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Figure 4.11. Raw data of ECL-time curves during the whole potential pulsing processes.
(A) Ir-1 in annihilation at 10 Hz. (B) Ir-1 in annihilation at 100 Hz. (C) Ir-1 with BPO at
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10 Hz. (D) Ir-1 with BPO at 100 Hz. (E) [Ir-2]" in annihilation at 10 Hz. (F) [Ir-2]* in
annihilation at 100 Hz. (G) [Ir-2]* with BPO at 10 Hz. (H) [Ir-2]" with BPO at 100 Hz.

PMT sensitivities and optical filters were accordingly indicated.
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Figure 4.12. Total electron and photon flux curves of [Ir-2]* in annihilation pathway

determined from the current and ECL time curves at 10 Hz.

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 Figure 4.7, their ECL intensities increase more than 200 times,
approaching ~10 p#A. 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 (Figure 4.7A), while with
potential pulsing it shows much higher ECL at negative potentials (Fig. 4.10A). 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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When BPO was added as a co-reactant, the potentials were pulsed between 0.58 V and
their ECL peak potentials as shown in Figure 4.13. Once more, the two iridium complexes
demonstrate higher ECL efficiencies (seen in Table 4.2) compared with both their CV-ECL
in the co-reactant route (Figure 4.7) thanks to the smaller time interval, and their pulsed-
ECL in annihilation process (Figure 4.10) thanks to BPO. Notably, the pulsed-ECL of [Ir-
2]* with 5 mM BPO (Figure 4.13B) 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 Figure 4.13B 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 (Figure 4.13A), while there is an obvious delay (~0.1 s) for [Ir-2]* to produce
ECL (Figure 4.13B). 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 Figure 4.14.
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Figure 4.13. 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 co-reactant during a potential

pulsing experiment at 10 Hz frequency. The corresponding applied potentials are indicated

in grey.
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Figure 4.14. Total electron and photon flux curves of [Ir-2]" with BPO determined from

the current and ECL time curves at 10 Hz.

Next, we increased the pulsing frequency to 100 Hz to investigate the impact on their ECL
behavior. Figure 4.15 demonstrate three cycles of current-time with ECL-time curves of
0.5 mM Ir-1 and [Ir-2]* in annihilation and co-reactant processes, respectively. The ECL
intensities were further improved because of the even smaller time interval (0.01 s) to
generate the corresponding radical species. Fewer radicals decayed but instead they 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, the ones with
100 Hz pulsing are higher, and both are significantly higher than those of the CVs. Those
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 radical
species before they interacted, thus resulting in higher ECL efficiencies. These differences
in time intervals depending on the method are summarized in Table 4.3. 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.
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Figure 4.15. Three cycles of current-time with the corresponding ECL-time curves of 0.5
mM (A) Ir-1 in annihilation, (B) [Ir-2]" in annihilation, (C) Ir-1 with BPO (OD=1), (D) [Ir-
2]" with BPO (OD=2) during a potential pulsing experiment at 100 Hz frequency.

Table 4.3. Time Interval between the Formation of Cationic and Anionic Radical Species

Method Time (s)

Ir-1_Ann 33.6s

[Ir-2]*_Ann 32.3s

CV-ECL

Ir-1 BPO 12.8 s

[Ir-2]*_BPO 3.1s

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

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
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oxidation, it forms the radical dications [1r-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 as a result increase. A similar analysis can be made for the co-reactant 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 a result, 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.

We then calculated the relative ECL efficiencies of the two iridium complexes using Eq.
(4.9) where x represents the ECLphore studied and st indicates the standard sample

[Ru(bpy)s]?* under the same experimental condition.

bx =~ Trirair— X bsr  (4.9)
(Fearrencar)st

By taking ¢s: as 5%,2* 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 such a 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 co-reactant 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
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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.

4.1.4 Conclusions

In conclusion, the absolute ECL QEs of two iridium(l11) complexes, fac-1r(ppy)s (Ir-1)
and [Ir(ppy)2(dtbubpy)]* ([Ir-2]*), were determined via annihilation and co-reactant
processes. For the 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 co-reactant 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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4.2 Insights into the ECL Process of a Hydrogen Bonding
Iridium Complex't

Hydrogen bonding has been reported as a smart strategy in electrochemiluminescence
(ECL) mechanism studies and sensing applications. However, the insights into the
hydrogen bonding effect on ECL behavior have never been clearly demonstrated. This
work reports ECL of complex 13 based on the hydrogen-bonding interaction between an
Ir'"" complex (1) and pyrimido-[4,5-c]isoquinolin-3-amine (3). In their cyclic
voltammograms (CVs), both complex 1 and compound 3 did not show any reductions;
however, the hydrogen-bonding complex 13 displayed a new reduction upon the mixture
of 1 and 3, which could be significantly weakened by the addition of DMF. In a co-reactant
ECL pathway with BPO, exciplex [PhCOz-e1] and excimer [3e3] were produced, which
was demonstrated by PL and ECL spectroscopies. Furthermore, benzoyl radical PhCO>:
could also react with the hydrogen bonding complex 1e3 to form [PhCO2-e1e3] and
generate the same ECL emission as [PhCOz--1]. Our report provides insight into the ECL

process of this hydrogen-bonding complex.

" This work by Liuging Yang, Ruizhong Zhang, Barbora Balénovg Allison E. True,
Kenneth Chu, Jonathan R. Adsetts, Congyang Zhang, Xiaoli Qin, Eli Zysman-Colman,
Barry A. Blight, Zhifeng Ding has been published by J. Electroanal. Chem. in 2022 as seen
in Appendix D.

4.2.1 Introduction

Electrochemiluminescence (ECL), or electrogenerated chemiluminescence is a light
emission process in the vicinity of working electrode, induced by reactions either between
electrochemically generated radical species of the same luminophore in an annihilation
ECL pathway, or between an additional co-reactant and luminophore radicals in a co-
reactant ECL route.>:2 Compared with photoluminescence (PL), ECL has its strengths of



