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ABSTRACT:

This work reports the absolute electrochemiluminescence (ECL) quantum efficiencies (QEs) of
two iridium(IIT) complexes, fac-Ir(ppy)s (Ir-1) and [Ir(ppy)2(dtbubpy)]* ([Ir-2]*) in annihilation
and coreactant pathways. With potentiodynamic scans and potential pulsing, ECL mechanisms
were investigated by means of ECL-voltage curves, ECL-time curves and ECL spectroscopy. It
was demonstrated that the radical stability and reactivity are the two main factors affecting ECL
efficiencies in various processes, while intermediate charges have little effect. Considering the
difference of such radical behaviors between [Ru(bpy)s;]** and other luminophores, absolute ECL
QE is more applicable compared with the ones relative to [Ru(bpy)s]** as a standard.

Keywords: Iridium(Ill) complexes, Electrochemiluminescence, Absolute and relative quantum
efficiency, Radical stability, Radical reactivity



1. Introduction

Smartly combining electrochemistry and chemiluminescence, electrochemiluminescence (ECL)
or electrogenerated chemiluminescence, is a light emission process that occurs from the electron
transfer between highly active radical species that are electrochemically generated[1-3]. ECL has
become an essential modern electroanalytical technique with wide applications in the fields of
biosensing[4-6], bioimaging[7-9], and immunoassays[10-12]. Furthermore, ECL investigation can
also provide guidelines for light-emitting electrochemical cells (LECs) who has similar
luminescent mechanisms. Many ECLphores have been reported including organic molecules[13-
15], organometallic complexes[16-18] and nanomaterials[19-21]. The most important factor that
determines the ECL performance of a compound is the ECL quantum efficiency (QE), which is
defined as the ratio of the number of photons emitted to the number of electrons injected during
an ECL process[22, 23]. However, unlike the absolute photoluminescence quantum yield (PLQY),
which is defined as the number of photons emitted by the number of photons absorbed and can be
measured directly in an integrating sphere, absolute ECL QEs have been rarely reported. The Bard
group reported the absolute ECL QE of [Ru(bpy)s;]*>* from an annihilation pathway as 5% using a
photodiode and actinometry using a platinum rotating ring-disk electrode (RRDE)[24]. The Bard
group also reported the absolute ECL QE of 9,10-diphenylanthracene (DPA), thianthrene (TH)
and other systems, with values ranging from 1.5%-20%[25]. Recently, our group used a calibrated
photomultiplier tube (PMT) to determine the absolute ECL QE of [Ru(bpy)s]** via a annihilation
route with either potentiodynamic scans or potential pulsing, obtaining, respectively, 0.0019%,
and 0.090%-2.4% ECL QE, which are close to Bard’s results[22]. Our group also employed a
photon-counting device to measure the absolute ECL QE of the [Ru(bpy)s;]**/tri-n-propylamine
(TPrA) system, obtaining 10.0 = 1.0% using potential pulsing at 10 Hz, a value that is greatly
enhanced from that in the annihilation pathway[23].

Instead of reporting the absolute ECL QE, many research groups including ours have utilized the
5% [Ru(bpy)s;]*" as a standard to determine the relative QEs during ECL studies[26-31]. The
relative ECL QE determination is easy to undertake, and it provides some information regarding
the relative ECL performance of the compound of interest. However, this methodology cannot be
generalized as this value is not valid if the experimental conditions are not identical to
aforementioned approaches. More importantly, it is essential to recognize that the stability and
reactivity of the radical species during the ECL processes are likely to be different between
[Ru(bpy)s]** and other ECL materials. Without considering such factors, the investigation of
relative QEs makes less sense compared with absolute determination. Elucidation of absolute ECL
QE of other materials remains in great demand.

Iridium(IIT) complexes have occupied a central role in many photonics and optoelectronic
applications due to their high efficiency, tunable emission, and short excited state lifetime[32-35],
properties that also contributed to their use as bright ECLphores[18, 30, 36-38]. Determining the
absolute ECL QE of iridium(IIT) complexes has to date not been reported and quantification of
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such efficiencies is necessary to better understand the insight into ECL mechanisms and employ
these complexes in practical ECL applications. Herein, we report the absolute ECL QEs of two
known iridium(IIT) complexes, fac-Ir(ppy)s (Ir-1) and [Ir(ppy)2(dtbubpy)] -PFs ([Ir-2]*), using
both potentiodynamic scans and potential pulsing. The structures of the two complexes are
displayed in Fig. 1.

Fig. 1. Structures of (A) fac-Ir(ppy)s (Ir-1) and (B) [Ir(ppy)2(dtbubpy)]-PFe ([Ir-2]%).

2. Experimental
2.1. Chemicals and reagents

Acetonitrile (MeCN, anhydrous, 99.8%), tetrabutylammonium hexafluorophosphate (TBAPFs, for
electrochemical analysis, >99.0%), benzoyl peroxide (BPO, reagent grade, >98%) and ferrocene
(Fc, 98%) were all purchased from Sigma-Aldrich (Mississauga, ON, Canada). MeCN was
received in a Sure/Seal™ bottle and directly transferred to the N filled glove box. BPO was stored
in a refrigerator at 4 °C. The synthesis of Ir-1 and [Ir-2]* were reported elsewhere[39, 40].

2.2. ECL Methods

A three-electrode system was utilized for the ECL experiments, consisting of a 2 mm platinum (Pt)
disk in a glass sheath as working electrode and two Pt wire coils as counter and reference electrodes.
The Pt working electrode was manually polished with 0.3 um and 0.05 pum Al>O3 suspensions on
a polishing pad. A mirror-like surface should be obtained. Then it was electrochemically polished
in 0.1 M H2SO4 solution by scanning potentials between -0.30 V and 1.25 V for 400 cycles. Then
the Pt working electrode was thoroughly rinsed with water and dried with argon gas blowing. The
two Pt wires were successively sonicated in acetone, isopropanol and water then dried at 120 °C
in an oven.

ECL experiments were performed in a glass electrochemical cell. The bottom of the cell was a
specifically designed flat Pyrex window that allows the ECL signal pass through to be detected.
The cell was thoroughly rinsed with acetone, isopropanol and water, successively immersed for
four hours each in 5% KOH and 1% HCI baths, and it was rinsed again with amounts of water
before it was dried at 120 °C in an oven.



Prior to the ECL experiments, the luminophore and supporting electrolyte TBAPFs were placed in
the electrochemical cell, which was brought into the N> filled glove box together with the three-
electrodes. The solvent MeCN was added into the cell in the glove box and then the whole system
was assembled together and sealed tightly. During the experiments, the electrochemical cell was
set in a custom designed black box covered with a black film bag to reduce any background light
interference. After the ECL experiments, Fc was added to the system as an internal potential
reference to calibrate the applied potentials to SCE. (The formal potential Erc+rc’ was taken as
0.38 V vs. SCE in MeCN)[18].

2.3. ECL Instrumentation

For the measurements of CV and ECL-voltage curves during potential scans, current-time and
ECL-time curves during potential pulsing experiments, an Autolab potentiostat (PGSTAT30,
Metrohm, Switzerland) controlled by its NOV A software was used as the ECL driving force[22].
A photomultiplier tube (PMT, R3869, Hamamatsu, Japan) biased at -750 V by a high voltage
supply was used to detect ECL signals generated in the vicinity of the working electrode. A
picoammeter (Keithley 6487, Cleveland, OH) was employed to transform the photocurrent as the
ECL intensity detected by the PMT to a voltage signal which was fed into one of the two auxiliary
ports of the Autolab and displayed as an external signal in the NOVA software. The sensitivity on
the picoammeter was manually adjusted to avoid its display saturation. All the other parameters
were also accordingly adjusted in the NOVA software. As introduced in section 2.2, the
electrochemical cell was placed in the black box above the PMT during the whole experiments,
maintaining a constant distance of 7.37 cm between the working electrode surface and PMT
window.

For the ECL spectroscopy measurements[41], a CHI610A electrochemical workstation (CH
Instruments, Austin, TX) was utilized as ECL driving force. The electrochemical cell was placed
above a spectrograph with a grating of 50 I/mm blazed at 600 nm (Acton 2300i, Teledyne
Princeton Instruments, Trenton, NJ) coupled with a CCD camera (Model DU401-BR-DD-352,
Andor Technology, UK). Prior to any spectroscopy capture, the CCD camera was cooled down to
-65 °C and calibrated with a HG-1 mercury-argon source (Ocean Optics, Orlando, FL). All the
electrochemistry parameters were adjusted in the CHI software while the ones of spectroscopy
measurements were controlled by the corresponding Andor Technology program.

3. Results and discussion
3.1. ECL efficiencies determination

Absolute ECL quantum efficiency is defined as the number of photons emitted by the number of
electrons injected as indicated in equation (1), where Vphoton 1 the total photon emission rate which
can be converted from the photocurrent detected by the PMT, and Veiectron 1S the total Faradaic



electron injection rate that is determined by subtraction of non-Faradaic current from the total
current measured[22].

J Vphotondt

f Velectrondt

x 100% (1)

0

Many factors must be considered to convert photocurrent to Vphoton:

1. ECL detection correction: During the ECL measurement, some of the light generated in
the vicinity of the electrodes were not detected by the PMT, and a correction factor opmr is
introduced considering the PMT surface area (Apwmr), distance from PMT to electrode (d),
and electrode reflectivity (R) which is defined in equation (2).

A
Opur = ﬁx (1+R) (2

2. Hardware and wavelength specific factor: Considering the difference of PMT’s sensitivity
to ECL emission at specific wavelength, a hardware and wavelength specific factor (C) is
introduced as seen in equation (3) after the calibration of PMT,
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where Q() is the calibrated quantum efficiency of PMT (electrons per photon) while S(A)
is the normalized ECL emission spectrum with background subtraction.

3. Self-absorption correction: During the ECL process, the iridium complexes in solution
could self-absorb the ECL emitted. The absorption correction factor (kass) as shown in
equation (4), is determined from the UV-Vis absorption spectrum and ECL emission
spectrum, which method is outlined in our previous report[22].

[ total Emission dA + [ absorbed Emission dA
[ total Emission dA
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With the corrections considered above, the total photon emission rate vphoton can be converted from
the photocurrent (PC) detected by the PMT by equation (5), where Na and F represent Avogadro’s
number and Faraday’s constant, respectively.
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Furthermore, unlike Faradaic current, the non-Faradaic current during an electrochemistry process
does not contribute to the ECL generation and needs to be subtracted when determining the
absolute ECL efficiency. Determination of Faradaic current (ir) is shown in equation (6), where
igc indicates the background current (non-Faradaic current) and ix represents the total current
(Faradaic and non-Faradaic current). Note that for the co-reactant ECL route, most of the electrons
are injected into the system to reduce the co-reactant BPO. However, the reduction of BPO is
necessary in the whole ECL generation process, and the current of such reduction should be
considered as “Faradaic current” although it is not related to the initial redox of the main ECL
luminophore.



As introduced in our recent publication[22], the background current measurements were
performed simultaneously with the ECL tests, with potentials applied right below the oxidation
and/or reduction of the species where ECL has not been generated yet. All the other test conditions
remain the same.

ip =iy —ligg (6)

Then the total Faradaic electron injection rate Veiectron 1S determined by equation (7), where ir is the
Faradaic current from equation (6) and qe is a constant related to the charges per electron:

iF
Velectron = Z (7)

As such, combining equation (1), (5) and (7), absolute ECL efficiencies are determined from the
photocurrent (PC) and current (ix) using equation (8):

Orry = J PCdt NaXkaps*de
ECL f(llxl_llBGl) dt FXO'pMTXC
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The parameters for the calculations are summarized in the Supporting Information (Table S1) and
Matlab codes employed are the same as our previous report [22]. In this work, we have applied
potentialdynamic method at a scan rate of 100 mV/s (CV-ECL), potential pulsing at 10 Hz, and
100 Hz, respectively, to Ir-1 and [Ir-2]* and determined their absolute ECL efficiencies. The
results are shown in Table 1, and are further discussed in the following sections.

Table 1. Absolute and relative ECL efficiencies of Ir-1 and [Ir-2]".

Absolute and Relative ECL Efficiencies

CV-ECL Pulsing at 10 Hz Pulsing at 100 Hz

Method

Absolute | Relative | Absolute | Relative | Absolute | Relative

Ir-1_Ann 0.0013% 3.8% 0.039% 1.4% 0.17% 0.85%
[Ir-2]" Ann 0.0016% 9.7% 0.072% 1.6% 0.22% 1.4%
Ir-1 BPO 0.027% 1.7% 0.65% 2.2% 0.86% 1.8%
[Ir-2]" BPO 0.37% 13% 1.4% 3.5% 2.2% 2.6%

3.2. ECL during potentiodynamic scans

Fig. 2 displays the CVs with the corresponding ECL-voltage curves of 0.5 mM Ir-1 (Fig. 2A) and
[Ir-2]* (Fig. 2B) in MeCN at a scan rate of 0.1 V/s. Ir-1 undergoes an oxidation reaction and a
reduction reaction at peak potentials of 0.57 V and -2.31 V, respectively, and generates ECL in
both anodic and cathodic scans. It should be noted that in this annihilation pathway, the anodic
ECL of Ir-1 is much stronger than the cathodic one. In comparison, the oxidation and reduction



potentials of [Ir-2]* are located at 1.36 V and -1.48 V, respectively, both of which are more
anodically shifted than those of Ir-1. As seen in the purple curve in Fig. 2B, [Ir-2]* produces no
appreciable anodic ECL but high cathodic ECL (~45 nA) in the annihilation route, which is much
stronger than the cathodic ECL of Ir-1 (~3 nA). It is plausible that the iridium atom in [Ir-2]*
bonded with N has greater metal character than the one bonded with C in Ir-1, which produces a
more chemically stable oxidation, thus allowing enough time for the radical dications to diffuse
and interact with the neutral radicals in the vicinity of the working electrode to produce ECL[42].

During the potential scans, accumulated ECL spectra of both samples were acquired as shown in
Fig. S1. Combined with the absorption corrections (Fig. S2 and Table S1), they were employed to
determine the C factor[22] together with the PMT responsivity curve (Fig. S3 and Fig. S4). The
absolute ECL efficiencies from Fig. 2 were thereafter determined to be 0.0013% for Ir-1, and
0.0016% for [Ir-2]* (Table 1), both of which are comparable with that of [Ru(bpy)s]** (0.0019%)
via an annihilation ECL pathway during CVs as previously reported by our group[22].
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Fig. 2. CVs with the corresponding ECL-voltage curves of 0.5 mM (A) Ir-1 and (B) [Ir-2]*
acquired in MeCN at a scan rate of 0.1 V/s.

Benzoyl peroxide (BPO) was then added as an oxidative coreactant to improve the ECL
performances. It should be noted that the ECL of Ir-1 and [Ir-2]* in the annihilation route, and
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that of Ir-1 with TPrA as the coreactant were previously reported by other groups and us[18, 37,
43]. However, the ECL behavior of these two iridium complexes have never been investigated
with a reduction-oxidative coreactant like BPO. Fig. 3A and 3B illustrate the CVs with
corresponding ECL-voltage curves of 0.5 mM Ir-1 and [Ir-2]* in MeCN with the addition of 5
mM BPO, respectively. The onset of the ECL potential of Ir-1/BPO system is at -2.12 V, right at
the reduction of Ir-1, approaching a maximum ECL intensity of 31 pA. Similarly, the onset ECL
of the [Ir-2]*/BPO solution is located at -1.41 V, which is also close to the reduction of [Ir-2]".
The ECL intensity of the latter system reaches up to 148 pA, which is much higher than the Ir-1
system. The absolute ECL efficiencies of the two iridium complexes-BPO systems during CVs
were then determined (Table 1). The drcr of [Ir-2]* is 0.37%, which is more than 10 times higher
than that of Ir-1, 0.027%.
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Fig. 3. CVs with the corresponding ECL-voltage curves of 0.5 mM (A) Ir-1 and (B) [Ir-2]" with
5 mM BPO as the coreactant acquired in MeCN at a scan rate of 0.1 V/s.

For both iridium complexes, the coreactant pathway shows higher efficiencies than the annihilation
pathway. This is because both the iridium complexes and coreactant BPO were reduced close to
each other within negative potential regions, thus the ratio of decayed radicals is smaller while the
amounts of radicals to produce ECL are increased. Furthermore, the benzoate radical (PhCOO-) is



quite a strong oxidant, thus shows much higher reactivity than the radicals of the iridium
complexes, so it can preferentially take an electron from the iridium complexes to generate their
excited states[1].

In contrast, the [Ir-2]"/BPO coreactant system demonstrates higher ECL efficiencies than that of
Ir-1/BPO, while the annihilation ECL efficiencies of the two luminophores are very close (0.0013%
for Ir-1, and 0.0016% for [Ir-2]"). The stability and reactivity of radicals could perfectly explain
these observations: For annihilation, the generation of ECL requires both the radical cations and
radical anions (radical dications and neutral radicals for [Ir-2]* since it carries one positive charge
initially). The potential difference between the redox of Ir-1 and [Ir-2]" is close. With the same
scan rate of 0.1 V/s in CVs scans, it results in similar time for radicals of Ir-1 (33.6 s) and [Ir-2]*
(32.3 s) to interact and recombine with their counterpart, respectively. The CV scan durations are
quite long compared with the lifetime of radicals. As such, the kinetic stability of radicals is the
key factor for ECL efficiency in the annihilation route. Based on their similar efficiencies, it is
plausible that the stability of Ir-1 and [Ir-2]* radicals are close. For the BPO co-reactant process,
ECL emission requires the reduction of both BPO and the iridium complexes. As shown in the
CVs (Fig. 3), BPO is always reduced first at -1.10 V, while Ir-1 is reduced at -2.31 V and [Ir-2]*
1s reduced at -1.48 V. At a scan rate of 0.1 V/s, it takes 12.1 s for BPO radicals to encounter the
Ir-1 radicals, while most of the BPO radicals would have decayed during this time period. On the
contrary, only 3.8 s is required for the interactions between BPO and [Ir-2]* radicals, meaning that
relatively fewer BPO radicals would have decayed and thus can react with the [Ir-2]* radicals to
generate ECL. Noting that the onset of the ECL occurs right at the potential of the reduction of the
iridium complexes, the intrinsic stability of reduced iridium complex radicals is no longer an issue.
This explains well that the ECL efficiency of [Ir-2]* is much higher than that of Ir-1 despite the
lower photoluminescence quantum yield through the co-reactant mechanism with BPO.

3.3. Spooling ECL spectroscopy

Spooling ECL spectroscopy was developed by our group, which is employed to reveal the kinetics
of the ECL[41]. Fig. 4 displays the spooling ECL spectra of Ir-1 and [Ir-2]* acquired within CV
scans upon addition of 5 mM BPO as the coreactant. The spectra of both samples are color coded
to distinguish the evolution and devolution of the ECL processes based on which two mechanisms
are proposed as described in Chart 1. Taking Ir-1 as an example, after the reduction of BPO, a
strongly oxidizing benzoyl radical (PhCOO-) is generated. In one pathway, this species could
oxidize the radical anion of Ir-1 generated at -2.12 V to produce the Ir-1 that emits ECL right at
-2.12 V (Chart 1A). Alternatively, PhCOO- could also oxidize the neutral Ir-1, producing radical
cations of Ir-1 that could thereafter react with the radical anions of Ir-1 to emit ECL at -2.12 V
(Chart 1B). In both mechanisms, ECL is generated at -2.12 V where the Ir-1 radical anions are
produced. The onset ECL potentials and ECL regions revealed by the spooling ECL spectroscopy
match well with the ECL-voltage curves in Fig. 3.



As seen in the insets of Fig. 4, the spectra of both iridium complexes display constant shapes and
peak wavelengths during potential scans, indicating the independence of the excited states on
applied potentials. Furthermore, the spectra also demonstrated the same features as their
annihilation ECL spectra (Fig. S1), providing evidence that identical excited states are generating
ECL during annihilation and coreactant processes.
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Fig. 4. Spooling ECL spectra of 0.5 mM (A) Ir-1 and (B) [Ir-2]* with 5 mM BPO as the coreactant
during a CV scan. Insets are the 2D views of spooling ECL spectra demonstrating constant shapes
and peak wavelengths.
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Chart 1. ECL mechanisms of fac-Ir(ppy)s (Ir-1) with BPO as coreactant.
3.4. ECL during potential pulsing

Compared with CV-ECL, potential pulsing ECL experiments can significantly reduce the time
delay for the radicals to meet, react and generate ECL. Fig. SA and Fig. 5B, respectively, display
three cycles of current-time with the corresponding ECL-time curves of 0.5 mM Ir-1 and [Ir-2]*
via an annihilation pathway during a potential pulsing between their redox potentials at 10 Hz.
Absolute efficiencies were also determined for the pulsed-ECL. In fact, Fig. 5 only illustrates three
cycles during the whole processes. Fig. S5 shows the ECL-time curves of both Ir-1 and [Ir-2]* in
different routes for the entire potential pulsing processes, based on which total electrons flux
(electrons per second) and total photons flux (photons per second) were determined, as introduced
in section 3.1 as well as documented in our previous report[22]. Such flux curves of [Ir-2]* during
an annihilation process at 10 Hz are shown in Fig. S6 as an example.
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As the pulsing frequency was set at 10 Hz, the time interval between the generation of radical
cations and anions was set to 0.1 s, which is significantly faster than that in a CV-ECL experiment
at a scan rate of 0.1 V/s. As a result, compared with the ECL-voltage curves during CVs in Fig. 2,
their ECL intensities increase more than 200 times, approaching ~10 pA. The ECL efficiencies
also increased from 0.0013% to 0.039% for Ir-1, and from 0.0016% to 0.072% for [Ir-2]*,
respectively, thanks to the much shorter time interval between the formation of their radical cations
and anions. Interestingly, during CV scans, Ir-1 demonstrates higher ECL under positive potentials
(Fig. 2A), while with potential pulsing it shows much higher ECL at negative potentials (Fig. 5A).
This is because in a scanning ECL process, the stability of the radicals dominates, while in a
pulsing ECL process, the frequency is set to be constant and the influence of the intrinsic reactivity
of the radicals on the ECL becomes dominant. It is plausible that the stability of the Ir-1 radical
anions is higher, but their reactivity is lower than the radical cations of Ir-1.
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Fig. 5. Three cycles of current-time with the corresponding ECL-time curves of 0.5 mM (A) Ir-1
and (B) [Ir-2]" during a potential pulsing experiment at 10 Hz frequency. The corresponding
applied potentials are indicated in grey.
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When BPO was added as a coreactant, the potentials were pulsed between 0.58 V and their ECL
peak potentials as shown in Fig. 6. Once more, the two iridium complexes demonstrate higher
ECL efficiencies (seen in Table 1) compared with both their CV-ECL in the coreactant route (Fig.
3) thanks to the smaller time interval, and their pulsed-ECL in annihilation process (Fig. 5) thanks
to BPO. Notably, the pulsed-ECL of [Ir-2]" with 5 mM BPO (Fig. 6B) was so strong that it
saturated the PMT and an optical filter (OD=1) was placed in front of the PMT window to avoid
saturation. Thus, the ECL intensity shown in Fig. 6B is in fact 10 times smaller than it truly
performed. Also noteworthy is the fact that that Ir-1 generates ECL immediately when the
potential is switched (Fig. 6A), while there is an obvious delay (~0.1 s) for [Ir-2]* to produce ECL
(Fig. 6B). This is because after the reduction of Ir-1, the radical anions of Ir-1, which carry
negative charges are repelled by the working electrode that serves as the cathode. This repulsion
could accelerate the radicals to the diffusion layer to react with benzoyl radicals and emit ECL.
Exemplar photon and electron flux curves of [Ir-2]" with BPO at 10 Hz pulsing are shown in Fig.
S7.

Table 2. Time Interval between the Formation of Cationic and Anionic Radical Species

Method Time (s)

Ir-1_Ann 33.6

[Ir-2]" Ann 32.3

CV-ECL

Ir-1_ BPO 12.8

[Ir-2]* BPO 3.1

Pulsed-ECL at 10 Hz 0.1
Pulsed-ECL at 100 Hz 0.01

Next, we increased the pulsing frequency to 100 Hz to investigate the impact on their ECL
behavior. Figs. S8-S11 demonstrate three cycles of current-time with ECL-time curves of 0.5 mM
Ir-1 and [Ir-2]* in annihilation and coreactant processes, respectively. The ECL intensities were
further improved because of the smaller time interval (0.01 s) to generate the corresponding radical
species. Fewer radicals decayed, and instead meet and react to emit ECL at a pulsing frequency of
100 Hz. Similar observations were found for ECL efficiencies. Compared with ECL efficiencies
with 10 Hz pulsing, pulsing at 100 Hz generates higher efficiency, and both are still significantly
higher than those collected by the CV scans. This observation can once again be explained by the
time interval corresponding to stability of the radicals. For CV-ECL, with a constant scan rate of
0.1 V/s, the time interval depends on their redox potentials, resulting in tens of seconds for radical
species to meet and react. For pulsing methods, the time interval of 10 Hz is 0.1 s and that of 100
Hz is 0.01 s, both of which are much shorter than the ones of CVs, leading to the decay of fewer
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radical species before they interacted, thus resulting in higher ECL efficiencies. These differences
in time intervals depending on the method are summarized in Table 2. The frequency effect
originates from the fact that none of the radicals generated in an electrochemistry process for these
complexes is stable. As such, shorter time intervals result in fewer decayed radicals and higher
ECL efficiency.

Compared with our recent investigation of [Ru(bpy)s;]**[22, 23], the absolute ECL efficiencies of
the two iridium complexes are a little lower but comparable in both potentiodynamic scans and
potential pulsing processes, indicating that iridium (III) complexes can act as another type of ECL
material for practical application.
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Fig. 6. Three cycles of current-time with the corresponding ECL-time curves of 0.5 mM (A) Ir-1
and (B) [Ir-2]* (OD=1) with 5 mM BPO as the coreactant during a potential pulsing experiment
at 10 Hz frequency. The corresponding applied potentials are indicated in grey.

3.5. Charge effect

The difference in the charge of the complexes may also contribute to the differences in the ECL
efficiencies of Ir-1 and [Ir-2]*. For instance, [Ir-2]" is positively charge. During its oxidation, it
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forms the radical dications [Ir-2]%*, which would be repelled into the diffusion layer by the working
electrode that was employed as the anode carrying positive charge. During its reduction, neutral
radical species [Ir-2] would be generated that is neither attracted nor repelled by the working
electrode. In comparison, for Ir-1 that is initially neutral, both the oxidative products [Ir-1]" and
the reductive products [Ir-1]" would be repelled by the working electrodes and the number of
radical species in the diffusion layer would increase as a result. A similar analysis can be made for
the coreactant ECL route: The radical anions of Ir-1 would be repelled by the electrode and thus
the concentration of this species would increase in the diffusion layer while this would not be the
case for the neutral [Ir-2]. As such, Ir-1 should show a higher ECL efficiency compared to [Ir-
2]*. However, whatever is the electrochemistry method, [Ir-2]* consistently demonstrates higher
ECL efficiencies than Ir-1 (Table 1), which is due to the higher stability and stronger reactivity of
the radicals of [Ir-2]* than Ir-1. We can therefore conclude that the intrinsic charge of the complex
does not materially contribute to the relative ECL efficiencies of these iridium complexes.

3.6. Absolute ECL efficiencies vs. relative ECL efficiencies

We then calculated the relative ECL efficiencies of the two iridium complexes using equation (9)
where x represents the ECLphore studied and s7 indicates the standard sample [Ru(bpy)s;]**. Note
that the concentration of [Ru(bpy)s]** is 0.5 mM, which is identical to those of Ir-1 and [Ir-2]".
The concentration of BPO remains 5 mM. All the other experimental conditions also remain the
same including the working electrode, solvent and supporting electrolyte.

( JECL dt )x
b, = % X g (9)

(Feurrent a)st
By taking ¢ as 5%][24], the relative ECL efficiencies of Ir-1 and [Ir-2]* are summarized in Table
1. It is evident that the relative ECL efficiencies determined using this method do not match with
the absolute values. Two factors that have significant effect on the ECL efficiencies are the radical
stability and radical reactivity, which were not considered during the comparison with [Ru(bpy)s]**.
In other words, the behavior of the radicals of the iridium complexes and [Ru(bpy)s;]** are different,
leading to the divergence in results. Furthermore, as the coreactant ECL efficiencies have never
been reported, they are thus not comparable when we assume that the ECL efficiency of
[Ru(bpy)s]** with BPO is also 5%. Though relative ECL efficiency determination does provide
some insights into the relative ECL performance, the absolute ECL efficiency more accurately
reflects the electrochemical processes at play and thus provide a more accurate determination of
the ECL efficiency.

4. Conclusions

In conclusion, the absolute ECL QEs of two iridium(IIl) complexes, fac-Ir(ppy): (Ir-1) and
[Ir(ppy)2(dtbubpy)]” ([Ir-2]%), were determined via annihilation and coreactant processes. For the
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ECL generated during potentiodynamic scans, radical stability of the iridium complexes is the key
factor influencing the ECL efficiency in the annihilation route, while radical reactivity of the
complexes and the radical stability of BPO become dominant in the coreactant pathway. For ECL
generation during potential pulsing, the frequency was not modulated and the time interval
between radical generation becomes as small as 0.1 s for 10 Hz and 0.01 s for 100 Hz, respectively,
resulting in radical reactivity becoming the dominant parameter that affects ECL efficiency.
Intermediate charge has little effect on ECL generation from various charge species. Importantly,
the behavior of the iridium-based radicals is different from those based on [Ru(bpy)s;]*>* and thus
it is not appropriate to rely on the relative ECL QE as an accurate predictor of the true ECL QE.
We thus advocate the use of absolute ECL QE to assess ECL efficiencies.
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