.89 V vs Ag/AgCl) [5] as a co-reactant, where
TPrA®" is PrasN*", TPrA® is PryNC*HCH,CHs, and P* is ProN"=CHCH,, an iminium cation that hydrolyses in aqueous solution [5,6,9,10]. Scheme 1: The ‘direct’
route, requiring electrooxidation of the metal complex. Scheme 2: The ‘catalytic’ route, in which TPrA is homogeneously oxidised. Scheme 3: Reaction of the
electrochemically oxidised and chemically reduced luminophore, analogous to ‘annihilation ECL’ in which both species are electrogenerated. Scheme 4: The ‘in-
direct’ route (or ‘remote’ or ‘low-oxidation potential’ pathway), in which TPrA is oxidised at the electrode. Scheme 5: The ‘redox-mediator’ route [9,10], in which an
additional electrooxidised species (E™) can react with the reduced luminophore to generate the emissive species. As highlighted by the yellow boxes, an analogous
role is played by the luminophore or co-reactant in established ECL pathways, but the new metal complex (E) can be added at higher concentrations and oxidised at
lower potentials than M, and form a more stable oxidised species (E™) than TPrA®**. The redox-mediator may also serve as alternative to the luminophore in the

homogeneous oxidation of TPrA®* in Scheme 2.

higher background responses due to nonspecific binding has limited
application of this approach. Numerous Ir(IlI) complexes have been
explored as ECL active luminophores, offering high quantum yields and
a wide range of emission colours [23-25]. In many cases, however, their
redox potentials do not permit ECL without electrochemical oxidation of
the metal complex (i.e. Scheme 4 is not thermodynamically feasible;
where M = Ir(Ill) complex) [26], and very few of those reported are
soluble in aqueous solution.

Strategies to impart water-solubility to Ir(II) complexes for ECL and
other applications most commonly involve decoration of the coordi-
nating ligands with hydrophilic functional groups such as sulfonates and
tetraethylene glycol [27-31]. Various [Ir(C"N),(pt-TEG)]" complexes
(Fig. 2a), for example, elicit similar ECL intensities to [Ru(bpy)g]zJr with
TPrA in aqueous solution at high applied potentials, and have been
adapted for ECL labelling [29].

Recently we reported that despite its poor co-reactant ECL intensity,
the fac-[Ir(sppy)g]B’ complex (Fig. 2b) could enhance the co-reactant
ECL of [Ru(bpy)s] 2+ by over an order of magnitude at potentials where
only the Ir(IIl) complex and TPrA were oxidised [9]. This was ascribed to
a ‘redox mediator’ pathway (analogous to Schemes 3 and 4), in which
reaction between [Ru(bpy)g,]+ and the electrogenerated [Ir(sppy)3]2’ is
sufficiently energetic to generate the excited state [Ru(bpy)s]>** species
(Scheme 5, where M = [Ru(bpy)s] 2+ andE= [Ir(sppy)s] 5. Importantly,
like Scheme 4, this pathway does not require electro-oxidation of
[Ru(bpy)g,]2+ and, therefore, effective translation to bead-based ECL
assays was anticipated [9]. Indeed, [Ir(sppy)g]?” was shown to enhance
the ECL of [Ru(bpy)s]** immobilised on 12 pm polystyrene beads by over
70-fold at 0.9 V vs Ag/AgCl, and 2.9-fold at 1.2 V vs Ag/AgCl [10]. The
larger effect under these conditions likely arises from the greater
dependence on the lifetime of the TPrA®", which must diffuse from the
electrode surface to reduce the immobilised luminophore (Scheme 4).

Moreover, as the [Ru(bpy)g,]2+ labels are too distant from the working
electrode to be oxidised, the lower enhancement by [Ir(sppy)g]s’ atl.2Vv
vs Ag/AgCl cannot be rationalised by the dominance of Scheme 1 at high
potentials. Instead, this indicates a significant contribution from the
catalytic oxidation of TPrA (Scheme 2, where M = [Ir(sppy)3]3*) at low
potentials, which diminishes in importance at high potentials with the
increased rate of its direct electrochemical oxidation [10,32].
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Fig. 2. Structures of water-soluble Ir(III) complexes examined in this study (bt
= 2-(2-benzothiazolyl-kN®)phenyl-xC; ppy = 2-(2-pyridinyl-kN)phenyl-«C; df-
ppy = 3,5-difluoro-2-(2-pyridinyl-kN)phenyl-xC; pt-TEG = 3-(2-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)ethyl) —5-(2-pyridinyl-kN)—1H-1,2,3)*triazol-
1-yl-kN; sppy = 2-(2-pyridinyl-kN)—4-sulfonatophenyl-xC; f-sppy = 5-fluoro-2-
(2-pyridinyl-kN)—4-sulfonatophenyl-xC; df-sppy = 3,5-difluoro-2-(2-pyridinyl-
kN)—4-sulfonatophenyl-kC).
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Subsequent ECL microscopy of [Ru(bpy)s]?>" immobilised on 2.8 um
magnetic beads upon application of 1.2 V vs Ag/AgCl showed a 2-fold
enhancement by 100 uM [Ir(sppy)s]>~, but considerable quenching by
the same concentration of [Ir(bt),(pt-TEG)]" or [Ir(df-ppy)2(pt-TEG)] "
(Fig. 2a) [32]. The contrasting behaviour of these complexes was
rationalised by the differences in their redox potentials where, unlike
[Ir(sppy)3]3’, these two [Ir(C"N)2(pt-TEG)]" complexes may react with
TPrA® (consuming this key intermediate of Scheme 4). Furthermore,
both of these complexes are oxidised at potentials greater than that of
[Ru(bpy)s]®>", and therefore Scheme 5 (where M = [Ru(bpy)s]*>" and
E = the Ir(IIl) complex) cannot occur at low potentials.

Herein we examine the influence of these Ir(Ill) complexes under
homogeneous reaction conditions, which removes the mechanistic
constraints of [Ru(bpy)g]2+ luminophore immobilisation. In addition,
we explore alternative Ir(Il[) species [Ir(ppy)2(pt-TEG)]T, [Ir(f-
sppy)3]3’ and [Ir(df—sppy)3]3’ (Fig. 2), which like [Ir(sppy)3]3’, are
oxidised at potentials lower than that of [Ru(bpy)3]2+, and reduced at
potentials beyond that estimated for the oxidation of TPrA®. These in-
vestigations provide a new understanding of the action of Ir(Ill) redox
mediators in the classic and most widely used [Ru(bpy)3]2+-TPrA co-
reactant ECL system.

2. Experimental
2.1. Chemicals

All reagents and solvents were purchased from commercial sources
and used without further purification. Bis(cyclopentadienyl)iron
(ferrocene, 99%) and tris(2,2-bipyridine)ruthenium(Il) dichloride
hexahydrate ([Ru(bpy)3]Cly-6H20) were from Strem (USA). The sodium
salt of fac-[Ir(sppy)3]3’ was from Lumtec (Taiwan). Nag[Ir(f-sppy)sl,
Nas[Ir(df-sppy)s], [Tr(bt)2(pt-TEG)ICI, [Ir(ppy)2(pt-TEG)ICI, and [Ir(df-
ppy)2(pt-TEG)]Cl were synthesised as previously reported [29,33].
Tri-n-propylamine (TPrA), potassium phosphate monobasic, potassium
phosphate dibasic, and tetrabutylammonium hexafluorophosphate
(TBAPFg, 99% electrochemical grade), were sourced from
Sigma-Aldrich (Australia). ProCell buffer solution was purchased from
Roche Australia.

2.2. Spectroscopy

Absorption spectra were acquired using a Cary 300 Bio UV/Vis
spectrophotometer (600 nm min}, 2 nm bandwidth; Agilent,
Australia). Photoluminescence (PL) spectra were measured using a Cary
Eclipse fluorescence spectrophotometer (600 nm min~!, 5 nm band-
width; Agilent). Each measurement was obtained in a quartz cuvette
with 1 cm path length using 10 uM complex in ultrapure (milli-Q) water.
Low-temperature (85 K) PL spectra were obtained using the Eclipse
spectrophotometer with an OptistatDN Variable Temperature Liquid
Nitrogen Cryostat (Oxford Instruments, UK) equipped with a custom-
made quartz sample holder [34]. The metal complexes were prepared
at 5 uM in 4:1 ethanol:methanol and cooled to 85 K. Further cooling was
not undertaken to avoid damage to the cuvettes due to the change in
solvent volume as it approaches 77 K [35]. We previously found no
change in the wavelengths of maximum emission for [Ru(bpy)g]2+ and
Ir(ppy)s between these two temperatures [34]. Correction factors for the
PL spectra established using a quartz halogen tungsten lamp were used
to account for variation in instrumental sensitivity over the wavelength
range.

2.3. Electrochemistry

Electrochemical experiments were performed using a cylindrical cell
[36] equipped with glassy carbon working, platinum wire counter (CH
Instruments), and leakless Ag/AgCl reference (model ET069; eDAQ
Australia) electrodes. Prior to each measurement, the working electrode
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was polished using 0.05 um alumina powder (CH Instruments) and
rinsed with ethanol and water; the counter electrode was flamed using a
blowtorch; and the reference electrode was rinsed with water. Mea-
surements were performed using an Autolab PGSTAT204 or Autolab
PGSTAT128N (CH Instruments), and data was recorded using Nova
software (version 1.11). Cyclic voltammograms were collected at a scan
rate of 0.1 V/s in either DMF with 0.1 M TBAPFg as supporting elec-
trolyte, or 0.1 M phosphate buffer solution (PBS; pH 7.5).

2.4. Electrochemiluminescence

Experiments were performed in ProCell solution (containing 180 mM
TPrA co-reactant, 0.1% surfactant and a preservative in 0.3 M phosphate
buffer at pH 6.8) [37]. The emitted light was measured by interfacing
the electrochemical cell with either: a photomultiplier tube (PMT,
extended-range trialkali S20, ET Enterprises model 9828B) for intensity;
a charge coupled device (CCD, QEPro, Ocean Optics) for the spectral
distribution; or a digital camera (Canon EOS 6D DSLR camera, fitted
with a Tonika AT-X PRO MACRO 100 mm £/2.8 D lens) for images.

3D ECL data (intensity versus emission wavelength and applied po-
tential) were obtained using an automated procedure created in Nova
software (Figure S1, see Supporting Information). A series of 10 s pulses
of increasing potential were interspersed with 10 s at 0 V. ECL spectra
were acquired at each applied oxidative potential by synchronising the
CCD detector with the electrochemical experiment via an HR4000
(Ocean Optics) break-out box. Presented data are the average of at least
three replicate experiments, for which the relative standard deviation
(based on the area of the spectrum collected at the potential that elicited
the greatest ECL intensity) was generally less than 6%.

The ECL spectra were then deconvoluted (Figure S2), where the
concentrations of each metal complex (cg, for the Ru(II) complex, and cj-
for the Ir(IlI) complex) were determined by minimising the sum of the
magnitude difference between the model (Iiptat = crulry + cilp) and
measured intensity (Iyeqs) at each wavelength. Contour plots of the raw
and deconvoluted data were created using OriginPro (OriginLab, USA).
Profiles of ECL intensity versus applied potential were obtained from the
raw and deconvoluted data by integrating the ECL spectral distribution
at each applied potential (Figure S2).

3. Results and discussion
3.1. Characterisation of the iridium(IIl) complexes

Compared to [Ir(sppy)g]g’ and [Ir(ppy)g(pt-TEG)]+, the fluorinated
derivatives are hypsochromically shifted (Table 1, Figures S3, S4). Their
photoluminescence has less overlap with that of [Ru(bpy)3]2+, which
would improve their resolution in multi-luminophore systems, but
greater overlap with the visible absorption of [Ru(bpy)s]?*, where more
efficient energy transfer may be anticipated. Conversely, the lumines-
cence of the [Ir(bt)o(pt-TEG)]" complex is at longer wavelengths than
the other Ir(IlI) complexes, although still distinguishable from the
emission of [Ru(bpy)3]2+, with almost no overlap with the absorption
bands of [Ru(bpy)s]?>*. Low temperature photoluminescence spectra
(Figure S5) were used to estimate the energy between the zeroth
vibrational levels of the ground and triplet excited state responsible for
the emission (Eg_g; Table 1), which in conjunction with the ground state
electrochemical potentials (vide infra), can be used to derive the po-
tentials of the excited state (M®*/~ and M/ O*; Table S1) [38]. These not
only provide insight into oxidative and reductive quenching of the
excited state, but also the reverse process: the energy required to attain
the excited state from the reduced or oxidised complex [26]. For
example, for the reaction depicted in Scheme 4 (Fig. 1) to be energeti-
cally feasible, the potential for M%*/~ must be lower in magnitude than
that of the reduction of TPrA*t (0.89 + 0.06 V vs Ag/AgCl [5]). Low
temperature spectra for [Ir(f—sppy)g]g’ and [Ir(df—sppy)g]g’ had not
previously been reported, but the Eg o derived from this approach were
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Table 1

Selected properties of [Ru(bpy)s]**

and the iridium(III) complexes.

Electrochimica Acta 484 (2024) 143957

Photoluminescence Electrochemistry and ECL

Amax/nm (r.t.)? Amax/nm (85 K)° Ep_o /eV* dpd Eoy/V (vs Ag/AgCl) Erea/V (Vs Ag/AgCl) Ircr,
[Ru(bpy)s]** 625 581 213 0.063 1.08%" —1.355" 1
[Ir(bt)(pt-TEG)]* 526, 562 515 2.41 0.23 1.28¢ —1.675" 2.76/
[Ir(df-ppy)a(pt-TEG)]* 452, 481 448 2.77 0.13 1.44° ~1.75%h 0.26/
[Ir(ppy)2(pt-TEG)] 475, 505 471 2.63 0.14 1.08% 1.8261 1.57,0.37%
[Ir(sppy)s]®~ 517 481 2.58 0.73 0.79%" —2.0581 0.01%
[Ir(f-sppy)s]®~ 494 460 2.70 0.91 0.93%" 2.175" 0.03*
[Ir(df-sppy)s]®~ 484 449 2.76 0.84 1.08%" 2.088! 0.05*

Most intense peak in bold. *Shortest wavelength peak only. “From Apa./nm (85 K). %From references [29,33,39,40]. In aqueous phosphate buffer (0.1 M; pH 7.5). /In
acetonitrile with 0.1 M TBAPFs. 8In DMF with 0.1 M TBAPF. "Chemically reversible. iChemically irreversible. /Relative to [Ru(bpy)g]2+ (10 pM metal complex in
phosphate buffer (pH 7.5) with 10 mM TPrA; 10 s at 10 Hz, Ej,, + 0.1 V; integrated ECL spectra collected using a CCD spectrometer [29]. kRelative to [Ru(bpy)s] 2+ (10
pM metal complex in ProCell solution (180 mM TPrA, pH 6.8); 10 s single pulse at 1.2 V vs Ag/AgCl; integrated ECL spectra collected using a CCD spectrometer).

similar to the values of 2.76 eV and 2.81 eV estimated from the
short-wavelength edges (at 10% intensity) of their emission spectra in
water at ambient temperature [33].

In aqueous solution, the [Ir(C"N),(pt-TEG)]" complexes exhibit
chemically irreversible oxidation at potentials greater or equal to the
reversible oxidation of [Ru(bpy)g]2+ (Figs. 3, S6). Due to the limited
electrochemical window of the aqueous phosphate buffer, the potentials
at which these complexes are reduced was assessed in acetonitrile.
Under these conditions, the reductions were chemically reversible at
similar potentials to that estimated for the oxidation of TPrA® (Figs. 3,
S7). In contrast, [Ir(sppy)g]e" and its fluorinated derivatives exhibited
reversible oxidations in aqueous solution at potentials lesser or equal to
[Ru(bpy)g]2+ (Figs. 3, S8). Their reductions (assessed in dime-
thylformamide due to their insolubility in acetonitrile) were largely
irreversible and far beyond the potential at which TPrA® is oxidised
(Figs. 3, S9).

The ECL properties of [Ir(sppy)g]g’ and the [Ir(CAN)g(pt-TEG)]+
complexes with TPrA as a co-reactant have been previously investigated
[9,28,29]. Some examples of intensities relative to that of [Ru(bpy)g]2+
under specific conditions are shown in Table 1. The ECL of [Ir(f-sppy)s] 3=
and [Ir(df-sppy)g]B’, however, had not been explored. We examined the
co-reactant ECL of these complexes in ProCell solution (containing 180
mM TPrA), in comparison to [Ir(sppy)3]3’ and [Ru(bpy)3]2+. The
integrated ECL peak intensities for [Ir(sppy)3]3*, [Ir(f—sppy)g]g’*, and
[Ir(df—sppy)g]s_, measured with an extended range PMT, were 1.4%,
4.7%, and 7.7% that of [Ru(bpy)g]2+ (Figure S10; Table S2). The ECL
intensities (integrated spectra) acquired with a CCD spectrometer were
lower (0.9%, 2.8% and 4.8%, respectively, relative to [Ru(bpy)3]2+;

Figure S11), which can be attributed to the more uniform sensitivity of
this photodetector over the wavelength range. Photographs of the ECL
emissions at the working electrode surface are also shown in Table S2.

3.2. Electrochemiluminescence enhancers: [Ir(sppy)3]3_ and its
fluorinated derivatives

In our previous exploration of [Ir(sppy)s3]®~ as an enhancer of the
ECL of [Ru(bpy)g]2+ with TPrA co-reactant [9], we applied an electro-
chemical potential pulse sequence for the collection of ECL spectra over
a series of increasing potentials, which were presented as contour plots.
Spectra at two potentials, 0.9 V and 1.2 V vs Ag/AgCl, were then
deconvoluted into the characteristic emissions of the two complexes to
quantitatively assess the influence of [Ir(sppy)s]®>~ on the ECL intensity
of [Ru(bpy)s]2*.

For a more comprehensive evaluation in the current study, we have
used a similar pulse sequence between 0.7 V and 1.6 V vs Ag/AgCl
(Figure S1), and developed a simple procedure to deconvolute the
spectra at all applied potentials (Figure S2). The integrated ECL intensity
of the deconvoluted spectra can then be compared to that of
[Ru(bpy)g]2+ in the absence of the Ir(III) complex. The ECL intensities of
[Ru(bpy)g]2+ in ProCell solution, with and without [Ir(sppy)g]s_, over
the applied potential range are shown in Fig. 4a. Similar to our previous
report, the ECL intensity of [Ru(bpy)s]?>" was enhanced by 9-fold at 0.9
V, and 2-fold at 1.2 V by the addition of [Ir(sppy)g]e". The redox
mediator has a greater effect at 0.9 V for two reasons: Firstly, at low
potentials, ECL arises from the ‘indirect pathway’ (Scheme 3, Fig. 1), in
which the mediator can act as an alternative oxidant to generate the

TPrA® TPrA
| [Ru(bpy);]** I
" O
| [Ir(bt)y(pt-TEG)]* |
Ir(1ll) complex O | O
consumes TPrA®. "
y C: [Ir(df-ppy),(pt-TEG)] : o Enhancement of
RQubenc /Z?Ec)é‘L ] A — I [Ru(bpy);]?* ECL
[Ru(bpy)s] . ol PRY)RIP L o once Ir(lll) complex
I s | is oxidised.
. [Ir(sppy)sl* d
O N ] Greater if Ir(lll) is
Ir(1h1) comp'lex does. | [Ir(f-sppy)s]* | oxidised at low
not react with TPrA®. O T © potentials.
No quenching of ! [Ir(df-sppy)s]* |
[Ru(bpy)s]** ECL. cn ‘
| |
-2.3 -1.3 -0.3 0.7 1.7

Potential vs (Ag/AgCl)/V

Fig. 3. Potentials at which the metal complexes are oxidised (right) and reduced (left) in comparison to those of the oxidation of TPrA and the a-amino alkyl radical
TPrA® (dotted lines). Metal complex oxidation potentials were determined in aqueous solution, whereas the reduction potentials were measured in acetonitrile
([Ru(bpy)3]24r and [Ir(C"N)y(pt-TEG)]* complexes) or dimethylformamide ([Ir(sppy)g]s’ and its derivatives).
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Fig. 4. ECL intensities (integrated spectra) of 1 pM [Ru(bpy)s]*>* (solid red
plots) and 100 pM (a) [Ir(sppy)3]3’, (b) [Ir(f—sppy)g]s’, or (¢) [Ir(df—sppy)3]3’
(black plots) from a mixture of the complexes in ProCell solution, after
deconvolution of their emissions at each applied potential. The dashed red plots
show the corresponding ECL intensity of 1 uM [Ru(bpy)s]*>" in ProCell without
the Ir(IlI) complex. The full plots for the Ir(Ill) complexes are shown in
Figure S13.

excited state (Scheme 5), whereas at higher potentials, the ‘direct’
pathway (Scheme 1) is dominant. Secondly, the mediator serves as an
electrocatalyst for co-reactant oxidation, which is less competitive with
heterogeneous oxidation when the overpotential is greater [10,32].
Greater enhancement can be obtained at higher concentrations of
[Ir(sppy)s]®~, but 100 pM was deemed most appropriate considering the
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amount consumed in experiments, the diminishing improvement in
signal as the Ir(III) complex concentration is increased [32], and the
intensity of the ECL arising from [Ir(sppy)g]e" (via Scheme 1, where
M = [Ir(sppy)3]3*), which was exploited as an internal standard in our
previous study [9]. We therefore initially examined all Ir(II[) complexes
in the current study at a concentration of 100 pM.

The [Ir(f-sppy)s]®~ and [Ir(df-sppy)s]®~ complexes also enhanced
the ECL of [Ru(bpy)g]2+ (red plots in Fig. 4), but only once the
potentials required for their oxidation were applied (Fig. 3; Table 1),
and to a lesser extent: 3.3-fold at 1.05 V by [Ir(f—sppy)3]3’ and 1.7-
fold at 1.25 V by [Ir(df—sppy)3]3’. However, the [Ir(df-sppy)3]3’
complex was the only Ir(III) species that significantly increased the
ECL of [Ru(bpy)s]?* at the highest applied potential (1.6 V vs Ag/
AgCl), which may be useful for some multi-colour ECL applications.
The corresponding ECL contour plots showing the full data sets
without deconvolution are in Figure S12.

As with [Ir(sppy)3]3_, the enhancement by [Ir(f—sppy)g]s_ and [Ir(df-
sppy)3]3’ coincided with the onset of ECL from the Ir(III) complex in the
mixture (black plots in Figs. 4 and S13) via the pathway depicted in
Scheme 1 (where M = [Ir(sppy)g]S’ or its fluorinated derivative). These
three Ir(IlI) complexes (unlike [Ru(bpy)3]2+) cannot proceed via
Schemes 3 or 4 because they are not reduced by TPrA® (i.e. their Eyeq fall
into the zone indicated in purple in Fig. 3).

3.3. [Ir(CAN)g(pt—TEG)]+ complexes as enhancers or quenchers

The three [Ir(C“N)Z(pt-TEG)F complexes also increased the ECL of
[Ru(bpy)s]*>" once the potentials required to oxidise the Ir(II) complex
were applied (Figs. 5 and S14). As observed with the Ir(III) complexes
containing sulfonated phenylpyridines, the higher the Eqy of the Ir(IIl)
complex, the lesser the degree of enhancement (1.4-, 1.2- and 1.1-fold by
[Ir(ppy)2(pt-TEG)]", [Ir(bt)o(pt-TEG)]* and [Ir(df-ppy)2(pt-TEG)]" at
applied potentials of 1.25V, 1.45 V and 1.50 V, respectively, which were
far lower than the 9-fold enhancement by [Ir(f—sppy);;]g’ at 0.90 V).

In our previous ECL microscopy study of [Ru(bpy)g,]2+ immobilised
on magnetic beads [32], the addition of 100 pM [Ir(bt)z(pt-TEG)]+ or
[Ir(df—ppy)z(pt-TEG)]+ to the solution diminished the ECL of the Ru(II)
complex by 65% and 24%, respectively, when applying potentials suf-
ficient to oxidise the Ir(Ill) complexes (1.3 V and 1.5 V vs Ag/AgCl).
Even greater quenching (71% and 75%) was observed when applying a
potential (1.2 V) below their Eqx. The attenuation of the [Ru(bpy)g]2+
ECL was ascribed to the reduction of the Ir(Ill) complexes by TPrA®
(Fig. 2) [32], thereby consuming this essential intermediate of the
pathway (Scheme 4) required for ECL from immobilised luminophores
[5], irrespective of the applied potential.

In the current study, all reactants can diffuse freely in solution, and
[Ru(bpy)g]2+ is electrochemically oxidised at potentials above its Eqx
(1.08 V vs Ag/AgCl), enabling Schemes 1-3 (where M = [Ru(bpy)3]2+).
Moreover, as [Ru(bpy)g]2+ is in the immediate vicinity of the electro-
generated TPrA radicals as they are formed, their reactions (including
within Scheme 5, at potentials sufficient to oxidise [Ir(C"N),(pt-TEG)] 1)
are more competitive. Consequently, in contrast to the prior observa-
tions with the bead-based format, the ECL of [Ru(bpy)g]2+ was
enhanced at high potentials by the addition of the [Ir(CAN)z(pt-TEG)]Jr
complexes (Fig. 5). At potentials below the E,y of [Ru(bpy)3]2+, ECL is
restricted to Scheme 4 (M = [Ru(bpy)3]2+) [5] and the electrochemical
oxidation of TPrA occurs at a slower rate. Under these conditions, the
reaction of TPrA°® with [Ir(C“N)g(pt-TEG)]+ is dominant due to the
higher concentration of the Ir(III) complex, resulting in quenching of the
ECL of [Ru(bpy)s]*>* (Fig. 5).

The ECL of the [Ir(C'N)y(pt-TEG)]" complexes in the reaction
mixtures (black plots in Figs. 5 and S15) were much more intense than
that of [Ir(sppy)s]®~ and its derivatives. We also examined the ECL of 1
pM [Ru(bpy)g]2+ and 10 pM [Ir(CAN)z(pt—TEG)]+ in ProCell solution
(Figures S16 and S17). Under those conditions, the ECL intensities of the
two luminophores were similar, but the influence of the Ir(IIl)
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Fig. 5. ECL intensities (integrated spectral distribution) of 1 pM [Ru(bpy)3]24r
(solid red plots) and 100 pM (a) [Ir(bt),(pt-TEG)] ™, (b) [Ir(df—ppy)g(pt-TEG)]+,
or () [Ir(ppy)2(pt-TEG)]" (black plots) from a mixture of the complexes in
ProCell solution, after deconvolution of their emissions at each applied poten-
tial. The dashed red plots show the corresponding ECL intensity of 1 pM
[Ru(bpy)g,]2+ in ProCell without the Ir(III) complex. The full plots for the Ir(III)
complexes are shown in Figure S15.

complexes on the ECL of [Ru(bpy)s]?>" was greatly diminished.

The ECL of [Ir(bt)(pt-TEG)]" appears as two ‘waves’ as the applied
potential is increased (Figure S15a): the first emerges at the Eox of TPrA
(0.89 V vs Ag/AgCl [5]) and the second at the Ey of the Ir(III) complex
(1.28 V vs Ag/AgCl). Based on the data in Table 1, Schemes 1-4 (where
M = [Ir(bt),(pt-TEG)]™) are all feasible. The first and second waves of
ECL therefore arise from Schemes 4 and 1-3, respectively. The efficient
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first wave ECL from this complex confirms the consumption of TPrA® as
the mechanism of quenching of the ECL from [Ru(bpy)3]2+.

The [Ir(df-ppy)2(pt-TEG)]™ complex is also reduced by TPrA*® (as pre-
dicted in Fig. 3, and confirmed by its quenching of the ECL of [Ru(bpy)3]*"),
but the subsequent reaction of [Ir(df—ppy)z(pt—TEG)]0 (M) and TPrA*" in
Scheme 4 is not sufficiently energetic to attain the excited state
[Ir(df-ppy)2(pt-TEG)] t* (i.e. E([Ir(df-ppy)2(pt-TEG)1Y**) < E(TPrA*/);
See Table S2). Therefore, the ECL of [Ir(df-ppy)z(pt-TEG)]+ is only seen via
Schemes 1-3 at applied potentials sufficient to oxidise the Ir(IIl) complex.

[Ir(ppy)2(pt-TEG)]' was selected for the study as an [Ir(C "N)a(pt-
TEG)]™ complex with an E,eq beyond the potential at which the TPrA*® is
oxidised. However, the difference in these potentials is within the error
associated with their estimation, and the quenching of the ECL of
[Ru(bpy)g]2+ by this complex at low potentials (Fig. 5c) shows that it
reacts with TPrA® efficiently. The subsequent reaction of [Ir(ppy)a(pt-
TEG)]° (M) and TPrA*' in Scheme 4 to attain the excited state
[Ir(ppy)2(pt-TEG)]** is also a borderline case (i.e. E([Ir(ppy)a(pt-
TEG)]O/ %) ~ E(TPrA™ O); See Table S2). The absence of ‘first wave’ ECL
for [Ir(ppy)2(pt-TEG)]" (compare Figure S15c to Figure S15a) reveals
that the ECL mechanisms of this complex are limited to Schemes 1-3
(where M = [Ir(ppy)2(pt-TEG)] ™).

This complex was also selected because its Eqy is lower than those of
[Ir(bt)2(pt-TEG)]" and [Ir(df-ppy)2(pt-TEG)]', which we anticipated
would improve the enhancement of the ECL of [Ru(bpy)3]2+. This was
indeed the case, but the improvement was less than that of [Ir(df-
sppy)g]g’, for which the same E,y was estimated. This can be rational-
ised by: (i) the irreversibility of the oxidation of [Ir(ppy)2(pt-TEG)]™
(Figure S6c vs S8c); (ii) the more efficient reaction of [Ir(ppy)a(pt-
TEG)]ZJr than [Ir(df—sppy)g]z’ with TPrA® to generate their respective
emitting species in Scheme 1 (where M = the Ir(III) complex), as seen in
their relative ECL intensities (Figure S15c vs S13c), which compete with
their reactions with [Ru(bpy)s]™ to generate [Ru(bpy)s]>™* (Scheme 5,
where M = [Ru(bpy)g]2+ and E = [Ir(df—sppy)3]3’); and/or (iii) the
negative charge on the oxidised [Ir(df-sppy)s]?>~ complex, promoting its
reaction with [Ru(bpy)g]+ in Scheme 5.

4. Conclusions

We investigated the ECL enhancement or quenching of the widely
applied [Ru(bpy)s] 2+ and TPrA system in the presence of different Ir(III)
complexes and rationalised the behaviour by considering the applied
potentials, the electrochemical and photochemical properties of the
complexes, and the energy requirements of the reaction pathways. The
greatest enhancement of the co-reactant ECL of [Ru(bpy)g,]2+ was ob-
tained from Ir(Ill) complexes exhibiting: (i) an Eyx nearest the potential
at which TPrA is oxidised (the green-coloured zone in Fig. 3), and (ii) an
ELeq well beyond the estimated reduction strength of TPrA® (the purple-
coloured zone in Fig. 3). The addition of fluorine substituents on the
phenylpyridine ligands of the Ir(III) complexes increases their E,, which
diminishes their enhancement of the ECL of [Ru(bpy)3]2+, despite the
greater overlap of their emission with the visible absorption bands of
[Ru(bpy)3]2+. Energy transfer, therefore, does not make a significant
contribution relative to the electron-transfer (‘redox mediator’) path-
ways (Scheme 5: M = [Ru(bpy)g,]2+ and E = Ir(III) complex; and Scheme
2: M = Ir(IIl) complex). Concomitant ECL from the Ir(III) complexes that
meet the above criteria can only occur through a pathway involving
their oxidation (Scheme 1: M = Ir(Ill) complex), which competes with
their enhancement of [Ru(bpy)g,]zJr ECL.

Iridium(III) complexes that are reduced by TPrA® (such as those with
an E¢q in the blue-coloured zone in Fig. 3) quench the co-reactant ECL of
[Ru(bpy)s]?>" under conditions where its initial reduction is essential (i.
e. Scheme 4: M = [Ru(bpy)3]2+). These include: (i) the application of
potentials sufficient to oxidise TPrA but not [Ru(bpy)3]2+; and (ii) in the
bead-based assay format irrespective of the applied potential. If the
reduced Ir(IlI) complex reacts with TPrA*" with sufficient energy to
generate the excited state Ir(III) complex, its ECL can be observed upon
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oxidation of TPrA (such as for [Ir(bt)z(pt-TEG)]ﬂ; if not, its ECL can
only be attained at the potentials sufficient for its oxidation (such as for
[TIr(df-ppy)2(pt-TEG)]"). These energy requirements can be assessed
through the ground and excited state redox potentials.

This study provides a new understanding of the influence of Ir(III)
complexes on the coreactant ECL of [Ru(bpy)g]2+ in ProCell solution,
which will inform the future design and application of redox mediators
in this widely used ECL system.
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