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Abstract

The search for new and better luminescent materials is becoming increasingly important,
as there are significant cost-savings in using luminophores that are brighter and more
efficient. Carbon quantum dots (CQDs) and other luminescent materials such as Pt-Ag
nanoclusters and TADF compounds are an extremely appealing alternative to existing

light-emitting materials, as they are low-cost, easy to synthesize, and non-toxic.

This thesis explores the properties and performance of different luminescent materials to
be used in light-emitting electrochemical cells (LECs). In this work, we focused on LECs
as their low cost and ease of fabrication aligns well with the ethos of CQDs and carbon-
based nanomaterials. Firstly, we carried out some foundational work: developing a
method to accurately determine the absolute quantum efficiency of the materials we
tested. This method was tested using a variety of photodetectors to increase the analytical
applicability, including photomultiplier tubes and spectrograph/CCD camera setups, and
addresses many of the problems with reporting relative ECL efficiency. We also looked
at several different novel materials — Pt-Ag bimetallic nanoclusters, and organic
compounds that exhibit thermally activated delayed fluorescence (TADF) to enhance
quantum efficiency — to evaluate their feasibility for use in LECs. In addition, we
developed a set of computer simulations using COMSOL Multiphysics to model these
light-emitting reactions. Using these models, we are able to learn important parameters,
such as the bimolecular annihilation rate constant in electrochemiluminescence reactions,
gain more knowledge about how these materials can emit light, and further optimize their

luminous performance and efficiency.

In the final chapter of this thesis, we demonstrate our CQD-based LEC devices. These
devices are the first example of CQDs being used in this fashion, and they exhibited
bright white emission under electrical excitation. These CQDs, and, optimistically,
derivatives of the material that are inspired by this work, are expected to be a substantial

advancement in the research of next-generation, high performance light-emitting devices.
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Summary for Lay Audience

The search for new and better luminescent materials is becoming increasingly important

at this time, as low-cost and more efficient light sources can greatly benefit society.

This thesis explores the performance of different materials to be used in light-emitting
electrochemical cells (LECs). Along the way, we carried out some foundational work:
developing a method to accurately determine the quantum efficiency (how well a material
can transform input electricity into visible light) of the materials we tested. We also
looked at several different novel materials — nanoclusters of noble metals, and organic
compounds — to evaluate their feasibility for use in LECs. In addition, we developed a set
of computer simulations to model these light-emitting reactions. Using these models, we
are able to learn important parameters about how these materials can emit light, and

further optimize their performance.

In the final section of this thesis, we demonstrate our CQD-based LEC devices. These
devices are the first example of CQDs being used in this fashion, and they exhibited
bright white emission under electrical excitation. These CQDs, and, optimistically,
derivatives of the material that are inspired by this work, are expected to be a substantial
advancement in the research of next-generation, high performance light-emitting devices.
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Chapter 1

In this opening chapter, we discuss different strategies to enhance the
electrochemiluminescence properties of luminophores. These approaches include
thermally activated delayed fluorescence, hydrogen-bonding, aggregation- and
crystallization-induced emission. For each strategy, we also provide applications and
outlook for the future of the field of enhanced ECL research.

1 Materials for Electrochemiluminescence: TADF,
Hydrogen-bonding, and Aggregation- and
Crystallization-Induced Emission Luminophores’

Electrochemiluminescence (ECL) is a rapidly growing discipline with many analytical
applications from immunoassays to single molecule detection. At the forefront of ECL
research is materials chemistry which looks at engineering new materials and compounds
exhibiting enhanced ECL efficiencies compared to conventional fluorescent materials. In
this minireview, we summarize recent molecular design strategies that lead to high
efficiency ECL. In particular, we feature recent advances in the use of thermally activated
delayed fluorescence (TADF) emitters to produce enhanced electrochemiluminescence.
We also document how hydrogen-bonding, aggregation, and crystallization can each be

recruited in the design of materials showing enhanced electrochemiluminescence.

1.1 Introduction

Electrochemiluminescence (ECL) is the process where electrogenerated radical species
undergo electron transfer in the vicinity of a biased electrode to produce excitons (excited
states); relaxation of these excited states produces ECL emission."2 ECL has been
exploited in biosensing®®, single molecule detection®®, light-emitting electrochemical
cells (LECs) ® 19 and imaging™*® due to its high sensitivity, selectivity, and excellent
signal-to-noise ratio. ECL can proceed via two mechanistic pathways. The annihilation

T This work has been published. Chu, K.; Ding, Z.; Zysman-Colman, E. Chem. Eur. J. (2023) €202301504.



pathway involves the generation of radical cations (holes) and radical anions (electrons)
produced at the electrode from alternating oxidizing and reducing potentials, respectively.
The electron transfer between these two electrogenerated radicals produces an exciton,
which then can radiatively decay to produce the light. In the co-reactant route, the co-
reactant, upon oxidation or reduction, can form a highly reactive intermediate that can
interact with ECL luminophore polaron to produce the exciton. n-Tripropylamine (TPrA)
is an example of an ‘oxidative-reductive’ co-reactant, because upon oxidation, TPrA*
deprotonates to form the TPrA radical (TPrA"), which is a strong reductant. On the other
hand, benzoyl peroxide (BPO) is known as a ‘reductive-oxidative’ co-reactant, since
upon reduction and subsequent cleavage, the so formed benzoate radical (PhCQO") is
strongly oxidizing. The use of co-reactants leads to enhanced ECL due to both the high
oxidizing or reducing power of the reactive intermediates as well as their relatively high
concentration compared to luminophore.* 1> Organic long-persistent emission is
characterized in compounds that remain luminescent for several seconds, even after the
excitation source is removed. This phenomenon has been reported as organic long-
persistent photoluminescence (OLPL) and electroluminescence (OLEL), particularly in
TADF compounds that have large AEst.'® " More recently, this effect has also been

observed in electrochemiluminescence (OLECL).*®

The efficiency of an ECL reaction is defined as the ratio of the total number of photons
produced by radiative relaxation of the electrically generated excitons to the total number
of Faradaic electrons injected into the system. Until recently, the ECL efficiency of a
system was reported relative to that of a well-known ECL luminophore, [Ru(bpy)s]?* in
the annihilation pathway or that of a [Ru(bpy)s]**/co-reactant system. Methodologies to
reproducibly and quantitatively determine the absolute ECL quantum efficiency have
recently been made possible by us, utilizing on-demand calibrated detection systems such
as photomultiplier tubes (PMTs)*®, photon-counting heads (PCHs) along with a
spectrometer®’, or a calibrated spectrograph/CCD camera array.?* The accurate
determination of the quantum efficiency of ECL luminophores is essential to assess the
performance of the materials employed, as optimizing the photons-out/electrons-in ratio

can represent significant cost savings for consumers. Enhancing the luminous efficiency



of ECL processes can also improve the detection limit for sensing and imaging

applications.

In general, the ratio of singlet to triplet excitons generated by recombination of Fermionic
holes and electrons is 1:3 due to spin statistics.?? Under electrical excitation this limits the
maximum efficiency of fluorophores (compounds that are fluorescent) to 25%, since
spin-forbidden transitions such as reverse intersystem crossing and radiative decay from
the triplet state in the form of phosphorescence are slow and the triplet excitons are
therefore prone to decay via alternative non-radiative relaxation pathways. In thermally
activated delayed fluorescence (TADF) materials, in contrast, there is an efficient thermal
up-conversion of triplet excitons to singlets, enabling the harvesting of both singlet and
triplet excitons to produce light, and which unlike phosphorescent complexes, does not
require the presence of a heavy metal to achieve internal quantum efficiencies up to
100%. For this reason, TADF material design has become extremely attractive in
developing high efficiency emitters for electroluminescent devices, and by extension
should be very promising in ECL applications. Other mechanisms, such as aggregation-
induced electrochemiluminescence (AI-ECL), crystallization-induced
electrochemiluminescence (CI-ECL), and hydrogen-bonding ECL (H-bonding ECL), can
also be used to enhance the ECL efficiency. In contrast to TADF — which leverages
chemical properties of the emitting molecules to deliver enhanced emission — AI-ECL,
CI-ECL, and H-bonding ECL utilize intermolecular interactions, that is, interactions

between luminophore molecules, to result in enhanced emission.

In this minireview, we summarize the new and emerging materials design strategies in
developing high performance, high efficiency ECL luminophores. We focus on thermally
activated delayed fluorescence (TADF) emitters, aggregated induced
electrochemiluminescence (AI-ECL), crystallization induced electrochemiluminescence
(CI-ECL), and hydrogen-bonding enhanced ECL.

1.2 Thermally Activated Delayed Fluorescence (TADF)

Phosphorescent molecules harvest both singlet and triplet excitons, converting the former

into the latter by efficient intersystem crossing and then emit by phosphorescence, these



processes mediated usually by the presence of a heavy atom that increases spin-orbit
coupling. However, long excited state lifetimes make triplet excitons prone to decaying
by non-radiative pathways including by interacting with polarons or other excitons.
Furthermore, phosphorescent materials usually incorporate expensive and scarce heavy
metal elements such as ruthenium, platinum, or iridium. Molecules that emit via TADF
are equally capable of harvesting both singlet and triplet excitons to produce light, but do
not need the heavy elements. Functionally, TADF results from triplet excitons
upconverting to singlets via reverse intersystem crossing (rISC) followed by radiative
relaxation from Sy to So. This process results in a delayed emission identical to the
prompt fluorescence that also occurs from directly generated singlet excitons that
radiatively decay, except it occurs on longer time scales. The efficiency of the TADF
process is, to a first approximation, governed by the degree of spin-orbit coupling (&st)
between the singlet and triplet excited states and the energy gap between them, AEst
(Equation 1.1). Also included in this equation is kg (the Boltzmann constant) and T (the
temperature). Generally, as AEst decreases, the efficiency of the up-conversion process

increases.

The magnitude of AEst is, in turn, determined by the exchange integral J, which
describes the Coulombic repulsion between two electrons (Equation 1.2). In other words,
AEst will be small if the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are spatially separated in the molecule.?
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Equation 1.2

The dominant strategy to spatially separate the HOMO and LUMO in an organic

molecule is for it to adopt a highly twisted donor-acceptor geometry. In this context, the



lowest lying excited state is one of charge-transfer (CT) character from the donor, where
the HOMO is localized, to the acceptor, where the LUMO is localized. By selecting
suitable D and A subunits, the HOMO/LUMO energy levels (and therefore the energy of
the CT excited state) can be rationally tuned, providing compounds that emit from the
ultraviolet to the near-infrared range. D-A architectures are not the only ones that can
produce molecules/systems with small AEst. Through-space charge transfer (TSCT)
emitters, multi-resonant TADF (MR-TADF) emitters and exciplexes are all categories of

materials that have been explored as emitters in electroluminescent devices.

1.2.1  Donor-Acceptor TADF Compounds

In 2014, Ishimatsu, Adachi, Imato and co-workers were the first to demonstrate ECL
from donor-acceptor TADF emitters (2CzPN, 4CzPN, 4CzIPN, and 4CzTPN) in the
annihilation pathway (Figure 1.1A).2* These TADF molecules, incorporating carbazolyl
and dicyanobenzene groups as donors and acceptors, respectively, demonstrated quasi-
reversible reduction and irreversible multi-electron oxidation. The authors speculated that
oxidation of these compounds could initiate polymerization (the polymer film on the
electrode surface inhibits electrochemical activity) from the known unstable carbazole-
centred radical cation. A small red-shift (approximately 10-20 nm) was observed when
the solvent polarity was increased from DCM to MeCN (Figure 1.1B and Figure 1.1C),
due the positive solvatochromism typically observed for compounds with CT emission.
Furthermore, the authors observed a small red-shift between the ECL and PL emission,
which was likely due to contributions from oligomers formed during the oxidation
process in the ECL. They showed that 4CzIPN could achieve a relative ECL efficiency
of 50%, which both exceeded the 25% limit associated with fluorescent ECLphores
imposed by spin statistics and approached the maximum efficiency dictated by the
intrinsic photoluminescence quantum yield, ®p., of the materials. Emission maxima, ApL,
of 544 and 565 nm were reported in DCM and acetonitrile, respectively while the Aeci in
these respective solvents were 555 and 565 nm. Since the PL and ECL spectra in MeCN
matched for 4CzIPN, the authors concluded that under ECL this compound showed
TADF.
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Figure 1.1. (A) Molecular structures of 2CzPN, 4CzPN, 4CzIPN, and 4CzTPN. (B) UV-
Vis absorption (dotted) and PL spectra (solid lines) of 25 uM TADF emitter in DCM
(top) and MeCN (bottom). (C) Normalized ECL spectra of TADF emitters in DCM (top)
and MeCN (bottom). Adapted with permission from Ref. 24, Copyright 2014, Wiley-
VCH.

Our groups studied three D-A-TADF compounds PPOCzPN, PPSCzPN, and
DiPPOCZzPN (the molecular structures are displayed in the insets of Figure 1.2A, Figure
1.2B, and Figure 1.2C) for ECL, where the phosphine-chalcogenide modified carbazolyl
donor groups stabilized the HOMO level to promote a blue-shifted emission (Figure
1.2).% Compounds PPOCzPN, PPSCzPN, and DiPPOCzPN emit at 498, 501, and 465
nm, respectively, in DCM. DiPPOCzPN showed the highest photoluminescence
quantum yield, ®pr, of 61% of the three compounds. These three compounds
demonstrated strong blue-green ECL emission in the presence of 10 mM BPO as the co-
reactant (PPOCZzPN Aec =520 nm, PPSCzPN Aec =500 nm, DiPPOCZzPN AgcL =545
nm). In particular, PPOCzPN showed a 17% ECL efficiency relative to that of the
reference [Ru(bpy)s]?*. Interestingly, we observed a delay in the ECL onset times, which
we attributed to a phenomenon called organic long persistent ECL (OLECL), caused by a
dissociation/association equilibrium between emissive excimer species and dissociated
constituents. The magnitude of the ECL delay was also determined to be correlated with
the AEst. For PPOCzPN, the ECL and PL emission matched, which indicates the same
excited state was present in all pathways and suggests TADF behavior. In contrast,
PPSCzPN and DiPPOCZzPN displayed red-shifted ECL emission compared to their PL.



This indicates likely exciplex involvement under the ECL conditions and may help to

explain the decreased ECL efficiency when compared to PPOCzPN.
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Figure 1.2. (A-C) CVs (red) along with ECL-voltage curves (blue) during potential
pulsing at a pulsing frequency of 10 Hz for PPOCzPN, PPSCzPN and DiPPOCZzPN,
respectively, all with 10 mM BPO was added as a co-reactant. (D—F) Spooling ECL
spectroscopy of the corresponding systems described in Figures A to C. Insets of Figures
D-F represent respective stacked spooling ECL spectra. Adapted with permission from
Ref. 2. Copyright 2022. The Royal Society of Chemistry.

We also investigated the ECL behavior of the TSCT TADF molecule TPA-ace-TRZ
(Figure 1.3A).% This emitter produced ECL emission via both the annihilation and co-
reactant pathways that was significantly red-shifted compared to the PL emission (Figure
1.3B). A significant delay in the ECL onset was seen (Figure 1.3C), which as observed



with the inefficient D-A TADF emitters in Figure 1.2, hints at the formation of an
exciplex. Exciplex formation is promoted by intermolecular excited CT states and
typically also emit via TADF.?% Using a standardized CCD camera/spectrograph
instrument setup, the absolute ECL quantum efficiency of TPA-ace-TRZ was
determined to be 0.028%, which was 9-fold stronger than that of the [Ru(bpy)s]**
reference. Additionally, we explored the performance of TPA-ace-TRZ under a
chemiluminescence pathway. TPA-ace-TRZ produced bright yellow emission from the
oxidation of the phenyl oxalate ester in the presence of hydrogen peroxide (Figure 1.3D).
Notably, the emission wavelengths observed in PL, ECL, and CL spectra were all very
close to each other, which strongly suggests the same exciplex excited state is present in
all three pathways. Therefore, the interaction between TPA-ace-TRZ and high-energy
intermediates formed from the CL reagents was proposed to form exciplexes, which is

very uncommon in CL pathways.
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Figure 1.3. (A) Structure of TPA-ace-TRZ. (B) Spooling ECL spectra of TPA-ace-TRZ
with 10 mM BPO as the co-reactant. (C) Top: ECL accumulation spectrum of TPA-ace-
TRZ with 10 mM BPO as the co-reactant. Bottom: Current-time and ECL-time profiles
of TPA-ace-TRZ with the BPO co-reactant system. (D) Top-left: Colour photographs of



TPA-ace-TRZ CL reaction vial before/after adding H202. Top-right: CIE colour
coordinate diagram of TPA-ace-TRZ CL. Bottom: CL accumulation spectrum of TPA-
ace-TRZ system. Adapted with permission from Ref. 2. Copyright 2023, American
Chemical Society.

Niu and co-workers reported ECL from a D-A TADF polymer PCzAPT10 (Figure
1.4).2" PCzAPT10 displayed a broad PL at Ap. of 508 nm in chlorobenzene, attributed to
the emission of the TADF co-monomer chromophore. Using a glassy carbon
PCzAPT10-modified electrode, they observed ECL under the TPrA co-reactant
mechanism using MeCN as the solvent, where the ECL signal was red-shifted to 587 nm.
The authors contended that the ECL electron-transfer processes could occur close to the
PCzAPT10/MeCN solid/liquid interface, and therefore the so formed CT excitons
located on the TADF co-monomer would be stabilized in the polar solvent. Due to the
TADF nature of PCzAPT10, the ECL efficiency was enhanced fourfold compared to that
of a fluorescent polymer standard F8BT, and two times to that of the [Ru(bpy)s]>*/TPrA
system. The same group also studied the ECL behavior of 4CzIPN and the TSCT emitter
BPAPTC in dichloromethane.?® In this work, the authors were able to demonstrate ECL
emission under both annihilation and co-reactant pathways, with a maximum ECL
efficiency of approximately two times relative to [Ru(bpy)s]>*. When compared to the
results provided by Ishimatsu, Adachi, Imato and co-workers who investigated the ECL
of 4CzIPN in the annihilation pathway (AecL=555 nm), a red-shifted emission at 600 nm
was observed for the 4CzIPN-BPO co-reactant system. This red-shift in the ECL
emission could be due to the increased reactivity of BPO to promote oligomerization
and/or aggregated excited states. Due to the low oxidation potential of BPAPTC, an ECL
onset potential as low as +0.46 V vs. Ag/AgCl was achieved. It was also confirmed that
the PL and ECL spectra were very close for these two TADF luminophores under co-
reactant pathways, providing strong evidence for TADF emission under ECL conditions.
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Figure 1.4. Chemical structures of (A) PCzAPT10 TADF polymer, (B) 4CzIPN, and (C)
BPAPTC molecules. (D) Cyclic voltammograms of PCzAPT10-modified GCE with
TPrA. (E) ECL-voltage curve of PCZAPT10. Inset shows PL in neat film vs. MeCN, and
ECL spectrum of the PCZAPT10/TPrA co-reactant system. Cyclic voltammograms (F)
and ECL-voltage curves (G) of 4CzIPN in dichloromethane with 0.1 M TBAPFg and 40
mM TPrA. Adapted with permission from Ref. 2" and ?8. Copyright 2021, Wiley-VCH.

TADF compounds have also been used in conjunction with other materials to produce
enhanced ECL. Niu and co-workers encapsulated 4CzIPN within an amphiphilic
ethylene glycol based polymer (DSPE-PEG2000) to improve the water solubility for
aqueous ECL applications.?® The nanoencapsulated product displayed excellent stability
and electrochemical reversibility, and demonstrated strong ECL emission in both
annihilation and TPrA co-reactant pathways. Interestingly, the authors noted a small red-
shift in the ECL emission compared to the PL, which they have attributed to involvement

of molecular surface states, doubtless the effect of the nanoencapsulation strategy.
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4CzIPN, in this nanoencapsulated design, showed virtually the same PL characteristics
as reported by the Ishimatsu, Adachi, Imato and co-workers (Ap.=555 nm), although the
ECL emission was slightly red-shifted to 572 nm. The authors attributed this to the
involvement surface states under electrochemical excitation.® The same group used a
similar method to encapsulate instead conjugated TADF polymer dots (TADF-Pdots).3!
This report showed that the TADF-Pdots were capable of exhibiting the same ECL and
PL emissions at 510 nm, and had a relative ECL efficiency in the TPrA co-reactant
pathway of 11.73% vs. the Ru(bpy)s®*/TPrA reference system.

The Ju group improved significantly the ®ecL by creating Pdots using poly(TMTPA-
DBC) as the TADF precursor.? The resulting TADF-Pdots showed very similar PL and
ECL emission at 517 nm and 520 nm, respectively, indicating that the same excited state
could be formed in the two pathways. As well, the ®ecL was enhanced up to 49.9% in the

TPrA co-reactant system.

1.2.2  Multi-resonance (MR)-TADF Compounds

As intimated earlier, another molecular design, first introduced by Hatakeyama et al. in
2016, is the MR-TADF emitter.®® These compounds typically possess electron donor
atoms and electron acceptor atoms that are arranged within a polycyclic aromatic
hydrocarbon skeleton such that the HOMO and the LUMO are localized on alternating
atoms, producing short-range CT (SRCT) excited states. This structure provides
simultaneously a sufficiently small AEst to promote TADF while suppressing molecular

vibration, leading to narrowband emission and high ®p.3*

Our research groups reported the MR-TADF emitter MessDiKTa (Figure 1.5A), which
has a AEst 0f 0.26 eV and high ®p. of 80% at 3.5 wt% doped films in 1,3-bis(N-
carbazolyl)benzene (mCP), and studied its ECL behaviour in acetonitrile.3> % Strong
ECL was detected for this compound in the presence of TPrA as a co-reactant, with a
relative efficiency of 79% recorded at a TPrA concentration of 20 mM versus
[Ru(bpy)s]?*. Both delayed onset (about 5 ms after the application of potential) and slow
decay (~10 ms after the applied potential returns to 0 V) of the ECL reaction were

observed in the potential pulsing experiment where the ECL emission could be monitored
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with respect to the potential steps. (Figure 1.5B). This may be due to OLECL, a process
that involves the charge separation and slow recombination in exciplexes that may be
particularly relevant to systems with a moderate AEst. However, competing processes for
delayed emission including TTA and TADF could not be completely ruled out in this
instance. The presence of OLECL was also proposed to enhance the overall ECL
emission; accordingly, the absolute ECL efficiencies of MessDiKTa were determined to
be 0.0013% in the annihilation route and 1.1% in the TPrA co-reactant system. Using
spooling ECL spectroscopy (Figure 1.5C), we identified that a combination of monomer

and aggregate excited states contributed to the ECL emission.
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Figure 1.5. (A) Structure and calculated difference density plots of MeszDiKTa. (B)
Time-resolved ECL experiments with 0.2 mM MessDiKTa in acetonitrile via the
annihilation pathway. (C) Spooling ECL spectra of 0.2 mM Mes3DiKTa in the presence
of 20 mM TPrA as a co-reactant, with a scan rate of 0.02 /s and exposure time of 2 s.
Adapted with permission from Refs. 3 and *. Copyright 2020, Wiley-VCH. Copyright
2023, 10P Publishing.

Of the three systems reported for OLECL, there appears to be a direct correlation

between the magnitude of AEst and the delayed onset time in the ECL: the compound
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with the smallest AEst (TPA-ace-TRZ, AEst = 0.06 eV) also displayed the longest delay
onset (25 ms) and persistent emission (57 ms), while MessDiKTa (AEst = 0.26 V) and
PPOCzPN (AEst = 0.21 eV) had shorter delay onsets, 5 ms and 7 ms, respectively. While
additional verification is required, these results suggest that a small AEst may promote
delayed emission following the OLECL pathway. Furthermore, this indicates that the
engagement of OLECL and exciplex formation may be a competing mechanism to
TADF.

1.3 Hydrogen bonding system ECL

Hydrogen bonding between ECL luminophores is another strategy to produce enhanced
electrochemiluminescence. This bonding interaction to create self-assemblies could
effectively restrict intramolecular rotation to enhance ECL in an alternative pathway
towards aggregation-induced emission. For example, hydrogen bond organic frameworks
(HOFs) can be self-assembled from organic ligands using hydrogen bonding interactions.
HOFs can facilitate the aggregation of molecular luminophores that result in AIE, which
is then exploited to produce enhanced ECL.3" % Among other strategies to enhance ECL,
favorable hydrogen bonding (H-bonding) interactions between the emitter and secondary
compounds could both promote ECL activity via pre-organization and stabilize the ECL.
Our groups studied that H-bonding interaction between an Ir(I11) complex (1) and
pyrimido-[4,5-c]isoquinolin-3-amine (3), and its effects on the ECL (Figure 1.6).%° In
electrochemical measurements, the H-bonding complex of [1+3] showed additional
reduction signals that were not present in either precursor. The [1+3] adduct also showed
enhanced multi-peak ECL emission with BPO as a co-reactant, with emission peaks
originating from a combination of exciplexes between 1, 3, and BPO radicals. The
addition of DMF to suppress H-bonding also significantly changed the electrochemical

and ECL properties, revealing a highly dynamic ECL environment.
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Figure 1.6. (A) Chemical structures of Ir(111) complex [1] and pyrimido-[4,5]-
cisoquinolin-3-amine [3], which combine through H-bonding to form complex [1+3]. (C)
Spooling ECL spectra of complex [1+3] with 5 mM BPO as co-reactant. ECL spectrum at
(D) —1.34 V and (E) —1.50 V. Adapted with permission from Ref. *°. Copyright 2022,
Elsevier B.V.

H-bonding can also play a more structural role in enhancing ECL. You et al. showed that
a [Ru(dcbpy)s]?*/carbon quantum dot (CQD) matrix could act as an effective sensing
platform, where the H-bonding facilitated electron transfer due to the decreased
intermolecular distance between emitter and co-reactant.*® The authors speculated that H-
bonds could form between oxygen-rich functional groups, and this effect was confirmed
by an enhancement in the electrochemical oxidation current of the [Ru(dcbpy)s>*1/CQD
composite vs. the unmodified electrode. This H-bonded composite showed an ECL
emission at 660 nm, which closely matched its PL emission. Using this platform, they
were able to successfully realize the detection of 17-f estradiol (B2) at micromolar

concentrations.
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Feng et al. demonstrated that a self-assembled triazinyl-based hydrogen bond organic
framework (Tr-HOF) constructed from 2,4-diaminotriazinyl (phenyDAT) could achieve
an enhanced ECL compared to that using the individual phenyDAT monomers.*! The
three-dimensional structure of the Tr-HOF is stabilized by N---H hydrogen bonds,
suppressing the quenching effects of ligand n-n stacking while simultaneously providing
large active surface area for efficient electron transfer (Figure 1.7). This unique system
attained 21% ECL efficiency relative to [Ru(bpy)s]**, which was a substantial
improvement from monomeric phenyDAT. Tr-HOF demonstrated an ECL emission at
643 nm that is red-shifted by 10 nm from its PL emission, which the authors asserted was
due to emission from different excited states in the two processes. In a similar vein, Lei et
al. assembled two kinds of HOFs, HOF-101 and HOF-100 using 1,3,6,8-tetra(4-
carboxylphenyl)pyrene and 1,3,6,8-tetracarboxy pyrene, respectively.*> HOF-101
demonstrated an effect termed intra-reticular electron coupling (IREC), which improves
long-range charge transfer.** HOF-101 displayed very similar PL and ECL emission in
aqueous solution at 502 and 503 nm, respectively. IREC was thought to contribute to an
enhancement in the ECL efficiency up to 64.7% vs. [Ru(bpy)s]** when using TPrA as a
co-reactant. Importantly, the authors also noted that the stacking morphology driven by
intermolecular and intramolecular H-bonds could have a significant impact on the charge

transfer (and therefore ECL) capabilities.
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Figure 1.7. (A) Intermolecular interactions of phenyDAT in Tr-HOFs with the labeled
distance extracted from its crystal packing data. (B) View of the Hirshfeld surface
mapped over the normalized distance of the N—H bond for phenyDAT in Tr-HOFs. (C)
3D packing framework of Tr-HOFs. Reproduced with permission from Ref. 4. Copyright
2021, American Chemical Society.

1.4 Enhanced ECL from AIE and CIE

In 2011, Tang et al. introduced the concept of aggregation induced emission (AIE),
where they observed the unprecedented enhancement of emission upon molecular
aggregation in siloles. The intramolecular rotation of phenyl ‘rotors’ in hexaphenylsilole
(HPS) serves to quench the excited state via non-radiative decay. Suppression of this
effect via restriction of intramolecular rotation (RIR) therefore enhances the emission of
the aggregated state.** %> The combination of AIE and ECL, termed aggregated induced
electrochemiluminescence (AIECL), focuses on the smart design of ECL luminophores
that can simultaneously exploit the AIE mechanism.*® The first example of AI-ECL was
introduced by Cola et al., who explored the formation of supramolecular structures of
Pt(I1) complexes.*’ Since this work, there have been numerous advancements in this field
of research. Crystallization-induced emission (CIE) is based upon the same principle as
AIE — the restriction of intramolecular rotation to block the non-radiative emission
pathways — by means of lattice formation.*® CIE luminophores demonstrate enhanced
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emission from crystallization, but not amorphization.*® In CIE, the molecular structure,
conformation, and morphological packing all play an important role in enhancing the
emission. Solvent fuming, which is a technique to induce crystallization in
chromophores, can be used as a reversible method to attain crystallization-induced
electrochemiluminescence (CI-ECL). Significant enhancement to the ECL efficiency is

possible with CIE luminophores.

1.4.1  Aggregation-induced electrochemiluminescence (Al-ECL)

Ye et al. designed a cyclometalated iridium(I11) complex for AIECL.>® AIE behavior was
confirmed with increasing H-O content during the ECL acquisition, as demonstrated in
Figure 1.8. This iridium(I11) complex showed strong PL emission at 643 nm, which
closely matched its ECL emission at 640 nm in dimethylsulfoxide (DMSO)/water using
TPrA as the co-reactant. The authors were able to demonstrate a 39-fold enhancement in
the ECL efficiency compared to the monomolecular state, and 4-fold enhancement vs. the
[Ru(bpy)s]?* reference. In a related work, Wei et al. encapsulated fac-1r(ppy)s in
apoferritin (apoFt), creating a Ir(ppy)s@apoFt bioconjugate. Through pH-controlled
reversible dissociation of apoFt subunits® %2 and analysis using optical emission
spectroscopy, the authors were able to confine, on average, 44.3 molecules of fac-Ir(ppy)s
into the cavity of the protein core, effectively restricting intramolecular movement to
produce AIECL.* Using TPrA as a co-reactant, the authors demonstrated enhanced PL
(565 nm), ECL (531 nm), and electrochemical activity of the aggregates compared to the
monomers. The ECL emission was blue-shifted compared to the PL, possibly due to the
RIR effect afforded by AIE, wherein the blocking of non-radiative energy loss promotes
a higher energy emission wavelength. This effect may be related to the crystallization-
induced blue-shift (CIBS) observed by Tang and co-workers.*®: % They were also able to
use Ir(ppy)s@apoFt to construct an immunosensor for CYFRA-21 (a cancer cell

biomarker) detection, attaining a wide linear response range and a low detection limit.
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Figure 1.8. ECL intensity variation as the H»O fraction of a DMSO-H.0 solvent mixture
is increased. Reproduced with permission from Ref. °°. Copyright 2018, American

Chemical Society.

Xu et al. studied the AIECL properties of carboranyl carbazoles (Figure 1.9A).%° These
metal-free “organic dots” were weakly emissive until the water fraction reached over
85%, at which point their emission intensity dramatically increased (Figure 1.9B). Their
model compound T-3 exhibited slightly red-shifted ECL emission (582 nm) compared
with their PL emission (547 nm), which the authors have attributed to surface-state
transitions, which are commonly accessed in ECL pathways. The morphology and the
size of the carboranyl carbazole aggregates were also found to have a significant
influence on the AIE and ECL character of this luminophore. T-3 displayed a 20-fold
enhancement in the ELC performance when compared to the reference compound

without AIE behaviour.
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Figure 1.9. (A) Molecular structure of carboranyl carbazole AI-ECL luminophore. (B)
ECL intensity of 1.0 mM T-3 in increasing H20 fractions. (C) PL spectrum (black) of T-3
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in 95% H>0 and ECL spectrum (red) of T-3 modified GCE in 95% H.O. Reproduced
with permission from Ref. 3°. Copyright 2019, Wiley-VCH.

An example of aggregation induced delayed fluorescence electrochemiluminescence
(AIDF-ECL) was reported by the Niu group; this system can be considered a
combination of the enhancement effects from aggregation induced emission and
thermally activated delayed fluorescence. They tested mCP-BP-PXZ, which was an
AIDF luminophore, and compared it to TPE-TAPBI, a reference AIECL luminophore.
MCP-BP-PXZ displayed 5.4-fold stronger ECL when tested in thin-film modified GCE
in the presence of TPrA as co-reactant versus the TPE-TAPBI reference, which the
authors explain by means of effective utilization of triplet excitons generated by
electrochemical excitation. Also, the ECL spectrum (596 nm) was red-shifted 53 nm vs.
the PL spectrum (543 nm); this may be due to the involvement of surface state transitions

which are commonly observed in semiconductor type ECL emitters.

1.4.2  Crystallization-induced electrochemiluminescence (CI-ECL)

This effect in ECL was first documented by the Wang, Ding and co-workers who studied
a di-boron complex (DBC).>® Using PL and X-ray diffraction techniques, they were able
to unambiguously observe crystallization induced blue-shifted (CIBS) emission as well as
enhanced PL emission in the crystalline state (Figure 1.10). A strong increase in the ECL
activity was also recorded, particularly in the BPO co-reactant pathway, when using
glassy carbon electrodes modified with DBC (5-fold enhancement in the crystalline film
versus the solution phase). Finally, through the use of spooling ECL spectroscopy,® it
was discovered that ECL reactions can occur at different locations following annihilation
and co-reactant pathways, where in the DBC/BPO system the ECL reactions are confined

predominantly at the solid-solution interface.
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Figure 1.10. (A) PL spectra of crystalline DBC film (blue) and in acetonitrile (black). (B)
Images of recrystallized DBC, DBC after mechanical grinding, and DBC after exposure
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grinding (black). DBC unit cell in inset. Spooling ECL spectra of (D) solid state
ECL/BPO co-reactant system and (E) homogeneous DBC/BPO system. Reproduced with
permission from Ref. °’. Copyright 2020, Wiley-VCH.

More recently, Zhu and co-workers created a [Ru(bpy)s]?* derivative Ru-TPE,
incorporating the AlE-active tetraphenylethene (TPE) group.® The resulting compound
exhibited strong CIECL driven by the TPE group that overcame the inherent ACQ nature
of [Ru(bpy)s]?*. The authors observed an increased crystallinity of the Ru-TPE crystals
compared to plain crystals of [Ru(bpy)s]?*, confirmed by pXRD measurements. By using
an ITO/Ru-TPE modified electrode, where the ECL emission originated from a solid-
state film, an impressive ECL efficiency of 236% vs. the [Ru(bpy)s>*]/TPrA reference
system (in the solution state) was recorded. Ru-TPE showed an ECL at 631 nm, red-
shifted by 30 nm from its PL emission (601 nm), which suggests that the emissive excited

state of Ru-TPE may originate from surface-state transitions.
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1.5 Conclusions and outlook

Enhanced electrochemiluminescence continues to be one of the perpetual targets for
researchers as evidenced by the rapid growth in ECL applications and technologies. The
landscape of ECLphores and strategies to promote ECL have rapidly expanded in recent
years. In this minireview we summarize, for the first time, the advances in materials that
have resulted in greatly enhanced electrochemiluminescence efficiencies. In particular,
TADF materials have ushered in a new era of high-performance ECL luminophores.
Several challenges in ECL research in those involving TADF luminophores, include
improving the ECL efficiency up to the level of photoluminescent pathways utilizing
similar compounds. It is possible that the more complex mechanisms of ECL, particularly
the co-reactant pathways, suffer from increased likelihood of non-radiative decay,
reducing the overall luminous efficiency. In a related avenue, there is an urgent need to
elucidate the mechanistic pathways of TADF ECL molecules, as they will be
fundamental in understanding and improving their efficiencies. Finally, using a
standardized method to report the absolute ECL efficiency will be an enormous
improvement when assessing the performance of new ECL luminophores. It is evident
that there is still much chemical space and opportunity to explore to produce materials
with enhanced ECL and also that the future is bright for the design of smart ECL

materials.
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1.7 Scope of Thesis

This thesis work explores the frontiers of electrochemiluminescence, chemiluminescence,
and electroluminescence luminophores for light-emitting applications. The
electrochemical and spectroscopic characterization of various luminophores are
performed, and optimizations toward maximizing their luminous efficiency are carried
out. The goal of this thesis is to successfully design and fabricate a light-emitting

electrochemical cell using carbon quantum dots (CQDs).

Chapter 1 describes TADF complexes, hydrogen-bonding compounds, and aggregation-
and crystallization-induced emission compounds. This chapter also provides an overview
of the various light-emitting pathways discussed in this work, namely

electrochemiluminescence, chemiluminescence, and electroluminescence.

Chapter 2 serves as an introduction to summarize the synthesis, unique properties, and
applications of carbon quantum dots.

In Chapter 3, the development of a methodology to properly evaluate the absolute
electrochemiluminescence efficiency was performed. At first inception, the
instrumentation involved a photomultiplier tube operating in photon-counting head mode.
Later, this was further developed to use a spectrograph/CCD camera to increase the
analytical applicability (Chapter 4)

In Chapters 5 and 6, we study the ECL mechanisms of novel materials. Chapter 5
discusses the photochemistry, electrochemistry, and electrochemiluminescence properties
of bimetallic Pt-Ag nanoclusters. Chapter 6 studies the electrochemiluminescence and
chemiluminescence of a TADF emitter TPA-ace-TRZ. In Chapter 7, we use COMSOL
simulations to model the Ru(bpy)s?* ECL annihilation system to estimate the bimolecular

annihilation rate constant.

In Chapter 8, we explore the use of carbon quantum dots in light-emitting
electrochemical cells (LECs). The PL, ECL, and electrochemical properties of CQDs are



27

also discussed. In Chapter 9, the use of a zinc oxide interlayer in LECs is investigated to

further improve the performance, efficiency, and stability of these light-emitting devices.

Finally. Chapter 10 provides conclusions and perspectives for possible future directions.
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Chapter 2

In Chapter 2, we introduce carbon quantum dots (CQDs), their properties, and their
applications for optoelectronic and light emitting devices. We also discuss top-down and
bottom-up synthesis strategies, different emissive pathways and mechanisms for CQDs,

as well as an outlook and future perspective for this promising nanomaterial.

2  Preparation, properties, and applications of highly
luminescent carbon quantum dots from biomaterials: a
review’

In recent years, carbon quantum dots (CQDs) have shown great potential for biomedical
and analytical applications due to their easily tunable luminescence, low cost, and good
biocompatibility. CQDs can be synthesized using a multitude of precursors and
procedures, but their synthesis using highly abundant and very low cost biomaterials
represents a promising and prospective area of research. In this review, we summarize the
latest research on the synthesis, properties, and applications of “green” CQDs from
biomaterials. We also discuss some current challenges to the successful adoption of

CQDs to light-emitting applications.

2.1 Introduction

Carbon quantum dots (CQDs) are classified as a type of zero-dimension carbon-based
nanomaterials, typically less than 10 nm in diameter and having a defined crystal lattice
parameter of 0.34 nm matching that of the 002 interlayer spacing of graphite.! CQDs
display highly desirable optical characteristics, such as tunable photoluminescence (PL)
due to their pronounced quantum confinement effect (QCE)?, good photostability?, and
high biocompatibility.* In addition, the presence of surface functional groups can impart
excellent hydrophilicity and opportunities for surface functionalization. Compared to
semiconductor quantum dots which might contain heavy metals with toxic effects even at

low levels and could be challenging to dispose properly — CQDs can be considered

T This work is in preparation to be submitted.


https://uwoca-my.sharepoint.com/personal/kchu59_uwo_ca/Documents/UWO%20Chemistry%20MSc_PhD%202018-2022/Final%20Thesis/is

29

relatively non-toxic. Finally, owing to their low cost and ease of synthesis, CQDs have
rapidly gained much research attention in the last few years as a promising material for

many optoelectronic applications.

CQDs were first isolated in 2004 during the purification of single-walled carbon
nanotubes produced from arc discharge soot.® Since then, a great variety of synthesis
procedures to produce CQDs have become available, which may be further subdivided
into top-down or bottom-up categories depending on the starting material and how it is
further processed. In general, the chemical components of the precursors used in the
synthesis will end up in the final product. This means that careful selection of the starting
material is a crucial step in CQD fabrication. As an aside, this process also allows
opportunities to introduce new heteroatoms into the CQD structure to improve or impart
new properties, a process known as doping. Synthesis using biomaterials (here loosely
defined as any material derived from a biological source, and may include amino acids,
sugars, foods, and other compounds involved in human metabolism) could represent a
relatively unexplored area of significant cost-savings; many of these precursors are
considered waste or by-products of other processes, and their recycling into CQDs that
can still be useful for other applications could be greatly beneficial to reduce chemical

and food waste.

In this review, we will assess latest developments on the synthesis strategies,
photophysical and chemical properties, and applications of CQDs produced from
biomaterials. We place particular emphasis on properties pertinent to
electrochemiluminescence and chemiluminescence emission pathways, and their

associated light-emitting applications. We also discuss some challenges and barriers
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towards the continual evolution of CQDs, and what should be done to realize the full

potential of this nanomaterial for future applications.

Figure 2.1. Carbon quantum dots (CQDs) and their light-emitting applications.

2.2 Synthesis of CQDs

CQD synthesis may be classified into two categories: top-down and bottom-up. Top-
down strategies involve the breaking down of large carbon-containing structures, while
bottom-up approaches build up CQDs using small molecular precursors. Cost is one of
the major advantages of CQDs over semiconductor quantum dots; many research groups
are quickly adopting cost-effective procedures to remain competitive. Doping of CQDs
(the introduction of new heteroatoms into the CQD structure) is an alternative strategy to
enhance the emission quantum yield or change the emission wavelength. Doping is
typically accomplished at the synthesis stage by integrating heteroatom-containing

precursors.
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Figure 2.2. Top-down vs. bottom-up synthesis strategies for preparing CQDs.

2.2.1 Top-down strategies

Top-down synthesis strategies involve breaking down bulk carbon materials by physical
or chemical procedures. In general, top-down strategies are characterized by high
synthetic yield while using very low-cost bulk materials (usually graphite or other bulk
carbonaceous material); this process is summarized in Figure 2.2. The Ding research
group pioneered the electrochemical preparation of luminescent nanocrystals — later
discovered to be CQDs — from multi-walled carbon nanotubes (MWCNTS) by repeated
potential cycling between -2.0 and 2.0 V in a degassed solution of acetonitrile.® This
procedure was later developed further when nitrogen-doped CQDs could be synthesized
by the electrochemical intercalation/exfoliation method of graphite rods.” In this work,
the top-down synthesis of CQDs was performed with a galvanostatic method, allowing
precise control of the final product size with high efficiency.® The current density was
optimized to 40 mA/cm, with the CQDs showed bright blue PL at 450 nm and a PLQY of
4-5%. These CQDs were also used for the first time to construct light-emitting
electrochemical cells, with the devices exhibiting a broad emission at 610 nm. CQDs can
also be prepared through other liquid-phase exfoliation methods such as ultrasonication®
or chemical exfoliation using strong acid.® Other techniques that have been studied for
breaking down bulk graphite into smaller pieces include direct laser ablation'*? and

magnetron sputtering.t3
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2.2.2 Bottom-up strategies

In contrast, bottom-up synthesis strategies involve reacting smaller molecular precursors
with pressure and heat (Figure 2.2); it is proposed that the stepwise dehydration,
polymerization, carbonization, and finally passivation of the reagents is responsible for
the formation of the CQD structure.* Using this approach, researchers can more
precisely control the size and morphology of the CQD product. In addition, bottom-up
techniques are highly scalable. Bottom-up procedures include hydrothermal,
solvothermal, microwave-assisted synthesis, and pyrolysis; these various techniques are

summarized in Table 2.1.

For example, the Ding research group used the hydrothermal method at 200°C with
cysteine and tryptophan to synthesize nitrogen and sulfur doped CQDs (NS-CQDs),
achieving a high PLQY of 73%. In addition, the ECL efficiency of these CQDs when
utilized in a modified GCE was determined to be 24% in the K>S20g system relative to
Ru(bpy)s?*.2 Under the pyrolysis procedure, the same research group was able to
synthesize N,S-codoped CQDs using citric acid and L-cysteine. These CQDs showed a
maximum of 32% ECL quantum efficiency vs. Ru(bpy)s?* in the K2S;0s coreactant
system.® Using the same precursors but under the microwave-assisted hydrothermal
method (700 W power) Yu et al. produced amino carbon dots (ACDs) that demonstrated
bright blue emission at 447 nm with a high PLQY of 53.4%." Thermal calcination
involves the high temperature treatment of carbonaceous material. Bhasin et al. used this
method to process agarose waste, composed of mainly polysaccharides, at 450°C for 4
hours to yield CQDs (hem=450 nm) with a high PLQY of 62%.18

Table 2.1. Summary of bottom-up synthesis strategies for CQDs.

Technique Precursors Temp. PLQY (%) Ref.
Hydrothermal Citric acid, urea 160°C 88% 19
Green pomelo peel 180°C 17% 2
Chitin 150°C 9% 2
Citric acid, ethylenediamine 250°C 73% 2
Lactic acid, ethylenediamine 150°C 46% 2
Folic acid, glycerol 160°C 25% 24
L-glutamic acid 230°C 41% 25

Citrus peel 180°C 2% 26
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Phosphonic acid, sodium citrate 200°C 18% 2
Cysteine, tryptophan 200°C 73% 15
Banyan fig tree Iat_ex (Ficus 185°C 41% 28
benghalensis)
Glucose, L-tryptophan, glycine 200°C 24% 2
Citric acid, urea, L-cysteine 180°C 22% 3
Acriflavin 180°C 31% 3
Lignin 180°C 11% 32
2% milk 200°C 8% 33
Dried lemon peel 200°C 11% 3
Orange peel, gingko leaves, magnolia 200°C 8% .
flower

Citric acid, urea 160°C 34% 36
1,5-diaminonaphthalene, cysteine 150°C 13% 37
Pyrolysis Collagen 350°C 7% 38
Histidine 300°C 14% b
Lo . o 84-fold vs. "

Citric acid, L-cysteine 240°C Ru(bpy)s**
|V|ICI’OW<’:1.V€ Malic acid, urea 10% 40

synthesis
Citric acid, L-cysteine 53% o
Maleic acid, arginine 12% 4
Glycine, histidine, leucine 17% 42
Chitosan 12% 43
Thermal Taurine 350°C 7% ez
calcination

Coconut husk 300°C 40% 45
Agar waste 450°C 62% 1
Atlantic salmon (Salmo salar L.) 200°C 12% 4

2.2.3  Purification and functionalization of CQDs

Purification of CQDs is an important step, as it allows the removal of by-products and

unreacted precursor material. This procedure has increased significance for synthesis

techniques utilizing bioresources and biomaterials, as these ingredients will often contain

non-carbonaceous matter. Dialysis is the process whereby solvated molecules can be

separated through a semipermeable membrane by the basis of their molecular size. By

selecting an appropriate molecular weight cut-off (MWCO), smaller unreacted particles

can be purified out.*” Due to the ease of the dialysis procedure, it is implemented in

nearly every CQD synthesis procedure, allowing researchers to quickly and easily purify

their CQD products prior to characterization. Chromatography (thin layer, silica packed
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column, liquid chromatography) is a more advanced method of CQD purification, albeit
more labour- and cost-intensive. For example, Yuan et al. utilized silica column
chromatography to precisely isolate different CQDs from a solvothermal process.*® The
separated CQDs had very high purity and performance, demonstrating a colour-purity
(FWHM=30-39 nm) for light-emitting applications. Other groups have also used column
chromatography to separate and purify CQDs, resulting in products with narrow size
distributions and high QYs.4952

2.3 Properties and applications of CQDs
2.3.1  Structure and properties of CQDs

CQDs often adopt a quasi-spherical structure with diameters between 10 — 20 nm.>
CQDs usually possess amorphous carbon cores; on the other hand, graphene quantum
dots (GQDs) have a graphitic structure (primarily sp? carbons) composed of up to 10
layers of graphene.>* Due to the quantum confinement effect (QCE), the electronic and
optical properties of CQDs can be finely tuned based on their sizes.> °® Typically, the in-
plane lattice spacing between individual graphene sheets is from 0.18 — 0.24 nm.>” High
resolution transmission electron microscopy (HR-TEM) is a widely used technique in
confirming the morphology of CQDs (Figure 2.3C). Other techniques, such as infrared
spectroscopy or x-ray photoelectron spectroscopy (XPS) may be useful in determining
the nature and atomic ratios of CQDs.

In addition, the presence of oxygen-containing surface functional groups impart superb
water solubility to CQDs, improving their suitability for many applications. These
functional groups also allow the possibility of surface passivation (the treatment of CQDs
using polymers and other organic molecules to stabilize and enhance fluorescence
emission) and further surface functionalization (the introduction of new functional groups
to modify the CQD properties).5® 5° Surface functionalization of CQDs is an effective
strategy to tune the properties to target specific applications. Many different approaches
exist, such as covalent bonding®, coordination®, and n-r interactions.®? These surface
modifications can introduce different functional groups, and lead to wide variations in the

fluorescence properties. Sometimes, surface passivation and functionalization can be
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accomplished in the same step, greatly simplifying the post-treatment step; for example,
Huang et al. employed diamine-terminated poly(ethylene glycol) to simultaneously

improve the hydrophilicity and the quantum yield of their C-dots.®

The doping of the CQD structure with new heteroatoms can also significantly enhance
the fluorescence properties.’* Typically, atoms such as nitrogen, phosphorous, boron, and
sulphur have the greatest compatibility with the carbon core of CQDs, and many
researchers have had success incorporating them into the synthesis recipes. Doped CQDs
exhibit significantly altered electronic properties, and their novel chemical structures can

even access new excited energy potentials, leading to improved luminescence yields.%

2.3.2 Luminescence mechanisms

While the optical properties of many CQDs have been extensively studied, the actual
mechanisms of their luminescence is still a highly debated topic. Because their synthesis
is largely an imprecise science, often samples of CQDs display great heterogeneity even
from a single synthetic batch. Nevertheless, two predominant models have been
proposed: the former suggests luminescence originates from bandgap transitions in

conjugated m-domains, while the latter is associated with surface-related defect states.

2.3.3  Core bandgap transitions of conjugated 1m-domains

The first source of luminescence in CQDs arises from bandgap transitions between
conjugated m domains in the carbon core. A well-known feature of CQDs is their
quantum confinement effect (QCE), which occurs when the quantum dot diameter is
smaller than their exciton Bohr radius.®® The m and n* electronic levels of aromatic sp?
domains in the carbon core can therefore be strongly confined, and radiative
recombination of electron-hole pairs (excitons) in these clusters can lead to
luminescence.®® 57 Kang et al. used theoretical calculations to correlate the relationship
between the HOMO-LUMO gap and the size of the carbon fragments, proving that the
luminescence of the CQDs originated from the quantum-sized graphite structure (Figure
2.3).%® These luminescent characteristics are particularly evident in CQDs with high core

crystallinity and relatively pristine surfaces.
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Figure 2.3. (A) TEM images of CQDs. (B) Fluorescent microscopy images of CQDs. (C)
High resolution-TEM images of CQDs. Optical images of different size CQDs under (D)
daylight and (E) ultraviolet light. (F) Photoluminescence spectra of different size CQDs.
The relationship between CQD size and (G) the bandgap energy, and (H) the HOMO-
LUMO energy gap.*

2.3.4 Surface state defects

The second source of luminescence comes from the surface states, specifically surface
sites with imperfect sp? domains, which create surface energy traps.! These are thought
to capture, and re-emit the excitons originating from the absorption of photons by the 7t-
conjugated electrons in the sp? region (i.e. the CQD core). CQDs typically demonstrate
high optical absorption in the UV-region, with a broad peak at 230 nm is attributed to the
n- * transition of C=C bonds, while the peak at 300 nm is attributed to the n- n*
transition of C=0 containing groups.® ® Surface defect states generally come from

functional groups present on the surface of CQDs either directly from the synthesis
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process or from targeted functionalization. These sites can have varied excitation and
emission properties, and can be responsible for the multi-coloured luminescence often
observed in CQDs. A phenomenon known as excitation dependent emission occurs where
the emission is tunable when excited at different wavelengths. This observation may be
due to the numerous surface states present on the CQDs, as different areas are sensitive to
different excitation wavelengths, leading to distinctive broad emission peaks. Surface
passivation is a proven technique wherein the surface functional groups are protected and
stabilized — usually by amino-terminated reagents such as polyethylene glycol — thereby
enhancing their fluorescent properties.”® "* Passivation is therefore a method to improve

the emission originating from surface states of CQDs.

2.3.5 Core vs. surface emission states

One important distinction to be made is core emission versus surface emission in CQDs
(Figure 2.4). Depending on the excitation source used, which can vary considerably
among different light-emitting applications, emission from CQDs can originate from
different states. Commonly, it is accepted that photoluminescence, which uses an optical
excitation source, is emitted from the core states of CQDs (therefore the first
luminescence mechanism is responsible). Furthermore, it has been proposed that
electrochemiluminescence and chemiluminescence utilize surface emission states, which
emphasizes the importance of these surface functional groups in these particular

applications.
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Figure 2.4. Core vs. surface emissive pathways in CQDs.
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2.3.6  Enhanced luminescence from aggregation-induced emission
(AIE)
A phenomenon known as aggregation caused quenching (ACQ) occurs when the
luminescence of a system is drastically reduced with increasing aggregation of the
luminophores. In contrast, aggregation induced emission (AIE) — the enhancement of
luminescence when an aggregate is formed — occurs when the restriction of
intramolecular rotation blocks non-radiative pathways.”> ”® The solvent fraction
experiment of hexaphenylsilole (HPS) demonstrates this effect well.”* AIE can allow the
smart design of ‘AlEgens’ — luminophores that have been specially designed to exploit
the AIE process. Understanding luminescence pathways in the presence of aggregation is
especially important when studying CQDs, as many of their applications involve solid-
state layers and films, where the ACQ affect is most pronounced. Ding et al. showed in
their study using nitrogen- and sulfur-doped carbon quantum dots that different areas of
the CQD structure could contribute to different emission pathways.” For instance, they
observed three distinct emission peaks at 425 nm, 575 nm, and 820 nm, which were
attributed to intrinsic (core) emission, aggregation-induced emission, and sulfur surface-
based emission, respectively; these assignments were confirmed by analyzing the

emission of nitrogen-doped and undoped CQD samples.

2.4 Light-emitting applications for CQDs

2.4.1 Electrochemiluminescence

Electrochemiluminescence (ECL) is a process whereby electrogenerated species at an
electrode surface interact to produce excited states that can relax to emit light.”® As an
analytical technique, ECL has many advantages including excellent signal-to-noise, and
high selectivity and sensitivity.”” In the annihilation pathway, the electron transfer
reaction between the radical anion and cation produced at cathodic and anodic potentials,
respectively, generates the excited state. In the coreactant pathway, the electron transfer
between the radical luminophore and radical coreactant species generates the excited
state. Due to the high redox power of coreactant molecules, ECL can be dramatically

enhanced using coreactant routes.’®
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The electrochemistry, photochemistry, and ECL of various CQDs has been extensively
studied by the Ding research group. The ECL of N-doped (Adsetts, et al.*®) and N,S co-
doped CQDs (Zhang, et al.'®) prepared by hydrothermal synthesis was studied, where
bright ECL could be observed in the presence of potassium persulfate as a coreactant.
Chu et al. prepared N-doped CQDs from a top-down electrochemical intercalation
procedure, where strong ECL could be detected when using benzoyl peroxide as a
coreactant.” More recently, the ECL of NIR-emitting N- and S-doped GQDs from a
solvothermal recipe was studied by Yang, et al.*”, demonstrating strong emission from
the persulfate coreactant pathway; in particular, this report emphasized the importance of
surface excited states in ECL light emission, hinting at strong applications in film- and
solid-state ECL. These landmark studies highlight the viability of CQDs in ECL
applications, especially in coreactant pathways.

2.4.2  Light-emitting electrochemical cells

Light-emitting electrochemical cells (LECs) are a class of electroluminescent devices
characterized by electrochemical reactions involving mobile ions and luminophore
molecules.” LECs have been developed in tandem with organic light-emitting diodes
(OLEDSs), and have many industrial advantages including low cost and complexity. In the
electrochemical doping (ECD) model, the injection of electrons and holes at the negative
electrode (cathode) and the positive electrode (anode), respectively, causes the
redistribution of mobile ions to correct the charge imbalance.®% 8 Successful formation of
a p-i-n junction allows the transfer of higher electric current, and the radiative
recombination of electrons and holes in the junction region results in electroluminescence
(EL).22

The first example of a CQD-based LEC device was demonstrated by Chu et al, where
top-down CQDs produced from electrochemical exfoliation was used in the light-
emitting layer of LECs.” The device displayed broad white emission at 660 nm, with a
relative efficiency of 0.14%. Adsetts et al. used N-doped CQDs in an electrochemical
‘half cell’, wherein a filmed electrode of CQD/persulfate and CQD/TPrA acted as the
cathode and anode, respectively, in a separated version of an LEC.*® The half cells

exhibited strong electroluminescence, showing the enhancement effect of higher density
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filmed substrates. Liu et al. also demonstrated a host-guest carbon nanodot (CND)-LEC
device.8 CNDs were fabricated from a solvothermal process, thereby allowing the
dispersion of the CNDs in hydrophilic solvents. These CNDs were prone to aggregation-
caused quenching, but by incorporation into a 2,7-bis(diphenylphosphoryl)-9,9°-
spirobifluorene (SPPO13) host compound, the ACQ could be alleviated resulting in peak

luminance of 118 cd/m? at a current efficiency of 0.41 cd/A.

Other classes of luminophores have also been successfully incorporated into LECs,
including tPDI2N-hex (PDI, perylene diimide)®*, an ‘atomic precision graphene model’,
Ru(bpy)s(PFs)2%°, and PDY-132 SuperYellow polymer. In short, using these various
luminophores, full coverage of the visible spectrum (400 — 700 nm) is possible,

demonstrating the luminescent applications of LECs (Figure 2.5).
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Figure 2.5. Summary of electroluminescent (EL) emissions from various LEC
luminophores. Bottom-up CQDs from hydrothermal synthesis, Livilux PDY-132
(SuperYellow), top-down GQDs from electrochemical exfoliation’, Ru(bpy)3(PF6)2-
based LEC, tPDI2N-hex (PDI, perylene diimide).
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2.4.3 Chemiluminescence

Chemiluminescence (CL) is the process where the energy to form luminophore excited
states comes from chemical reactions. For example, the well-known reaction between the
peroxyoxalate bis(2-carbopentyloxy-3,5,6-trichlorophenyl) (CPPO) and hydrogen
peroxide (H202) generates a high-energy intermediate 1,2-dioxetanedione, which
decomposes into COy, releasing energy. This energy can then be absorbed by an
appropriate luminophore to produce CL.% 8 There are many different luminophores that
have been used for CL applications, including luminol®, rubrene®, and 9,10-
diphenylanthracene (DPA).*® However, CQDs present an intriguing alternative, as they

are low-cost, easily synthesized, and highly accessible.

The Ding research group studied N, S-codoped CQDs as a chemiluminescence emitter™,
synthesized from citric acid and L-cysteine using a one-pot pyrolysis method. The CL
system using CPPO and H.O in the presence of sodium salicylate as the base catalyst
demonstrated bright blue emission; as well, the absolute CL efficiency of the reaction
was determined to be 0.01%. The contribution of different emission pathways (intrinsic
core emission, aggregation-induced emission, and surface state emission) could be

determined using spooling CL spectroscopy.

There have been some studies that utilize CQDs to enhance the overall emission of a CL
system. For example, Teng et al. used acidified potassium permanganate with CQDs
synthesized via a bottom-up pathway, which resulted in CL emission centered at 500
nm.%! Furthermore, they proposed that the surface functional groups of the CQDs were an
important contributor to the CL emission, as the reduced variant of CQDs (r-CQDs)
demonstrated even stronger emission. Another study by Lin et al. showed that the
chemiluminescence of the peroxynitrous-carbonate system could be greatly enhanced by
introducing CQDs.% Here, it was suggested that the CQDs could act as an energy
acceptor in the CL mechanism, improving the native performance of existing
luminophores. CQDs can also be used directly as a chemiluminescent luminophore,
demonstrated by Zhao et al., who synthesized polyamine-functionalized CQDs from a
pyrolysis procedure.®® The functionalized CQD showed strong CL in alkaline solution,

which was significantly enhanced in the presence of Fe(lll) ions. This enhancement was
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found to be linear with an increase in the ferric ion concentration, establishing the

analytical capability of a CL-based probe.

2.5 Conclusions and outlook

It is clear that the future of CQDs is bright, with much research and development to bring
forth advanced applications in optoelectronics and bioimaging. Since 2004, a great
number of synthetic procedures to manufacture CQDs have become possible, enabling
the low-cost and flexibility in applying CQDs to different applications, such as
bioimaging and light-emitting electrochemical cells. However, there are still some
challenges that need to be addressed for CQDs to become truly competitive in the field
dominated by semiconductor quantum dots, noble metal nanoparticles, and inorganic
compounds. Firstly, CQDs with high quantum yield and colour purity are urgently
required. These attributes will facilitate their adoption into existing light-emitting
applications, such as display technologies. To achieve this step, a greater knowledge of
the luminescent mechanisms that govern the emission of light from CQDs is very
important. We have already discussed the widely accepted models of core bandgap
transitions, surface defects, and aggregation-induced emissions in this review. However,
by fully understanding these mechanisms, high efficiency and optimization of CQD
applications can be achieved. Secondly, the precise process by which CQDs are
constructed from the various discussed top-down and bottom-up strategies should be
further investigated in order to better control the size, morphology, and surface
properties. This knowledge will enable a more meaningful comparison between CQDs
fabricated using different procedures.
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Chapter 3

In this chapter, the methodology, instrumentation, and mathematical calculations are
developed to quantify the absolute quantum efficiency (QE) of electrochemiluminescence
systems. The QE is an essential measure of the performance of ECL luminophores for
light-emitting applications, and this system will be used extensively in this thesis to
assess different materials for suitability for use in light emitting electrochemical cells
(LECs). Chapter 3 will focus on the ECL QE methodology for a photon-counting head

device.

3  Physical Strategy to Determine Absolute
Electrochemiluminescence Quantum Efficiencies of
Coreactant Systems Using a Photon-Counting
Photomultiplier Device’

3.1 Introduction

Electrochemiluminescence or electrogenerated chemiluminescence (ECL) is a process
wherein electrogenerated radicals undergo high-energy electron transfer reactions to
produce excited states, which emit light upon relaxation to their ground states.2 ECL
emission follows one of the following two pathways. The annihilation route involves a
direct electron transfer between a radical cation and anion generated by alternating
oxidation and reduction at an electrode, respectively. The coreactant route introduces an
additional species that, upon oxidation or reduction, can form a highly reducing or
oxidizing secondary radical that interacts with a luminophore radical to produce ECL.% 4
Coreactant systems have been shown to significantly enhance ECL intensity, and are a
common strategy to increase the overall luminescence of an otherwise poorly emissive
system.>” Since the introduction of ECL in the mid 1960s,22° it has since been developed

into a highly sensitive and selective physical/analytical technique utilizing numerous

T This work has been published. Chu, K.; Adsetts, J. R.; Ma, J.; Zhang, C.; Hesari, M.; Yang, L.; Ding, Z.,
Physical Strategy to Determine Absolute Electrochemiluminescence Quantum Efficiencies of Coreactant
Systems Using a Photon-Counting Photomultiplier Device. J. Phys. Chem. C (2021) 125, 22274-22282.
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chemical molecules and nanomaterials as well as having various applications in
immunoassays, clinical bio-detection, imaging, and more recently light emitting
devices.!?2 As with all luminescent systems, the accurate quantification of the quantum
efficiency (QE) is crucial for the characterization of novel and existing luminophores.
The QE has been extensively used as a criterion for selecting the ‘best’ luminescent
materials, particularly for light-emitting applications, as the capacity to efficiently

produce useable light has many cost- and energy savings benefits.

The QE of a luminescent system may be generally defined as the ratio between the output
energy versus the input energy. For a photoluminescent system, this is the number of
photons emitted versus the number of photons used for photoexcitation
(photoluminescent quantum yield, or PLQY’). For ECL, this is instead the ratio of the
number of ECL photons produced to electrons injected into the system (ECL-QE). In
practice, ECL photons are represented by the units of photodetector response (for
example, integrated ECL photocurrent when a photomultiplier tube is used), and the
number of electrons may be derived from the integrated electrochemical current as
measured by a potentiostat.

At present, ECL-QEs are determined relative to an externally calibrated standard, almost
universally the Ru(bpy)s®* complex, using Equation 3.1 where x is the luminophore
under study and st is the standard. Bard et al. in 1973 reported an absolute efficiency of
5-6% for Ru(bpy)s* in the annihilation pathway, a value that has largely been accepted
as the gold standard.?® An alternative strategy is to simply assign a value of 1 to
Ru(bpy)s®* ¢ecw in lieu of a true reference value.?* No absolute efficiency has ever been

reported for an ECL coreactant system.

[ Current - dt

( [ECL-dt )St

[ Current - dt

< JECL-dt )x

Ppep, =

Equation 3.1
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While Equation 3.1 is acceptable for the relative assessment of ECL luminophores, it has
several critical disadvantages. Firstly, there can be many complications in instances
where the emissive properties or mechanisms of the studied luminophore x are very
different from those of st. This problem is only exacerbated in ECL studies, where
solvent and coreactant choice, luminophore and electrolyte concentrations, and varying
electrode materials can all disproportionately influence the ECL performance of the
system relative to the standard. A more recent challenge comes from measuring the
emission of modified film electrodes and aggregation-induced ECL,%*>2 where very
significant mechanistic and matrix-related differences can occur. Secondly, because
Equation 3.1 does not consider the emission wavelength, significantly underestimated or
overestimated efficiencies may occur due to photodetector wavelength-dependent
responsivities. In contrast, an absolute efficiency determination will report the photons-
out-electrons-in ratio of an ECL system that is free from such experimental biases. Such a
measurement will allow the meaningful and objective comparison of the efficiencies of a
wide variety of ECL luminophores under both the annihilation and coreactant pathways,
and will be a significant boon for many ECL researchers in the future.

The challenge with absolute measurements involves precisely determining the quantities
of photons produced in ECL reactions. The number of electrons can be readily
determined by modern electrochemical workstations with an internal coulometer capable
of sampling the charge from a measured current easily down to a nA range. Measuring
the number of photons produced by a system, however, requires a more careful and
systematic approach. We utilize a detection system called a photon counting head, which
is a specialized photomultiplier tube with extremely high sensitivity and fast response
time that is designed to detect individual photons in low light conditions. In conjunction
with a high frequency signal counter, our instrument setup allows the precise

determination of the total photon number produced via the ECL process.

In this work we demonstrate our photon counting instrument setup by determining the
absolute quantum efficiency of the Ru(bpy)s?*/tri-n-propylamine (TPrA) coreactant ECL
system for the first time. Special physical considerations concerning the unique emission

profile of ECL, electrode-to-detector distance and surface areas, and photodetector
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responsivities are introduced, and physical insights into how electrochemical reactions

along with these can affect the final ECL-QE are provided.

3.2 Methods

3.2.1 Materials and reagents

Tris(2,2’-bipyridine) ruthenium(l1) hexafluorophosphate, Ru(bpy)s(PFs)2 (97%, reagent
grade), tetrabutylammonium hexafluorophosphate, TBAPFs (>99.0%, electrochemical
grade), Ferrocene (98%) and anhydrous acetonitrile (99.8%, SureSeal) were purchased
from Sigma-Aldrich Canada and used as received. Tri-n-propylamine, TPrA (>98%,

analytical grade) was bought from Sigma-Aldrich Canada, and stored at 4°C.

3.2.2 Instrumentation for electrochemistry and
electrochemiluminescence
A three-electrode system was used for all electrochemical and electrochemiluminescence
measurements, where the working electrode was a 2 mm diameter platinum disc inlaid in
a glass tube, and the auxiliary and quasi-reference electrodes were coiled platinum wires.
A pre-treatment procedure was used to prepare the working electrode before use: a)
mechanical polishing to a mirror-like finish, using alumina slurries with particles sizes of
1.0 pm, 0.3 um, and 0.05 pum sequentially (Buehler micropolish alumina suspensions)
followed by, b) an electrochemical treatment where the applied potential was repeatedly
scanned between —0.4 V and 1.2 V for at least 50 cycles in a solution of 0.1 M sulfuric

acid.

All analyses were conducted inside a cylindrical glass tube with a flat quartz window at
the bottom to allow for the detection of ECL light. The airtight ECL cell was assembled
inside a nitrogen atmosphere glovebox (Model Nexus I, Vacuum Atmospheres Company,
Hawthorne, CA) to ensure the absence of oxygen and moisture. For coreactant
experiments which required the addition of semi-volatile reagents, the ECL cell was
purged with argon gas for at least five minutes. The potentiostat for both cyclic
voltammetry and potential stepping experiments was an Autolab electrochemical
workstation (Model PGSTAT302N, Metrohm BV, Switzerland) equipped with an
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ADC164 analog-to-digital converter and controlled using Autolab NOVA software
(version 2.1.4). All electrochemical potentials are reported relative to the
ferrocene/ferrocenium (Fc/Fc*) redox couple, where the oxidation potential was taken to
be 0.342 V vs. SCE.?°

3.2.3 ECL spectroscopy

The annihilation and coreactant ECL spectra of Ru(bpy)s?* were collected using a CCD
camera (DU401a-BR-DD, Andor Technologies, Belfast, UK) cooled to —65°C, coupled
with a spectrograph (Acton SP2300i, Princeton Instruments Inc., Princeton, NJ).*°
Calibration of the spectroscopy wavelength was performed using a mercury-argon source
(Model HG-1, Ocean Optics, Orlando, FL). All accumulation emission spectra reported
in this work have been baseline-corrected by numerical subtraction of an identical

duration background scan, and intensity-normalized to allow for meaningful comparison.

The PCH was set according to the following sections: Principles of photomultiplier tube
operation in photon-counting mode and Photon counting head pulse pair resolution as well

as Electrode-to-detector distance settings.

3.24 Instrument considerations

Figure 3.1 shows a schematic illustration of the instrument setup used to measure the
absolute ECL efficiency. The photodetector used was a Hamamatsu H6240-02 side-on
photon counting head (abbreviated hereafter as ‘PCH”) which is an all-in-one unit
incorporating a photomultiplier tube (PMT) and high-speed amplifier/discriminator/high
voltage power supply circuits in a compact housing. The unit requires a +5 Vdc input
power, which was provided using the voltage delivery pins on a standard universal serial
bus (USB type A) connection. The output signal from the photon counting head was
passed through an attenuator to reduce the outgoing voltage pulse magnitude to
approximately +200 mV, before being input into an SR430 multichannel scaler/averager
(Stanford Research Systems) for data recording. The SR430 receives the incoming
voltage pulses, and collects them into successive ‘bins’. The discriminator level, defined
as the minimum pulse magnitude that will result in a recorded signal, was set to +100

mV; this value is exactly one-half of the attenuated signal to improve the signal-to-noise
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ratio. A portable digital oscilloscope was used to verify the signal intensities. An external
voltage trigger provided by the Autolab workstation was used to start each record,
allowing the synchronous acquisition of the electrochemical current (measured by the
PGSTAT302N) and the corresponding ECL signal, as photon counts (measured by the
photon counting head). Metallic coated neutral density optical filters were used to avoid
overexposure of the photon counting head. Figure 3.2 and Figure 3.3 show contain

photographs of the photon counting head setup and the ECL cell, respectively.
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Figure 3.1. A schematic overview of the photon counting head (PCH) instrumentation
setup. All instrument connections have been colour-coded, where possible, to better
illustrate the pathways of data and communication signals. A vertical cross-section is

shown for the ECL cell, the plastic holder, and the PCH to show how the components fit
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together. Inset circle (outlined and magnified in dotted red) illustrates the path of the ECL
emission from the platinum electrode towards the photodetector surface. The counts
represented as potential pulses from the PCH is passed through an attenuator, before
being sent to the SR430, where it is sorted into individual bins. An external voltage
trigger is generated by the Autolab potentiostat to synchronize the start of each record.
Two separate computer workstations were used to control the potentiostat and SR430

photon counter through NOVA and LabVIEW software, respectively.

The remaining user-controlled settings for the SR430 instrument are notified here briefly.
The bin width specifies the time interval for each data bin, while the bins per record
specifies the number of bins in the measurement; these two values, taken together,
represent the total acquisition time of a single record (for example: a bin width of 5.000 ns
multiplied by 1024 bins equals a measurement time of 5.120 ps). The records per scan
determines the number of repeated measurements in an experiment; the records are
dynamically added together, allowing the statistical accumulation of multiple ECL
emission events. Finally, the trigger level describes an external voltage pulse that signals
the beginning of each record. These settings are highly dependent on experimental
parameters and are individually specified at appropriate locations in the text. A custom
LabVIEW program (NI, Austin, TX) was used to provide computer control of the SR430

instrument.
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Figure 3.3. Photograph of the ECL glass cell and its assembly, showing the orientation of
the working, counter, and reference electrodes.

3.2.5 The ECL-QE formula

The QE of an electrochemiluminescent system is defined as the ratio of the number of
photons emitted to the number of electrons injected, expressed in Equation 3.2 as a

percentage.

Total photons

- o) = L otatphotons o,
ECL Quantum Ef ficiency (%) Total electrons 100%

Equation 3.2

To determine the QE, two separate quantities must be measured simultaneously in the
physical chemistry process: the total number of photons emitted by the system under
study, and the total number of electrons injected into the system to generate that
emission. To simplify the quantification, both the numerator and the denominator of
Equation 3.2 may be reported with respect to the same time interval; therefore, the final
QE result will be the ratio of absolute photons vs. absolute electrons. The following

section will describe how to arrive at these two parameters, and several circumstantial
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correction factors will be introduced. A full sample calculation is provided in the

following section as Equation 3.3 — Equation 3.11.

3.2.6  Sample calculation for the absolute quantum efficiency

Equation 3.3 to Equation 3.11 demonstrate a full calculation of the absolute EQE for
Ru(bpy)s?* annihilation ECL during a potential sweep (as in Figure 4 in the main text).
Equation 3.3: integration of the counts with respect to the bin number, multiplied by the
bin width, results in total counts. Equation 3.4: dividing by the C value results in total
photons measured by the PCH. Equation 3.5: calibration factor corrects to a calibrated
number of photons. Equation 3.6: surface area correction factor. Equation 3.7:
Electrode reflectance correction factor. Equation 3.8: solution self-absorbance correction
factor. Equation 3.9: integration of the measured current with respect to time results in
the total charge. Equation 3.10: dividing the total charge by the elementary charge
constant (e = 1.602 x 10%° C) yields total number of electrons. Equation 3.11: the ratio
between the total photons vs. the total electrons results in the absolute quantum
efficiency, expressed here as a percentage. Unless otherwise specified, integration limits
are assumed to be from 0 = start of potentiodynamic experiment to t = end of

potentiodynamic experiment, inclusive.

t

Total counts = J Counts - dt = 483 000 counts
0

Equation 3.3

1
483 000 counts x ————————— = 8.56 X 10° photons

counts
0.0564 photon

Equation 3.4

8.56 x 10° photons X = 1.11 x 108 photons

0.0769

Equation 3.5
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1.11 x 108 photons x — = 1.15 x 10'* photons

9.65 x 10
Equation 3.6
1.15 x 10! photons 8.24 % 101° phot
140 = 8. photons
Equation 3.7
8.24 x 100 photons x 1.1952 = 9.85 x 10° photons
Equation 3.8
t
Total charge = J Current - dt = 4.38 X 10™* Coulombs
0
Equation 3.9
Total charge 438x107*C 15
Total electrons = = C =2.73x10" electrons
€ 1.602 x 10~1°
electron
Equation 3.10
EOE % — Total photons o _9.85x 10" photons 100 = 0.0036%¢
QE % = Total electrons "~ 2.73 x 1015 electrons o °

Equation 3.11

3.2.7 Calibration of the PCH

The PCH was calibrated using a high intensity AlInGaP light-emitting diode (LED) with
a center wavelength of 630 nm (Model TLHK46Q1R2, Vishay Semiconductors,
Malvern, PA). In total, eight calibration points were collected by varying the forward
operating voltage of the LED between 1.58 V and 1.65 V at intervals of 0.01 V (Figure
3.4). An optical density filter was used to reduce the radiant power of the LED down to a
scale appropriate for ECL measurements, ultimately covering a range of approximately
10° — 108 counts per second (cps). These measurements were then repeated using a
factory-calibrated silicon photodiode (S120VC, Thorlabs Optics, Newton, NJ) in
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combination with a digital power meter (Model PM100D, Thorlabs) to calibrate the PCH

reading in terms of optical power (Figure 3.5).
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Figure 3.4. Counts per second (corrected for bin widths) of a red LED measured using

the Hamamatsu H6240-02 photon counting head at different operating voltages (1.58 V —

1.65 V).
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Figure 3.5. Optical power (in Watts) of a red LED measured using a Thorlabs calibrated

silicon photodiode at different operating voltages (1.58 V — 1.65 V).

To simplify the units, the radiant flux (in Watts) may be transformed into the photon flux

(photons per second) using Equation 3.12 and Equation 3.13, which relates a photon’s
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energy with its wavelength, where h is the Planck constant (6.626 x 103 J.s), ¢ is the speed
of light (3.00 x 108 msec) and 4 is the wavelength.

hc
E = 7= J per photon(A)

Equation 3.12

1 hot
W:lx zpoons(l)
s J sec

photon(1)

Equation 3.13

A linear regression was established between the counts per second measurement of the
photon counting head and the photonic flux measurement of the calibrated silicon
photodiode (Figure 3.6). The curve fitting tool in Igor Pro software (version 6.3.7) was

used to generate a linear fit with a slope equal to 0.0769 and a R? value of 0.99.
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Figure 3.6. Calibration plot of the response of the PCH photodetector measured against a
calibrated silicon photodiode. Measurements for both devices have been converted into

units of photon flux (photons/sec).
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3.2.8 The average photodetector response to ECL emission: The
C-value
If the full width at half maximum of the emission profile of the measured light source is
very small, so much so that it may be reasonably approximated as monochromatic, then a
simple correspondence to a responsivity curve will be adequate for correlating the
measurement from the photodetector with the radiant power of the incoming light.
However, for the Ru(bpy)s** ECL emission described in this work, and likely the vast
majority of ECL systems, the above ‘monochromatic approximation’ will not suffice.
Figure 3.7 displays the emission profile of Ru(bpy)s?* ECL in red, along with the
calibrated responsivity curve of the PCH photodetector in blue that was developed from
the quantum efficiency curve provided by the PCH manufacturer and our calibration
(Figure 3.8 — Figure 3.9). A cursory examination of the overlapping sections in this
figure reveals a steep variation of the PCH response in the wavelength range. It is
therefore difficult to select a single wavelength that is truly representative of the PCH

sensitivity to the ECL emission.
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Figure 3.7. Background corrected, intensity-normalized Ru(bpy)s?* ECL emission
spectrum (red) and the calibrated responsivity curve of the photon counting head in

counts per photon (blue) as a function of the wavelength.
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Figure 3.8. Quantum efficiency of the Hamamatsu H6240-02 photon counting head

(measured in cps/pW) vs. the incoming emission wavelength.

The quantity cps/pW is equivalent to counts/incident photon, if the energy of the photons
are considered. The following equations were used to relate a photon’s energy with its
wavelength, where h is the Planck constant (1.986 x 10%° J-m), c is the speed of light
(3.00 x 108 msec?) and / is the wavelength in meters. In this way, subsequent
calculations can be performed with more consistent units.

hc
E= 7= J per photon(4)

Equation 3.14

1 h
W= 1)( _Pp oton(A)
s J s
photon(4)

Equation 3.15

counts counts
S counts

S = =
pW  photons  photon
s

Equation 3.16
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Figure 3.9. Quantum efficiency of the Hamamatsu H6240-02 photon counting head

(measured in counts/incident photon) vs. the incoming emission wavelength.

To address this problem, we employ a concept formerly defined as the C value by Anaya
et al.3 32 This value represents the average photodetector response to the specific emission
profile of a light source under study, and is obtained using Equation 3.17, where Q(4) is
the calibrated quantum efficiency at each wavelength for the H6240-02 photon counting
head, and S(4) is the background-corrected intensity-normalized ECL emission spectrum.
Q(72) and S(4) are provided in Figure 3.10 and Figure 3.11, respectively.

C_fQ(A)-S(A)-dA
T[S -da

Equation 3.17
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Figure 3.10. Calibrated quantum efficiency of the Hamamatsu H6240-02 photon
counting head (measured in counts/incident photon) vs. the incoming emission

wavelength. Obtained by applying the calibration factor to Figure 3.9.
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Figure 3.11. Background-corrected and normalized intensity ECL emission spectra of

Ru(bpy)s?* annihilation and TPrA coreactant systems.

We consider individual portions of the emission spectrum, and the corresponding detector
responsivity to that portion; the size of these segments is defined by wavelength intervals

equal to d/. Summation of these portions encompassing the entirety of the emission
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spectrum will yield the average photodetector response (in counts per photon) to the
incoming light. The C value has units identical to the quantum efficiency of the
photodetector. In practice, a perfect agreement of di between the quantum efficiency and
the emission spectrum may be difficult, as they are intrinsic properties of different
instruments. We have employed mathematical interpolation to reconcile these differences
to minimize the error involved in the integration process (details are provided in Sl in the
section Integration and Interpolation). We report here a C-value of 0.0564 counts per
incoming Ru(bpy)s?* ECL photon (obtained by applying Equation 3.17 to the PCH
responsivity curve in Figure 3.9). This means that approximately every 18 photons
produced from ECL will result in a signal outputted from the photodetector. Adjusting the
C-value by the calibration factor of 0.0769 obtained from previous sections yields the
calibrated C value (0.0043 calibrated counts per photon, from applying Equation 3.17 to
Figure 3.10). The calibrated C value has the effect of combining the C-value and the

calibration factor into a single entity, which significantly simplifies later calculations.

3.2.9 Photodetector surface area correction

ECL emission is assumed to follow a non-Lambertian (isotropic) profile, in that the
distribution of the emitted radiation is uniform in all directions with respect to the
source.® This means that a photodetector with a certain active surface area will capture
only a small fraction of the total emitted light, and a correction factor, introduced here as
the active surface area correction, is necessary to obtain the true value for the photons
produced from the ECL process. We can imagine the emission originating from a point
close to the surface of the electrode, emanating outwards in a hemispherical fashion
before striking the photodetector (Figure 3.1 inset). The fraction of the light that is
intercepted by the photodetector may be described using the following relationship,
where A s the active surface area of the photon counting head, and r is the distance

between the surface of the electrode and the detector (Equation 3.18).

A 24mm* 0.012
T2 (445mm)? ST

Equation 3.18
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1
0.012 sr X ——— = 0.000964
4T X —
sph

Equation 3.19

Given a photodetector surface area of 24 mm? (dimensions provided by the manufacturer
and verified by our own measurements) and a measured distance of 44.5 mm between the
surface of the working electrode and the photon counting head, a value of 0.012 steradians
was obtained. Figure 3.12 illustrates the relationship between photodetector-electrode
distance and the calculated steradian quantity. Since the full sphere contains 4 steradians,
we can use Equation 3.19 to express the solid angle in terms of the geometry of the three-
dimensional sphere. The final value of 0.000964 represents the fraction of the full sphere

of emission that the photodetector will capture.

DAL
\__/
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-

Figure 3.12. A comparison of angles (circles) vs. solid angles (spheres). A circle contains
2w radians, while a sphere contains 47 steradians. The solid angle (in steradians) of a unit
sphere is analogous to the planar angle (in radians) of a unit circle. Radians = ratio of the

length of the arc vs. radius of the circle. Steradians = ratio of the spherical surface area

vs. the square of the radius of the sphere.®*

3.2.10 Electrode reflectivity correction

The use of a flat disc electrode, such as the one described in this work, means that only
the lower hemisphere of ECL emission will directly encounter the photodetector.
However, our assumption for isotropic ECL emission means that photons are equally

likely to be emitted upwards towards the electrode surface. Therefore, a consideration of
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electrode reflectivity must be made. We have assumed a reflectance value of 60% for a

polished platinum electrode at 620 nm,3 which results in a correction factor of 1.40.

We first consider the two bounding scenarios of electrode reflectivity. The first occurs if
the electrode surface absorbs all incident radiation; here, a correction factor of 2 is required
to account for the lost photons projected towards the upper hemisphere. The second
scenario occurs if the electrode surface is instead a perfect mirror, in which case no
correction factor is required, because all the ECL photons will eventually end up at the
photodetector. The experimental correction factor will therefore lie somewhere in between
these two extremes. For the experiments described in this work, the following equation
(Equation 3.20) provides the reflectivity correction factor (o), where ECLcorrected and
ECLobserved IS the corrected and observed ECL intensity, respectively, and R is the
reflectivity of the electrode (assumed to be 60%).

ECLcorrected

=——=2—-R=2-06=1.40
ECLobserved

ag

Equation 3.20

3.2.11 Solution self-absorption correction

Partial attenuation of the ECL signal by the coloured Ru(bpy)s?* solution may occur
when there is significant overlap between the excitation and emission spectra of the
sample. This is known as the secondary inner filter effect®®, and if left unaccounted for,
may reduce the total observed photon flux. To correct for this, we first consider the
absorption and emission spectrum of a Ru(bpy)s?* solution at a 1 mM concentration. We
approximate the ECL emission spectrum with a Gaussian distribution, and obtain the
difference between the measured data and the fitted data. This ratio between the values
was found to be 19% (corresponding to a correction factor of 1.19), which represents the

percentage of light lost due to solution self-absorption.

3.2.12 Corrected total photons

The corrected total photons produced by the ECL process (over the duration of a

potentiodynamic experiment) is the final value obtained after applying each correction
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factor as described in previous sections (Equation 3.21). Many other properties of a
luminescent system can be derived from this fundamental value, including the radiance

[W-sr1], the luminance [cd-m?], and the absolute quantum efficiency [%].

(Total counts) X (Self absorption correction factor)

(Calibrated counts
photons

Corrected total photons =

) X (Surface area correction) X (Reflectivity)

Equation 3.21

The calibration factors described here are specific to this experimental setup. Therefore,
any deviation from the procedure, such as the analysis of a different ECL luminophore,
will necessitate the recalculation of several factors. In particular, the C-value and the
solution self-absorption correction factor are dependent on the emissive characteristics of
the luminophore, and the surface area and electrode reflectivity correction factors are

dependent on the instruments and equipment used.

In the scenario where a different electrode or a modified electrode is used (GCE or ITO),
the change in electrode geometry and materials will require the surface area and electrode
reflectivity correction factors to be recalculated. If we switch to an aqueous system, the
solution self-absorption correction factor will need to be adjusted, as the transmission of

ECL light will be affected by the new solvent.

3.2.13 Correction for the Faradaic current

A consideration of the Faradaic current, i.e., the current actively involved in the oxidation
of reduction of electrochemical species in solution, is required to obtain a meaningful value
for ECL efficiency. The Faradaic current must be made distinct from the total (measured)
electrochemical current, the latter which includes the current due to non-Faradaic processes
such as double layer capacitance and ion migration. All current measurements were carried
out simultaneously along with electrochemiluminescence tests using voltages slightly
below the oxidation or reduction potentials of Ru(bpy)s?* (for example in the instance
where Ru(bpy)s®* is oxidized and reduced at 1.30 V and —1.31 V vs. SCE as illustrated in
Figure 3.13, the potentials were restricted to an intermediate range of 1.10 V to —1.10 V).

This enables the approximation of the background charging current, up until potentials just
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before the generation of Ru(bpy)s** radical species. Subtraction of this background
charging current from the total measured electrochemical current results in an estimate of
the Faradaic current. This difference was found to be 50% for annihilation cyclic
voltammograms, and 9% for potential stepping at a frequency of 10 Hz. For coreactant

ECL, this difference was found to be 50% for both cyclic voltammograms and potential

stepping.

The total charge is the cumulative integral of the current (Equation 3.22). Dividing by
the elementary charge constant (e = 1.602 x 107 C) yields the total number of electrons
(Equation 3.23).

t

Total charge = j Current - dt
0

Equation 3.22

Total charge
Total electrons = —

Equation 3.23

3.3 Results and discussion

3.3.1  Ru(bpy)s?* ECL via the annihilation pathway

The electrochemistry of Ru(bpy)s(PFs)2 was first explored in anhydrous acetonitrile
(Figure 3.13). When the applied potential was scanned in the cathodic direction, three
consecutive reductions Ru(bpy)s?* occurred at formal potentials of —1.31 V, —1.50 V, and
—1.75 V vs. SCE; when the applied potential was scanned in the anodic direction,
Ru(bpy)s?* was oxidized at a formal potential of 1.30 V. An electron transfer reaction
between the radical anions (produced during the cathodic scan) and the radical cations
(produced during the anodic scan) generates an excited state, Ru(bpy)s®*, which releases
light upon its relaxation to the ground state. The light generated is displayed in the blue
ECL-voltage curve in Figure 3.13, where an emission peak of approximately 300 counts
at 1.30 V coincides well with the oxidation of Ru(bpy)s®*. In contrast, almost no ECL

signal was detected on the cathodic side of the potential scan, which suggests that the



71

stability of the radical cation may be limited. These findings line up well with previous
reports describing Ru(bpy)s?* annihilation.?* 3’ The advantage of using a PCH over a
PMT is the direct reading of photon numbers while the ECL intensity expressed as

photocurrent from a PMT needs an integration versus time.

30+ — 700
—— Current
o0d ECL L 600
-1.31V 1.30V
104 ! + ~500
— 400

Current (UA)
(sjunoo) Aysusiu| 103

-2.0 -1.0 0.0 1.0
Potential (V vs. SCE)

Figure 3.13. Cyclic voltammogram (red) and ECL-voltage curve (blue) of 1 mM
Ru(bpy)z(PFe)2 in acetonitrile with 0.1 M TBAPFg as the supporting electrolyte. Dotted
lines highlight the potentials for the first reduction and oxidation. Scan rate for the cyclic
voltammogram was 100 mV/sec. Bin width = 10.48 msec, number of bins = 14 336,

trigger level = 0.3 V, records per scan = 1.

Next, potential stepping experiments were conducted, using the first oxidation and
reduction potentials of Ru(bpy)s®*, plus an additional 50 mV of overpotential: 1.35 V and
—1.36 V vs. SCE, respectively. This ensures that only the first radical cation and anions
of Ru(bpy)s?* will undergo annihilation, and avoids many complications that arise when
analyzing the mechanisms involving doubly- and triply-reduced radical species. At a
pulsing frequency of 10 Hz (corresponding to a pulse width of 100 milliseconds for each
individual anodic and cathodic step) a peak of approximately 700 000 counts was
observed promptly after the onset of each voltage pulse, followed by a rapid decay to the
baseline (Figure 3.14). This large enhancement in the ECL intensity by using potential

stepping has been well reported for many organometallic and nanocluster luminophores®:
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39 and is commonly attributed to the significantly shorter time delay between the
generation of the radical species required for ECL emission. As a result, more
electrogenerated radicals will successfully undergo electron transfer reactions to form
emissive excited states, and the overall number of ECL photons is increased.
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Figure 3.14. Potential stepping of Ru(bpy)s** between 1.35 V and —1.36 V at 10 Hz (100
msec pulse width). Current shown in red, and ECL photon counts shown in blue, ECL
measured by the H6240-02 photon counting head. Bin width = 40.96 msec, number of
bins = 13 312, trigger level =—1.10 V, records per scan = 1.

This stronger ECL signal in the potential stepping method is directly manifested as a
nearly 1000-fold enhancement in the overall efficiency when compared to the potential
sweep: the absolute efficiencies of these processes were determined to be 3.2 £ 0.1% and
0.0033 + 0.0011%, respectively, through the calibration and correction steps described
above. Here, one can see the significant efficiency discrepancy following varied
electrochemical methods. It is very hard and inaccurate to quantify ECL QE using

Equation 3.1 relative to Ru(bpy)s** ¢ecL.

3.3.2  The Ru(bpy)s**/TPrA ECL coreactant system

Next, the ECL and the associated efficiency of the Ru(bpy)s>*/TPrA coreactant system

was explored. Figure 3.15 shows a cyclic voltammogram of Ru(bpy)s?* with the addition
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of 10 mM of TPrA. During an anodic potential sweep, two consecutive peaks were
observed at 0.82 V and 1.27 V corresponding to the oxidation of tripropylamine and
Ru(bpy)s?*, respectively. A minor, but non-negligible ECL signal is present as early as
0.70 V, followed by a second prominent ECL peak at an onset voltage of 1.10 V, the
latter which increased steadily to a maximum of approximately 2 million counts. The first
and second ECL signals concur well with the scheme proposed by Miao et al. in 2002,
where the TPrA radical (TPrA") can participate in the oxidation of Ru(bpy)s?* to form
Ru(bpy)*, thereby enabling the generation of the excited state Ru(bpy)s*” at potentials
lower than that required for the direct electro-oxidation of Ru(bpy)s®*.*° The prominence
of this first ECL peak due to the interaction between TPrA"and Ru(bpy)* is enhanced at
higher concentrations of TPrA which further supports the oxidative capabilities of the
TPrA radical.
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Figure 3.15. Cyclic voltammogram (red) and ECL-voltage curve (blue) of 1 mM
Ru(bpy)s?* in acetonitrile with 10 mM TPrA. Scan rate for the cyclic voltammogram was
100 mV/sec. Bin width = 2.62 msec, number of bins = 11 264, trigger level = 0.30 V,

records per scan = 1.

The overall efficiency of this system (using potential sweeping) was calculated to be 3.1
+ 0.7% which is a considerable enhancement in comparison with that in the annihilation

CV ECL (approximately 1000-fold). This can be readily explained by the closer potential
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ranges over which the TPrA and Ru(bpy)s®* radical species are generated: in a coreactant

system, only a one-directional potential step is required, significantly reducing the time

before they meet to react.

Potential pulsing experiments were then carried out with this Ru(bpy)s?*/TPrA system

(Figure 3.16). Upon the application of an anodic potential step, there is a sharp increase

in the ECL signal, followed by an exponential decay as the electrogenerated radicals are

gradually depleted. The overall profile of the ECL peak is also much different than the
one observed in annihilation, as it does not fully decay to baseline levels during the

anodic steps. The persistence of the ECL signal is likely due the fact that both TPrA™" and

Ru(bpy)s™ radical anions are being continuously generated over the duration of the

anodic pulse. This behaviour results in the most efficient ECL process discussed thus far,

at 10.0 = 1.1% efficiency. It is worth emphasizing the efficiency discrepancy with varied

electrochemical methods such as CV and chronoamperometry even in a coreactant

system.
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Figure 3.16. Potential step experiment of 1 mM Ru(bpy)s?* with 10 mM TPrA, between

0V and 1.50 V at 10 Hz (100 msec pulse width). Current is shown in red, and ECL

intensity (as photon counts) is shown in blue. Bin width = 81.92 psec, number of bins =

13 312, trigger level = —1.40 V, records per scan = 1.
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The TPrA concentration was then increased to explore the effects of coreactant
concentrations on the ECL efficiency. Table 3.1 contains a summary of the quantum
efficiencies of the annihilation and coreactant (from 5 — 50 mM of TPrA) pathways of
Ru(bpy)s?*. The maximum ECL efficiency for this system was observed at a TPrA
concentration of 10 mM, at 3.1 £ 0.7% and 10.0 + 1.1% for the cyclic voltammetry and
potential stepping methods, respectively. This range of TPrA concentrations has been
reported to be optimal in the past.***3 At higher TPrA concentrations than 10 mM, the
calculated efficiencies began to decrease. This may be due to the imbalance in the
relative concentrations of the electrogenerated radicals of Ru(bpy)s?* and TPrA. The
results suggest that there should exist an optimal ratio between the concentrations of
these two species, one that maximizes the probability of successful electron transfers
between luminophore and coreactant, and therefore results in the greatest amount of ECL
photons produced without needlessly oxidizing or reducing ECL reagents. When the
concentration of TPrA increases above this critical value, the excessive oxidation of
TPrA molecules results in a greater contribution to the electrochemical current compared
to the total ECL photons produced, leading to a reduction in the ECL quantum efficiency.

Some general trends should be noted upon observation of Table 3.1. Firstly, potential
stepping as the driving force for electro-generation of ECL radicals exhibit superior
efficiency in all of our experiments, although this difference is drastically lessened when
a coreactant is introduced. Secondly, the use of TPrA as a coreactant in the ECL system
results in a maximum efficiency enhancement of 1000-fold and 3-fold in the potential
sweeping and potential stepping methods, respectively. Thirdly, there appears to be a
rather precipitous drop in the coreactant ECL efficiency at concentrations greater than 20
mM TPrA per 1 mM Ru(bpy)s?*, which is likely due to ECL quenching by the substantial
excess of TPrA molecules. This was observed by our group on investigation of ECL-QEs
relative to that of Ru(bpy)s?*/TPrA for the Auss/TPrA coreactant system,*? in which the
fraction on the denominator in Equation 3.2 decreases and leads to a mathematical
augmentation of the relative ECL-QE that does not truly reflect the physical and chemical
phenomena involved in ECL reactions and their efficiencies. Lastly, the significance of
redox potential matching between the luminophore and coreactant cannot be understated:

the closer the redox potentials of these two species, the greater the reaction probability
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and the overall ECL efficiency. This is one of the reasons why the Ru(bpy)s®*/TPrA
system is exemplary in this field: the two individual species have very close oxidation
potentials so that the two radicals are generated simultaneously to react, leading to a high
ECL efficiency.

Table 3.1. Calculated quantum efficiencies of the Ru(bpy)s?* annihilation and
Ru(bpy)s?*/TPrA ECL systems. Ru(bpy)s?* concentration was 1 mM for all experiments.
Every experiment was repeated at least three times. Errors provided represent one

standard deviation calculated across individual measurements.

Cyclic voltammetry (CV)* Pulsing stepping (10 Hz)**
Annihilation 0.0033 + 0.0011% 3.2+0.1%
5 mM TPrA 1.5+0.3% 75+1.2%
10 mM TPrA 3.1+£0.7% 100+ 1.1%
20 mM TPrA 1.8 +0.4% 2.0£0.3%
50 mM TPrA 0.8£0.1% 0.5£0.2%

*The second cycle was taken. ** The average of four pulses was taken.

3.4 Conclusions

In conclusion, we have demonstrated in this work a universal and easily implemented
procedure for determining the absolute QE of ECL systems, especially that of coreactant
ECL systems for the first time. We showcase this method by determining the ECL QEs of
Ru(bpy)s?* annihilation and Ru(bpy)s?*/TPrA coreactant systems in various conditions
such as varied electrochemical methods and TPrA concentrations. The procedures
detailed here will guide researchers towards a precise, objective, and reproducible
method for determining the absolute ECL QEs, which will be applicable to other light-
emitting processes, and will ultimately encourage a standardized procedure to compare
efficiencies between different luminophores, long-missed in the field of ECL research.
With possible availability to calibrate a photon counting head by its manufacturer as the
existing calibration service of a photomultiplier tube, our physical strategy to determine
the absolute QE of any ECL systems will be very approachable to researchers in many

scientific fields.
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Chapter 4

This chapter expands on the previous chapter to include methodology and
instrumentation to measure the absolute ECL quantum efficiency with a spectroscopic
approach using a charge-coupled device (digital camera). It is expected that this will

enable significantly wider reach for ECL efficiency measurements presented in this work.

4 The Absolute Electrochemiluminescence Efficiency of
Au Nanoclusters by Means of a Spectroscopy Charge-
coupled Device Cameraf

Currently, a luminophore’s electrochemiluminescence (ECL) efficiency is evaluated by
measuring the ratio of ECL intensity generated by certain number of electrons injected.
Then, this ratio is compared to that of the commercial luminophore, Ru(bpy)s?* under the
same test conditions. However, the ECL intensity from a luminophore will be different
on every instrumental setup due to wavelength-specific interaction of light with
photodetectors. Also, previous absolute ECL techniques require multiple instruments,
each of which has its own wavelength-specific light losses leading to complicated
hardware and calculation requirements. Herein, this manuscript presents an absolute way
to evaluate the ECL quantum efficiency, permitting researchers to quickly compare ECL
results and elucidate ECL mechanisms. This new physical strategy is exemplified with
Auzs’(SC2H4Ph)15 and verified with Ru(bpy)s®* to represent a difficult spectroscopic
challenge and to verify the precision and accuracy of the new technique in comparison to
previously reported absolute measurement values. It is highly recommended for all ECL
researchers to swap relative ECL efficiencies for the absolute ECL quantum efficiency.
Finally, Ru(bpy)s**‘s ECL QE at different TPrA concentrations was evaluated to
understand how the TPrA concentration affects the ECL QE of Ru(bpy)s®*. Along with
our previous publications on Au cluster ECL, discussed are factors influencing the ECL

T This work has been published. Adsetts, J.5; Chu, K.§; Hesari, M.; Whitworth, Z.; Qin, X.; Zhan, Z.; Ding,
Z. Absolute Electrochemiluminescence Quantum Efficiencies of Au Nanoclusters by Means of a
Spectroscopy Charge-coupled Device Camera. J. Phys. Chem. C (2022) 47, 20155-20162. § indicates
equally contributed first author.
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intensity such as the diffusion of electroactive molecules, the stability of radicals, the
reactivity of excited states and the analyte’s reactivity. Profound variations were observed
on this finding, which has large implications for past, current and future relative ECL

efficiencies also discussed in length.

4.1 Introduction

In electrochemiluminescence (ECL) of a luminophore in investigations, most quantum
efficiency measurements are taken relative to that of conventional standard Ru(bpy)s®* by
comparing their ratios of ECL emission to total charge injected in similar conditions

using the following equation:*

ECL Q¢
Dscnx = Pecise* (557) * ()
ECLx ECL,st * ECL,, * 0,

Equation 4.1

where @ec is the ECL efficiency, ECL is integrated photodetector signal, Q is the charge
in units of Coulombs, and st and x denote the standard Ru(bpy)s?* and luminophore,
respectively. The quantum efficiency of Ru(bpy)s**(QE, @ecL ) is commonly referenced
as 5%. However, this result came from the Bard group in 1973 where they used a
relatively high concentration of Ru(bpy)s?* in solution with a rotating ring-disk electrode
(RRDE).? This RRDE was rotating quickly where a ring electrode generates Ru(bpy)s®*
and the disk electrode generates Ru(bpy)*,® which undergo an electron transfer to form an
excited state emitting ECL. However, most ECL experiments are performed in static
solutions and a RRDE is rarely used. Therefore, comparing ECL efficiencies to this
landmark study is often inconvenient and inconsistent. Based on the vast research field on
ECL fundamentals and applications,**® relative @gc. is not enough for quantitative

physical measurements.

Another way to evaluate the ECL QE is through simulations.®-?* Electrochemical
oxidation rate constants of coreactants and luminophores can be found experimentally
and quickly to guide simulations and to predict the ECL QE tendency.*® These ECL QE
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calculations are effective in optimizing the 3D space that ECL is emitted for enhancing

sensing applications.

Literature exists for researchers to measure their own ECL QE that can refer back to the
utilization of a calibrated photodiode prior to charge-coupled device (CCD) cameras.? %
Very recently our group has developed methods by means of a photomultiplier in
photocurrent and photon-counting modes.?” 28 The absolute quantum efficiency (®age)

can be determined through the following simplified equation:?’

- pixel=w
t=x Zpixel:l vphotons (t)

o = j dt = 100 %
4QE t=0 velectrons(t)

Equation 4.2

where @aqe is the percent ratio of photons emitted to electrons injected, Vphotons(t) is the
total photon emission rate on a pixel in units of photons s, X Vphotons(t) is the sum of all
photons in a defined pixel range, w is the width of the pixel array, Velectrons(t) is the
electron input in electrons s and x is the desired integration time to find @age. However,
these methods involve multiple calibrated instrument setups, greatly increasing the
complexity of measurements.?”2° Generally in these methods, a pre-calibrated
photodetector (such as a photodiode, photon counting head or photomultiplier tube), and
a spectrometer are needed to properly evaluate the @aqe of a compound. The calibrated
photodetector such as a photomultiplier tube (PMT) plays a major role, for which
commercial and traceable calibration services are not always available, while most
calibrated photodiodes are not sensitive enough to measure certain ECL signals.
Furthermore, many photodetectors may not be sensitive to certain wavelengths of light in
the near-infrared region, which prevents researchers from properly analyzing their
samples of interest. Having multiple instruments able to collect light over large

wavelength windows can therefore be expensive and challenging.

Herein, we present an instrumentally and mathematically simpler method to determine
@aqe using only a spectrometer coupled with a spectroscopy CCD camera calibrated

against a pre-calibrated photodiode. Generally, this calibration should be carried out for
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the setup once a year and unless the setup is modified, the calibration should be stable.
Commercial calibrations to be provided by the spectroscopy CCD camera will be great
help to implement the instrumentation. This technique is exemplified with a near-infrared
(NIR) emitter, Auas’(SC2H4Ph)1s nanocluster (which will be abbreviated to Auzs), to

demonstrate a relatively difficult spectroscopic challenge.®

4.2 Experimental

4.2.1 Materials and reagents

SureSeal benzene (anhydrous, 99.8%) and acetonitrile (anhydrous, 99.8%) were
purchased from Sigma Aldrich Canada (Mississauga, ON), and stored in an inert
atmosphere. These solvents were mixed in a 1:1 ratio to produce the final solvent mixture
used in electrochemical experiments. Tetrabutylammonium perchlorate (TBAP,
electrochemical grade, >99.0%) was obtained from Supelco, and used as received.
Tripropylamine (TPrA, >98%) was purchased from Sigma-Aldrich Canada, and stored at
4°C. Aups’ was synthesized and characterized following our procedure published

elsewhere.%°

4.2.2  Electrochemistry and ECL

A three-electrode system was used for all electrochemical measurements, where the
working electrode was a platinum disc (2 mm diameter) inlaid in a glass tube, and the
counter and reference electrodes were coiled platinum wires, Figure 4.1. Electrochemical
measurements were conducted inside a cylindrical glass tube with a flat quartz window at
the bottom to allow for the detection of ECL light. The potentiostat used was a CH
Instruments Model 610a electrochemical workstation (CH Instruments Inc., Austin, TX)
or a PAR 263A potentiostat/ galvanostat (EG&G Princeton Applied Research, Oak
Ridge, TN) to generate the constant potential profile. ECL spectra were recorded using a
SP2300i spectrograph (Teledyne Princeton Instruments, Trenton, NJ) with an attached
CCD camera (Andor DU401-BR-DD-352, Oxford Instruments, UK) cooled to —65°C,
Figure 4.1. Wavelength calibration was accomplished using a mercury source (HG-1,

Ocean Optics, Dunedin, FL) using a center wavelength of 546 nm. Spooling ECL spectra
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were acquired each at a time interval of 1 s during a cyclic voltammogram; the obtained

spectra were combined in a three-dimensional plot using a custom MATLAB program.3!

4.2.3  Absolute ECL Quantum efficiencies

AQEs were determined from ECL spectra and chronoamperograms using a MATLAB

program developed in our group with equations described below.

4.3 Results and Discussion

ECL Cell Potentiostat ; ,\

W o w0 1000
Wavelength (nm)

CCD Counts

> Grating

Spectrograph p

Figure 4.1. Instrumental setup for measuring @age with a CCD camera coupled to a

spectrometer.

4.3.1 Instrument setup and measurements

Figure 4.1 displays the entire spectroelectrochemical/photoelectrochemical setup
required for measuring @age With a spectrograph coupled with a CCD camera. Briefly, a
potentiostat applies a working potential to an ECL cell with three electrodes immersed in
a solution of 1:1 benzene:acetonitrile containing 6.25 mM tri-n-propylamine (TPrA), 0.1
M tetrabutyl ammonium perchlorate (TBAP) and 0.1 mM Auzs’. A constant potential of
0.89 V vs. SCE is applied, at which TPrA is oxidized once and Auzs twice to ultimately
produce TPrA" and Auzs®* respectively, seen in the schematic insets of Figure 4.2A, as

we reported elsewhere.*® Accordingly, the electrochemical current-time curve
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(chronoamperogram) is shown in Figure 4.2A. The generated TPrA" and Auzs®* species
can react to produce Auzs™ and an iminium ion (Im*) in the vicinity of the working
electrode.®® This Auzs™* can emit light as ECL with the simplified mechanism shown in

the inset of Figure 4.2B. For more details on Aus’ redox chemistry and Auas*

photoluminescence please refer the Latimer diagram we published elsewhere.* 32
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Figure 4.2. Data for evaluating quantum efficiency for a 0.1 mM Auzs® 1:1
benzene:acetonitrile solution with 6.25 mM TPrA. (A) The current-time curve collected
with a potentiostat is shown along with the two successive oxidation reactions during the
constant potential procedure at 0.89 V. (B) The corresponding accumulation ECL

spectrum with the Auzs/ TPrA ECL mechanism in the inset.
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For this experimental setup, the emitted ECL then enters the spectrometer through a slit
at a controlled width to adjust the light intensity, Figure 4.1. It is assumed here that all
light entering the slit will hit the first mirror and that the whole spectrometer is optically
aligned. The spectrometer will then have the aluminum mirror reflecting the incident
light, then a grating separating light by wavelength, finally another mirror directing the
light onto a 2D CCD camera sensor array to produce a spectrum. For example, the CCD
array used in this report is a 2D pixel array of 1024x127 pixels. This data is then summed
by wavelength into a 1D spectrum seen as the red trace in Figure 4.2B. This is all the

ECL data needed to calculate the @aqe using a CCD camera.

4.3.2  Correction factors in determining the AQE

To determine the @aqe, several corrections for the photon and electron counting have
been considered for everything the photons and electrons interact with. Some of these
factors are not unique to a CCD camera and have been discussed at length elsewhere.?’

The factors specific to this work will be briefly discussed below.

When an ECL photon is initially created, it will pass through the solution it is in and may
be self-absorbed. By comparing a UV-visible absorption spectrum to the ECL emission
spectrum at the same concentration, any self-absorption is quickly apparent by evaluating
the peak overlap. The relevant absorption and emission spectra for the Auas® cluster are
shown in Figure 4.3. Luckily, for this compound, negligible amounts of light are self-

absorbed, meaning that this correction factor (A) is unneeded for this system.
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Figure 4.3. A UV-Vis (red) and corrected ECL (blue) spectrum of Auzs® at the same

concentration. The dashed line is a calculated example of a gaussian peak that could fit
the blue line.

Next, the photons will pass through the Pyrex window on the bottom of our ECL cell; a
transmission spectrum for this material is shown in Figure 4.4. The Pyrex transmits
>90% of the light at 950 nm where a wavelength dependent correction for the Pyrex
absorption must be applied.®* Since the Pyrex window transmission is roughly equal over
the entire spectrum range between 200 and 1100 nm, this wavelength independent

correction factor of 111 % for the Pyrex window should be applied to all data.
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Figure 4.4. Pyrex window transmission percentage.®*

After the Pyrex window, the photon will pass through the slit of the spectrometer (Figure
4.1). Since only a small percentage of the total ECL emission enters the slit, illustrated as
a small part of the yellow light hemisphere in Figure 4.1, the total number of photons

emitted during the ECL process must be corrected from the light measured on the CCD
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camera with the solid angle calculation.? * 2835 With a 1.50 mm x 4.25 mm rectangular
slit, the surface area of the light collected (A) will be 6.38 mm?2. If the distance between
the electrode surface and the spectrometer slit (d) is 20 mm and the proven randomly
emitted ECL is in a perfect sphere centered on the electrode,® the surface area of the total
sphere is 5027 mm?. However, assuming the total upper hemisphere of emitted light hits
the electrode surface, a certain percentage of it will be reflected towards the spectrometer
slit inflating the photon value. For a Pt electrode and a ~950 nm emitter, a platinum
surface will reflect 77 % of the light which requires a reflectance correction (Relec) of

0.77.%® These discussions are summarized in the following equation:

Ospherical = 4rmrd? * (1 + Regec)

Equation 4.3

where ospherical describes the light collected from a spherically emitting point source with
units of spheres. The asphericar for this setup discussed so far will be 2.24 x 107 spheres

collected which is a very small fraction.

The photon will then travel through the spectrometer which generally contains two Al
mirrors and a grating as the schematic in Figure 4.1. Here, a wavelength specific
intensity correction factor is not considered for the sack of simplicity.



89

da.
=
c
(=]
2
Q
3
L M=
210
S
(@]
_C
Q— L ]
10°  ccDsignal 10"
=
S 10 T
o
z
o
10
o
=
(&)
2 ‘lorl.
2
(NN}
S
400 600 800 1000

C. 108 Wavelength (nm)
(]
s
3
(W]
w
.‘gm2
g
©
Rl
=
(W]

N e
10™=700 800 1000

600
Wavelength (nm)

Figure 4.5. (A) The calibration curve for the red LED measured on both the Thorlabs
calibrated photodiode and the CCD camera coupled to a spectrometer. Each point
corresponds to 3 averaged 60 s scans each at a single potential applied to the LED,
ranging from 750 mV to 800 mV. (B) The manufacturer provided QE of a DU401a-BR-
DD Andor CCD camera cooled to —70 °C seen as the red trace. The calibrated QE curve
which considers light losses in the spectrometer and the CCD camera (Q(4)) is seen as the

blue trace. (C) The blue curve from Figure 4.5B multiplied by the gain factor.

A CCD camera calibration of the setup’s QE curve using a known, stable and
wavelength-relevant light source is now required and is the key in the calibration
procedure; the blue trace in Figure 4.5B shows the final result of this calibration while
the red trace in Figure 4.5B is the manufacturer-reported QE of the CCD camera. This

has been performed with a calibrated Thorlabs S120VC silicon photodiode connected to a
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PM100D compact power and energy meter with a bright, stable LED purchased form
Vishay Electronics Limited with a center wavelength of 633 nm. This LED wavelength
range and stability were verified by the CCD camera in Figure 4.6. Briefly, this
calibration was performed by measuring the LED emission for 60 s using both the
CCD/spectrograph setup and calibrated photodiode. In total, five different driving
voltages were used (corresponding to the points in Figure 4.5A) for the LED, where tests
were performed in triplicate and averaged. The unitless calibration value was taken as the
slope of the line of best fit for Figure 4.5A and was found to be 39.1. This means the
LED light measurements on this spectrometer/CCD camera setup should be adjusted 39.1
times higher. Then, this calibration factor was incorporated into the QE of the CCD
camera (red trace) to produce a calibrated QE for the entire setup (Q(4)) shown as the

blue trace in Figure 4.5C.
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Figure 4.6. The stability (top) and the center wavelength (bottom) of the LED calibration

source over a 5 minute scan.

This specific setup’s Q(A) is incorporated into calculations as follows:
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Lo
corr — Q(A)

Equation 4.4

where | is the CCD camera’s signal in counts and the corrected signal lcorr has units of
counts x photons x electrons™. For example, 405 counts at 950 nm and a 41 % quantum
efficiency will yield a lcorr Value of 988 counts x photons x electrons™. In this way, every
pixel in the CCD array is treated as a single photodetector. Also, collecting the intensity
and corresponding wavelength is important for ECL studies where the emission peak
wavelength can shift significantly from their photoluminescence (PL). For example,
carbon quantum dots have many accessible surface states where the maximum

wavelength of ECL emission can shift up to 150 nm from their PL peak wavelength.3>3":
38

It should be noted that the CCD QE from 900-1100 nm drastically drops as seen in
Figure 4.5, blue trace, and approaches 0 around 1100 nm. From Equation 4.4 the CCD
counts collected around 1100 nm would need to be corrected by dividing near 0 to
produce very large lcorr as represented in Figure 4.7B (blue trace). We believe anything
below a 3 % QE correction would introduce too much error into the absolute ECL
determination. Therefore, any wavelengths above 1050 nm with this CCD array are not

considered in this study.
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Figure 4.7. Data transformations for the data in Figure 4.2. (A) The total electron flux
applied to the ECL cell. (B) The red trace shows the generated charge carriers in
electrons on each pixel of the CCD camera by multiplying the counts generated by the
gain factor. The blue trace shows the total photons flux emitted onto each pixel of the

CCD camera in the entire 2 s accumulation.

Previously, setup calibrations and CCD camera QE were accounted for through a
weighted photodetector sensitivity factor (C). This so-called C factor is found by
multiplying the background subtracted and normalized emission spectra (S(1)) by the

CCD camera’s sensitivity (Q(4)) expressed as a ratio as follows:3 2% 239

o) xs(M)da
S *dA
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Equation 4.5

However, this C factor requires all experimental data to be performed on both the

photodetectors and a spectrometer coupled to a CCD camera. This method generally

increases experimental times or leads to significantly increased experimental complexity

relative to the technique presented in this manuscript.

Similar calibration methods are performed commercially. For example, Thorlabs
calibrates photodiodes according to National Institute of Standards and Technology
(NIST) or Physikalisch-Technische Bundesanstalt (PTB) standards where a S120VC

photodiode power sensor that has a wavelength range from 200-1100 nm will have four
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wavelengths calibrated.*® The S120VC includes 200-279 nm, 280-439 nm, 440-980 nm,
and 981-1100 nm calibrations. However, most importantly the calibrated wavelengths
must be as close as possible to the analyte’s wavelengths because of the wavelength-

dependent light loss when light interacts with solid materials.

To complete this photon flux calculation, there are some additional corrections to
consider. Commonly, a gain factor (GF) is used in CCD arrays to amplify the signal from
every pixel where the GF typically has units of electrons x count™. For this camera, a GF
of 12.2 electrons x count™* was provided by the manufacturer.

The CCD array sums the charges produced into a 1D line seen in Figure 4.2B by passing
the collected charges along the pixels. This pixel-to-pixel charge-transfer efficiency of
this CCD camera and most CCD cameras is 99.999 % so a correction is not considered in

this manuscript.*!

These corrections so far have only affected the intensity of the emissions, and not the
wavelength. This wavelength should be calibrated by an external light source that has an
intense and sharp emission peak near the analyte’s emission, such as a Hg lamp for
visible light or a Xe lamp for NIR wavelengths.*? A wavelength-shift is generally applied

to the corrected spectrum to align the spectrometer and CCD array appropriately.

Finally, the accumulation time (t) that was used for the experiment must be considered
which in this case is 2 s. Every correction factor to measure the true number of photons
has now been discussed and the photon flux can be calculated as shown in Figure 4.7B.

With Icorr in unit of counts-photons electron™, all corrections can be applied to convert

lcorr tO Vphotons(t) With unit of photons s sphere pixel™ in the following equation:

GF * CC

Uphotons (t) = Leorr * tx
Orandom

Equation 4.6

The resulting transformation is seen from counts in Figure 4.2B to photon flux in Figure

4.7B. For example, an lcorr 0f 988 counts-photons electrons™, a GF of 12.2 electrons
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count?, a 39.1 calibration factor (CC), t of 2's, and a aspherical Of 2.24 x 107 spheres, a

Vphotons(t) 0f 0.11 x 10° photons s sphere® is determined.

Interestingly, when correcting for CCD array QE, the QE curve (blue trace of Figure
4.7B) descends faster than the edge of the emission (red trace of Figure 4.2B) meaning
the measured maximum wavelength will be greatly shifted. One may realize that the
employed CCD camera was not sensitive to these wavelength peaks (red trace of Figure
4.7B), and likely did not capture the true wavelength maxima. In our lab, we attempted to
measure ECL spectrum of the same Au2s?/ TPrA coreactant system on an InGaAs camera
to determine the maximum wavelength emission. However, due to the low InGaAs QE, a

well-defined spectrum could not be acquired.

Correcting the measured electrons is much simpler than the photons. When applying a
potential, a percentage of the current is not involved in redox reactions but rather other
non-redox processes is known as the non-Faradaic current. This non-Faradaic current can
easily be measured by performing the same experiment but at a potential where no redox
reactions occur. More details on this calculation are reported elsewhere.?” 28 For this
study, the potential was held at 0 V for 2 s and the charge was calculated. For this scan,
99 % of the current was Faradaic current which requires a non-Faradaic current
correction factor (NFCCF) of 0.99. Combining the current with this NFCCF factor and
the elementary charge constant (ge) of 1.60 x 10° C electron in the following equation:

i* NFCCF
de

Velectrons =

Equation 4.7

the electron flux (Velectrons) IS generated. Taking a single data point which is the highest
current from Figure 4.2A of 70 pA and using Equation 4.7 a Velectrons Of 430 x 1012

electrons per second is calculated.

The NFCCF remained constant for all tests as predicted. There should not be significant

deviation of the non-Faradaic current between tests that use the same potentials and
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concentrations. However, one test did have slightly different electrons injected. This may

be due to small differences in coreactant concentration between tests.

4.3.3  ®acge of the 0.1 mM Auzs%/6.25 mM TPrA coreactant system

The final @aqe determination proceeds as described using Equation 4.2. For example,
summing up the red trace of Figure 4.7B yields 18.1 x 10° photons s sphere, then
multiplying by the CCD camera accumulation time of 2 s and one whole sphere yields
36.2 x 10° photons. Integrating the electron flux by time in Figure 4.7A yields a total of
552 x 102 electrons. Dividing the total photons by total electrons and multiplying by 100
yields a @aqe of 0.0066 %. Overall, the constant voltage @qe for the Auzs® / 6.25 mM
TPrA system was found to be 0.0062 % from an average of 3 separate trials with all data

summarized in Table 4.1.

Table 4.1. The ECL QE values determined from the test in Figure 4.2 and two other

replicate tests.

Constant NFCCF Total Total Auzs/ TPrA dge (%)
Potential Photons Electrons
Voltage (V) (x 10%?) (x 10%?)
0.85 0.99 0.0362 559 0.0066
0.85 0.99 0.0370 669 0.0055
0.85 0.99 0.0368 552 0.0067

For the first time, the @age is reported using only a calibrated CCD camera and
spectrograph setup. In addition, for the first time, the @aqe of a Au nanocluster / TPrA
coreactant system is reported. Since the @aqe is rather new, there are very few
compounds available for @age TPrA coreactant comparisons. There are currently
Ru(bpy)s?* / TPrA coreactant systems tested and Ir(ppy)s / benzoyl peroxide (BPO)
systems tested, but these experiments employed compounds with much different

concentrations, and a direct comparison is therefore difficult.?8 43
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4.3.4  ®ace verification with 1 mM Ru(bpy)s?* in pulsing mode

To verify the accuracy and precision of this new strategy to determine @age by means of
a CCD the conventional standard ECL emitter, Ru(bpy)s®* that has a known @age value
tested in the annihilation pathway was determined to produce Figure 4.8.2” This test is a
pulsing experiment in annihilation pathway for a 1 mM Ru(bpy)s(PFs) in acetonitrile
containing 0.1 TBAPFe with a pulsed potential range between —1.6 and 1.0 V ata
frequency of 10 Hz. Figure 4.9 shows the total photon flux, as well as the corresponding
current. The @aqe for this 10 Hz pulsing test was determined to be 0.64 %, which was
averaged between 5 separate 50 s scans. This @age value is very close to previous
studies, but a PMT and a CCD camera were used to find @age values of 1.0 %.%” These

similar values again attest to the accuracy of the presented CCD ®aqe technique.
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Figure 4.8. Spooling ECL spectroscopy of Ru(bpy)s(PFe)2. A solution of 1 mM
Ru(bpy)s(PFs)2 and 0.1 M TBAPFs in acetonitrile was pulsed between —1.6 and 1.0 V vs.
Pt wire to produce this spooling spectrum which was collected by a spectrometer coupled
to a CCD camera. Each spectrum is a 1 s accumulation and 50 accumulations were taken
in total. Calculations converting CCD counts to photon flux were carried out by using

Equation 4.6.
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Figure 4.9. A 1 mM Ru(bpy)s(PFs)2 and a 0.1 M TBAPF solution in acetonitrile pulsed
at 10 Hz between —1.6 and 1.0 V vs. Pt wire. The total summed photon flux is calculated
from the equations described earlier and are plotted on the left y-axis. The electron flux is

plotted on the right y axis.

Figure 4.8 is also significant because commonly, researchers test ECL using a
photodetector such as a PMT and then perform the exact same scans over a CCD camera
and spectrograph setup. Separating testing of @aqe and wavelength creates a temporal
and instrumental disconnect between intensity and emissions where emissive or spectral
instabilities in some luminophores will provide inconsistent @aqe results. Collecting both
intensity and wavelength data simultaneously directly connects @aqe values to
wavelength data, eliminating this problem. Furthermore, the emissive stability
luminophores can be assessed, where Figure 4.8 displays that the Ru(bpy)s* annihilation
maximum emission of about 3 x 10° gradually increases by a factor of 5 after 10 s to 15 x
10° photons s* sphere™ where it remains constant for 40 s. The above demonstrates a
very high stability of Ru(bpy)s?>* ECL in the annihilation pathway upon potential pulsing.

435  @ageof 0.1 mM Ru(bpy)s?* with various TPrA concentrations
and discussion on ®age of other Au clusters

One final benefit of the @aqe over the relative @eci technique is illustrated in
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Table 4.2 in which the @age of 0.1 mM Ru(bpy)s?* in 1:1 acetonitrile:benzene was
measured in three replicates using various TPrA coreactant concentrations in a constant
potential mode at +1.50 V. Interestingly, the electrochemical current proportionally
increased with augmented TPrA concentration as expected but the ECL intensity
drastically decreases. This is likely because the excited state Ru(bpy)s>** can react with
excess TPrA, resulting in quenching of the ECL emission. While increasing the TPrA
concentration from 6.25 mM to 200 mM, the @age of Ru(bpy)s?* decreased almost 500
times from 3.2 x 107 % to 6.5 x 10 %. Ru(bpy)s?*’s @aqe value therefore drastically
changing with the TPrA concentration. These dynamic @eci values are illustrated in our
past papers. In our group’s Chem. Eur. J. paper that analyzed Auig the @gcL increased 45
times from 5.5 % at 6.25 mM TPrA to 249 % at 200 mM TPrA.% Also, in our group’s
paper that analyzed Ausg, the @ecL increased 65 times from 13 % at 6.25 mM TPrA to
836 % at 200 mM TPrA.** Finally, in our report on Auz1(SR)1s the @eci increased 230
times from 1,010 % at 6.25 mM TPrA to 230,811 % at 100 mM TPrA.* For each of
these discussed Au nanocluster @eci paper, our research group reported a modest @ecr
value for each cluster typically around 50 mM TPrA because of the difficulty interpreting
the large @eci values at high TPrA concentrations. However, these @gci values can be
better understood if the newly presented @aqe physical strategy is used. In all cases, it
appears the Au nanocluster @aqe values remain constant whereas the Ru(bpy)s** ®@age
steadily decreases as the TPrA concentration is increased. This reactivity difference is
likely due to the higher energy of the Ru(bpy)s®* excited states with emissions of 660 nm
instead of ~900 nm from Au nanoclusters. This higher energy excited state may be more
reactive, forming non-emissive excimers or exciplexes, which will relatively decrease the

Dpqe Values.
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Table 4.2. ECL QEs of 0.1 mM Ru(bpy)s(PFs)2 in 0.1 M TBAPF¢ 1:1
benzene:acetonitrile solution with various TPrA concentrations under constant potential
of 1.5 V.

TPrA Concentration Total Photons ~ Total Electrons  Ru(bpy)s?* / TPrA

(mM) (x 10%) (x 10%) Daqe (%)
6.25 0.0052 150 3.4 x10°
12.5 0.0045 270 1.5x 1073
25 0.0016 540 3.0x 10%
50 0.00042 1100 4.0 x 10
100 0.00016 1700 9.1x 10
200 0.00014 2200 6.4 x 106

The ECL process can be complicated by factors influencing the ECL intensity such as the
diffusion of electroactive molecules, the stability of radicals, the reactivity of excited
states (evidenced above) and the analyte’s reactivity between itself in the annihilation
pathway or coreactants in the coreactant pathway. Herein, this newly presented @aqe
technique allows deconvoluting many of these variables and parameters. Furthermore,
wavelength-specific light losses due to unique hardware setups of different researchers
must be accounted for because these wavelength specific light losses will modify @ec.
and @aqe when measuring luminophore’s that have different maximum wavelengths than

the commercial standard Ru(bpy)s**.

4.4 Conclusions

Herein, a new methodology to determine ECL @aqe of was presented which requires less
instrumentation and less calculations relative to the ECL photon counting head (PCH)
and PMT @aqe techniques presented by our research group previously.?” 2 The @aqe of
Aups® was determined to be 0.0062 % and our past ECL studies of Au nanoclusters were
reconsidered in the context of @aqe instead of relative @ecL. This method was verified to
investigate Ru(bpy)s* in the same conditions as previous @aqe studies to find very
similar @aqe values reported in those studies.?” This agreement attests to the precision
and accuracy of our new technique. This new ECL CCD ®aqe technique permits analysis
of the wavelength of the emission during potential scans or extended pulsing. In a pulsing

2+

study, Ru(bpy)s“"’s max emission wavelength was found to be stable over 50 s whereas
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the intensity tripled from its origin over this 50 s. Our physical strategy is by no means
limited to Au clusters and Ru(bpy)s*, which is anticipated to be widely utilized in ECL
of vast variety of luminophores.

To consider all factors affecting the ECL efficiency properly and objectively for specific
luminophores, it is simpler to consider just the @age (absolute) value instead of both
Ru(bpy)s?* and the luminophore in ®ecy in a relative measurement. Our research group
recommends using the @age method to understand how all discussed ECL factors can
affect the ECL performance of specific luminophores. Such an analysis will then closely
resemble other well-established research disciplines such as light emitting diode (LED)
research, where luminosities and luminous efficiencies for luminophores and devices are

paramount.
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Chapter 5

Chapter 5 begins the data chapters where we investigate novel luminophores for their
light emitting properties. In this chapter, we explore a series of Pt-Ag nanoclusters,
whose exceptional photoluminescent quantum yields prompted a thorough exploration
into their electrochemical and electrochemiluminescence properties for potential
applications in light-emitting devices.

5 Nanocluster Transformation Induced by SbFs~ Anions
Toward Boosting Photochemical Activities’

The interactions between SbFe and metal nanoclusters are of significance for customizing
clusters from both structure and property aspects; however, the whole-segment
monitoring of this customization remains challenging. In this work, by controlling the
amount of introduced SbFe™ anions, the step-by-step nanocluster evolutions from
[Pt1Ag2s(S-Adm)1g(PPh3)4]Cl2 (Pt1Agas-Cl) to [PtiAg2s(S-Adm)1s(PPhs)a] (SbFe)2
(Pt1Ag2s-SbFg) and then to [Pt1AgsoCli(S-Adm)1s(PPhs)s](ShFe)s (Pt1Agso-ShFe) have
been mapped out with x-ray crystallography, with which atomic-level SbFs™ counterion
effects in reconstructing and rearranging nanoclusters are determined. The structure-
dependent optical properties, including optical absorption, photoluminescence, and
electrochemiluminescence, of these nanoclusters are then explored. Notably, the PtiAgso-
SbFs nanocluster was ultrabright with a high phosphorescence quantum yield of 85% in
N2-purged solutions, while PtiAg.g nanoclusters were fluorescent with weaker emission
intensities. Furthermore, PtiAgso-SbFe displayed superior electrochemiluminescence
(ECL) efficiency over PtiAgos-SbFs, which was rationalized by its increased effectively
exposed reactive facets. Both Pt1Agso-SbFe and Pt1Agos-SbFs demonstrated
unprecedented high absolute ECL quantum efficiencies at sub-micromolar

T This work has been published. Wei, X.§; Chu, K.§; Adsetts, J.; Li, H.; Kang, X.; Ding, Z.; Zhu, M.
Nanocluster Transformation Induced by SbFs~ Anions Toward Boosting Photochemical Activities. J. Am.
Chem. Soc. (2022) 144, 20421-20433. Sindicates equally contributed first author.
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concentrations. This work is of great significance for revealing the SbFs™ counterion

effects on control of both structures and luminescent properties.

51 Introduction

The excitement generated by metal nanoclusters has been fueled by the endless
possibilities they offer for fundamental research at the atomic level, and for promising
applications in catalysis, sensing, nanoelectronics, energy production, and biology.1*°
The realization of many of these promises, however, hinges on the development of
effective strategies to control their geometric/electronic structures, which plays a
prominent role in determining their physical/chemical properties.!*?® This remains a
priority target for nearly all existing metal nanoclusters. To date, several efficient
approaches have been proposed in this respect, including the alloying to control their
kernel compositions,?*28 the ligand-exchange to tailor their surface structures,?®=? the
assembly to direct their aggregates,®*3® and so on. Such manipulations allow the atomic-
level understanding of structure-property correlations, which in turn benefit the

directional preparation of cluster-based nanomaterials for their applications.>°44

It is plausible that the control over counterions serves as another efficient approach to
manipulate the intra- or inter-cluster architectures of metal nanoclusters and to dictate
their physical-chemical properties as investigated by us, Lee’s and Pradeep’s groups.**’
In general, most counterions (e.g., TOA*, PPhs*, BPhs, and so on) have a minor impact
on intracluster architectures, but can remarkably influence their packing modes in the
supracrystal lattice. The SbFe counterion, by contrast, is unique in this respect: the
interaction between its F terminals and surface metals in nanoclusters can induce both the
reconstruction of intracluster structures and the rearrangement of cluster molecules in the
supracrystal lattice.*®-5° Chen et al. reported the Ag-F interaction triggered intercluster
connection in the crystal lattice,*® and the Balch group presented several cases of the
SbFs™ counterion effect in reconstruction and rearrangement of Au(l)-based complexes.*
%0 In many relevant cases, excess SbFs™ counterions are required to reach the steady-state
of metal clusters.*®->° However, the whole-segment monitoring of this reconstruction of
metal nanoclusters in the presence of SbFe remains challenging, and the research of

SbFe counterion effect in regulating the physical-chemical properties of nanoclusters is
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still limited up to the present, which impedes the in-depth understanding of the SbFs’

counterion effect in the cluster science.

Herein, we present a new demonstration of the profound effect of the SbFs™ counterion in
reconstructing metal nanoclusters, leading to a boosting of their photochemical and
photoelectrochemical properties. By controlling the amount of introduced SbFs
counterions, the step-by-step nanocluster evolution from [Pt1Agzs(S-Adm)ig(PPhs)4]Cl2
(Pt1Ag2s-Cl) to [Pt1Ag2s(S-Adm)1s(PPh3)s](SbFe)2 (PtiAg2s-SbhFe) and [PtiAgaoCli(S-
Adm)18(PPh3)3](SbFe)3 (Pt1Agso-SbFe) has been mapped out via crystallography.
Structurally, the SbFe™ counter ion effects are evaluated from two aspects: the
reconstruction of nanocluster structures, which refers to the molecular chemistry, and the
rearrangement of crystalline cluster molecules, which touches upon the supramolecular
chemistry. The newly obtained PtiAgso-SbFs display significantly enhanced
photochemical and photoelectrochemical activities relative to Pt1Ag2s-Cl and PtiAgos-
SbFes nanoclusters, leading to the boosted photoluminescence and
electrochemiluminescence efficiencies. Such enhancements on the activities have been
rationalized by analyzing the exposed reactive facets available to undergo electron

transfer reactions of these metal clusters.

5.2 Experimental

5.2.1 Chemicals

All reagents were purchased from Sigma-Aldrich and used without further purification,
including silver nitrate (AgNOs, 99% metals basis), hexachloroplatinic (1V) acid
(H2PtCls-6H20, 99.9% metals basis), adamantane-1-thiol (C1oH1sSH, HS-Adm, 95%),
triphenylphosphine (PPhs, 99%), sodium borohydride (NaBHa4, 99.9%), sodium
hexafluoroantimonate (NaShFe, 99%), methylene chloride (CH.Cl., HPLC, Aldrich),
methanol (CH3OH, HPLC, Aldrich), ethyl acetate (CH3COOC;Hs, HPLC, Aldrich), ether
(C2Hs0C2Hs, HPLC, Aldrich), tetrabutylammonium hexafluorophosphate (TBAPFs,
electrochemical grade, >99.0%), ferrocene (Fc, 98%), SureSeal anhydrous
dichloromethane (DCM, >99.8%). Tri-n-propylamine (TPrA, reagent grade, >98%) was
obtained from Sigma-Aldrich Canada and was stored at 4°C.
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5.2.2  Synthesis of [Pt1Ag2s(S-Adm)1s(PPh3)4]Cl2 (Pt1Ag28-Cl)

For the nanocluster synthesis, AGQNO3z (29 mg, 0.17 mmol) and H2PtCls-6H.0 (5 mg, 0.01
mmol) were dissolved in CH3COOC:Hs (35 mL) and CH3OH (5 mL). The solution was
vigorously stirred (1200 rpm) with magnetic stirring. After 15 minutes, Adm-SH (0.1 g)
and PPhs (0.1 g) were added simultaneously and the reaction was proceeded for another
90 minutes. After that, NaBH4 aqueous solution (1 mL, 20 mg mL™) was added to the
above mixture. The reaction was allowed to proceed for 36 hours. After that, the aqueous
layer was removed, and the mixture in the organic phase was rotavaporated under
vacuum. Then approximately 30*3 mL of CH3zOH was used to wash the obtained
nanocluster. The precipitate was dissolved in CH2Cl., which produced the Pt;Ag2s-Cl
nanocluster. The yield is 45% based on the Ag element (calculated from the AgNO3) for
the synthesis of PtiAgzs-Cl.

5.2.3  Transformation from Pt1Ag2s-Cl to [Pt1Ag2s(S-
Adm)1s(PPhz)4](SbFe)2 (Pt1Ag2s-SbFe)

30 mg of Pt1Agzs-Cl was dissolved in 50 mL of CH2Cl,. The solution was vigorously

stirred (1200 rpm) with magnetic stirring. Then, 2 mg of NaSbFs (Mciuster:Msbrs = 1:2)

was added and the reaction was allowed to proceed for 10 minutes. After that, the organic

phase (dark red) was rotavaporated under vacuum to produce the Pt1Ag2s-SbFe

nanocluster.

5.2.4  Transformation from Pt1Ag2s-Cl to [Pt1Agz0Cl1(S-
Adm)1g(PPh3)3](SbFs)3 (PtiAgzo-SbFs)

30 mg of Pt1Agos-Cl was dissolved in 50 mL of CH2Cl». The solution was vigorously

stirred (1200 rpm) with magnetic stirring. Then, 10 mg of NaSbFe (Mciuster:Msbrs = 1:10)

was added and the reaction was allowed to proceed for 10 minutes. After that, the organic

phase (dark red) was rotavaporated under vacuum to produce the Pt1Agzo-SbFe

nanocluster.
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5.2.5 Transformation to Pt1Agzs-Cl to polydispersed Pt-Ag
compounds

30 mg of Pt1Ag2s-Cl was dissolved in 50 mL of CH2Cl,. The solution was vigorously

stirred (1200 rpm) with magnetic stirring. Then, 30 mg of NaSbFe (Mciuster:Msbrs = 1:30)

was added and the reaction was allowed to proceed for 10 minutes. After that, the organic

phase (pale yellow) was rotavaporated under vacuum to produce polydispersed Pt-Ag

compounds.

5.2.6  Crystallization of Pt1Ag2s-SbFs and PtiAgzo-SbFe

Nanoclusters were crystallized in a CHCl./ether system with a vapor diffusion method.
Specifically, 20 mg of clusters was dissolved in 5 mL of CH2Cl», and the obtained
solution was then vapor diffused by 50 mL of ether. After 7 days, crystals of PtiAgos-
SbFes and Pt1Agai-SbFs were collected and subjected to X-ray diffraction to determine
their structures. The CCDC numbers of Pt1Ag2s-SbFs and PtiAgso-ShFe are 2054288 and
2054214, respectively.

5.2.7  X-ray crystallography

The data collection for single-crystal X-ray diffraction of Pt1Ag2s-SbFs and Pt1Agso-SbFs
was carried out on Stoe Stadivari diffractometer under nitrogen flow, using graphite-
monochromatized Cu Ka radiation (A = 1.54186 A). Data reductions and absorption
corrections were performed using the SAINT and SADABS programs, respectively. The
electron density was squeezed by Platon. The structure was solved by direct methods and
refined with full-matrix least squares on F? using the SHELXTL software package. All
non-hydrogen atoms were refined anisotropically, and all the hydrogen atoms were set in
geometrically calculated positions and refined isotropically using a riding model.

5.2.8  Preparation of nanocluster crystalline films

The concentration of the CH2Cl,/CH3OH (5:5 of the volume ratio) solution of these three
nanoclusters was set as 30 mg/mL and then the solution was filtered with a 0.2 um
syringe filter. The solutions were stored for 12 hours before use. 50 uL of the solutions
were dropped onto a quartz substrate, and spin-coated (using LAURELL WS-650MZ-



109

23NPPB) at 1000 rpm for 60 s. The cluster-impregnated quartz substrate was dried in the

air for 12 hours before the optical property characterization.

5.2.9  Electrochemistry and spectroscopy

A three-electrode system was used for all electrochemical measurements, where the
working electrode was a platinum disc (2 mm diameter) inlaid in a glass tube, and the
counter and reference electrodes were coiled platinum wires. All potentials were reported
relative to the Fc/Fc* redox couple where the formal potential was taken to be 0.342 V vs.
SCE.™! Electrochemical measurements were conducted inside a cylindrical glass tube
with a flat quartz window at the bottom to allow for the detection of ECL light. The
airtight ECL cell was assembled inside a nitrogen atmosphere glovebox (Model Nexus I,
Vacuum Atmospheres Company, Hawthorne, CA) to ensure the absence of oxygen and
moisture. For coreactant experiments which required the addition of volatile reagents, the
ECL cell was purged with argon gas for at least 30 seconds. The potentiostat used was a
CH Instruments Model 610a electrochemical workstation (CH Instruments Inc., Austin,
TX). ECL emission was measured using a photomultiplier tube (Model R928,
Hamamatsu, Japan) biased at =750 V, where the output signal as photocurrent was
converted in a voltage for data acquisition using a picoammeter (Keithley 6487,
Cleveland, OH). The electrochemical current and the ECL signal were recorded using a
data acquisition board (DAQ Model 6036E, National Instruments, Austin, TX) and
acquired using a custom LabVIEW program. ECL spectra were recorded using a
spectrograph (Model SP2300i, Princeton Instruments) with an attached CCD camera
(Andor DU401-BR-DD-352, Oxford Instruments, UK) cooled to —65°C. Wavelength
calibration was accomplished using a mercury source (HG-1, Ocean Optics, Dunedin,
FL) using a center wavelength of 546 nm. Accumulation ECL spectra were acquired by
collecting all emission generated over the entire cyclic voltammogram program. Spooling
ECL spectra were acquired each at a time interval of 0.5 s during a cyclic voltammogram;
the obtained spectra were combined in a three-dimensional plot using a custom
MATLAB program.® Photoluminescence (PL) spectra were collected using the same
spectrograph and CCD camera set, where the nanocluster sample (solvated in DCM in a

quartz cuvette) was optically excited using a 532-nm laser (Coherent Verdi V5, Santa
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Clara, CA). A 532 nm long-pass filter (Semrock RazorEdge, West Henrietta, NY) was
used to isolate the laser emission, and the acquisition time was 1 ms for all PL spectra.
Spooling PL spectroscopy was performed by scanning the applied potential from 0.0 V to
anodic region for a nanocluster solution in dichloromethane in a 0.5 mm thin layer
spectroelectrochemical cell, where a Pt mesh was the working electrode, and Pt coils
were the counter and reference electrodes. The 532 nm laser and spectrograph/CCD set as
described above was used to photoexcite the nanoclusters and record the PL spectra,
respectively, during the potentiodynamic scan. For all measurements, the spectrum
recording was synchronized by means of a5 V TTL pulse output from the potentiostat at

the beginning of the potential scanning.

5.2.10 Characterization

The UV-vis absorption spectra of nanoclusters were recorded using an Agilent 8453
diode array spectrometer.

Photo-luminescence (PL) spectra were measured on an FL-4500 spectrofluorometer with
the same optical density (OD) of 0.05. Absolute quantum yield (QY) was measured with
dilute solutions of nanoclusters on a HORIBA FluoroMax-4P.

Electrospray ionization mass spectrometry (ESI-MS) measurements were performed by
MicrOTOF-QIII high-resolution mass spectrometer. The sample was directly infused into

the chamber at 5 pL/min. For preparing the ESI samples, nanoclusters were dissolved in

CHCI2 (1 mg/mL) and diluted (v/v = 1:2) by CH30H.

Energy-dispersive X-ray spectroscopy (EDS) analyses were performed on a JEOL JEM-
2100F FEG TEM operated at 200 kV. Nanocluster powder samples were used for the

analysis.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo
ESCALAB 250 configured with a monochromated Al Ka (1486.8 eV) 150 W X-ray
source, 0.5 mm circular spot size, flood gun to counter charging effects, and analysis

chamber base pressure lower than 1 x 10 mbar.
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Inductively coupled plasma-atomic emission spectrometry (ICP-AES) measurements
were performed on an Atomscan advantage instrument from Thormo Jarrell Ash
Corporation (USA).

5.2.11 Determination of the absolute ECL efficiency

Determination of the ECL quantum efficiency (ECL-QE) was accomplished by
evaluating the ratio between the number of photons emitted by the ECL system as
measured by the spectrograph/CCD array described above to the total injected charge
determined by the electrochemical workstation. Recalibration of the manufacturer
provided quantum efficiency curve of the Andor CCD camera was performed using a
light-emitting diode with a peak wavelength of 630 nm (Model TLHK46Q1R2, Vishay
Semiconductors, Malvern, PA) against a calibrated silicon photodiode (S120VC,
Thorlabs, Newton, NJ) attached to an optical power meter (Model PM100D, Thorlabs),
as shown in Equation 5.1. This calibration factor was determined to be 9.4 calibrated
photons/uncalibrated photons. The “calibrated” quantum efficiency curve was then used
to convert instrument counts to emitted photons, where the counts for all illuminated
pixels were summated across the spectral range of interest (300 to 1150 nm); total
corrected photons were obtained after applying correction factors for the distance
between the electrode surface and the photodetector, self-absorption of the luminophore
solution, and the reflection of light from the electrode surface (Equation 5.2). The total
charge was obtained by integrating the measured current over the duration of an
electrochemical experiment with respect to time. Conversion to electrons was achieved
using the elementary charge constant (1.602 x 10%° C); a faradaic correction factor of
99% corresponding to the proportion of the current involved in oxidation or reduction
was applied (Equation 5.3). Finally, the ratio between the number of total photons and

the total electrons is the absolute quantum efficiency (Equation 5.4).

Calibrated OF ¢ _ electrons 1 Calibrati _ Ctounts
alibrated QE Curve = photon X 127 electrons < C@libration factor = photon
count

Equation 5.1
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c ted phot Counts Absorh 1 1
= X X X
orrected photons Calibrated QE Curve sorbance Distance Reflect
Equation 5.2
[ Current - dt ,
Total electrons = — X fara correction
Equation 5.3
ECL- (% Photons
=—X
oz (%) Electrons
Equation 5.4

53 Results and Discussion

5.3.1  Synthesis and structure evolution

Pt1Ag2s-Cl was prepared via an in-situ synthetic procedure. The counterion CI” in
Pt1Agzs-Cl has been confirmed (Figure 5.1).%% % We first introduced a small amount of
SbFs™ (cluster/NaSbFs = 1/2) to the solution of Pt1Agos-Cl to produce the Pt1Agos-SbFs
nanocluster. The PtiAgzs-SbFe was crystallized by diffusing the ether vapor to the

CH.Cl; solution of the nanocluster, the same as that of Pt1Ag2s-Cl.

(A) Crystal structure (B) Energy-dispersive X-ray spectroscopy result

......

Figure 5.1. (A) Total structure of [Pt1Ag2s(S-Adm)1s(PPh3)4]Cl2. No CI counterion was

observed in the crystal lattice because of the high disorder of these Cl atoms, which has
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been demonstrated in previous works (Chem. Sci., 2017, 8, 2581; Chem. Sci., 2020, 11,
1691). Color legends: dark green, Pt; blue, Ag; red, S; magenta, P; gray, CI; pale gray, C;
white, H. (B) The presence of counterion CI™ in [Pt1Ag2s(S-Adm)ig(PPh3)4]Cl2 has also
been verified by the energy-dispersive X-ray spectroscopy measurement.

The crystal structure of Pt1Agos-SbFe was then determined (Figure 5.2), and its structural
comparison to Pt1Agzs-Cl was presented in Figure 5.3. Both Pt1Agzg nanoclusters
comprise a face-centered cubic (FCC) Pt1Agi2 kernel and four Aga(S-Adm)es(PPhs)1
surface units, and these four Ags(S-Adm)s(PPhz): units make up an overall spherical
Ag16(S-Adm)1g(PPhz)4 shell via sharing the vertex thiol ligands. Owing to the substitution
of CI" counterions by SbFg, these two PtiAgos nanoclusters exhibit different
configurations (Figure 5.3A, Figure 5.3B). The Pt1Agi2 kernel in PtiAgzs-Cl follows a
distorted FCC configuration (Figure 5.3C), whereas the configuration of the PtiAg12
kernel in Pt1Agos-SbhFs is a standard FCC (Figure 5.3D). Such a kernel transformation
(i.e., from distorted FCC to standard FCC) has also been discovered in the kernel metal or
vertex phosphine control of the PtiAgzs nanocluster.> *® Besides, the Aga(S-
Adm)s(PPh3)1 surface unit in PtiAges-Cl is asymmetric, and the maximum difference of
Ag-S bond length is 0.88 A (3.21 A — 2.33 A; Figure 5.3C); by comparison, this unit in
Pt1Agzs-SbFs is more symmetric, presenting a maximum of 0.26 A difference of Ag-S
bond length (2.82 A — 2.56 A; Figure 5.3D). In this context, although the

Pt1Agi2(core) @Agis(S-Adm)1s(PPhz)s(shell) configuration of Pt1Agos nanocluster
remains with the counterion substitution process, the SbFe” counterion shows its effects in
adjusting both core and shell structures to introduce a higher symmetry to the overall

structure.
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Figure 5.2. Total structure of [Pt1Ag2s(S-Adm)1s(PPh3)4](SbFe)2. In this figure, one of
three SbFs™ counterion are in 100% occupancy, and the other two are in 50% occupancy.
In this context, the number of SbFe counterions are two, fitting with the [Pt1Ags(S-
Adm)18(PPh3)4](SbFe)2 formula in ESI-MS. Color legends: dark green, Pt; blue, Ag; red,
S; magenta, P; pale gray, C; white, H; orange, Sb; pink, F.
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Figure 5.3. Structure comparison between Pt1Agzs-Cl and Pt1Agzs-SbFs nanoclusters. (A)
Total structure of Pt1Agos-Cl. (B) Total structure of PtiAges-SbFe. (C) Distort FCC
Pt1Ag12 kernel and asymmetric Aga(S-Adm)s(PPhs)1 surface structure of Pt1Agzs-Cl. (D)
FCC Pt1Ag:12 kernel and symmetric Aga(S-Adm)s(PPhs): surface structure of PtiAgos-
SbFe. Color legends: dark green sphere, Pt; dark blue sphere, kernel Ag; blue sphere,
surface Ag; red sphere, S; magenta sphere, P; gray sphere, Cl; orange sphere, Sbh; pink
sphere, F. For clarity, all C and H atoms are omitted.

The further addition of SbFe™ to the CH2Cl solution of PtiAgzs-Cl (cluster/NaSbFe =
1/10) yields a size-growth nanocluster, Pt1Agso-SbFs. Such a transformation suggests the
progressive influence of the SbFe¢ counterion to the nanocluster structure. Specifically,
the small amounts of SbFe™ can just substitute the CI- counterion in Pt1Ag2s-Cl and
slightly adjust the structure of Pt1Ages simultaneously. In contrast, the overall structure of
Pt1Ag2s is thoroughly reconstructed with the existence of a large amount of the SbFs.
The cluster reconstruction may result from the nonnegligible interaction between the F in
SbFs™ and the Ag atom on the surface of these Pt-Ag nanoclusters,*® albeit no Ag-F bond
has been observed in both PtiAg2s-SbFs and Pt1Agso-SbFs. Besides, the two incorporated
Ag" along with the transformation from Pt1Agzs-Cl to PtiAgso-SbFs should come from
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the destruction of the PtiAg2s-Cl precursors. Since the structures of Pt1Ag2s-Cl and
Pt1Agzo-SbFs are totally different in terms of their kernel and shell configurations, we
speculated that such a structural transformation should be a destruction-reorganization
process.

Structurally, the Pt1Agso nanocluster contains an icosahedral PtiAgi2 kernel (Figure
5.4A), which is first wrapped by three Ag2(S-Adm)s(PPhs): units to make up a PtiAgis(S-
Adm)g(PPhs)s structure (Figure 5.4B, Figure 5.4C). Of note, the FCC configuration of
Pt1Ag12 in Pt1Ages-Cl converts into the icosahedron with the transformation from
Pt1Ag2s-Cl to Pt1Agso-SbFs, and such a conversion has also been observed in the thiol
ligand and control of PtiAgzs nanoclusters.®” % The PtiAgis(S-Adm)e(PPhs)s structure is
further covered by a Cl ligand and an Ags(S-Adm)g cap that is composed of three Aga(S-
Adm)4 ring units via sharing three Ag-SAdm edges (Figure 5.4D, Figure 5.4E). The
introduced ClI ligand is proposed from the CI counterion of the Pt;1Ag2s-Cl nanocluster.
Then, the obtained Pt1Ag27Cl1(S-Adm)1s(PPha)s structure is further stabilized by three Ag
linkers, and these Ag linkers (labeled in orange) connect the surface Age(S-Adm)g cap
(labeled in green) and the Age(S-Adm)e(PPhz)z bottom (labeled in blue) (Figure 5.4F-
Figure 5.4H). The overall structure of Pt1Agso-SbFs contains a Cs symmetry axis, which
passes through the innermost Pt core and the ClI ligand (Figure 5.41, Figure 5.4J and
Figure 5.5). Of note, for both Pt1Agzs-SbFe and PtiAgso-SbFe nanoclusters, the F
terminal of SbFs was not bonded to the surface Ag atoms, which is different from our
previous finding that the Ag-F interaction can trigger intercluster connection in the

cluster crystal lattice.*®
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Figure 5.4. Structure anatomy of the PtiAgzo-SbFe nanocluster. (A) The icosahedral
Pt1Ag12 kernel. (B) The Agz2(S-Adm)sz(PPhs). surface unit. (C) The PtiAgs(S-
Adm)g(PPhs)s structure. (D) The Aga(S-Adm)s surface unit. (E) The PtiAg27Cl1(S-
Adm)is(PPhs)s structure. (F) The Ag linker. (G,H) The Pt1AgsoCli(S-Adm)is(PPhs)s
structure from different views. (I) Total structure of Pt1Agso-SbFe. (J) The C3 symmetry
axis of the PtiAgao-SbFs nanocluster. Color legends: dark green sphere, Pt; dark blue
sphere, kernel Ag; blue/green/orange sphere, surface Ag; red sphere, S; magenta sphere,

P; gray sphere, ClI; pale gray sphere, C. For clarity, all H atoms are omitted.
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Figure 5.5. Total structure of [PtiAgsoCli(S-Adm)1s(PPhs)s](SbFe)s. The number of SbFe
counterions is three, suggested by the ESI-MS result. However, only two SbFe
counterions are observed in the crystal lattice. The loss of the third SbFe counterion may
result from its high disorder, or the steric hindrance that the third one is hard to be
included in the crystal lattice. Color legends: dark green, Pt; blue, Ag; gray, ClI; red, S;
magenta, P; pale gray, C; white, H; orange, Sb; pink, F.

The Pt1Agso-SbFs was highly stable in the air and displayed unchanged optical
absorptions within 7 days (Figure 5.6). However, this cluster would be decomposed in
the presence of massive SbFe counterions. Specifically, after a massive excess of SbFg
was introduced to the CH2Cl: solution of Pt1Agzs-Cl (cluster/NaSbFs = 1/30), the solution
color changed from dark red to pale yellow, and the UV-vis spectrum and ESI-MS result
suggested the generation of polydispersed Pt-Ag compounds (Figure 5.7A and Figure
5.8), demonstrating the decomposition of the nanocluster. ESI-MS of Pt1Agzs-Cl,
Pt1Ag2s-SbFs, and Pt1Agso-SbFe nanoclusters were also recorded. Both Pt1Ag2s-Cl and
Pt1Agos-SbFs presented the same mass signal at 3637.64 Da, suggesting the maintained
composition between these two nanoclusters (Figure 5.7B, Figure 5.7C). The excellent

match of the experimental and simulated isotope patterns illustrated that the measured
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formula was [PtiAg2s(S-Adm)ig(PPhs)4]?*. For the ESI-MS of PtiAgso-SbFs, a major
peak centered at about m/z = 2421.32 Da was detected (Figure 5.7D). The magnification
of this peak evidenced the +3 charge state of the nanocluster because of the 0.33 Da mass
gap in the positive mode. Accordingly, the molecular weight of the nanocluster was
determined as 7263.96 Da (2421.32 x 3), perfectly assigned to [Pt1AgzoCli(S-
Adm)1s(PPhs)s]®*. Since the central Pt atom contributes no free valence electrons, the
nominal electron counts of these three nanocluster are all 8e: 28 — 18 — 2 = 8 for Pt1Agzs-
Cl, 28 — 18 — 2 = 8 for Pt1Ag2s-SbFs, and 30 — 1 — 18 — 3 = 8 for Pt1Agso-SbFe.>® A
combination of XPS, ICP, and EDS unambiguously identified the composition and the

purity of these nanoclusters (Figure 5.9 — Figure 5.14 and Table 5.1).

Abs. (a.u.)

After 7 days

Fresh preparation

300 400 500 600 700 800
Wavelength (nm)

Figure 5.6. Optical absorption of the [Pt1AgzoCli(S-Adm)is(PPhs)s](SbFs)s. Black line:
the freshly prepared nanocluster. Red line: the nanocluster was stirred for 7 days in the

air.
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Figure 5.7. ESI-MS results of (A) polydispersed Pt-Ag compounds, (B) Pt1Ag2s-Cl, (C)
Pt1Ag2s-SbFs, and (D) PtiAgso-SbFs. No signal of PtiAges-Cl, Pt1Agas-SbFs, or PtiAgso-
SbFe is observed in the ESI-MS result of polydispersed Pt-Ag compounds.
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Figure 5.8. UV-vis spectrum of the poly-dispersed Pt-Ag compounds.
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Figure 5.9. (A) Crystal structure of [Pt1Ag2s(S-Adm)1s(PPh3)s]Clz. (B) XPS spectrum of
the [Pt1Ag28(S-Adm)1s(PPh3)4]Cl2 nanoclusters. (C) XPS of Ag 3d of the [Pt1Ag2s(S-
Adm)18(PPh3)4]Cl2 nanocluster. (D) XPS of Pt 4f of the [Pt1Ag2s(S-Adm)ig(PPhs)s]Cl2

nanocluster.
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Figure 5.10. (A) Crystal structure of [Pt1Ag2s(S-Adm)ig(PPh3)4]Clz. (B-G) Elemental
mapping images of the [PtiAg2s(S-Adm)1s(PPh3z)4]Cl2 nanocluster crystal.
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Figure 5.11. (A) Crystal structure of [Pt1Ag2s(S-Adm)is(PPh3)s](SbFe)2. (B) XPS
spectrum of the [PtiAg2s(S-Adm)ig(PPhs)a](SbFs)2 nanoclusters. (C) XPS of Ag 3d of the
[PtiAg28(S-Adm)1s(PPhs)a](SbFs)2 nanocluster. (D) XPS of Pt 4f of the [PtiAg2s(S-

Adm)1(PPhs)4](SbFs)2 nanocluster.
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Figure 5.12. (A) Crystal structure of [PtiAg2s(S-Adm)1g(PPh3)4](SbFs)2. (B-G) Elemental
mapping images of the [PtiAg2s(S-Adm)1s(PPh3)4](SbFe)2 nanocluster crystal.
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Figure 5.13. (A) Crystal structure of [Pt1Ag30Cl1(S-Adm)1s(PPhs)s](SbFe)s. (B) XPS
spectrum of the [PtiAgaoCli(S-Adm)ig(PPhs)z](SbFs)s nanoclusters. (C) XPS of Ag 3d of
the [Pt1Ag30Cl1(S-Adm)1s(PPhs)3](SbFes)s nanocluster. (D) XPS of Pt 4f of the
[Pt1Ag30Cl1(S-Adm)is(PPhs3)s] (SbFs)s nanocluster.
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Figure 5.14. EDS result of [Pt1AgzoCl1(S-Adm)1g(PPhs)3](SbFe)a.

Table 5.1. Atom ratio of Pt and Ag in Pt1Agzs and Pt1Agso nanoclusters. Atom ratios of
Pt and Ag in [Pt1Ag2s(S-Adm)1s(PPhs3)s]Cl2, [Pt1Ag2s(S-Adm)1s(PPhs)s](SbFs)2, and
[Pt1Aga0Cl1(S-Adm)1s(PPhs)3](SbFs)s nanoclusters were calculated from inductively
coupled plasma (ICP) and X-ray photoelectric spectroscopy (XPS).

[Pt1Ag2s(S-Adm)1s(PPh3)4]Cl2 Pt atom Ag atom
ICP Experimental Ratio 3.90% 96.10%

XPS Experimental Ratio 3.35% 96.65%
Theoretical Ratio 3.45% 96.55%
[Pt1Ag2s(S-Adm)is(PPh3)4](SbFs)2 Pt atom Ag atom
ICP Experimental Ratio 3.34% 96.66%

XPS Experimental Ratio 3.27% 96.73%
Theoretical Ratio 3.45% 96.55%
[Pt1Ag30Cl1(S-Adm)is(PPh3)3](SbFe)3 Pt atom Ag atom
ICP Experimental Ratio 3.65% 96.35%

XPS Experimental Ratio 3.38% 96.62%
Theoretical Ratio 3.23% 96.77%
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Collectively, driven by the addition of SbFe", the stepwise transformation from PtiAgzs-
Cl to Pt1Agzs-SbFs, Pt1Agso-SbFe, and poly-dispersed Pt-Ag compounds has been
accomplished (Figure 5.15). Several critical points are included in these cluster
conversions, including (i, Figure 5.15A — Figure 5.15B) the preservation of the PtiAgos
overall structure by simply substituting the counterion, (ii, Figure 5.15B — Figure 5.15C)
the conversion from Pt1Agzs to PtiAgso by slightly enhancing the addition of SbFs’, and
(iii, Figure 5.15C — Figure 5.15D) the decomposition of nanoclusters because of the
massive addition of SbFe". All these conversions demonstrate the SbFe counterion effect
in reconstructing nanoclusters at the single molecular level. Besides, with the nanocluster
transformation from PtiAg2s-Cl to PtiAges-SbFs and PtiAgzo-SbFs, the cluster kernel was
retained as Pt1Agi, although the configuration of this kernel altered. In this context, the
SbFe counterion should have a strong effect on cluster surface structures, resulting in
their significant distortion and transformation; then, such surface transformations
continue to affect the PtiAgi2 kernel configuration, giving rise to its conversion from

icosahedron to FCC.

Polydispersed

Pt-Ag compounds Pt Ag, -SbF,

Figure 5.15. The addition of SbFs™ induced stepwise transformation from Pt1Ag2s-Cl to
Pt1Agos-SbFs, PtiAgso-SbFe, and poly-dispersed Pt-Ag compounds. Color legends: dark
green sphere, Pt; dark blue sphere, kernel Ag; blue sphere, surface Ag; gray sphere, Cl;
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red sphere, S; magenta sphere, P; orange sphere, Sb; pink sphere, F. For clarity, all C and

H atoms are omitted.

The counterion effect has also been investigated in rearranging cluster molecules in
supracrystal lattices. For the Pt1Agas cluster framework, because of the substitution of CI-
counterions by SbFg, the space group of Pt1Ag2s-Cl (i.e., C2/c) alters into P21/c of
Pt1Ag2s-SbFs (Figure 5.16A, Figure 5.16B and Figure 5.17, Figure 5.18), although both
nanoclusters are crystallized into a monoclinic crystal system. The Z value of Pt1Ag2s-Cl
is 8, larger than that of Pt1Ag2s-SbFs, whereas the crystalline density of PtiAgzs-Cl is
much smaller than that of Pt;Ag2s-SbFs (1.405 versus 1.712). Besides, the Pt1Agso-SbFs
cluster molecules are packed into a triclinic crystal lattice with a P-1 space group (Figure
5.16C and Figure 5.19). Although the Z value of Pt1Agso-SbFs is the smallest among the
three nanoclusters, its crystal density is the largest. These differences in packing modes
(especially between Pt1Agzs-Cl and PtiAgas-ShFe) reflect the SbFe™ counterion effect in

the intercluster rearrangement.

S RUAGRESDE S

()% g

Pt,Ag,,-Cl |Space Group: C2/c Density = 1.405
Pt,Ag,,-SbF[Space Group: P21/c Density = 1.712
,-SbF | Space Group: P-1 Density = 1.734

Figure 5.16. Crystalline packing modes of (A) Pt1Agzs-Cl, (B) Pt1Agzs-SbFe, and (C)
Pt1Agso-SbFs, and the comparison of crystal lattice parameters.
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Figure 5.17. Packing of [Pt1Ag2s(S-Adm)ig(PPh3)4]Cl2 in the crystal lattice from

different views. The counterions are omitted for clarity.
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Figure 5.18. Packing modes of [PtiAg2s(S-Adm)is(PPhs)a](SbFs): in the crystal lattice
from different views. The counterions are omitted for clarity.
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Figure 5.19. Packing of [Pt1AgsoCl1(S-Adm)1g(PPh3)3](SbFe)s in the crystal lattice from
different views. The counterions are omitted for clarity.

5.3.2 Photochemical studies

The structures/compositions of nanoclusters are determinants of their physical/chemical
properties.: 12206063 Bacause of their different molecular structures, PtiAgas-Cl, PtiAgzs-
SbFs, and PtiAgzo-SbFe nanoclusters manifested distinguishable optical absorptions and
emissions. The UV-vis spectra of both Pt1Ag2s-Cl and PtiAges-SbFs solutions exhibited
the same signals at 445 nm. By comparison, the Pt1Agso-SbFs solution showed an intense
absorption at 430 nm (Figure 5.20A, solid lines). As for the emission of these
nanocluster solutions, a 10 nm blue-shift was observed by comparing the emission
wavelength of PtiAgso-SbFs (740 nm) to those of both Pt1Ag2s-Cl and PtiAgos-SbFs (750
nm).%* Besides, the photoluminescence (PL) intensity of the nanocluster was enhanced
accompanied by the nanocluster transformation from Pt1Ag2s-Cl to PtiAgzs-SbFs, and
then to PtiAgso-SbFs (Figure 5.20A, dotted lines). Significantly, a 16-fold enhancement
on emission intensity has been accomplished with the nanocluster transformation (PL

spectra were measured with the same optical density of 0.05), giving rise to an ultrabright
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Pt1Agzo-SbFs nanocluster. Although some differences existed in optical absorptions and
emissions of these three Pt-Ag nanoclusters, the profiles of their optical spectra were
similar (Figure 5.20A). In this context, there should be some similarities between the
electronic structures of PtiAgos and PtiAgaso cluster templates; one possible reason is that
both cluster templates follow the same PtiAgiz(kernel)@Ag-SAdm-PPhs(surface)

configuration.
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Figure 5.20. Optical properties of Pt;Agas-Cl, PtiAgzs-SbFs, and Pt;Agso-SbFs
nanoclusters. (A) Comparison of optical absorptions and emissions (nanoclusters were
dissolved in CH2Clz) of Pt; Agos-Cl (black lines), PtiAgos-SbFs (red lines), and PtiAgso-
SbFs (blue lines) nanoclusters. Insets: photos of luminescence of Pt;Agas-Cl, Pt Agos-
SbF¢, and Pt1Agso-SbF¢ nanoclusters in CH>Cl,. (B) Comparison of optical absorptions
and emissions (nanoclusters were in a crystallized film) of Pt;Agzs-Cl (black lines),

Pt1Agos-SbF (red lines), and PtiAgso-SbFs (blue lines) nanoclusters. Insets: photos of
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luminescence of Pt;Ags-Cl, PtiAgos-SbFe, and PtiAgso-SbFs nanocluster crystallized

films.

Given that the PtiAgzs-SbFs and PtiAgso-SbFs nanoclusters bear the same ShFe”
counterion, we further evaluated the concentration-dependent PL properties of these two
nanoclusters. As shown in Figure 5.21A and Figure 5.22A, at low concentrations, the PL
intensity increased with the nanocluster concentration, and the maximum PL intensity
was detected when the concentration of PtiAgzs-SbFs or PtiAgse-SbFs reached 1.0x107°
or 1.2x10° mol/L, respectively. However, at high concentrations, the emission of
nanoclusters quenched gradually as the concentration increased (Figure 5.21B and
Figure 5.22B). The emission enhancement in the first phase was proposed to result from
the increase of the fluorophore (i.e., the cluster molecules) in solution since the PL
intensity was linearly correlated to the concentration. Besides, the aggregation caused-
quenching (ACQ) might take place when the concentration of nanoclusters rose to a
certain value, giving rise to the PL attenuation in the second phase, different from the
aggregation-induced emission (AIE) that has been widely observed in metal

nanoclusters.®
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Figure 5.21. Concentration-dependent photoluminescence intensity of the [Pt1Ag2s(S-
Adm)18(PPh3)4](SbFe)2 nanocluster (dissolved in CH2Cl). (A) The concentration of the
nanocluster was enhanced from 1.64x10° to 10.0x10® mol/L. The photoluminescence

intensity was enhanced significantly with the increase of the concentration. (B) The
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concentration of the nanocluster was enhanced from 10.0x10° to 109.88x10 mol/L. As

the concentration increased, the photoluminescence of the nanocluster solution was

quenched.
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Figure 5.22. Concentration-dependent photoluminescence intensity of the [Pt1Agz0Cl1(S-
Adm)18(PPh3)3](SbFe)3 nanocluster (dissolved in CH2Cl,). (A) The concentration of the
nanocluster was enhanced from 2.5x10 to 20.0x10® mol/L. The photoluminescence
intensity was enhanced significantly with the increase of the concentration. (B) The
concentration of the nanocluster was enhanced from 1.96x107 to 4.90x10™ mol/L. As the
concentration increased, the photoluminescence of the nanocluster solution was

quenched.

The PL lifetimes of these Pt-Ag nanoclusters were then compared. The PL lifetimes of
Pt1Ag2s-Cl and PtiAg2s-SbFe were about 3.8 and 3.6 us measured by time-correlated
single photon counting, and were irrelevant to the atmosphere (Figure 5.23A, Figure
5.23B). In vivid contrast, the Pt1Agso-SbFe solution presented atmosphere-related PL
lifetimes (Figure 5.23C): an ambient CH2Cl; solution of Pt1Agzo-SbFe exhibited a PL
lifetime of 1.01 ps, while the PL lifetime of N2-purged or the O»-saturated cluster
solution was extended or reduced to 2.52 or 0.51 ps, respectively. In addition, a similar
trend was also observed in terms of the PL intensity of nanocluster solutions.
Specifically, the PL intensities of the Pt1Ags-Cl and Pt1Agzs-SbFe were identical in
ambient, N2-purged, or Oz-saturated solutions (Figure 5.24A, Figure 5.24B). The PL
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quantum yields (QYSs) of Pt1Ag2s-Cl and Pt1Ages-SbFs were determined as 5% and 39%,
respectively. By comparison, the N2-purged solution of Pt1Agso-SbFs showed a higher PL
QY (85%) than the ambient solution (54 %), whereas the O»-saturated solution quenched
PL to QY of 10% (Figure 5.24C). In this context, the PL nature of Pt1Ag2s and Pt1Agso
nanoclusters might be different.%>%” The structural reconstruction from PtiAgzs to Pt1Agso
played a critical role in affecting the intersystem crossing from the S1 to the T1 and,
subsequently, giving rise to their different PL nature.%5%” The triplet-state emission from
Pt1Agso-SbFs was verified by observing 1O production over the photoexcited Pt1Agso-
SbFs, in which the triplet state of Pt1Agso-SbFs transferred its energy to the normal triplet
state 0, giving rise to singlet state 102.% The spectrum of the No-purged Pt1Agso-SbFs
solution was absent of 1O, emission, while the O,-saturated Pt Agso-ShFs solution
exhibited a distinct O, emission peak centered at about 1270 nm (Figure 5.25),
demonstrating the notable generation of 1O and the triplet-state emission of the PtiAgso-
SbFe nanocluster. Of note, these nanoclusters displayed high photostability and remained
unchanged before and after the PL measurements, derived from their consistent ESI-MS

results (Figure 5.26).
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Figure 5.23. Fluorescence lifetimes of different nanoclusters. (A) The microsecond
photoluminescence decay traces of [PtiAgzs(S-Adm)is(PPhs)4]Cl2 (dissolved in CH2Cl2)
under ambient, N2-purged, or O-saturated conditions. (B) The microsecond
photoluminescence decay traces of [PtiAg2s(S-Adm)1s(PPhs)s](SbFe)2 (dissolved in
CH:CI) under ambient, N2-purged, or O2-saturated conditions. (C) The microsecond
photoluminescence decay traces of [Pt1AgsoCli(S-Adm)is(PPhs)s](SbFe)s (dissolved in

CH2Cl2) under ambient, N2-purged, or O»-saturated conditions.
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Figure 5.24. (A) Comparison of the emission spectra of CH2Cl> solutions of [Pt1Ag2s(S-
Adm)1s(PPhs)4]Cl2 under ambient, N2-purged, or O2-saturated conditions. (B)
Comparison of the emission spectra of CH2Cl> solutions of [PtiAgas(S-
Adm)18(PPh3)4](SbFe)2 under ambient, N2-purged, or Oz-saturated conditions. (C)
Comparison of the emission spectra of CH2Cl> solutions of [Pt1AgsoCl1(S-
Adm)1(PPhs)3](SbFs)s under ambient, N2-purged, or O,-saturated conditions.
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Figure 5.25. (A) Near-infrared photoluminescence of ambient, No-purged, and Oa-
saturated CH2Cl: solutions of [Pt1Ag2s(S-Adm)is(PPhs)s]Cl2. (B) Near-infrared
photoluminescence of ambient, N2-purged, and O»-saturated CH.Cl; solutions of
[PtiAg2s(S-Adm)1g(PPhs)a](SbFs).. (C) Near-infrared photoluminescence of ambient, N»-
purged, and Oz-saturated CH2Cl, solutions of [PtiAgsoCli(S-Adm)1s(PPhs)s](SbFe)s.
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Figure 5.26. ESI-MS results of (A) [Pt1Ag2s(S-Adm)1s(PPh3)s]Clz, (B) [PtiAg2s(S-
Adm)18(PPh3)4](SbFe)2, and (C) [Pt1Ag30Cli(S-Adm)is(PPh3)3](SbFes)s nanoclusters after
the photoluminescence test. The unchanged mass results (compared to the results in

Figure S4) demonstrated the high photostability of these three nanoclusters.

The optical properties of nanocluster crystallized films were also investigated. The
optical absorptions of these nanocluster crystallized films were almost consistent with
those of nanocluster solutions (Figure 5.20B, solid lines). However, the emission
features of these cluster crystallized films varied greatly from those of solutions (Figure
5.20B, dotted lines). Specifically, varying degrees of red-shifts on emissions of the
nanocluster crystallized films relative to those of cluster solutions were observed. The
crystallized films of Pt1Ag2s-Cl and Pt1Ag2s-ShFe emitted at 784 and 772 nm,
respectively, representing 34 and 22 nm red-shifts relative to the 750 nm emission of
their solutions. Besides, a 60 nm red-shift was observed by comparing the emission of the
Pt1Agso-SbFs crystallized film to that in the solution state. The conspicuous differences in
emissions of these nanoclusters in different forms (solution and crystal film) arose from
distinct combinations of the electronic coupling and the lattice-origin, non-radiative
decay pathways occurring through electron-phonon interactions.®®"* Besides, these
differences could be also explained in terms of their diverse molecular and
supramolecular chemistry, including (i) different surface structures between Pt1Agzg and
Pt1Agaso cluster platforms and different intermolecular interactions in these cluster
crystalline assemblies (i.e., cluster-Cl interactions in PtiAges-Cl versus cluster-SbFeg
interactions in Pt1Agos-ShFes and PtiAgso-ShFe).
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5.3.3  Electrochemistry and electrochemiluminescence

The electrochemical properties of the two novel bimetallic nanoclusters, PtiAgso-SbFe
and Pt1Agos-ShFe, were first examined using differential pulse voltammetry. Figure
5.27A shows the differential pulse voltammogram (DPV) of Pt1Agso-SbFs. The anodic
scan starting from —2.10 V reveals three successive oxidation reactions at formal
potentials of 0.53 V (Ox1), 0.79 V (Ox2), and 1.10 V (Ox3) vs. SCE, while the cathodic
scan shows a single reduction wave at —1.74 V (Red1). These correspond, respectively, to
3-electron removals from the HOMO orbitals of PtiAgso-SbFs and a single electron
injection to the LUMO. The electrochemical HOMO-LUMO energy gap of 2.0 eV was
determined using the difference between the first oxidation and the first reduction after
correction for the charging energy (approximated using the potential difference between
Ox1 and Ox2).1® 72 DFT-guided calculations of other nanoclusters suggest that the
frontier orbitals of the singly oxidized and reduced states may be localized primarily to
the core structure, while the respective orbitals of higher oxidation states preferentially
extend onto the surrounding staples.” ™ This defined electrochemistry does not lend
itself to efficient electrochemiluminescence under the annihilation pathway, however, as
no ECL was observed when the potential was scanned between sufficiently reducing and
oxidizing potentials to generate the anionic and cationic radical species, respectively, of
Pt1Agzo-SbFs (Figure 5.28). This is likely due to the poor electrochemical stability of
these species, which can be seen in the limited reversibility of the oxidation and reduction
peaks in the DPV, or due to the low reactivity of these species.
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Figure 5.27. Differential pulse voltammogram of (A) 1.5 uM Pt1Agzo-SbFs and (B) 1.3
UM Pt1Ag2s-SbFe in dichloromethane containing 0.1 M TBAPFs as supporting
electrolyte. Initial scan direction is indicated with arrows. Pulse peak. amplitude was 50

mV, pulse with was 0.05 s, and pulse period was 0.20 s.
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TBAPFg using a 2-mm platinum disc electrode in the annihilation pathway. Scan rate =
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Figure 5.27B shows the DPV of Pt1Ag2s-SbFs. The anodic scan reveals three successive
oxidation peaks at formal potentials of 0.56 V, 0.68 V, and 0.89 V vs. SCE. However,
due to the height of the first oxidation peak relative to its neighbors, we attribute this
particular signal to a two-electron removal from Pt1Agzs-SbFs to produce PtiAgas-SbFe®*.
Ox3 and Ox4 correspond to the formation of Pt1Agzs-SbFe®™ and PtiAgas-ShFe**,
respectively. On the cathodic scan, a single reduction peak can be observed at —1.34 V
vs. SCE, which corresponds to the formation of Pt1Ag2s-SbFe! . The electrochemical
HOMO-LUMO gap was calculated to be 1.8 eV, which is slightly smaller than the energy
gap of Pt1Agso-SbFs. The electrochemistry of PtiAgas-SbFe is observably quite different
compared to Pt1Agso-SbFs, and this can be seen in the weak ECL in the annihilation
pathway (Figure 5.29). Approximately 0.5 nA of photocurrent can be observed when the
potential is scanned anodically; since little ECL is detected on the cathodic side, it is

likely that the stability of the radical cation is quite limited.
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Figure 5.29. ECL voltage curve of 1.3 uM Pt1Ag2s-SbFs in the annihilation pathway.

Studies of other metallic nanoclusters have also shown similar results under the
annihilation pathway. For instance, the Auzs and Auss nanoclusters reported by the Ding
group revealed comparably weak emissions under the annihilation pathway.’ ’® Other
studies of bimetallic nanoparticles such as Au-Ag report ECL only in the presence of a
coreactant.”” ® To the best of our knowledge, this is the first time the ECL has been

reported for Pt-Ag nanoclusters of this type.
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Next, the oxidative-reduction coreactant tri-n-propylamine (TPrA) was added to enhance
the ECL. Figure 5.30 shows the spooling ECL spectra of 0.32 uM Pt1Agso-SbFe with 1
mM TPrA, where the electrode potential was scanned anodically at a rate of 0.1 V/s, and
the spectrograph/CCD set recorded the ECL emission every 0.5 s. The resulting spectra
have an ECL onset potential of +0.55 V at a peak wavelength of 742 nm (indicated with
A). At this potential both PtiAgso-SbFe and TPrA undergo an oxidation reaction to form
Pt1Agso-SbFes* and TPrA™*, respectively, with the highly reducing TPrA" formed
following the deprotonation of TPrA™". Figure 5.31 confirms that TPrA oxidation onset
potential is as early as +0.30 V. The subsequent electron transfer from TPrA" to the
LUMO orbital of Pt Agso-SbFs!* produces the primary excited state PtiAgso-SbFe”",
which releases an ECL photon upon relaxation to the ground state. Figure 5.32A depicts
this ECL pathway involving the primary interaction between PtiAgso-SbFs!* and TPrA".
A second ECL mechanism can be considered at this applied potential wherein the ground
state generated after relaxation from excited-state PtiAgso-SbFe®" is immediately re-
oxidized to form Pt1Agso-ShFe!* that reacts with TPrA" to produce PtiAgso-SbFe’" again,
leading to a catalytic cycle (Figure 5.32B). This positive feedback loop similar to that in
scanning electrochemical microscopy is made possible due to the proximity of these
species in the vicinity of the electrode, which acts to promptly regenerate the necessary
species for ECL reoccurrence. This mechanism may be an important factor in the high
ECL efficiency of these nanoclusters. It is also noteworthy that the alternative TPrA
mechanism proposed for the Ru(bpy)s?*/TPrA coreactant system by the Bard group in
2002 (where the intermediate TPrA** can act as an oxidizing agent to produce Pt1Agso-
SbFs!* before it is electrochemically oxidized) does not appear to play a dominant role in
the generation of ECL of these Pt-Ag nanoclusters, since the ECL onset only occurs after

electrochemical oxidation of both nanocluster and coreactant.”
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Figure 5.30. Spooling ECL spectra of 0.32 uM Pt1Agzo-SbFe with 1 mM TPrA during a
potentiodynamic scan between —0.20 V and 1.30 V vs. SCE. Scan rate used was 0.1 V/s,
and each spectrum was acquired at a 0.5 s time interval. Inset plot is an ECL

accumulation spectrum of the same system collected over 30s.
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Figure 5.31. ECL-voltage curve of 1.5 uM Pt1Agso-SbFs in dichloromethane with 1 mM
TPrA.
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Figure 5.32. (A) Primary ECL mechanism for Pt1AgsoSbFs in the presence of TPrA. ECL
enhancement mechanisms involving (B) the recycling of PtiAgso-ShFe® from PtiAgao-
SbFs!* in a positive feedback loop catalyzed at the electrode surface, and (C) ECL

cascade enhancement driven by an excess of TPrA".

The ECL signal described in Figure 5.30 increases in intensity to a maximum of 6.8 kcps
at +1.10 V (indicated with B in Figure 5.30), at which Pt1Agso-SbFe?* and PtiAgso-
SbFs** have both been formed (oxidized at formal potentials of 0.79 V and 1.10 V,
respectively, as seen in the DPVs of Figure 5.27A). Electron transfers from TPrA" into
the LUMO of these species form the excited states PtiAgso-SbFs!" and PtiAgao-SbFs?”,
each of which is capable of producing ECL emission after relaxation to the ground state.
The increased concentration of available excited species of the higher oxidation states of
Pt1Agso-SbFs is likely the reason for the enhanced ECL signal in this region. The
presence of these excited states with higher oxidation number means higher ECL
intensity. In addition, each oxidation state can react with TPrA’ to yield an excited state

one oxidation number lower, emitting light. The combination of the above two processes
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leads to a cascade generation of ECL, as illustrated in Figure 5.32C. For example, the
reduction of Pt1Agso-SbFs* by TPrA” produces the excited state PtiAgso-SbFe?*", which
relaxes to Pt1Agso-SbFs?* along with emission of an ECL photon. PtiAgso-SbFe®* can be
further reduced by TPrA’ to generate Pt1Agso-SbFs!*". These ECL enhancement
mechanisms are, as proposed, highly dependent on the excess of TPrA radicals (relative
to the concentration of nanocluster), and their effects on the ECL intensity may be more
clearly elucidated at the micromolar concentrations we have employed in this study. As
the applied potential is further increased to +1.30 V (as indicated with C in Figure 5.30),
we observe a decrease in the peak intensity of ECL. This suggests that the influence of
the ECL mechanisms described in Figure 5.32B and Figure 5.32C may be less
pronounced, possibly due to the limited diffusive ability of these nanoclusters. In
addition, a second ECL intensity maximum can be seen on the reverse scan, although its
intensity is lessened due to the depletion of the local concentration of reactive ECL
species. Notably, the peak wavelength does not shift even as the applied potential is
varied; the inset of Figure 5.30 shows the ECL accumulation spectrum, which has a
single representative peak wavelength of 742 nm. Figure 5.33 shows the stacked
spooling ECL spectra for Pt1Agso-SbFs which displays clearly a single ECL emission

during the potential scan.
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Figure 5.33. Stacked spooling ECL spectra of PtiAgzo-SbFe with 1 mM TPrA. 0.5 sec

per spectrum, scan rate = 0.1 V/sec.

To verify the observation that multiple excited states have the same ECL peak
wavelength, we used spooling photoluminescence (PL) spectroscopy, where a
potentiodynamic scan was performed for a solution of 0.32 UM Pt1Agzo-SbFs while PL
spectra were acquired under photoexcitation at 532 nm (Figure 5.34A). Four PL spectra
have been extracted at potentials corresponding to the formal potentials of the four
oxidation states of Pt1Agso-ShFs: (Figure 5.34B) 0 at 0.00 V, (Figure 5.34C) 1+ at 0.53
V, (Figure 5.34D) 2+ at 0.79 V, and (Figure 5.34E) 3+ at 1.10 V. All four spectra
display a peak wavelength of 742 nm, which coincides well with the accumulated ECL
spectrum. This confirms that the excited states of Pt1Agso-SbFe with different oxidation
numbers possess the same peak wavelength at 742 nm. ECL emission from these excited
states is therefore centered around 744 nm as well. This production of a multitude of ECL
excited states which all emit at the same wavelength is probably why the large

enhancement in the ECL appears at one peak wavelength.
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Figure 5.34. (A) Spooling photoluminescence spectra of 0.32 uM Pt1Ags0-SbFs collected
at (B) 0.00 V, (C) 0.53 V, (D) 0.79 V, and (E) 1.10 V, obtained by excitation at 532 nm

with a solid-state laser.

The Pt1Ag2s-SbFe nanocluster behaved similarly (Figure 5.35). Figure 5.36 shows the
spooling ECL spectra of 0.28 uM Pt1Agos-SbFs with 1 mM TPrA as the coreactant. The
ECL onset potential is at +0.90 V (indicated with A); at this potential Pt1Ag2s-SbFe has
been fully oxidized to its tetracationic form. From here, an electron is transferred from
TPrA" to a LUMO of Pt1Agzs-SbFs** producing PtiAgas-SbFe**", which releases an ECL
photon upon relaxation to its ground state (Figure 5.37A). This ECL signal increases to a
maximum of 4.5 kcps at +1.55 V (indicated with B), followed by a small decline in the
peak intensity as the applied potential reaches its maximum of +1.75 V (indicated with
C). The previously discussed mechanisms of feedback loops (Figure 5.37B) and cascade
generation of excited states (Figure 5.37C) likely also play an important role in the
generation of ECL here, with a great enhancement. Because the ECL onset potential
occurs after electro-generation of PtiAgzs-SbFs'*, PtiAgas-SbFe?*, and PtiAgzs-SbFe®*, it
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is unclear if these species contribute to the ECL. Again, only one ECL peak wavelength
at 755 nm was observed. To confirm the unique apparent peak wavelength from all the
excited states, we performed spooling PL spectroscopy to analyze and identify each of
these states in question (Figure 5.38A), where a potentiodynamic scan was performed in
the anodic region for a solution of 0.28 pM Pt1Agzs-SbFe while PL spectra were acquired
under photoexcitation at 532 nm. It is evident that Pt Agzs-SbFe® (Figure 5.38B) and the
electrogenerated PtiAgas-ShFsl*/PtiAgas-SbFe?* (Figure 5.38C), PtiAgs-SbFe* (Figure
5.38D), PtiAg2s-SbFs*" (Figure 5.38E) have the same emission peak wavelength of 755
nm. Therefore, all the excited states PtiAgzs-SbFs", PtiAgas-SbFe™*"/PtiAgzs-SbFe®*”,

Pt1Ag2s-SbFe®*", PtiAgzs-SbFs*™ have the same emission peak wavelength.
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Figure 5.35. ECL voltage curve of 1.5 uM Pt1Agzs-SbFe in dichloromethane with 1 mM
TPrA.
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Figure 5.36. Spooling ECL spectra of 0.28 uM Pt1Ag2s-SbFe with 1 mM TPrA during a
potentiodynamic scan between —0.20 V and 1.55 V vs. SCE. Scan rate used was 0.1 V/s,
and each spectrum was acquired at a 0.5 s time interval. Inset plot is an ECL
accumulation spectrum of the same system collected in one cycle of potentiodynamic

scan between —0.20 V and 1.55 V within 35s.
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Figure 5.37. ECL mechanisms for PtiAg2s-SbFe in the presence of TPrA. (a) Primary
reaction mechanism. (b) ECL enhancement from catalytic feedback loop. (c) ECL

cascade enhancement from an excess of TPrA.
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Figure 5.38. (A) Spooling photoluminescence spectra of 0.28 uM Pt1Ag2s-SbhFs collected
at (B) 0.00 Vv, (C) 0.56 V, (D) 0.68 V, and (E) 0.89 V, obtained by photoexcitation by a
532 nm solid-state laser.

Similar to the other nanoclusters, the ECL peak wavelength does not shift even as the
applied potential is increased; the spooling ECL spectra in Figure 5.36 and their stacked
format in Figure 5.39 as well as the accumulation ECL spectrum during a
potentiodynamic scan in the inset of Figure 5.36 display a unique peak wavelength of
758 nm. Obviously, ECL from various excited states electrogenerated has the same peak
maximum wavelength as well. We have also provided the ECL accumulation spectrum
and ECL spooling spectra of Pt1Ag2s-Cl (the beginning cluster molecule in this work) in
Figure 5.40 and Figure 5.41, respectively. The ECL accumulation spectrum displays a
peak wavelength of 757 nm, which is very close to that of PtiAg2s-SbFs, and the spooling

ECL spectra similarly shows a single emission peak.
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Figure 5.39. Stacked spooling ECL spectra of Pt1Agzo-SbFe with 1 mM TPrA. 0.5 sec

per spectrum, scan rate = 0.1 V/sec.
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Figure 5.40. Accumulation ECL spectrum of PtiAg2s-CI.
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Figure 5.41. Accumulation ECL spectrum of PtiAgzs-Cl.

Note that ECL peak wavelengths from Pt1Agso-SbFe and PtiAgas-SbFs excited species are
slightly longer than those of their PL. This is because their ECL wavelength ranges are
far away from their absorption ones, leading to much less inner filter effect caused by
self-absorption as in many conventional luminescent materials. On the other side,
Pt1Agos-SbFs emission peak wavelength is slightly longer than that of PtiAgzo-SbFe,
reflecting its lower electrochemical HOMO-LUMO gap.

In addition, the apparent delay in the onset potential may be due to the decreased
diffusion rate of Pt1Ag2s-SbFs, as the electrogenerated radicals may require more time to
encounter TPrA’ radicals in solution. The overall reactivity of Pt1Agzs-SbFe might also be
lower than that of Pt1Agso-SbFe, resulting in fewer generation of ECL excited states. This
can be seen in the lower ECL peak intensity observed for Pt1Ag2s-SbFes compared to
Pt1Agso-SbFs (4.5 keps vs. 6.8 keps, respectively).

To gain an in-depth insight into the structure-ECL correlation, the surface areas of these
Pt-Ag nanoclusters were calculated, and their reactive facets were then recognized.” The
surface areas of the exposed Pt1Agi. kernels of PtiAges-SbFe and PtiAgao-SbFe

nanoclusters were obtained using Heron’s formula.®? The total areas were first estimated
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by including all the individual facets. As shown in Figure 5.42, the total Pt1Ag12 kernel
surface areas of Pt1Agzs-SbFs and Pt1Agso-SbFs nanoclusters were 74.40 and 72.36 A2,
respectively. Accordingly, the total kernel surface areas of these two nanoclusters were
almost identical. We have proposed that the reactive facets of kernels played a crucial
role in activating the ECL efficiency of these nanoclusters by considering the plausible
interactions between these reactive facets and the electrode and TPrA".”® Here, the
Pt1Agos-SbFs nanocluster, with a symmetric configuration of the more evenly distributed
staples around a FCC-configurational PtiAgi2 kernel, only provided front-access facets
(green arrows in Figure 5.43A) to undergo electrochemical reactions in the vicinity of
the electrode and chemical reaction with a TPrA". In vivid contrast, for the more
asymmetric Pt1Agso-SbFe nanocluster (Figure 5.43B), several access points allowed for
the above ECL reactions, especially for a more efficient electron exchange between the

reactive Pt1Agi2 kernel and TPrA”".
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Figure 5.42. Calculations of kernel surface areas of different nanoclusters. (A) The sum
of the PtiAga2 kernel surface area of [PtiAgzs(S-Adm)is(PPhs)s](SbFe) is 74.40 A2, (B)
The sum of the PtiAg12 kernel surface area of [PttAgaoCli(S-Adm)ig(PPhs)z](SbFe)s is
72.36 A2,
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Figure 5.43. Calculation of the effective area of each nanocluster. The effective areas
(i.e., the sum of the reactive facets) of (A) PtiAgzs-SbFe and (B) Pt1Agazo-SbFe
nanoclusters are determined as 13.62 and 25.33 A?, respectively. Color legends: dark
green sphere, Pt; dark blue sphere, kernel Ag; blue sphere, surface Ag; red sphere, S;
magenta sphere, P; gray sphere, CI. For clarity, all C and H atoms are omitted. The green

arrows point out corridors toward facets, which TPrA radicals reach.

5.3.4  Absolute ECL Quantum Efficiency

Quantitatively, the absolute ECL quantum efficiencies of these Pt-Ag nanoclusters were
determined using the ECL accumulation spectra obtained from the spectrograph/CCD
camera set. The absolute ECL quantum efficiencies of the two nanoclusters PtiAgzo-SbFs
and Pt1Agos-ShFe were determined to be 0.24% and 0.11%, respectively, shown in Table
5.2. We note here that the increase in absolute ECL efficiency between Pt1Agso-SbFe and
Pt1Agos-SbFs by a factor of two can be directly explained by a comparison between the

total effective areas of the two nanoclusters.
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Table 5.2. Absolute and relative ECL quantum efficiencies for Pt-Ag nanoclusters.

Photons Electrons ®rc.  Rel. efficiency Effective
vs. Ru(bpy):**  Area ()

Ru(bpy)s** 4.28x10' 1.82x10"°  0.002%

(0.20 uM)
PtiAgs0-SbFs  7.29x10'2  3.09x10°  0.24% 120 2533
(0.32 uM)

PtiAgrs-SbFs  4.86x10'2  4.61x10°  0.11% 55 13.62
(0.28 uM)

Figure 5.43 shows the crystal structure representations of Pt1Agso-SbFe and PtiAgso-SbFs
with the relevant reactive facets highlighted in brown. The assignment of the effective
surface area involves a determination of which facets of the nanocluster core remain
exposed and therefore accessible to external reactions;’ 7 these areas were calculated to
be 25.33 A? (Figure 5.43B) and 13.62 A? for Pt1Agso-SbFs and PtiAgas-SbFs (Figure
5.43A), respectively. This correlation reinforces our assumption that the redox reactions
necessary for the generation of ECL excited states in the TPrA coreactant system occur
primarily at the core of these nanoclusters, as there is a highly linear relationship between
the two parameters (Table 5.2). This finding well supports the use of exposed reactive
facets of the nanocluster core to explain their general reactivity: this technique can have
potential applications in not only PL and ECL studies, but other disciplines that explore

reaction dynamics and kinetics (such as electrocatalysis or energy conversion).8% 82

We have also determined the ECL efficiencies of Pt1Agso-SbFs and Pt1Ag2s-ShFe to be
120-fold and 55-fold greater than the “gold standard” Ru(bpy)s?*/TPrA system,
respectively, under similar experimental conditions (Table 5.2). In comparison, the
traditional method of determining ECL efficiency by comparing the ratios of ECL
intensity versus charge (Equation 5.5) against a standard system yielded values of 18.24
and 6.39 for Pt1Agso-SbFs and PtiAges-SbFs, respectively, when ECL peak height was
used, and 3.74 and 1.69 when ECL peak areas were used (Table 5.3). These relative
efficiencies are significantly underestimated in this example, and truly highlight the
advantages of an absolute measurement of the ECL process. Using this method, we are
able to accurately quantify the number of photons that are produced from the ECL

process, which takes into account the energy of each photon (the use of an optical
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spectrometer as described in this work greatly streamlines this process). Combined with a
measurement of the total Coulombic charge, the absolute quantum efficiency of this
nanocluster/TPrA ECL system can be accurately represented. Such a determination
allows meaningful comparisons to be performed between virtually any luminescent

system: for example, Table 5.4 shows an assessment of some common lighting sources.

< [ECL xdt )x

[ Current x dt
( JECL x dt )
re

(DECL

[ Current x dt ;

Equation 5.5

Table 5.3. Relative ECL efficiencies of PtiAgso-SbFs and PtiAgzs-SbFs vs. Ru(bpy)s?*
with 1 mM TPrA as coreactant. Efficiencies were calculated using ECL accumulation
spectrum peak heights and integrated peak areas obtained from the spectrograph/CCD
setup. Charge was calculated by integrating the current vs. time plot in a cyclic
voltammogram experiment. Concentration of Ru(bpy)s®* = 0.20 uM, Pt1Agso-SbFs = 0.32
MM, Pt1Agzs-SbFs = 0.28 pM.

ECL Peak Integrated Charge ® (peak @ (integrated

Height ECL area ©) height) area)
(counts) (counts)
Ru(bpy)s?* 2204 1.89x10° 2338.93
Pt1Agso-SbFs 56499 9.91x10° 3286.60 18.24 3.74
Pt1AQg2s-ShFs 19119 4.34x10° 3174.87 6.39 1.69

Table 5.4. Photon flux for some common light sources. Measured using an Ocean Optics
USB2000+ miniature fiber optic (200-micron diameter) spectrometer controlled with

SpectraSuite software.

Photon flux (photons/s) Irradiance (W/m?)
Fluorescent bulb 2.37x10'° 8.82x10!

Furthermore, an absolute ECL efficiency measurement avoids any misrepresentation that

can result from an inconsistent method. In the example above, results calculated using the
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ECL peak height versus the ECL peak area differ by approximately 60%. Both
approaches are valid, except that they fail to account for spectral differences in peak
wavelength widths. The absolute ECL determination described in this work therefore
represents a much more objective strategy to quantify the performance and efficiency of

novel luminophores.33 84

When the concentration of the Pt-Ag nanoclusters was increased, we observed an overall
improvement in the absolute ECL efficiency (Table 5.5). This is likely because the
relative ratio between the nanoclusters and TPrA has increased, and therefore the overall
reaction rate to produce ECL excited states is enhanced. It should be noted here that this
ratio is still unusually low compared to ECL studies of other nanoclusters; even with the
very low concentration of luminophore employed in this study, the ECL intensities were
among the greatest we have observed. It is possible that these nanoclusters may undergo
aggregation at increased concentrations; aggregation-induced emission (AIE), where
molecules exhibit enhanced luminescence in more concentrated solutions, can then
occur.® This phenomenon has been previously reported for gold nanoclusters®: 87 with
the justification that aggregation increases the reactivity between the nanoclusters and
coreactant due to their improved proximity. In a similar manner, aggregation of these
nanoclusters may also increase the contribution of catalytic feedback loops, and the
cascade generation of excited states described earlier, leading to the observed

enhancement in the ECL efficiency.

Table 5.5. Absolute ECL quantum efficiencies of Pt-Ag nanoclusters at high

concentration. TPrA concentration was 1 mM.

Photons Electrons Absolute ECL Quantum
Efficiency (%)
Pt1Ags0-SbFs (1.5 uM) 1.99x10% 3.33x10% 0.6%
Pt1Ag2s-SbFs (1.3 UM) 2.80x10%8 2.00x10% 1.4%

Finally, the ECL electron transfer reactions in this system also appear to be highly
diffusion controlled: potential stepping experiments in both annihilation and coreactant
pathways showed no improvement over potential scanning (Figure 5.44 and Figure

5.45), which indicates that the diffusion rate of these nanoclusters may be quite limited.
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This observation can also explain the enhancement of ECL in the coreactant pathway, as
the greater diffusion rate of TPrA will result in a large increase in the local concentration
of ECL excited states. Such exceptional ECL efficiencies highlight the excellent
physicochemical properties of these nanoclusters and will encourage unprecedented
applications towards highly efficient light-emitting devices, or enable the detection of

single molecules.

20
109 current
— ECL

0.5 L 15 E
< C
Z 00 _M 2
3 s &
1.0 08 2

MJMM\NM%WWW 0.0

Figure 5.44. Potential stepping of PtiAgso-SbFs (10 Hz) in the annihilation pathway.
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Figure 5.45. Potential stepping of Pt1Ag2s-SbFs (10 Hz) in the annihilation pathway.

5.4 Conclusions

In summary, the SbFs™ counterion effects have been evaluated and controlled in
reconstructing metal nanoclusters and regulating their photochemical activities. Through
controlling the amount of introduced SbFs™ counterions, the stepwise evolution from
Pt1Agos-Cl to Pt1Ages-SbFs and then to PtiAgao-SbFs has been mapped out. The presence
of SbFs™ not only can reconstruct the nanocluster structure, which belongs to the
molecular chemistry, but also is capable of rearranging cluster molecules in the
supracrystal lattice, which touches upon the supramolecular chemistry. Owing to their

distinct molecular structures and crystalline packing modes, these nanoclusters
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manifested distinguishable optical absorption and emission properties in solution and
crystal states. Significantly, a boosted emission intensity has been accomplished with the
nanocluster transformation, giving rise to an ultrabright PtiAgso-ShFe nanocluster with a
PL QY as high as 78%. Furthermore, Pt1Agso-SbFs displayed superior ECL quantum
efficiency to that of Pt1Agzs-SbFs, which was further supported by the increased
effectively exposed reactive facets amenable to undergoing electron transfer reactions of
the former nanocluster. In particular, the ultrabright Pt1Agso-SbFe exhibited an
unprecedented absolute ECL quantum efficiency 120-fold greater than that Ru(bpy)s*
while the bright Pt1Agzs-SbFs demonstrate one 55-time larger than that of Ru(bpy)s®*,
highlighting their exceptional electrogenerated emission capabilities at sub-micromolar
concentrations. Overall, this work is of great significance for revealing the SbFe
counterion effects on nanoclusters at the atomic level from both structures and

photochemical/photoelectrochemical property aspects.
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5.5 Supporting Information

Table 5.6. Crystal data and structure refinement for the [Pt1Ag2s(S-

Adm)1g(PPhs)4](SbFs)2 nanocluster.

Name Value

Crystal system monoclinic
Space group P21/c

alA 32.608

b/A 25.628

c/A 36.988

a/° 90

pB/° 96.42

v/° 90
Volume/A3 30715.6

Z 4

Pcalcg/Cm3 1.712

p/mm 17.910

F(000) 15501

Crystal size/mm?® 0.1x0.1x0.1
Radiation CuKoa (A= 1.54186)

Index ranges
Final R indexes [[>=2c ()]
Final R indexes [all data]

-38<h<39,-30<k<30,-42<1<17
R1=0.0975, wR2 = 0.2671
R1=10.1207, wR2 = 0.2964
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Table 5.7. Crystal data and structure refinement for the [Pt1AgsoCl1i(S-

Adm)1g(PPhs)s](SbFe)s nanocluster.

Name Value

Crystal system triclinic

Space group P-1

alA 22.6826(8)
b/A 22.7851(8)
c/A 30.8635(10)
a/° 89.078(3)

pB/° 85.545(3)

v/° 68.604(3)
Volume/A3 14805.6(9)

Z 2

Pcalcg/Cm3 1.734

w/mm 19.573

F(000) 7522

Crystal size/mm?® 0.1x0.1x0.1
Radiation CuKoa (A =1.54186)

Index ranges
Final R indexes [[>=2c (I)]
Final R indexes [all data]

-27<h<17,-27<k<17,-34<1<37
R1=0.0924, wR2 = 0.2499
R1=0.1010, wR2 = 0.2589
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Chapter 6

6  Elucidation of an Aggregate Excited State in the
Electrochemiluminescence and Chemiluminescence of
a Thermally Activated Delayed Fluorescence (TADF)
Emitter?

The electrochemistry, electrochemiluminescence (ECL), and chemiluminescence (CL)
properties of a thermally activated delayed fluorescence (TADF) emitter 4,4'-(1,2-
dihydroacenaphthylene-5,6-diyl)bis(N,N-diphenylaniline) (TPA-ace-TRZ) and three of
its analogues were investigated. TPA-ace-TRZ exhibits both a) delayed onset of ECL
and, b) long-persistent luminescence, which we have attributed to the formation of an
aggregate excited state in excimer or exciplex form. The evidence of this aggregate
excited state was consistent across ECL annihilation and coreactant pathways as well as
in CL. The absolute ECL efficiency of TPA-ace-TRZ using benzoyl peroxide (BPO) as
coreactant was found to be 0.028%, which was 9-fold stronger than the [Ru(bpy)s]
2*IBPO reference coereactant system. Furthermore, the absolute CL quantum efficiency
of TPA-ace-TRZ was determined to be 0.92%. The performance and flexibility of the
TADF emitter TPA-ace-TRZ under these various emissive pathways is highly desirable

towards applications in sensing, imaging, and light-emitting devices.

6.1 Introduction

Electrochemiluminescence (ECL) involves the electro-generation of radical species that
subsequently undergo electron-transfer reactions to form excited states, which release
photons upon relaxation.*2 ECL has many analytical applications including biological
immunoassays,®® analyte detection,® 7 single molecule detection,> 8% and various
imaging application,'* *2 along with various luminophors.? 1*?° Since ECL does not

require an incident light source, detection can be achieved with excellent signal-to-noise

T This work has been published. Chu, K.8; Adsetts, J. §; Whitworth, Z.; Kumar, S.; Zysman-Colman, E.;
Ding, Z. Langmuir (2023) 39, 2829-2837. ¥ indicates equally contributed first author.
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ratio and sensitivity.'® There are two general pathways by which ECL can occur. The first
is the annihilation pathway, where radical species generated by oxidation and reduction at
an electrode interact to produce excited states. The second is the coreactant route, which
introduces a secondary compound known as a coreactant, such as benzoyl peroxide
(BPO). Upon reduction, BPO can form a benzoate radical through electrochemical and
chemical reactions, which has significant oxidizing power, and is capable of oxidizing the
luminophore radical anion to produce excited states. Due to the high redox power of
coreactants, ECL in coreactant pathways often have greatly enhanced emission.*®

Chemiluminescence (CL), on the other hand, is another type of luminescence where the
excitation energy instead comes from chemical reactions.?** In many ways, it is a more
generalized version of ECL, and so CL-based detection techniques enjoy many of the
same analytical benefits. One of the most studied CL reactions is the oxidation of an aryl
oxalate ester with hydrogen peroxide; this reaction produces high-energy intermediates
which are capable of chemically exciting luminophores®-?'; radiative relaxation back to
ground state releases the energy in the form of light. Excited-state species may also lose
their energy by other mechanisms such as vibrational relaxation and collisions with other

molecules; such non-radiative processes lead to decreased CL emission efficiency.?® 2°

Numerous classes of ECL and CL luminophores have since been studied, including
organic molecules®® 3!, phosphorescent metallic complexes® 23, nanomaterials,*> 1% 2034
% and their emulsion droplets®® like PL of luminophore aggregate at liquid/liquid
interfaces.®” Thermally activated delayed fluorescent (TADF) emitters are a new class of
luminophores in ECL able to utilize thermally activated up-conversion of triplet to singlet
states, thus enabling theoretical internal quantum efficiencies of up to 100%.%® TADF
relies on a small singlet-triplet energy gap, AEst. More recently, several reports have
documented organic long-persistent luminescent compounds whose luminescence decays
in the order of seconds.®® #° The long-lived luminescence in this class of emitters
originates from charge separation, followed by a slow charge recombination route, often
in a framework of electron-donating and electron-accepting molecules to facilitate the
formation of charge separated states.** This phenomenon has been reported for

photoluminescent materials (OLPL)*2, but also recently by us for
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electrochemiluminescence (OLECL).*® #3 In particular, there is evidence that the
compounds that exhibit organic long-persistent luminescence often possess aggregate

excited states.**

Recently, the synthesis and photophysical properties of a series of through-space charge-
transfer thermally activated delayed fluorescence compounds 4,4'-(1,2-
dihydroacenaphthylene-5,6-diyl)bis(N,N-diphenylaniline) (TPA-ace-TRZ) (Figure
6.1A), 4-(1,2-dihydroacenaphthylen-5-yl)-N,N-diphenylaniline (TPA-ace) (Figure 6.1B),
6-(4-(diphenylamino)phenyl)-1,2-dihydroacenaphthylene-5-carbonitrile (TPA-ace-CN)
(Figure 6.1C), and 4,4'-(1,2-dihydroacenaphthylene-5,6-diyl)bis(N,N-diphenylaniline)
(2TPA-ace) (Figure 6.1D) were first investigated by us.*® Due to the intriguing electronic
properties of TPA-ace-TRZ, we further explore in this study the electrochemistry,
electrochemiluminescence, and chemiluminescence of TPA-ace-TRZ, Figure 6.1A.
Using ECL-voltage curves and time-resolved ECL spectroscopy, we provide unique
insights into the formation and emission characteristics into aggregate excited states. As
well, the ECL and CL absolute quantum yields were determined for TPA-ace-TRZ,
providing valuable electrochemical and spectroscopic insights.

TPA-ace-TRZ TPA-ace TPA-ace-CN 2TPA-ace

Figure 6.1. Structures of (A) TPA-ace-TRZ (B) TPA-ace, (C) TPA-ace-CN, and (D)
2TPA-ace.
6.2 Experimental

6.2.1 Materials and reagents

Tetrabutylammonium hexafluorophosphate (TBAPFe, for electrochemical analysis,
>99.0%), benzoyl peroxide (BPO, reagent grade, >98%) and ferrocene (>98%) were



172

purchased from Sigma-Aldrich Canada and used as received. SureSeal dichloromethane
(DCM, >99.8%) was purchased from Sigma-Aldrich Canada and stored in a N»-filled
glovebox. The synthesis of the above compounds are reported elsewhere.*®

6.2.2  Electrochemistry and electrochemiluminescence

A three-electrode system was used for all electrochemical measurements, where the
working electrode was a 2 mm platinum disc inlaid in a glass tube, and the counter and
quasi-reference electrodes were platinum wires. All potentials were reported relative to
the Fc/Fc* redox couple where the formal potential was taken to be 0.342 V vs. SCE.*
Electrochemiluminescence experiments were conducted inside a cylindrical glass tube
with a flat quartz window at the bottom to allow for the detection of ECL light. The
airtight ECL cell was assembled inside a nitrogen atmosphere glovebox (Model Nexus I,
Vacuum Atmospheres Company, Hawthorne, CA) to minimize the effect of oxygen and

moisture.

The potentiostat used for cyclic voltammetry and differential pulse voltammetry
experiments was a CH Instruments Model 610a electrochemical workstation (CH
Instruments Inc., Austin, TX). ECL emission was measured using a photomultiplier tube
(Model R928, Hamamatsu, Japan) biased at =750 V, where the output signal as
photocurrent was converted in a voltage for data acquisition using a picoammeter
(Keithley 6487, Cleveland, OH). The electrochemical current and the ECL signal were
recorded using a data acquisition board (DAQ Model 6036E, National Instruments,
Austin, TX) and acquired using a custom LabVIEW program. For potential stepping
experiments, a PAR263 potentiostat was utilized (Princeton Applied Research, Berwyn,
PA), which also recorded the ECL signal by means of an external auxiliary input. ECL
spectra were recorded using a spectrograph (Model SP2300i, Princeton Instruments,
Trenton, NJ) with an attached CCD camera (Andor DU401-BR-DD-352, Oxford
Instruments, UK) cooled to —65 °C. Wavelength calibration was accomplished using a
mercury source (HG-1, Ocean Optics, Dunedin, FL) using a center wavelength of 546
nm. Accumulation ECL spectra were acquired by collecting all emission generated over
the entire cyclic voltammogram program. Spooling ECL spectra were acquired each at a

time interval of 1 s during a cyclic voltammogram; the obtained spectra were combined
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in a three-dimensional plot using a custom MATLAB program. For all measurements, the
spectrum recording was synchronized by means of a5 V TTL pulse output from the

potentiostat at the beginning of the potential scanning.

Total photons

() =
ECL ™ Total electrons

Equation 6.1
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Figure 6.2. (A) lllustrative calibration procedure of the spectrometer and integrating
sphere detection system. The LS-1-CAL-INT standard lamp was radiometrically
calibrated by Ocean Insight Inc. to provide a known quantity of light. The lamp is
automatically tracked by the OceanView software to provide the absolute irradiance

power spectrum (power in unit of uW/nm vs. wavelength in nm). (B) Measuring the
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absolute chemiluminescence (CL) quantum efficiency. The CL reagents are added to the
reaction vial, and the resulting emission is collected in absolute photon numbers by the
calibrated spectrometer system. (C) Transformation from absolute power (uW/nm) to
absolute number of photons (1/nm) at each individual wavelength, using Equations 2-3.
The number of total photons can then be obtained by summing up the photons at each
wavelength in the visible range between 400 and 700 nm. Dotted lines in the figure

correspond to connections via an optical fiber.

6.2.3 Determination of the absolute ECL quantum efficiency

The spectrograph/CCD camera setup described above was standardized against a
calibrated photodiode (S120VC, Thorlabs Optics, Newton, NJ) and power meter
(PM100D, Thorlabs). Following this calibration procedure, the reading from the CCD
camera, in counts, may be converted to an absolute quantity, in photons. In-depth
experimental procedures and calibration formulas are described in detail elsewhere.*’ 48
Determination of the total number of electrons injected during an experiment was
performed by integrating the electrochemical current (as measured by the electrochemical
workstation) to obtain the total charge; transformation to number of electrons proceeds
using the elementary charge constant. The absolute ECL quantum efficiency (®ecL) is

then determined using Equation 6.1.

6.2.4 Chemiluminescence

Chemiluminescence experiments were performed by adding the following reagents into
the reaction vial: 10 mL ethyl acetate (reagent grade, >99.5%, Sigma Aldrich Canada) as
the solvent, 50 mg bis(2,4,5-trichloro-6-(pentyloxycarbonyl)phenyl)oxalate (CPPO,
>98%), 100 mg sodium acetate, and 3 mL of 30% hydrogen peroxide (H20>). This recipe
was adapted from a paper*® with some modifications in consideration of the reagent
solubility. The luminophore (TPA-ace-TRZ) was added at a concentration of 0.3 mg/mL.
Spooling CL spectra were collected using a 6-inch integrating sphere (Labsphere Inc.,
North Sutton, NH). An optical fiber connected the integrating sphere to an optical
spectrograph and sensor (USB2000+, Ocean Insights, Orlando, FL) which was controlled

by OceanView software (Ocean Insight). Calibration of the Ocean Insight spectrometer
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was performed using a radiometric standard lamp (Model LS-1-CAL-INT, Ocean
Insights), as in Figure 6.2A. Determination of the chemiluminescence absolute efficiency
(dcL) was performed by converting an absolute irradiance power spectrum (W, in
uW/nm vs. wavelength in nm) from the Ocean Insight spectrometer to an absolute photon
spectrum (N, in photons/nm vs. wavelength in nm ) using Equation 6.2 and Equation
6.3, Figure 6.2B.

hc

E =
photon,A 1

Equation 6.2

W;

Ny=—2—
Ephoton,/i

Xt

Equation 6.3

where Epp0t0n, IS €nergy of a photon at a specific wavelength, h Plank constant, ¢ light

speed, A wavelength, t the accumulation time for acquiring the spectrum. Following
Equation 6.4 by summing up all the photons at each wavelength in the range between

400 and 700 nm, the absolute CL efficiency (®cL) can be determined,

2700 N/1
b, = ZA=400" 7« 1000
““ neppo X NA %

Equation 6.4

where ncpepo is the number of CPPO molecules (the limiting reagent) in the reaction, and

NA is Avogadro’s constant (equal to 6.02x10%).

6.3 Results and Discussion

6.3.1  Electrochemiluminescence via the annihilation pathway

The electrochemical and spectroscopic properties of the four complexes (TPA-ace-TRZ,
TPA-ace, CN-TPA-ace, and 2TPA-ace) were studied. However, due to the very small
singlet-triplet energy gap (AEst) of TPA-ace-TRZ (0.06 eV), we decided to investigate



176

this compound in more detail, as the small AEst could lead to enhanced

electrochemiluminescence efficiencies through effective harvesting of triplet excitons.>®-
52
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Figure 6.3. (A) Differential pulse voltammogram of 1.42 mM TPA-ace-TRZ in
dichloromethane. Initial scan direction is indicated with arrows. (B) CV (red) and
corresponding ECL voltage curve (blue) of 1.42 mM TPA-ace-TRZ in dichloromethane
with 0.1 M TBAPF as supporting electrolyte. Scan rate was 0.1 V/s. (C) Potential-time
(black), current-time (red), and ECL-time (blue) profiles of TPA-ace-TRZ during

potential stepping experiments at a pulsing frequency of 10 Hz.
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The electrochemistry and the ECL behaviour of TPA-ace-TRZ in the annihilation
pathway were first investigated. Figure 6.3A displays the differential pulse
voltammograms (DPVs) of TPA-ace-TRZ in dichloromethane, while Figure 6.3B shows
the cyclic voltammogram (red) and corresponding ECL voltage curve (blue). TPA-ace-
TRZ undergoes multiple irreversible oxidation reactions and one quasi-reversible
reduction reaction at —2.20 V as seen in the DPVs. One notable oxidation occurs at +0.50
V. However, ECL was only observed when the potential reached the oxidation peak at
+2.30 V and the reduction peak at —2.20 V vs. SCE. This suggests that the generation of
the radical anion, and at least a radical multi-cation of TPA-ace-TRZ is required for ECL.
The intensity of ECL detected in the annihilation pathway was limited, with a maximum
of 5 nA observed in the anodic scan. This is likely due to the low stability of the
electrogenerated radical species; this issue is especially apparent in linear voltage sweep
experiments, as there is a relatively long time gap between the generations of radical ion
partners. It can also be seen that the ECL is more intense in the anodic region, which
suggests that TPA-ace-TRZ" possesses greater stability compared to TPA-ace-TRZ™,
which agrees well with the reversibility of redox reactions.

The problem of large time delay between generations of radical anions and cations can be
partially circumvented with potential stepping experiments, where the potential can be
rapidly switched between anodic and cathodic voltages. Figure 6.3C shows the ECL-
time curve for TPA-ace-TRZ in the annihilation pathway (ECL plotted in blue), where
the potential was alternated between +2.75 V and —2.65 V at a rate of 10 Hz. The ECL
intensity was greatly enhanced using this process, and a maximum of 800 nA could be
observed during the anodic pulses. This intense ECL enabled us to acquire an
accumulation spectrum of TPA-ace-TRZ in the annihilation pathway (Figure 6.4), where
an emission peak centered at 630 nm was observed. The ECL efficiency of this system
relative to [Ru(bpy)s]?* was determined to be 3.4%. The electrochemistry and
annihilation ECL behaviour in the same system was also studied for TPA-ace, TPA-ace-
CN, and 2TPA-ace; Figure 6.5 — Figure 6.16 provide the CV/ECL-voltage curves,
DPVs, ECL pulsing profiles, and ECL annihilation accumulation spectra for these three
compounds. The emission wavelengths were determined to be 595 nm, 509 nm, and 625

nm, respectively. The summary of the various emission pathways studied for these
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compounds is provided in Table 6.1. The ECL emission is significantly red-shifted for

2TPA-ace and TPA-ace-TRZ compared to their PL emissions; this observation may be

due to the formation of aggregate excited states, which form as a result of a reaction

between two chromophores. These excimers — dimeric excited states — may be

responsible for the red-shifted emission due to their greater degree of conjugation.>*-%°
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Figure 6.4. Accumulation spectrum of TPA-ace-TRZ ECL in the annihilation pathway.
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Figure 6.7. ECL-time curves during potential stepping experiments (10 Hz pulse

frequency) of TPA-ace ECL in the annihilation pathway.

585 nm
0.8

0.6

0.4

ECL Intensity (a.u.)

0.2+

0.0

T T T T
200 400 600 800
Wavelength (nm)

Figure 6.8. Accumulation ECL spectrum of TPA-ace in the annihilation pathway.
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Figure 6.12. ECL accumulation spectrum for TPA-ace-CN in the annihilation pathway.
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Figure 6.15. ECL-time curves during potential stepping experiment (10 Hz) for 2TPA-

ace in the annihilation pathway.
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Figure 6.16. Accumulation ECL spectrum for 2TPA-ace in the annihilation pathway

during potential pulsing experiments.

We also observed a noticeable delay in the onset of the ECL signal during potential
stepping experiments; this can be seen as the ECL begins to increase approximately 25
milliseconds after each anodic step. The delay in the onset of ECL is therefore the time
required to form the emissive excimer species. Table 6.2 provides a summary of the ECL
onset, ECL maximum, and the ECL decay profiles of TPA-ace-TRZ, TPA-ace, 2TPA-
ace, and TPA-ace-CN in the ion-annihilation pathway. In all four compounds studied,
there was a delay in both the onset of ECL and its decay back to baseline, i.e. ECL started
to be detected after the beginning of the potential pulse, and ECL continued to persist
after the potential pulse had ended. The former observation is, as stated, due to the
required formation of emissive excimer species; the latter might be the phenomenon of

organic long-persistent ECL (OLECL), which is characterized by long-lived emission
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stemming from a charge-separation process followed by a slow charge-recombination
route.*> % 5" The formation of higher-order excited state species may be characterized by
long-persistent luminescence.* Importantly, organic long-persistent emission is
mechanically distinct from phosphorescence processes: organic long-persistent emission
involves a slow charge recombination step, whereas phosphorescence requires a slow
radiative transition between the triplet excited state and the ground state.*®%° On average,
we observed that this ECL onset delay and persistent ECL was longest for TPA-ace-TRZ,
suggesting a slower excimer formation process for this compound than the others.

Table 6.1. Summary of photoluminescence (PL), electrochemiluminescence (ECL), and
chemiluminescence (CL) emission in anhydrous dichloromethane. Numbers in

parentheses in red color represent ECL efficiencies calculated relative to the

Ru(bpy)s?*/BPO system.
TPA-ace-
TRZ TPA-ace-CN 2TPA-ace TPA-ace
Abs 340 nm 340 nm 340 nm 330 nm
PL 565 nm 495 nm 405 nm 410 nm
ECL 0 0 0 0
Annihilation 630 nm (3%) 509 nm (7%) 625 nm (15%) 595 nm (3%)
ECL 610 nm 500 nm 625 nm o
(10 mM BPO)  (2200%) (2322%) (1351%) 605 nm (36%)

Table 6.2. Summary of ECL onset, peak maxima, and end during ECL pulsing

experiments.

3. TPA-ace- 4. TPA-ace-
1. TPA-ace 2. 2TPA-ace CN TRZ
AE45 0.88 eV 0.74 eV 0.22 eV 0.06 eV
ECL start
delay +23 +£ 2.5 ms +20+ 1.8 ms +18 +2.4 ms +25 £ 3.7 ms

ECL max +34 + 3.5 ms +31+£ 2.4 ms +32 +£3.9 ms +57 £ 10 ms
ECL end +111 + 14 ms +100+1.8ms +100+1.0ms +128 £ 14 ms

ECL Time offsets were determined from ECL-time profiles during potential pulsing
experiments (as in Figure 6.3C, Figure 6.7, Figure 6.11, and Figure 6.15 corresponding
to TPA-ace-TRZ, TPA-ace, TPA-ace-CN, and 2TPA-ace, respectively. ‘ECL start delay’
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corresponds to the beginning of the increase from the ECL baseline. ‘ECL max’
corresponds to the point of maximum recorded ECL intensity. ‘ECL end’ corresponds to
the point where the ECL returns to the baseline. All time offsets are reported with respect

to the beginning of the potential pulse (t=0).

6.3.2  Electrochemiluminescence with benzoyl peroxide as
coreactant
Next, we studied the ECL behaviour in the presence of a coreactant. Since Figure 6.3B
indicates that the radical anion species is more stable, we selected benzoyl peroxide
(BPO) as the oxidative-reduction coreactant. At a concentration of 10 mM BPO, a large
enhancement in the ECL intensity was observed, which is due to the close potentials at
which luminophore and coreactant can be reduced. In the above scenario, the two radical
species react immediately upon generations so that the excited state concentration is
elevated. Figure 6.17A demonstrates the CV and corresponding ECL voltage curve,
where BPO is reduced at around —1.40 V vs. SCE to form the BPO radical anion
(BPO™). The benzoate radical (PhCOz") that is subsequently formed via a chemical
reaction is a strong oxidizing agent which is capable of removing an electron from the
TPA-ace-TRZ" radical anion to generate the excited state TPA-ace-TRZ* that relaxes to
emit an ECL photon. The onset of the ECL peak is observed at —2.10 V vs. SCE, which
corresponds closely with the reduction of TPA-ace-TRZ (seen from the DPVs in Figure
6.3A). This confirms that the TPA-ace-TRZ radical anion is key to the production of
ECL. The ECL signal reached a maximum intensity of 24 pA at —2.20 V (approximately
a 4800-fold enhancement when compared with that in the annihilation pathway), with the
intensity decreasing at higher applied potentials due to the depletion of excited state
concentration. Figure 6.17B illustrates the ECL emission spectrum of the TPA-ace-
TRZ/BPO system, where a peak centered at 610 nm can be observed. This ECL emission
wavelength under the coreactant pathway closely matches that of the annihilation

pathway, indicating that a similar excited state could be present in both ECL pathways.
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Figure 6.17. (A) Cyclic voltammogram (red) and ECL voltage curve (blue) of 1.42 mM
TPA-ace-TRZ in dichloromethane and 0.1 M TBAPFs with 10 mM benzoy!l peroxide as
coreactant. Scan rate = 0.1 V/s. (B) ECL accumulation spectrum of TPA-ace-TRZ with

10 mM benzoyl peroxide (BPO). (C) Current-time (red) and ECL-time (blue) profile of

TPA-ace-TRZ during potential pulsing (pulsing frequency was 10 Hz).

Figure 6.17C shows the ECL-time profile for TPA-ace-TRZ during potential stepping
experiments in the BPO coreactant pathway. Similar to what was detected in the

annihilation pathway, there was a delay in the onset of ECL emission compared to the

beginning of the cathodic potential step. This observation strongly indicates the formation

of a higher-order excited state. The production of an exciplex species (a heterogeneous
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excited state®® 62) between TPA-ace-TRZ " and PhCO;" could be responsible for light
emission in the coreactant pathway. This presence of exciplexes could also explain the
small difference in emission wavelengths between the annihilation and coreactant

pathways.

The ECL behaviour in the BPO coreactant system was also studied for TPA-ace, TPA-
ace-CN, and 2TPA-ace; Figure 6.18 — Figure 6.26 demonstrate the CV/ECL-voltage
curves, accumulation, and spooling ECL spectra for these experiments. The emission
wavelengths for TPA-ace, TPA-ace-CN, and 2TPA-ace were 500 nm, 625 nm, and 605
nm, respectively, which correspond very well to the annihilation ECL emission peak
maxima. In general, the ECL emission was strongest for TPA-ace-TRZ and TPA-ace-CN,
with an ECL maximum of 24 pA and 50 pA observed, respectively. In all four studied
complexes, we observed a red-shift in their ECL emissions compared to their PL

emissions; this can again be attributed to the formation of exciplexes.
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Figure 6.18. CV and ECL voltage curve of TPA-ace with 10 mM BPO as coreactant.
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Figure 6.19. Accumulation ECL spectrum of TPA-ace with 10 mM BPO.
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Figure 6.20. Spooling ECL spectrum of TPA-ace with 10 mM BPO as coreactant. Scan
rate = 0.1 V/s, 1 spectrum/s.

0 - 50

_10 -
. - 40 [
< -20 o
= ~30
5 %07
3 -40 20 g
-50 10 2

-60 -

I I I | | [ 0
30 25 20 -5 -0 05 00

Potential (V vs. SCE)

Figure 6.21. CV and ECL voltage curve for TPA-ace-CN with 5 mM BPO as coreactant.
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Figure 6.22. ECL accumulation spectrum for TPA-ace-CN with 5 mM BPO as

coreactant.
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Figure 6.23. ECL spooling spectrum of TPA-ace-CN with 5 mM BPO as coreactant.

Scan rate was 0.1 V/s, 1 spectrum/s.
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Figure 6.25. ECL accumulation spectrum of 2TPA-ace with 5 mM BPO.
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Figure 6.26. Spooling ECL spectra of 2TPA-ace with 5 mM BPO. Scan rate = 0.1 V/s, 1

spectrum/s.

We then employed spooling ECL spectroscopy to further study the emission during a
potentiodynamic scan. In this technique, ECL spectra are continuously collected during a
voltage scan to enable the correlation of light emission with specific applied potentials.®®
Figure 6.27 shows the spooling spectra for TPA-ace-TRZ with 10 mM BPO. Like
Figure 6.17A, ECL emission is detected when the potential reaches —2.10 V, with the
maximum emission intensity achieved at a potential of —2.20 V. We can see a single peak
throughout the scan with the wavelength remaining consistent, shown in the overlapped
spectra in Figure 6.28. Using this information, the summary of the proposed mechanism
is provided in Figure 6.29. TPA-ace-TRZ and BPO are both reduced at the electrode
surface to produce TPA-ace-TRZ™ and BPO™, respectively. BPO™ then loses a PhCO,~
group to produce the benzoate radical (PhCO2"). The benzoate radical then removes an
electron from the orbital of TPA-ace-TRZ"™ to generate the excited state TPA-ace-TRZ*,
which subsequently forms an exciplex species with another PhCO>" molecule. The

relaxation of this dimeric excited state back to ground state results in the emission of

ECL.
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Figure 6.27. Spooling ECL spectra of TPA-ace-TRZ in the presence of 10 mM BPO as
coreactant during a potentiodynamic experiment. The scan rate was 0.1 V/s and the

exposure time of each spectrum was 1 s.

1600

1500

1400

1300

1200

ECL Intensity (cps)

1100

1000 |

e bl

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 6.28. Overlaid ECL spooling spectra of TPA-ace-TRZ with 10 mM BPO as

coreactant.
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Figure 6.29. ECL reaction scheme for luminophore in the presence of BPO as coreactant.
A = TPA-ace-TRZ, BPO = benzoyl peroxide.

6.3.3  Determination of the absolute ECL quantum efficiency

The absolute ECL quantum efficiency (®ecL) of TPA-ace-TRZ was then determined to
be 0.028% (Table 6.3), using our standardized spectrograph/CCD camera setup.5* The
®ecL of TPA-ace-TRZ is approximately 9-fold stronger when compared to the reference
system of [Ru(bpy)s]**/BPO. It is evident that there a large discrepancy between the
absolute and relative ECL efficiencies of this system. This is likely because the radical
ion stabilities and reactivities of TPA-ace-TRZ and [Ru(bpy)s]** are quite different, and a
direct comparison between these systems becomes problematic. In addition, there may be
significant quenching of the excited states in the [Ru(bpy)s]>*/BPO system (particularly
at the 10 mM concentrations we have employed in this study), leading to an artificial
enhancement of the TPA-ace-TRZ relative efficiencies, wherein a reduction in the
denominator of Equation 6.5 increases the relative ECL yield. A key advantage of the
absolute ECL determination is significant simplification of the physical/analytical
procedure. Only a single measurement for the ECL emission on the spectrograph/CCD
apparatus together with the corresponding electrochemical current is needed. In contrast,
the relative ECL efficiency always requires a separate measurement of the Ru(bpy)s®*

standard. This increases the complexity of the test and introduces another potential area
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of experimental bias. Traditional efficiencies measured relative to an external standard
are consequently prone to misrepresentation of the true ECL efficiency. Therefore,
reporting the absolute ECL efficiencies provides a highly representative measure of the
ECL performance of a luminophore, and allows the meaningful comparison of the
performance of various classes of luminophores. Although absolute ECL efficiencies
have not been reported before for this class of compound, such measurements can
provide valuable insight towards their electrochemical and electrochemiluminescence

properties and behaviour.

Table 6.3. Absolute and relative ECL quantum efficiencies for TPA-ace-TRZ in the
presence of 10 mM benzoyl peroxide as coreactant. The concentration was 1.5 mM for
both luminophores and calculated during a cyclic voltammogram experiment (scan rate
was 0.1 V/s).

Rel. efficiency vs.

Photons Electrons PecL N

[Ru(bpy)s]®

[Ru(bpy)s]?* 4.15x10! 1.31x10% 0.003%
TPA-ace-TRZ 4.73x10% 1.68x10'° 0.028% 9-fold
JECL x dt
Lo = (Current X dt)x 100
rel ECL_( [ECL x dt ) X
J Current x dt/
Equation 6.5

6.3.4  Chemiluminescence of TPA-ace-TRZ and its quantum
efficiency
Finally, we explored the chemiluminescence (CL) properties of TPA-ace-TRZ via the
oxidation of a phenyl oxalate ester. CL differs from ECL as the energy required to
produce emissive excited state species comes from chemical reactions instead of an
electrical current. With the addition of 10 mg/mL bis(2,4,5-trichloro-6-
(pentyloxycarbonyl)phenyl)oxalate (CPPO) and hydrogen peroxide, bright yellow CL
emission can be observed from the reaction vial (Figure 6.30A and Figure 6.30B).
Briefly, CPPO reacts with H20: in the presence of a base catalyst (in these experiments,
sodium salicylate was used) to produce oxalyl chloride, forming the high-energy 1,2-
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dioxetanedione intermediate, which ultimately decomposes into CO». This reaction is
exothermic, and the released energy can be subsequently absorbed by TPA-ace-TRZ to
produce TPA-ace-TRZ*;% 2.6 the relaxation of TPA-ace-TRZ* back to ground state

releases a CL photon.
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Figure 6.30. Colour photograph of TPA-ace-TRZ CL reaction vial (A) before adding
H20, and (B) after addition of H2O>. (C) CIE colour coordinate diagram of the TPA-ace-
TRZ CL reaction (0.3 mg/mL TPA-ace-TRZ, 10 mg/mL CPPO, 3 mL 30% H20>). (D)
Accumulation CL spectrum of 0.3 mg/mL TPA-ace-TRZ in dichloromethane;
accumulation time was 10 s. The inset shows the calculated colour of the CL emission

represented by coordinates x = 0.50 and y = 0.48.

The CL emission, when shown on the Commission International de 1’Eclairage (CIE)
colour diagrams, has coordinates of x=0.50 and y=0.48 (Figure 6.30C); this calculated
colour matches very well with our photograph. The CL light was also measured by the
spectrograph/CCD camera setup, where a broad emission peak could be observed
centered at 610 nm (Figure 6.30D). This signal closely matches the emission observed in
the ECL annihilation and coreactant pathways, suggesting that similar excited states —

specifically higher-order conjugated excited states — could be present here. However, the
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presence of excimers and/or exciplexes in the chemiluminescence process is highly
intriguing, as the involvement of a secondary coreactant or molecule is not immediately
obvious from the reaction mechanism.?® We propose that the high-energy intermediate
formed between the reaction of CPPO and H2O: (pentyl 3,5,6-trichlorosalicylate) may be
sufficiently long-lived and have sufficient reactivity to form an exciplex with TPA-ace-
TRZ*. In this way, the formation of a dimeric excited state is achieved, analogous to the
excited states previously observed in the ECL annihilation and coreactant pathways.
Dimeric excited states in chemiluminescence are quite rare, with only a few select
examples reported in literature®-8: this is in stark contrast with the increasingly
widespread excimer and exciplex contribution in ECL pathways. It may be that the
electro-generation of small, localized pockets of radical species in the vicinity of an
electrode are ideal conditions for the formation of excimers and exciplexes. In contrast,
CL involves the bulk mixing of reagents, and radical stability and reactivity may be
limiting factors. In order for dimeric excited species to produce the dominant emission, as
observed in our CL system, there should be a good balance — both chemically and
stoichiometrically — between the luminophore and other reagents to generate the required

radical species in sufficient quantities.

Nonetheless, the same excited state of TPA-ace-TRZ is shown to be easily accessible
using very different modes of excitation: ultraviolet light in PL (Figure 6.31), electro-
generation of radical species followed by electron transfer in ECL, and decomposition of
high-energy chemical intermediates in CL. The overall flexibility and efficiency of TPA-
ace-TRZ under these various emissive pathways suggests that it could be a promising

luminophore in many light-emitting applications.
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Figure 6.31. Photoluminescence excitation and emission spectra for TPA-ace-TRZ in

dichloromethane.

This reaction was also monitored using spooling CL spectroscopy, a technique that
examines the chemiluminescence emission of the system over time. Figure 6.32 shows
the spooling CL spectra, where each spectrum was collected for 10 s for a total of 150 s.
Such an acquisition, measured using an externally calibrated spectrometer, enables the
quantitative determination of the chemiluminescence quantum yield (®cL), that is, the
number of photons produced per molecule of CPPO (the limiting species in the CL
reaction). After integration of each spectrum (with units of pW/nm) across the
wavelength range of interest (400 to 800 nm), and a transformation using the photon
energy (Equation 6.1), the number of photons per spectrum can be determined.
Summing each spectrum over the entire experiment therefore yields the total number of
photons collected.
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Figure 6.32. Spooling CL spectra of TPA-ace-TRZ with CPPO and H20- collected using

a calibrated Ocean Insights optical spectrometer. Each spectrum is a 5 s exposure.

The ®cL of TPA-ace-TRZ was determined to be 0.11% over the duration of the 150 s
experiment (Figure 6.33); the total efficiency was estimated to be 0.92% when assuming
a linear extrapolation to the CL baseline (Figure 6.34). The compound TPA-ace-TRZ
demonstrated remarkable stability during the CL test, with the emission wavelength
remaining consistent throughout the 150 s experiment. This is further proof of the
presence of a single excited state, which is the exciplex excited state. TPA-ace-TRZ also
exhibited long lifetime in the CL pathway, providing visible emission to the naked eye
during the entire experiment. The CL quantum efficiency of TPA-ace-TRZ is also very
comparable to other luminophores such as luminol,®® showcasing that this compound may

have strong applications for clinical immunoassays,’® ™ or analyte sensing.’ 73
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Figure 6.33. Total photons per spectrum calculated from the spooling CL experiment of
TPA-ace-TRZ with CPPO and H20x.

4 Coefficient values + one standard deviation
a =4.1264e+015 + 7.42e+012
b =-1.0271e+013 £ 8.36e+010

Total Photons (x10'")
N
|

T T T T
100 200 300 400
Time (s)

Figure 6.34. Linear extrapolation of the total CL photons to baseline. Linear fit

performed using curve fitting function.

An estimation of the total CL photons curve was performed by extrapolating the linear fit
to the x-intercept (when the total photons curve becomes zero). At this point, t = 400 s.

The number of photons is therefore the area under the above plot. Calculating the area:

base x height 400 s x 4.11 x 10

Area = 5 5 = 8.22 X 107 photons
Equation 6.6
total photons 100 8.22 x 1017 100 = 0.92%
=X = X = 0.
L neppo X NA 1.48 X 10~* X 6.02 X 1023 ’

Equation 6.7
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6.4 Conclusions

Here, we have studied the electrochemistry, electrochemiluminescence, and
chemiluminescence of a through-space charge-transfer (TSCT) thermally activated
delayed fluorescence (TADF) emitter. In particular, TPA-ace-TRZ was shown to possess
excimer excited states in ECL annihilation pathways, and exciplex excited states in ECL
coreactant and chemiluminescence pathways; these dimeric excited states caused
significant red-shifted emissions compared to photoluminescence, and were the reason
for the organic long-persistent ECL (OLECL) observed in these emitters. TPA-ace-TRZ
exhibited an absolute ECL quantum efficiency and absolute CL quantum efficiency of
0.028% and 0.92%, respectively, determined using our standardized CCD camera and

spectrometer.
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Chapter 7

7  Determining the Bimolecular Rate Constants for
Annihilation Reactions of Electrogenerated Ru(bpy)s?*
Radical lons by Means of Electrochemiluminescence at
an Ultramicroelectrode’

The electrochemiluminescence and the associated bimolecular annihilation rate constant
kann Was modelled using finite element analysis. Experimentally, by using an
ultramicroelectrode, we were able to capture the fast kinetic profile of
electrochemiluminescence of Ru(bpy)s?* in the annihilation pathway using high
frequency potential stepping. The kann Was estimated to be 10" M*s™ by fitting simulated
ECL transients from COMSOL Multiphysics to experimental data at frequencies of 10
Hz, 100 Hz, and 1000 Hz. Our two-dimensional simulation model to simulate the
hemispherical diffusion of electroactive species at an ultramicroelectrode is shown to be
able to extract important chemical and kinetic information from

electrochemiluminescence systems.

7.1 Introduction

Electrochemiluminescence (ECL) is the process where electrogenerated radicals at an
electrode interact to produce excited states that can emit light when relaxing back to the
ground state. The simplest ECL mechanism is the annihilation pathway, followed when a
radical cation (generated at the anode) interacts with the radical anion (generated at the
cathode) to produce the excited state. This phenomenon, since its discovery by
Chandross, Hercules, and Bard! has developed into a powerful and sensitive analytical
technique with many applications in bioanalysis, sensing, imaging, and light-emitting.
Like with all light-emitting reactions, there has been a continuous effort towards
improving and optimizing the quantum efficiency of the ECL process, such as by

designing novel luminophores that can intrinsically harness the energy of triplet excitons

T Submitted to a journal.



206

by means of thermally activated delayed fluorescence (TADF), or by exploiting other
emission enhancing effects of aggregation- or crystallization-induced
electrochemiluminescence. An area that remains significantly underrepresented and
seldom explored is that of numerical simulation of the ECL reaction. In a carefully
designed ECL experiment, the mass transport via diffusion is the only method by which
electroactive species can translocate within the medium, and therefore is the primary
driving force for the ECL reaction. This means that simulating the ECL system using
finite element analysis software is possible. Characterization and comparison of
experiment ECL with simulated models can therefore be extremely useful when
developing an understanding of ECL mechanisms and kinetics, and ultimately, can be an

effective tool towards improving and optimizing ECL quantum efficiency.

This approach has been used in the past, for instance the Wightman group were very
much pioneers in this field, using numerical simulation to model the high frequency ECL
at microelectrodes.* ® Their models were able to monitor individual chemical reactions in
solution®, demonstrating that it was possible to extract chemical information such as the
bimolecular annihilation rate constant. However, the majority of such simulations have
been developed in a single spatial dimension’, that is, it can only accurately reproduce the
linear diffusion characteristics of a macroelectrode. This is an unfortunate limitation, as it
restricts the available electrode geometries for study. In the case for ultramicroelectrodes
(commonly defined as electrodes with a critical dimension less than 25 um?® °) where
diffusive flux at the electrode surface takes on a hemispherical geometry, a two-
dimensional model is needed. With the growing popularity of micro- and nanoelectrode
electrochemistry and electrochemiluminescence studies — for reasons of minimal ohmic
drop, reduced interference from double layer capacitance, and very fast diffusion kinetics
—to probe approaching to the single molecule reaction, it is vital to develop simulations
that can reliably model these environments. In addition, were are able to show a domain
transformation from medium frequency pulsing to high rate constant due to the high

temporal resolution and high sensitivity of the photon counting instrumentation.

In this work, we simulate the electrochemiluminescence of the well-known luminophore

Ru(bpy)s?* in the annihilation mechanism at an ultramicroelectrode using COMSOL



207

Multiphysics. Using our newly developed two-dimensional COMSOL model, the fast
electron transfer kinetics could be captured with high accuracy. We were able to estimate
the biomolecular annihilation rate constant to be 10’ M-s™. This approach to use
numerical simulations in conjunction with ECL studies is shown to be a powerful tool to
extract physical and chemical parameters of ECL systems, and could be important when

finding the optimal conditions for these reactions to maximize efficiency.

7.2 Experimental

7.2.1  Materials and reagents

Tris(2,2’-bipyridine) ruthenium(l1) hexafluorophosphate, Ru(bpy)s(PFs)2 (97%, reagent
grade), tetrabutylammonium hexafluorophosphate, TBAPFs (>99.0%, electrochemical

grade), and ferrocene (98%) were purchased from Sigma-Aldrich Canada (Mississauga,
ON) and used as received. Anhydrous acetonitrile (99.8%, SureSeal) was obtained from

Sigma-Aldrich Canada and stored under an inert atmosphere.

7.2.2  Electrochemistry and electrochemiluminescence

A three-electrode system was used for all ECL experiments, where the working electrode
was a platinum ultramicroelectrode (UME) with a diameter of 25 pm and RG>10 and the
counter and reference electrodes were platinum coils. UMEs were fabricated in our lab
following the procedure published elsewhere.'® Before use, UMEs were hand-polished
using FibrMet abrasive discs adhered with 0.3 pm alumina (Buehler Canada) and their
electrochemical performance was tested using a solution of 0.9 mM ferrocenemethanol
(FcMeOH) and 0.1 M KCI to verify the presence of characteristic steady state oxidation
current.® All electrochemical analyses were performed in a glass cylindrical cell with a
flat quartz window at the bottom to allow for the detection of ECL. The ECL cell with
0.5 mM Ru(bpy)s(PFe)2 in acetonitrile solution with 0.1 M TBAPFs as supporting
electrolyte was assembled in an oxygen- and moisture-free NEXUS | glovebox system
(Vacuum Atmospheres Company, Hawthorne, CA). Cyclic voltammograms were
obtained using a CHI 610a electrochemical analyzer (CH Instruments, Austin, TX).
High-frequency potential stepping was achieved using a PAR Model 175 Universal

Programmer (Princeton Applied Research, Princeton, NJ) in conjunction with a
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bipotentiostat (Model AFCBP1, Pine Instrument Company, Grove City, PA) to sample
the electrochemical current. All experimental voltages were reported relative to the
ferrocene/ferrocenium (Fc/Fc*) redox couple, with its oxidation potential taken as 0.342
V vs. SCE.!

The ECL signal was collected using a photon counting head (PCH), which is an all-in-
one unit incorporating a photomultiplier and high-speed amplifier/discriminator/power
supply circuits (Model H6240-02, Hamamatsu, Japan). The required 5 V input power was
provided using the voltage delivery pins on a modified universal serial bus (USB)
connector. The output signal from the PCH as pulse series was passed through an
attenuator to reduce the outgoing voltage pulse magnitude to 200 mV, before arriving at
an SR430 multichannel scaler/averager (Stanford Research Systems, Sunnyvale, CA) for
data recording. The SR430 instrument collects the incoming voltage pulses from the PCH
and sorts them into successive ‘bins’, allowing the acquisition of high resolution time-
resolved ECL. The bin width (the time interval for each bin) and the bins per record
setting define the total time for each experiment. The SR430 instrument receives an
external trigger signal, provided by the PAR175 voltage programmer, and begins to
acquire and accumulate the incoming data. The total acquisition time (T) is defined by the

following Equation 7.1:
T = (N X Tpip) + (N X 250 ns) + 150 us
Equation 7.1

where N is the number of bins per record, and Tuin is the bin width. The constant values of
250 ns and 150 pus correspond to the required accumulation time per bin, and the
instrument processing overhead, respectively.'? For example, N = 9216 and a bin width
of 5.120 s equals an acquisition time (T) of 47.19 ms, plus a processing time of 2.454
ms, for a total time of 49.64 ms. In general, a total of 1000 records per scan was used for
all experiments, allowing the accumulation of multiple ECL events into a single file,
dramatically improving the signal-to-noise and providing statistical capabilities. An
external voltage trigger, provided by the PAR175 programmer, was used to begin each

record enabling the synchronous acquisition of the ECL signal. The SR430 therefore
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allows the acquisition and recording of data with extremely high frequency (down to a ns
range) and with excellent signal-to-noise. These capabilities enable the accurate study of
very fast reactions, such as those involved in the generation of ECL. A custom LabVIEW
program was used to provide computer control and subsequent data acquisition of the
SR430 instrument. Figure 7.1 provides a schematic overview of the relevant equipment

and instrumentation involved in the generation and acquisition of the ECL signal.

+y Potential Steps

—,_U_I_H_r PAR Model 175
v !

Universal Programme

UME

Ru(bpy);?* Ru(bpy):2* H
1
1

Ru(bpy);'—— Ru(bpy);* | )
+
kann Y

Synchronization
Ru(bpy),?** Signal ECL Signal
1

&] -------- -[ M°°'"'ISR43° ]--- Liu

Multichannel Scaler

Figure 7.1. Instrument setup for generating high-frequency potential steps and measuring

electrochemiluminescence.

7.2.3  Building the COMSOL simulation model: geometry and
meshing
All theoretical simulations and calculations were performed using COMSOL
Multiphysics software (version 5.3, COMSOL Inc., Burlington, MA), where the
‘Transport of Diluted Species’ (tds) module was used to treat diffusion and molecular
reaction kinetics. A representative two-dimensional axisymmetric model of the ECL
system under study was created, whereby the simulation plane rotated 360° around an
axis vertically bisecting the working ultramicroelectrode reconstructs the experimental

ECL space in three dimensions. This approach allows the accurate modelling of
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hemispherical diffusion with respect to the electrode. The simulation plane is confined by
five contiguous boundaries as labelled in Figure 7.2A: (1) a rotational axis of symmetry;
(2) the electrode surface; (3) an insulating glass sheath assumed to be completely
impermeable to species flux; and (4), (5) semi-infinite concentration boundaries
representing the bulk of the ECL system. These five boundaries enclose within them a
subdomain in which all diffusive flux and electron transfer reactions pertinent the ECL
annihilation and the generation of ECL excited states are assumed to occur. Geometric
discretization of the simulation space was performed with free triangular elements
following the advancing front tessellation method, where the maximum element size and
maximum element growth rate was 12.5 um and 1.3, respectively, except at the electrode
boundary, where the maximum element size was reduced to 0.125 pum to improve
simulation accuracy in a region where significant fluctuation in concentration was
expected. This results in a final mesh that is considerably finer as one approaches the

electrode surface (Figure 7.2B).
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Figure 7.2. (A) Two-dimensional geometry of COMSOL simulation model with labelled
boundaries. The electrode surface boundary was set to 12.5 um, matching the radius of

the experimental UME. (B) Triangular meshing pattern (advancing front algorithm) used
in simulation model consisting of 2977 total elements. Geometry boundaries are labelled

(as in the main text) for clarity.
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7.2.4 Simulated Diffusion and Reaction kinetics

Fick’s second law of diffusion was used to describe the concentration dependent
movement of species within the simulation space. Its general form is given in Equation
7.2, where the Laplacian operator may be replaced with 6% &1 + (1/r)( 0/ 0r)+ 0%/ 02% as
for the case of an inlaid disk ultramicroelectrode with axial symmetry coordination
(Equation 7.3). In this form, r is the radial distance from the center of the electrode, z is
the distance measured normal to the electrode surface, and co is the concentration of the
respective species. The diffusion coefficient D was set to 5.8x1071° m?/s for the
Ru(bpy)s?* complex and all of its electrogenerated derivatives, in accordance with
previous studies.* This constant was assumed to be isotropic with respect to the simulated
geometry. The initial concentration of the solution subdomain was set to 0.5 mol/m?® to
match the experimental Ru(bpy)s?* concentration, along with the semi-infinite boundary

conditions corresponding to bulk solution.

aCy
? = D0V2CO
Equation 7.2
0Cy(r,2,t) D d?,(r,zt) N 19cy(r,2,t) N 0%cy(r,2,t)
at B dr? r or 0z
Equation 7.3
Table 7.1. COMSOL model definitions.
Name Definition Value
D Diffusion coefficient 5.8x101 m?/s
C Initial concentration of parent species 0.5 mol/m®
F Faraday’s constant 96485 C/mol
K° Std. rate constant for heterogeneous electron 0.01 m/s
transfer
Temperature 298 K
Ep Positive potential step 165V

E n Negative potential step -1.35V
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The Butler-Volmer (B-V) kinetic equation® was used to relate the applied potential at the
electrode with the resultant flux of electroactive species at the electrode boundary (given
in Equation 7.4), where F is the Faraday constant, A is the surface area of the electrode,
kO is the standard rate constant for heterogeneous electron transfer, o is the charge transfer
coefficient, f is a scalar quantity equal to F/RT (with R being the gas constant, and T the
temperature), E—E° is the overpotential, defined as the difference between the applied
potential (E) and the standard redox potential (E®), and Coand Cr are the concentrations
of the respective oxidized or reduced species.

i = FAK® [CO(O, e (") _ c(0,0)e 0 (E-E"')]

Equation 7.4

Reduction and oxidation of the Ru(bpy)s®* parent species, and their subsequent electron

2+

transfer reactions to generate the Ru(bpy)s“"" excited state were modelled using chemical
reactions in COMSOL’s chemical species transport module. Each of these reactions,
shown below in Figure 7.3, is controlled by individual rate constants. A summary of
these reactions, and their respective rate constants is given in Table 7.2. The emission
rate constant (Kem) was obtained from previously reported literature,* along with
estimations of the bimolecular annihilation rate constant and the radical decay

constants.15 16

kfrcd

Ru(bpy),** + e Ru(bpy)s*

kf,

ox

Ru(bpy);** + e~ <— Ru(bpy);**

OX

Ru(bpy)s** + Ru(bpy)s* —= . *Ru(bpy)s2* + Ru(bpy)s2*

*Ru(bpy) st —=—~ Ru(bpy)s2* + hv

Figure 7.3. ECL reactions. (A) Reduction of Ru(bpy)s%* to form Ru(bpy)s*. (B)
Oxidation of Ru(bpy)s®* to form Ru(bpy)s*. (C) Annihilation reaction between
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Ru(bpy)s?* and Ru(bpy)s* to form the excited state *Ru(bpy)s®*. (D) Relaxation of

*Ru(bpy)s?* excited state to release an ECL photon.

Table 7.2. COMSOL reactions and their rate constants.

Inward flux at electrode surface

m -(kfox*mox+kbox*m)+(-kfred*m+kbred*mred)

mox (-kfox*mox*kbox*m)

mred -(-kfred*m-+kbred*mred)

ECL annihilation reactions

Rm (kem*me)+(kann*mox*mred)+(kg*mred*me)+(kg*mox*me)

Rmox -(kann*mox*mred)-(ko1*mox)

Rmred -(kann*mox*mred)-(kr1*mred)

Rme -(kem*me)+[kann*(mox*mred)-(kg*me*(mred+mox)]
Electrochemistry and ECL rate constants

Kann Annihilation rate constant 8.89x10° M1st
Kem Emission rate constant'4 1.47x10" M5t
Kq Quenching rate constant 8.89x10° M st
Ko1 Radical cation decay constant 2.98x10°M1st
Kr1 Radical anion decay constant 1.48x10>M1s?

After a time-dependent computation of concentration profiles, the normal diffusive fluxes
of Ru(bpy)s>* and Ru(bpy)s* were integrated along the electrode boundary (Boundary 2 in
Figure 7.2), allowing the derivation of electrode current following the relationship given
in Equation 7.5 and Equation 7.6.% The concentration of the ECL excited state
*Ru(bpy)s>* was obtained by a surface integration across the entire solution subdomain
with respect to time. The excited state concentration versus time profile was then

normalized against the experimental ECL signal for comparison.

Table 7.3. COMSOL integration parameters.

Description Integrated as...
currl [mox] —2*pi*r*F_const*tds.ndflux_mox
curr2 [mred] —2*pi*r*F_const*tds.ndflux _mred

*Ru(bpy)s?* [me] kem*me
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0C,(x, t
Jo(0,t) = =D, I%

Equation 7.5

aC,(x, t
i = nFAD, I—Oa(x )l
X x=0

Equation 7.6

Calculations were performed using the PARDISO solver, with both relative and absolute
tolerances under automatic physics control. The average solving time for these
simulations (starting from t = 0 and including four anodic steps and four cathodic steps)
was between two to three minutes, which demonstrates the computational efficiency of
our model even on conventional processors. Unless explicitly mentioned here, all other
programming parameters are assumed to be their default values. A preliminary
comparison between the one-dimensional ECL simulation reported by Shen et al.*® and
the two-dimensional simulation developed for this work was performed to verify the
validity of our theoretical model. The result from this evaluation is presented in Figure
7.4, where an excellent overlap between the two ECL vs. time profiles was observed.

This agreement greatly increases our confidence in reporting our results below.

7| — ECL_Bard_1D
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Figure 7.4. Comparison between reference 1-D simulation ECL (Shen et al. 2010)*® and

the 2-D simulations presented in this work.
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7.2.5  Parametric simulation of the bimolecular ECL annihilation
rate constant (Kann)
Figure 7.5A shows an example of theoretical ECL transients simulated at a frequency of
10 Hz using different values for the bimolecular annihilation rate constant, Kann. The
profile of the ECL curve is shown to be highly dependent on the value of Kan. As this rate
constant is increased, the ECL maximum occurs closer to the onset of the potential step.
This is because Ru(bpy)s* and Ru(bpy)s®* can interact more readily when Kan is large,
thereby generating the necessary ECL excited states quicker. As follows, the decay in the
ECL signal also occurs faster; this is because the value for the emission rate constant
(kem) is typically much higher as it is a unimolecular reaction. Therefore the profile of the
ECL curve is almost entirely determined by the annihilation rate constant and the
diffusion coefficient. In the scenario of the lowest kann Value, an onset and decay in the
ECL signal can be observed, showing that a slower annihilation reaction results in a more
gradual ECL profile. By overlapping these theoretical curves over the experimental ECL
curves, the bimolecular rate constant for ECL annihilation can be determined. When this
parametric study of kann Was repeated at a frequency of 1 Hz (Figure 7.6), we observed a
very similar trend, where the faster the ECL annihilation reaction, the quicker the ECL
signal reaches a peak before it decays. This demonstrates that the simulation can still
accurately model very fast reactions even at lower frequencies. In addition, by using an
ultramicroelectrode (where the rate of diffusion is fast relative to the rate of consumption
of electroactive species), we are able to study ECL kinetic phenomena with high accuracy
and correctly interpret fast rate constants. In addition, the effects of kann were studied at
higher pulsing frequencies (100 Hz, Figure 7.7, and 1000 Hz, Figure 7.8). We observe
the aforementioned analytical trend even at these frequencies, which indicates that these
rate-controlled reactions are actually much faster than the pulsing frequency (even when
using an ultramicroelectrode). This finding suggests that, experimentally, it may be
advantageous to use slower pulsing frequencies (10 Hz or lower) to monitor and study
ECL reactions; this significantly reduces instrumental complexity and synchronization

issues while still providing accurate results.
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Figure 7.5. (A) Simulated ECL transients for different values of kann (the annihilation
rate constant), where the diffusion coefficient was 5.8x102° m?/s and the concentration
was 0.5 mol/m?. Pulsing frequency was 10 Hz. (B) Current-time profile (10 Hz) for

simulated ECL experiment.
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0.5 mol/m3. Pulsing frequency was 1 Hz.
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0.5 mol/m3. Pulsing frequency was 100 Hz.
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Figure 7.8. Simulated ECL transients for different values of kann (the annihilation rate
constant), where the diffusion coefficient was 5.8x1071° m?/s and the concentration was

0.5 mol/m3. Pulsing frequency was 1000 Hz.

7.3 Results and Discussion

7.3.1  Electrochemistry of Ru(bpy)s?*

Figure 7.9A shows the cyclic voltammogram of 0.5 mM Ru(bpy)s%* in anhydrous
acetonitrile using a 25 um diameter platinum ultramicroelectrode at a scan rate of 20
mV/s. The cathodic scan shows three successive reductions of Ru(bpy)s®* at formal
potentials of —1.25 V, —1.45V, and —1.65 V, while the anodic scan shows a single
oxidation at a formal potential of +1.40 V. This matches up well with previously reported
electrochemical studies for this ruthenium complex'® 7. In all these redox cases, a well-
defined steady-state current can be observed, confirming diffusion-limited redox
behaviour that is characteristic of electrochemistry with ultramicroelectrodes. Only the
first reduction and oxidation of Ru(bpy)s?* was selected for this study, thereby limiting

the production of ECL to the simplest energy sufficient annihilation route involving the
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interaction of Ru(bpy)s* and Ru(bpy)s*** to generate the excited state Ru(bpy)s?** .18
Potential steps of —1.35 V and +1.65 V (corresponding to the steady state current region)
were used to generate the anionic and cationic radical species of Ru(bpy)s?*, respectively.
The potential stepping program at the electrode surface was recreated using a unit step
function (flc1hs, smoothed Heaviside function)!®, of which the input argument was a
time-dependent sine wave. This resulted in a square wave whose minimum and
maximum values could be controlled to desired potentials while simultaneously allowing
the modulation of the periodic frequency (Figure 7.9B). We define here, at least in the
context of this work, the pulsing frequency as the number of cathodic or anodic pulses
over time; that is, a pulse frequency of 10 Hz corresponds to a pulse width of 100 msec.
The corresponding simulated ECL profile, shown in the dotted trace, was then generated
by integrating the excited state concentration (me) across the solution subdomain.
Individual cathodic and anodic pulses were then extracted, and compared against the

experimental ECL signals.
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Figure 7.9. (A) Cyclic voltammogram of 0.5 mM Ru(bpy)s(PFs)2 in acetonitrile with 0.1
M TBAPFg as supporting electrolyte at a platinum ultramicroelectrode with a diameter of
25 pm at a scan rate of 0.02 V/s. Indicated potentials represent reducing and oxidizing
potentials for Ru(bpy)s?* to generate the anodic and cathodic radical species. (B)
Potential stepping vs. time program (solid) and corresponding simulated ECL profile
(dotted).

Figure 7.10 shows a summary of the simulated Ru(bpy)s?* annihilation ECL vs. time
profiles; (A) and (B) displays the first cathodic and first anodic ECL transients when the
electrode potential stepping frequency was 10 Hz, and (C) and (D) shows these ECL



221

transients at 100 Hz. The experimental data is plotted as coloured traces and the
simulated data is plotted as dotted lines. In all four scenarios, there is a very good
agreement between the two sets of data, which demonstrates that our simulation is
capable of recreating all important features of the experimental signal, especially the
sharp onset of the ECL peak, and the decay pattern as the excited states are consumed.
The intensity of the ECL signal (both in terms of peak height and total counts) is
significantly greater at lower frequencies, which may be due to the greater relative
concentrations of radical species present in the vicinity of the electrode surface when the
potential is switched. While the electrode is biased, the continuous generation of
electrogenerated radicals causes the accumulation of these species in the area surrounding
the electrode. Since the total injected charge is greater for lower frequency experiments,
the enhancement in the local concentration of excited states results in the increased ECL
intensity. These electrochemical insights are crucial when assessing the absolute quantum
efficiency of ECL luminophores, which we have previously demonstrated in our work.?*
21 1t is evident that Ru(bpy)s?*, like most ECL luminophores, has an “ideal”
potentiodynamic driving program which is highly dependent on radical diffusivity,

stability, and reactivity.
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Figure 7.10. Comparison of experimental (coloured traces) and simulated (dotted traces)
ECL transients of 0.5 mM Ru(bpy)s?* via the annihilation pathway. (A) 10 Hz, cathodic
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ECL peak, (B) 10 Hz, anodic ECL peak, (C) 100 Hz, cathodic ECL peak, (D) 100 Hz,
anodic ECL peak. For 10 Hz experiments, the bin width was 40.96 us and the bins per
record was 10240. For 100 Hz experiments, the bin width was 5.120 ps and the bins per
record was 9216. For all experiments, a total of 1000 records were collected.

It can also be observed that the intensity of the ECL signal is greater for the cathodic step
for both 10 Hz and 100 Hz, which suggests a difference in the overall stability of radical
cations and anions. This behaviour is not uyncommon among ECL luminophores, where
the donation and withdrawal of electron density may be localized on specific areas of the
molecule, and are therefore subject to steric or electrostatic interference from adjacent
ligands or groups. 2223 While chemical structures are not explicitly defined in our
simulation model, their nonetheless tangible effects on electrochemical oxidation and
reduction can be indirectly described by two additional reactions which model the decay
of the electrogenerated radicals of Ru(bpy)s®*; the rate constants for ko1 and ki1 are
provided in Table 7.2. These reactions serve to modulate the concentrations of
Ru(bpy)s™ and Ru(bpy)s*** after they have been generated by a potential bias at the
electrode, thereby defining the quantity of electroactive species available for reaction at
any potential step t > 0. In our experiments, the greater relative intensity of the cathodic
potential step suggests that the stability of the radical anion of Ru(bpy)s* is greater than
that of the radical cation Ru(bpy)s®*. This is reflected in the experimental data, as
Ru(bpy)s* is able to survive longer in solution to meet and with its electrochemical
counterpart Ru(bpy)s®* to generate excited states. This phenomenon of asymmetrical
ECL transients has been observed for various ECL luminophores, including BODIPY and

BODIPY -derivatives,?* 2° iridium complexes,?® and helicene compounds.?’

The ECL transients were also simulated at pulsing frequencies of 1000 Hz and 10 kHz,
shown in Figure 7.11. It can be observed that the simulated results have difficulty in
accurately representing the experimental ECL data, particularly for the anodic ECL
pulses. This is likely because the electron-transfer reactions to generate ECL excited
states is highly diffusion-controlled, and the high frequency potential steps do not allow

sufficient time for the concentration of electrogenerated radicals to equilibrate. Therefore,
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this is a limitation of the computational model when simulating very high frequency

potential pulsing.
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Figure 7.11. Comparison of experimental and simulated ECL transients. (E) 1000 Hz,
cathodic ECL peak, (F) 1000 Hz, anodic ECL peak, (G) 10 kHz, cathodic, and (H) 10
kHz, anodic. For 1000 Hz experiments, the bin width = 640 ns, bins per record = 7168.
For 10 kHz experiments, bin width = 40 ns, bins per record = 6144. For all experiments, a

total of 1000 records were collected.

7.4 Conclusions

In conclusion, we have successfully simulated the Ru(bpy)s** ECL mechanism via the
annihilation pathway using potential stepping at 10 Hz and 100 Hz in COMSOL
Multiphysics software. Our simulation was effective in recreating all features of the ECL
intensity vs. time profile. We envision that computer simulations such as the one
described in this work will play an ever-increasing role in ECL characterization and
studies, as many experimental factors (including the annihilation rate constant, emission
rate constant, and the radical decay constants) can be easily found using software
parameterization. These factors may be extremely significant in the characterization and

research of newer, increasingly efficient ECL luminophores. We plan to investigate other
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electrochemiluminescence systems, including the Ru(bpy)s>*/TPrA system, using our

new computational model.
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Chapter 8

In this chapter, we explore light emitting electrochemical cells (LECs) constructed using
graphene quantum dots. We discuss the characterization and testing towards the

electroluminescence performance of these luminophores.

8 Electrogenerated chemiluminescence and
Electroluminescence of N-Doped Graphene Quantum
Dots Fabricated from an Electrochemical Exfoliation
Process in Nitrogen-Containing Electrolytes’

Artificial lighting sources are one of the most important technological developments for
our modern lives; the search for cost-effective and efficient luminophores is therefore
crucial to a sustainable future. Graphene quantum dots (GQDs) are carbon-based
nanomaterials that exhibit exceptional optical and electronic properties, making them a
prime candidate for a luminophore in a light-emitting device. GQDs made from a facile
top-down electrochemical exfoliation process in this report showed strong
photoluminescent emission at 450 nm, and electrogenerated chemiluminescence at 660
nm in the presence of BPO as a coreactant. When introduced into solid-state light-
emitting electrochemical cells, for the first time, the GQDs displayed a broad white
emission centered at 610 nm, corresponding to Commision Internationale de [’eclairage
(CIE) colour coordinates of 0.38 and 0.36.

8.1 Introduction

Graphene quantum dots (GQDs) are a class of zero-dimensional carbon-based
nanomaterials, characterized by a lateral size of typically 10 nm or less, with a well-
defined crystal lattice.™® Due to their tunable photoluminescence, high stability, and low

toxicity, GQDs have numerous applications in a wide variety of research areas ranging

T This work has been published. Chu, K.; Adsetts, J.; He, S.; Zhan, Z.; Yang, L.; Wong, J.; Love, D.; Ding,
Z. Electrogenerated Chemiluminescence and Electroluminescence of N-doped Graphene Quantum Dots
Fabricated from an Electrochemical Exfoliation Process in Nitrogen-Containing Electrolytes. Chem. Eur. J.
(2020) 26, 15892-15900.
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from bioimaging, sensors, energy storage, photovoltaics, to catalysis.?* %2 GQDs have a
very high surface area to volume ratio, which allows their surfaces to be readily
functionalized with various organic or biological species, further increasing their
versatility.®® Heteroatom doping involves the addition of one or more novel elements into
the GQD lattice, permitting the tuning of many physical and structural properties.** *° In
general, synthesis of GQDs can be classified in one of two categories: top-down, where
the nano-sized particles are fragmented off of a larger bulk structure; and bottom-up,
where the GQDs are built up from smaller molecular precursors.® Top-down methods
often utilize readily available and low-cost carbon sources as starting materials,
significantly reducing the production cost of GQDs. In summary, GQDs represent an
extremely versatile nanomaterial that continues to expand in applications and scope every

year.

Electrogenerated chemiluminescence or electrochemiluminescence (ECL) is a process
where radical species generated at electrode surfaces undergo electron transfer reactions
to form excited states, that can subsequently emit light.X” 8 There are two general
pathways by which ECL can occur.'® The first is ion annihilation, where the anionic and
cationic radical luminophore species generated by reduction and oxidation at the
electrode, respectively, interact to produce excited states. The second is the coreactant
pathway, which involves the use of a secondary compound known as a coreactant. Upon
reduction or oxidation, coreactants produce radical species that can interact with the
luminophore of interest to produce excited states. Due to the high redox power of these
radicals, ECL generated via the coreactant pathway is often enhanced compared to the
annihilation route.!® ECL has been widely used in many applications including
immunoassays and analyte detection due to its high sensitivity and wide dynamic
range.?%26 ECL has also been reported in several light-emitting applications, where solid-
state devices utilizing traditional ECL luminophores exhibited highly efficient, low-

voltage operation.2’-%

The first example of a polymer light-emitting electrochemical cell (LEC) was introduced
in 1995.3! Unlike traditional LEDs that often require many electron and hole transport

layers, LECs typically consist of a single light-emitting layer containing both the
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luminophore (normally a polymer) and electrolyte sandwiched between an anode and a
cathode.3>3* In addition, LECs are relatively insensitive to electrode work functions,
enabling the use of air-stable materials.3> % These attributes greatly reduce the cost and
complexity of LECs, making them a very attractive candidate for complimenting or
replacing existing light-emitting technology. In particular, white light-emitting sources
are among the most sought after in the lighting industry: homes and offices, automobiles
and the transportation sector, and commercial electronic devices using LCD screens are
all examples from modern society that would benefit from cost-effective, efficient white

light-emitting luminophores.

Herein, the synthesis and characterization of top-down GQDs are described, and the
photoluminescent properties of the GQDs are reported. ECL of the GQDs from the
annihilation and coreactant pathways is revealed, and spooling ECL spectroscopy is used
to analyze the excited states responsible for the observed emissions. Finally, the

properties and performance of novel GQD-based white-emitting LECs is discussed.

8.2 Experimental

8.2.1 Chemicals and reagents

Electrochemical grade acetonitrile (ACN, 99.8%, SureSeal) was purchased from Sigma-
Aldrich Canada, Mississauga, Ontario and stored in an N»-filled glovebox. ECL
coreactants used were tri-n-propylamine (TPrA, >98%, Sigma-Aldrich Canada) and
benzoyl peroxide (BPO, reagent grade, >98%, Sigma-Aldrich). The supporting
electrolyte was tetrabutylammonium perchlorate (TBAP, electrochemical grade, >99.0%,
Sigma-Aldrich). Ferrocene (Fc, 98%, Sigma-Aldrich) was used as an internal standard for
potential calibrations. All chemicals were used and stored at room temperature except
TPrA which was stored at 4°C.

8.2.2  Top-down electrochemical exfoliation

Graphene quantum dots were produced via a top-down electrochemical exfoliation
process, where a constant current was passed through a graphite rod working electrode
(Sigma-Aldrich) and a platinum plate counter electrode (Tianjin Aida, China). 0.1 M of
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tetrabutylammonium perchlorate was used as the supporting electrolyte dissolved in the
anhydrous acetonitrile. The current was provided by a Keithley 2400 SMU from
Tektronix (Oregon, United Sates), which simultaneously recorded the corresponding
potential. The resulting suspension was filtered through a 0.2 pm polytetrafluoroethylene
(PTFE) filter before being dialyzed for 24 hours in ultrapure water using a cellulose ester
dialysis bag with a molecular weight cut-off of 1000 Da (Spectra/Por Biotech, China).
The final product was dried in a freeze-drier and redispersed in solvent for

characterization.

8.2.3  Absorption and photoluminescence spectroscopy

Photoluminescence (PL) measurements were taken using a luminescence spectrometer
(PTI Fluorolog, QM7/2005, London, ON) with excitation and emission slit widths set to
0.25 mm, integration time set to 0.1 s, and step size set to 0.25 nm. Absorbance
measurements were measured using a UV-visible spectrometer (Varian Cary UV Bio-
50). The quartz cuvette used had a path length of 1 cm. The PL quantum yield was
calculated by comparing integrated PL intensities (Aex = 370 nm) and absorbance (Aabs =
370 nm) of a GQD sample with a quinine sulfate reference, whose ® = 0.54.%® PL signals
were integrated using the cumulative trapezoidal method in MATLAB. Quantum yields
were calculated using the following equation, where m is the slope, ) is the refractive

index of the solvent used, x is the sample, and st is the standard.

Equation 8.1

8.2.4  X-ray photoelectron spectroscopy (XPS)

The XPS analyses were carried out with a Kratos AXIS Supra spectrometer using a
monochromatic Al K(alpha) source (15mA, 15kV). The instrument work function was
calibrated to give a binding energy (BE) of 83.96 eV for the Au 417/2 line for metallic
gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu

2p3/2 line of metallic copper. The Kratos charge neutralizer system was used on all
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specimens. Survey scan analyses were carried out with an analysis area of 300 x 700
microns and a pass energy of 160 eV. High resolution analyses were carried out with an
analysis area of 300 x 700 microns and a pass energy of 20 eV. Spectra have been charge
corrected to the main line of the carbon 1s spectrum (adventitious carbon) set to 285.0

eV. Spectra were analyzed using CasaXPS software.

8.2.5  Electrochemistry and electrochemiluminescence

A three-electrode system was used for all electrochemical measurements, where a 2 mm
platinum disc inlaid in a soft glass tube served as the working electrode (WE), and two
coiled platinum wires were the counter and quasi-reference electrodes. All
electrochemical analyses were performed in a glass cylinder with a flat quartz window at
the bottom to allow for the detection of ECL. The experimental potentials were calibrated
using ferrocene as the internal standard, with the redox potential of the Fc/Fc* couple
taken as 0.400 V vs. SCE.*’

Electrochemical experiments were carried out using a CHI610a electrochemical
workstation (CH Instruments, Austin, TX). Voltammetric ECL curves were obtained by
correlating the applied potential to the ECL intensity from a photomultiplier tube (PMT,
Hamamatsu, Model R928, Japan) biased at =750 V. The photocurrent as the ECL
intensity from the PMT was transmitted to a Keithley 6487 picoammeter/voltage source
(Keithley, Cleveland, OH) where it was converted to a voltage signal for data acquisition.
All ECL, current and applied potential signals were sent to a computer through a data
acquisition board (DAQ 6036E, National Instruments, NI, Austin TX) and recorded using
a custom NI LabVIEW program. ECL efficiencies were obtained by calculating the ratio

of integrated ECL intensity to charge, relative to Ru(bpy)s* systems.

ECL spectra were collected using a spectrometer (Acton 2300i, Princeton Instruments,
Trenton, NJ) and an attached CCD camera (Model DV420-BV, Andor Technology,
Belfast, UK) cooled to —65°C. Wavelength calibration was performed using a mercury-
argon lamp (Ocean Optics, HG-1). Spooling ECL spectra were acquired each at a time
interval of 1 or 2 s during a potential scanning process. The obtained spectra were
spooled together in a plot using a custom MATLAB program.
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8.2.6  LEC fabrication and testing

ITO-banded glass was purchased from Jinghui Electronic Technologies Ltd, China. Prior
to use, they were sonicated in solutions of 2% Hellmanex, ultrapure Milli-Q water,
isopropyl alcohol, and 10% NaOH successively for 15 minutes each, before being dried
at 85°C. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (2.8% PEDOT:PSS,
Sigma-Aldrich) was filtered using a 0.1 um PVDF (polyvinylidene fluoride) syringe filter
and diluted in a 1:1 ratio using isopropyl alcohol. The emitter solution was prepared by
mixing solutions of GQDs, TMPE (trimethylolpropane ethoxylate), and LiTf (lithium
trifluoromethanesulfonate) to a final mass ratio of 1:0.5:0.03 mg/mL in tetrahydrofuran
(THF). The PEDOT:PSS and emitter solutions were sequentially deposited onto the ITO-
banded glass using a Laurell Technologies spin-coater (Model WS-400B-6NPP/LITE),
with 50 uL loading volume, at 6000 rpm for 60 seconds. The Al-doped ZnO layer was
deposited using a Savannah Thermal atomic layer deposition system (ALD, Cambridge
Technologies, Cambridge, MA). Aluminum electrodes with a thickness of approximately

130 nm were deposited using a Plasmionique thermal evaporator (Montreal, QC).

LEC testing was performed using a Keithley 2400 as the power source, with the ITO
electrode connected as the cathode and the aluminum electrode connected as the anode.
Photocurrent as the electroluminescence (EL) intensity from the LEC was measured
using a Hamamatsu R928 photomultiplier tube biased at =750 V. The EL, current and
applied potential signals of the LEC devices were recorded using a NI myDAQ
acquisition device, connected to a computer running a custom LabVIEW program.

8.3 Results and discussion

8.3.1  Characterization of top-down graphene quantum dots

Graphene quantum dots (GQDs) were synthesized using a top-down electrochemical
exfoliation process, where the nano-sized particles were electromechanically fragmented
from a graphite rod working electrode. A constant current was applied to the working
electrode, causing the intercalation of electrolyte ions into the graphite lattice, similar to
our previous report on preparation of GQDs by means of multiwalled carbon nanotube

electro-exfoliation with the potentiodynamic method.! In total, four different current
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densities were tested: 4, 20, 40, and 80 mA/cm? (hereafter GQD-4, GQD-20, GQD-40,
and GQD-80 assigned to the corresponding dots, respectively), and the resulting GQDs
were purified and characterized. The current densities were calculated from the current

applied and the total surface area of the graphite electrode that was immersed in the

electrolyte solution.

Low-magnification TEM images of the GQDs prepared from a water dispersion (Figure
8.1A) reveal that the quantum dots are roughly disk shaped with an average diameter of
8.6 £ 1.0 nm (Figure 8.1B). High-resolution (HR-TEM) images show the GQDs have a
clearly defined graphitic structure with an interplanar spacing of 0.21 nm, which

corresponds well to the (1120) lattice planes of graphene.38 %
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Figure 8.1. (A) Low-magnification TEM image of electrochemically prepared GQDs.
Inset is an expanded high-resolution TEM image, showing the lattice structure. (B)
Particle size distribution histogram with the data fitted using a Gaussian distribution
function. Particle size was determined by FIJI image processing software, by comparison

of the attached scale bar with at least 50 individual dots.

Next, the surface composition of the GQDs was analyzed using X-ray photoelectron
spectroscopy (XPS). The XPS survey scan (Figure 8.2A) has three significant peaks at
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281.00, 395.00, and 527.00 eV, showing the presence of carbon (79.7 at%), nitrogen (9.9
at%), and oxygen (9.3 at%), respectively. The high-resolution Cys spectrum (Figure
8.2B) depicts the presence of primarily C-C/C-H bonds (285.00 eV), along with C-OH/C-
0O-C (286.50 eV) and C=0 bonds (287.80 eV), indicating that the surface of the GQDs
has a variety of oxygen-containing functional groups, which are likely formed from the
oxidation of graphite during the exfoliation process.*’ The assignment is confirmed by
the high-resolution Ogs spectrum in Figure 8.2C. The high-resolution N1s XPS spectrum
(Figure 8.2D) shows the presence of C-N, O=C-N, and aromatic N, indicating the
successful incorporation of nitrogen into the graphene quantum dot structure. These

functional groups allow the GQDs to be dispersible in aqueous medium.*! 42
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Figure 8.2. (A) XPS survey scan and high-resolution XPS spectra of (B) C1s, (C) O1s,
and (D) N1s for GQD-40.

The photoluminescence properties of the GQDs were tested in water. All samples showed
good dispersibility, with concentrations of approximately 0.1 mg/mL appearing faint
yellow under daylight and light blue under ultraviolet (UV) illumination (inset in Figure
8.3A). The absorbance spectrum of the GQDs showed no obvious absorption peaks,
while the PL excitation and emission maxima were 370 and 450 nm, respectively (Figure
8.3A). The GQDs also exhibited excitation-dependent emission (Figure 8.3B), which is

commonly observed in luminescent carbon nanomaterials.**-*> This behaviour is very
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interesting, likely due to the variability in the sizes of the GQDs, as quantum confinement
causes the bandgap energy of nanostructures to change as a function of their sizes.*®
Except for GQD-4, the photoluminescence quantum yields (PLQY) for the GQD samples
ranged from 4-5% relative to a quinine sulfate standard (Table 8.1 and Figure 8.4). The
similarity of the quantum yields suggests that the overall structure of the GQDs is very
similar regardless of the applied current density. Of these samples, GQD-40 showed the

highest PLQY at 5.1%, and all further characterization will be specific to this sample.
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Figure 8.3. (A) UV-visible absorption (blue trace) and photoluminescence excitation and
emission spectra (red trace) of top-down GQDs. Left and right insets show GQDs
dispersed in water viewed under daylight and UV light, respectively. (B)

Photoluminescence spectra of GQDs at different excitation wavelengths.

Table 8.1. Photoluminescence quantum yields (PLQY) for GQDs prepared at various

current densities.

Quinine GQD-4 GQD-20 GQD-40 GQOD-80
sulfate (4 mA/cm?) (20 mA/cm?) (40 mA/cm?) (80 mA/cm?)

Quantum yield 54.0 1.9 4.6 5.1 4.2
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Figure 8.4. Correlation of photoluminescence intensity to absorbance of GQD samples

and a 0.1 mM quinine sulfate solution.

The electrochemical exfoliation procedure described here has advantages for the
production of GQDs as it is highly scalable, low-cost, and allows a high degree of control
over the properties of the final product. By controlling the amount of current, the rate of
the exfoliation process may be tuned, and the most efficient experimental conditions

selected.

8.3.2  Electrochemistry and electrochemiluminescence of top-down
graphene quantum dots

The electrochemistry of the GQDs was investigated next. Figure 8.5A demonstrates the

differential pulse voltammograms (DPVs) of 0.3 mg/mL of GQDs dispersed in anhydrous

acetonitrile. When the potential was cathodically scanned, there was a reduction peak at

—0.80 V, which may be due to the reduction of oxygen-containing functional groups on

the GQDs.
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Figure 8.5. (A) Differential pulse voltammograms (DPVs) of GQDs in acetonitrile (red
trace). Blank experiment is shown in the dotted black trace. The arrows indicate the

initial scan direction. (B) Cyclic voltammogram (CV) and the corresponding ECL voltage
curve for GQDs in the annihilation pathway.

When the potential was anodically scanned, there were two oxidation peaks observed at
1.2V and 1.6 V, which is attributed to the oxidation of these same groups. Figure 8.5B
shows the cyclic voltammogram (CV) and corresponding ECL voltage curve for the
GQDs in the annihilation pathway. No appreciable ECL was recorded, which suggests
that the GQD radical anionic and cationic species may be unstable or very short-lived,
and unable to undergo efficient electron transfer in the vicinity of the working electrode

to produce excited states.

Two coreactant-GQD systems were then explored to see if the ECL could be enhanced.
Figure 8.6A shows the ECL of the GQDs with the addition of 5 mM benzoyl peroxide

(BPO). We observe first the reduction of BPO to BPO ™, a species that subsequently

decomposes to form the benzoate radical, a strong oxidizing agent. This species is

capable of oxidizing GQDs to form GQD radical cations. BPO ™ itself may act as a
reducing agent, injecting an electron into the LUMO of GQD radical cations, forming the

excited state; relaxation of GQD* results in the emission of a photon (Figure 8.7). The
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ECL onset potential is approximately —1.5 V, which is slightly more negative than the

reduction potential of BPO; this suggests that the reduction of GQD'+ by the benzoate
radical is the rate-controlling step in the ECL production. This may be due to the fact that

the benzoate radical is a very strong oxidizing agent (E°benzoate = 1.5 V vs. SCE)*’, and

can readily accept an electron from the GQD species. However, BPO™ is a transient

species, and requires time to accumulate in sufficient concentrations for reduction of

GQD°+ to occur. A maximum of approximately 700 nA of photocurrent was recorded

with the GQD-BPO pathway. In contrast, the direct electron transfer between GQD*®™ and
GQD** to produce ECL is unlikely, probably due to the relative instability of the GQD**

radical species. The overall ECL efficiency of the GQD-BPO coreactant system was

determined to be 1.2% relative to Ru(bpy)s".
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Figure 8.6. (A) Cyclic voltammograms and ECL voltage curves of 1 mg/mL GQDs in
acetonitrile with 0.1 M TBAP in the presence of 5 mM BPO. (B) Accumulation ECL
spectrum of the GQD-BPO coreactant system.
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Figure 8.7. The proposed GQD-BPO ECL coreactant mechanism.

Figure 8.8 presents the spooling ECL spectra of the GQD-BPO coreactant system, which
illustrates how the ECL signal changes during a potential scan. As the applied potential is
moved to more negative values, we see the evolution (red) and devolution (blue) of the

ECL signal. The figure inset shows the overlapped traces; there is one peak located at 660

nm, suggesting that a single excited state is responsible for the ECL emission.
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Figure 8.8. ECL spooling spectra of GQDs with 5 mM BPO. Scan rate was 0.1 V/sec.
Red traces show spectra before emission maximum. Blue traces are spectra after emission

maximum. Inset shows overlapped spectra.

The ECL of the GQDs with 5 mM TPrA was also tested (Figure 8.9). A maximum of
approximately 5 nA of photocurrent was observed, which is significantly weaker than the
ECL from the BPO coreactant system, Figure 8.9A. This is likely because of the

instability of the GQD** radical species, as it cannot undergo efficient electron transfer

with TPrA® to produce excited states for ECL. The relative ECL efficiency of the GQD-
TPrA system was determined to be 0.01%. An accumulation ECL spectrum was
collected, where an emission peak at 650 nm was observed, Figure 8.9B. This is very
similar to the emission seen in the BPO coreactant system, suggesting that the same GQD

excited state is present here.
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Figure 8.9. (A) Cyclic voltammograms and voltammetric ECL curves of 1 mg/mL GQDs
in acetonitrile with 5 mM TPrA. (B) Accumulation ECL spectrum of the GQD-TPrA

coreactant system.

8.3.3 GQD-based light-emitting electrochemical cells

The GQDs were then incorporated into the light-emitting layer of sandwich-type LECs
(the schematic of the LECs is shown as an inset in Figure 8.10A). When the applied
potential between the ITO and aluminum electrodes was slowly increased (Figure
8.10A), significant current began to flow at approximately 3 V, although no
electroluminescence was observed until the potential had increased to 7 V. This delay
between the onset of current flow and the onset of photocurrent is consistent with the
electrochemical doping model (ECD) of LECs, where the formation of the luminescent p-
i-n junction is preceded by the injection of electrons and holes at the anode and cathode,
respectively.*® Once the p-n junction is formed, subsequent injected charges recombine
radiatively in the insulating region, leading to the emission of light via
electroluminescence. The EL intensity increased steadily from the onset potential,
reaching a maximum of 800 nA at 12.5 V. The luminous efficiency of the GQD-LEC was
calculated to be 0.14% relative to a Ru(bpy)s?* standard in the annihilation pathway.
When a constant current of 1 mA was used to drive the LEC (Figure 8.10B) a gradual

increase in both the potential and electroluminescence intensity was observed, indicating
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that the resistance between the electrodes is decreasing as device operation continues, and
the luminescent junction may not be particularly stable. After approximately 20 minutes
of continuous operation, a large increase in the operating voltage was observed,
suggesting that a short-circuit occurred. Figure 8.10C shows a 120 second accumulation
spectrum of the GQD-LECs during a constant current experiment, where a broad peak
centered at approximately 610 nm can be seen. This signal is attributed to the emission of
light from the radiative recombination of excitons between oxidized and reduced GQD
species in the luminescent junction of the LECs. This emission is quite similar to that
observed during ECL, which suggests some similarity between these two mechanisms.
This indicates that ECL may be a valuable analytical technique for predicting the
emissive behaviour of novel luminophores in solid-state light emitting devices. The
figure inset shows a colour photograph of the LEC during operation. The Commision
Internationale de [’eclairage (CIE) coordinate diagram of the spectrum is displayed in
Figure 8.10D, where a balanced, white emission is observed (colour coordinates of
x=0.38, and y=0.36).
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Figure 8.10. (A) A linear voltage sweep of the GQD-based LECs. Inset is a schematic of
the LEC device showing the individual layers (not to scale). (B) 1 mA constant current
experiment. (C) 120 second accumulation spectrum. Original spectrum is shown as a
dotted black line, which was curve fitted using a Gaussian distribution function. The inset
shows a colour photograph of the LEC during operation. (D) CIE (Commision
Internationale de [’eclairage) 1931 coordinate colour diagram of GQD-LEC emission.

GQD-based luminophores can be a very promising alternative for existing light-emitting
technology. As shown here, they can be easily incorporated into few-layer solid-state
light emitting devices by solution-based processing, which decreases device
manufacturing complexity and cost. In particular, the GQD’s ability to natively emit
white light provides them many advantages. Currently, most white LEDs mix two or
more monochromatic sources, which decreases their overall luminous efficiency because
of the additional light sources required.*® > Having a single source capable of supplying

white light should result in significantly enhanced device efficiencies.
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8.4 Conclusions

Graphene quantum dots were synthesized using an electrochemical exfoliation process, a
top-down method for their preparation from graphite rods. The presence of N-containing
functional groups was confirmed using XPS analysis. The GQDs were found to have PL
emission at 450 nm, with a photoluminescent quantum yield of 5%. No ECL was
observed from the GQDs in the annihilation pathway. With the addition of 5 mM BPO as
coreactant the ECL was enhanced to 700 nA with a relative efficiency of 1.2%. Spooling
ECL spectroscopy was used to confirm the existence of a single excited state responsible
for emission at 660 nm in the whole ECL process. When the GQDs were utilized in the
light-emitting layer of LECs, balanced white electroluminescence at centered at 600 nm
was observed for the first time upon the application of electricity. The first batch of the

LECs work well, although the relative EL efficiency of 0.14% is to be improved.
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Chapter 9

In this chapter, we explore light emitting electrochemical cells (LECs) constructed using
Ru(bpy)s?*. We discuss the optimization of these LECs using a ZnO interlayer, and its

effects on the stability, performance, and efficiency.

9  Spooling Electroluminescence Spectroscopy of
Ru(bpy)s?* Light-Emitting Electrochemical Cells with an
Atomic Layer Deposited Zinc Oxide Electron-
Transporting/Hole-Blocking Interlayerf

Light-emitting electrochemical cells (LECs) are being developed as an alternative to
traditional OLEDs for lighting applications. In this study, a 10 nm conformal ZnO electron-
transport/hole-blocking interlayer was applied via atomic layer deposition to Ru(bpy)s?*
model LECs, resulting in a four-fold luminance enhancement from 7.1 to 28 cd/m?, along
with a significant improvement in device sustainability and lifetimes. Device
electroluminescent efficiency was increased by 175%. Spooling electroluminescence
spectroscopy was used here for the first time showcasing the in-situ monitoring of LECs.
ZnO-RuBPY-LECs showed extremely stable red-orange emission at 645 nm, while

reference RUBPY-LECs demonstrated a 20-nm blue-shift, attributed to device degradation.

9.1 Introduction

Light-emitting electrochemical cells (LECs) in their simplest form contain a layer of
luminescent material combined with an ionic salt sandwiched between two electrodes.
These devices were first constructed by Pei, Heeger et al., who prepared light-emitting
conducting polymer LECs.* Quantum dots, small organic and inorganic molecules have
emerged as new light-emitting materials to produce a wide array of devices offering

efficient, long-lasting performance in the subsequent decades.? ® In fact, LECs are solid-

T This work has been published. Chu, K.; Adsetts, J.; Moore, C.; Ding, Z. Spooling
Electrochemiluminescence Spectroscopy of Ru(bpy)s?* Light-Emitting Electrochemical Cells with an
Atomic Layer Deposited Zinc Oxide Electron-Transporting/Hole-Blocking Interlayer. ACS Appl. Electron.
Mater. (2020) 2, 3825-3830.
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state electroluminescence (EL) devices distinguished from liquid electrochemical cells
where the light generation is via electrochemiluminescence (ECL).* ® Under the influence
of an applied electric field, the accumulation of anions at the anode and cations at the
cathode induce p- and n-type electrochemical doping of the light-emitting layer.
Radiative recombination of injected charge carriers in the intrinsic or non-doped region
between these doped regions releases energy in the form of electroluminescence (EL).>®
LECs have many advantages when compared to other light-emitting devices: their
inherently fewer-layer design allows for the use of solution-processed techniques, greatly
reducing fabrication complexity and cost. LECs also exhibit great flexibility as a wide
range of materials have been successfully incorporated as the light-active substances,
such as ionic transition metal complexes (iTMCs),® ” host-guest systems, conjugated
polymers,® and quantum dots (QDs).2° These characteristic allow the fine-tuning and
manipulation of LEC emissive properties simply by changing the electroluminescent
layer.1% 1! Development of light-emitting technology has been at the forefront of
scientific research for many years. Advancements such as the organic light-emitting
diode (OLED) have become nearly ubiquitous in our daily lives, as seen in various
display technologies, portable hand-held devices, and general lighting.'?** LECs are

anticipated to be complementary to OLEDs.

However, some of the drawbacks of LECs are their lower efficiency and operational
lifetimes when compared to existing lighting technologies. These disadvantages are
typically due to an imbalance in injected charge carriers, and electrochemical degradation
localized at the cathode/light-emitting layer interface, respectively.'® A common design
strategy to improve luminous efficiency in multi-layered OLED:s is the use of charge
extraction and transport interlayers, where the incorporation of materials with
intermediate electronic structures facilitates the injection and migration of charge carriers
through the device architecture. ZnO is a popular material for an electron transport layer
(ETL) due to its high electron mobility, high stability, and visible-range transmittance.
This material has been previously utilized for LECs, where nanoparticle ZnO films were
shown to improve the brightness and efficacy of Ir-based iTMC-LECs.!” The low-
temperature preparation and fabrication of ZnO films also allows techniques such as

atomic layer deposition (ALD) to be used. ALD provides very precise thickness control,
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producing thin films with excellent homogeneity and uniformity when compared to
nanoparticle films. ALD-deposited ZnO films were recently shown to extend device
lifetimes in QD- and perovskite-LEDs, particularly by improving the interface between
the cathode and light-emitting layer. 8 ° In this work, we present the advantages of a 10
nm ALD-deposited ZnO layer as an electron transport/hole blocking layer in Ru(bpy)s®*

(RuBPY) model LECs in an effort to enhance device efficiency and operational lifetimes.

Overall luminance and device efficiency were remarkably improved after the addition of
this supporting layer. In addition, long-term device sustainability was also significantly
improved. In-situ spooling EL spectroscopy showcasing the emissive changes of the
LECs during their operation is presented here for the first time, where ZnO-RuBPY -

LECs demonstrated a highly stable emission centered at 645 nm.

9.2 Experimental

9.2.1 Materials and reagents

Electrochemical grade acetonitrile (CH3CN, 99.8%, SureSeal) was purchased from
Sigma-Aldrich Canada, Mississauga, ON. Tris(2,2’-bipyridine)ruthenium(l1)
hexafluorophosphate (Ru(bpy)s(PFs)2, RuBPY, 97%) and lithium
trifluoromethanesulfonate (LiTf, 99%) were obtained from Sigma-Aldrich Canada, and
stored in a vacuum-sealed desiccator. Polyethylene oxide (PEO, avg. My = 100,000) was
bought from Sigma-Aldrich Canada, and used as received.

9.2.2 LEC fabrication and testing

Pre-patterned 15x15 mm? glass substrates with a 3 mm width horizontal indium tin oxide
(ITO) band electrode (blue in Figure 9.5) in the middle were purchased from Jinghui
Electronic Technologies Ltd., China. The ITO thickness is 150 nm with a sheet resistance
of 8 Q/T. Prior to use, they were sonicated in solutions of 2% Hellmanex, ultra-pure
Milli-Q water, isopropyl alcohol, and 10% NaOH successively for 15 minutes, before
being dried at 85°C overnight in an oven. Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS, 2.8%, Sigma-Aldrich) was filtered using a 0.2 pm PTFE syringe

filter and diluted in a 1:1 ratio using isopropyl alcohol. The light-emitting layer was
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prepared by mixing solutions of lithium trifluoromethanesulfonate (LiTf ), polyethylene
oxide (PEO), and RuBPY to a final mass ratio of 1:10:15 mg/mL in anhydrous CHsCN.
The PEDOT:PSS and RuBPY light-emitting layers were sequentially deposited onto the
cleaned ITO-banded glass using a Laurell Technologies spin-coater (Model WS-400B-
6NPP/LITE). The PEDOT:PSS layer was spin-coated at 6000 rpm for 60 s, and annealed
at 120°C for 1 hour. The RuBPY/PEO/LITf layer was spin-coated at 2500 rpm for 60 s,
and annealed at 70°C for 1 h. The 10 nm ZnO layer was deposited using a Savannah
thermal atomic layer deposition system at a controlled temperature of 150°C.
(Cambridge Technologies, Cambridge, MA). Diethyl zinc (DEZ) and H20 were used as
the ZnO ALD precursors. Aluminum electrodes with a thickness of approximately 130
nm were deposited using a thermal evaporator system (Plasmionique, Montreal, QC) at a
vacuum pressure of at least 5x107 torr. A patterned shadow-mask resulted in the
deposition of five separate aluminum electrodes (with 2 mm width and 1 mm gap
between Al bands shown in Figure 9.5) perpendicular to the ITO band; hereafter, a
‘device’ is defined as the plane intersection of a vertical aluminum band and the ITO
electrode, with an active area of 6 mm? per device. Five devices were obtained for each

ITO substrate and up to twelve substrates can be fabricated for each batch.

Luminance-current-voltage tests were performed using a Keithley 2400 source-measure
unit as the power source, with the ITO-PEDOT:PSS electrode connected as the anode,
and the aluminum electrode connected as the cathode. Photocurrent, as the
electroluminescence (EL) intensity from the LECs, was measured using a Hamamatsu
R928 photomultiplier tube (PMT) biased at —750 V. The EL, current, and applied
potential signals of the LEC devices were recorded using a NI myDAQ data acquisition
device connected to a computer, and a custom LabVIEW program that simultaneously
controlled and recorded the experiment. The relative efficiency of a RuBPY-LEC with
the ZnO interlayer — defined here as the ratio of the integrated photocurrent (photons) to
integrated current (charge) — relative to that of a device without the ZnO was determined
using equation 1 and was found to be 168%. This value was further corrected with
spectrum sensitivity curve in Figure 9.1. Approximately, PMT responsivity at the peak
wavelength in an EL spectrum was taken as the correction factor. For instance, the
emission wavelengths for the ZnO-RuBPY-LECs and the RuBPY-LECs were measured
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to be 645 nm and 635 nm, respectively, taken from Figure 7 of the manuscript. Using the
responsivity values of the PMT at these wavelengths (39.15 mA/W @ 645 nm, and 40.65
mA/W @ 635 nm) in Figure 9.1, the luminous efficiencies of the ZnO-RuBPY-LECs vs.
RuBPY-LECs were corrected, resulting in an average enhancement of 175%.
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Figure 9.1. Cathode Radiant Sensitivity versus wavelength (left) and Quantum
Efficiency versus wavelength (right) of the used photomultiplier tube, R928 (Hamamatsu,
Japan). Digital curves revealed in PDF format online at
https://www.hamamatsu.com/resources/pdf/etd/R928 _R928P_R955 R955P TPMS1091

E.pdf were requested from Hamamatsu, Japan.

Pulsed potential tests were performed using an Autolab electrochemical system
(PGSTAT30, Metrohm, Switzerland), with the aforementioned Hamamatsu PMT used to
measure the device electroluminescence. All LEC testing was performed in a NEXUS |
glovebox system (Vacuum Atmospheres Company, Hawthorne, CA). Spectra were
collected using a spectrometer (Acton 2300i, Princeton Instruments, Trenton, NJ) and an
attached CCD camera (Model DV420-BV, Andor Technology, Belfast, UK) cooled to
—65°C. Wavelength calibration was performed using a mercury-argon lamp (HG-1,
Ocean Optics, Orlando, FL). Commision Internationale de [’eclairage (CIE) colour

coordinate diagrams were calculated and plotted using a custom MATLAB script.
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A Minolta LS-110 luminance meter (Konica Minolta, Japan) with a No. 135 close-up
lens (average focal length = 536 mm) was used to measure luminance (cd/m?), and the
Hamamatsu R928 PMT was used to measure the photocurrent of a red reference light-
emitting diode (TLHK4600, Vishay Intertechnology, Malvern, PA), establishing a linear
correlation between the two detectors that could be used to determine the corresponding
luminance values of the RuBPY LECs. An optical power meter (Thorlabs PM100D,
Newton, NJ) with a calibrated silicon photodiode (Thorlabs S120VC) was used to
measure the optical power, in Watts, of the RuBPY LECs.

The photon flux ®phg, the number of photons per second hitting a surface defined by the
distance between the emitting source and the detector with units of photons-ssr?, and the
total detector area, of the RuBPY LECs were calculated using the following equation,
where H is the Keithley ammeter sensitivity in electrons-s*V1, Vpng is the PMT measured
response through the ammeter in volts, and Qpng is the effective solid angle of the detector

in steradians (sr).! phd = photodetector.

D =——XYV

Equation 9.1

The spectral dependence, C, is a measure of the average response of the photodetector to
specific incident light of a known spectrum, with units of electrons per photon. It is
calculated using the following equation, where Q(4) is the quantum efficiency of the
photodetector (Figure 9.1B) and S(4) is the intensity normalized, background corrected

RuBPY emission spectrum (Supplementary Figure S7).

_ Jo)s)da
 [S()da

Equation 9.2
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Figure 9.2. Intensity normalized background-corrected emission spectrum of RUBPY
LECs.
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Figure 9.3. Intensity normalized background-corrected emission spectrum of red
reference LED.

Before calculating photon flux, the PMT’s photon flux was calibrated using the red
reference LED with a measured spectrum shown in Figure 9.3 and the calibrated
photodiode. A 0-2 V scan at 0.01 V/s of the LED on both instruments at known distances
allowed for the comparison of photon flux in photons-s™sr* between the two instruments.
Average calibration values were extracted from the comparison of the linear detection
ranges of both instruments and applied to all future measurements to ensure accuracy in

the photon flux measurements.
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The luminous efficiency (7um) of the RuBPY LECs was calculated using the following
equation, where the photopic function P(4) in lumens/watt (Figure 9.4) corrects for the
response of the human eye during daylight (defined by the correction factor K), =
accounts for the emitted photons in the forward hemisphere, and Viec and I ec are the
driving voltages and corresponding current values of the RuBPY-LECs, sourced and

measured simultaneously using a Keithley 2400 unit.

. mHK Vphd
Mo = Qpna Viecliec
Equation 9.3
hc
[P(V)SD) Td/l
 [S()da
Equation 9.4
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Figure 9.4. The photopic luminosity function, which describes the average spectral
sensitivity of the human eye. This spectrum was multiplied by a correction factor of

683.002 Im/W before being used in any calculations.
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9.3 Results and Discussion

Aluminum

ZnO ALD Layer
RuBPY/PEOQ/LITf

PEDOT:PSS
Glass

Figure 9.5. Expanded device structure of RuBPY-LEC with a 10 nm ZnO ETL/HBL.

The design of the RuBPY-LECs is illustrated in Figure 9.5. The transparent anode is 100
nm poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) coated indium-
tin-oxide (ITO). The 100 nm light-emitting layer is RuBPY mixed with an ion conductive
polymer polyethylene oxide (PEO) and an ionic salt lithium trifluoromethanesulfonate
(LiTf). Herein, we add a 10 nm ZnO coating, applied via atomic layer deposition (ALD),
to act as an electron transport/hole blocking layer (ETL/HBL). A 130 nm thick layer of
aluminum is thermally evaporated as the top contact to act as the electron-injecting
cathode. The reference RUBPY-LEC has the same configuration structure as the above

except with the absence of the 10 nm ZnO interlayer.
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Figure 9.6. EL intensity vs. applied potential plots for RuBPY-LECs with a 10 nm ZnO-
ETL/HBL (red trace) and without the ZnO layer (blue trace). The scan rate used was at
0.05 V/s. Insets (A) and (B), respectively, show colour photographs of the two RuBPY
LECs during operation.

The performance of the two types of LECs was first tested using a linear voltage sweep
while simultaneously measuring the device electroluminescence (Figure 9.6). When the
applied potential was increased from 0 to 8 V at a rate of 50 mV/sec, the reference RuBPY -
LECs exhibited a turn-on voltage of 3.6 + 0.2 V, with the electroluminescence (EL)
intensity reaching a maximum luminance of 7.1 + 1.0 cd/m?. When a 10 nm ZnO layer was
deposited on top of the emissive layer, the device performance of the RuBPY-LECs was
enhanced by approximately four times, showing maximum luminance values of 28 + 1.5
cd/m?. This improvement clearly demonstrates the benefits of the ZnO layer, as electron
injection and transport at the cathode is increased, leading to an enhancement of the

luminous performance.

We can see that the current flow between the electrodes of the LEC is significantly
increased when the ZnO interlayer is added, again hinting at its strong electron injecting
and transporting capabilities (Figure 9.7 and Figure 9.8). Despite the large increase in
the operating current, the relative electroluminescent efficiency of a RuBPY-LEC with

the ZnO interlayer, defined here as the ratio of the integrated photocurrent (photons) to
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integrated current (charge) relative to that of a device without the ZnO layer, was still

greatly improved (Figure 9.9):

( [ EL dt )
J Currentdt/_

( [ ELdt )
[ Current dt ref

by, =

Equation 9.5

where ref and x refer to the reference RUBPY-LEC in the absence of ZnO interlayer and
sample RuBPY-LEC in the presence the ZnO, respectively. Note that the relative
efficiency was further corrected using the PMT responsivity values of the peak

wavelengths in EL spectra (Figure 9.1) shown in Experimental section in Supporting

Information.
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Figure 9.7. Current and EL intensity vs. applied potential for RuUBPY-LECs in the
presence of the 10 nm ZnO layer.
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Figure 9.8. Current and EL intensity vs. applied potential for reference RuBPY-LECs
with no ZnO layer.
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Figure 9.9. Relative PMT efficiency histogram of ZnO-RuBPY-LECs vs. reference
RuBPY-LECs in the initial test of linear voltage sweep experiments as in Figure 9.7 and
Figure 9.8.

The relative efficiency histogram from the initial test of linear voltage sweep experiments
as in Figure 9.7 and Figure 9.8 indicates the ZnO-RuBPY-LECs display an average of
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175% electroluminescent efficiency relative to reference RuBPY-LECs, up to a

maximum of 200%.

This enhancement in the efficiency indicates a superior charge carrier balance resulting in
efficient recombination in the light-emitting layer as reported for an Ir-based iTMC-LEC
with a ZnO nanoparticle layer up to 50 nm.!” The above result suggests that the hole
blocking functionality of the ZnO layer is also a very important factor when considering
device performance, as the deep valence band of the ZnO layer should significantly lower
the parasitic current by suppressing excess hole leakage into the aluminium cathodes. In
this way, charge carrier flow that does not contribute to radiative recombination is
minimized (Figure 9.10), enabling the design of brighter and more efficient LECs. Also
of note is that the voltage at which the maximum EL intensity is observed is lowered (6.3
V vs. 7.8 V for the ZnO-RuBPY-LECs and RuBPY-LECs, respectively). This decreased

optimal operating voltage should lead to LECs with a better power efficiency.
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Figure 9.10. Energy level diagram of RuBPY-LECs showing the constituting layers in
the LEC architecture. The values for energy levels of Al, ZnO, PEDOT:PSS, and ITO
were taken from literature.?>> HOMO and LUMO energy levels for RuBPY were

estimated from the oxidation and reduction potentials , of Ru(bpy)s?*, respectively.

The ZnO-LECs have improved stability at higher applied potentials, which is evidenced
by the maintenance of a ‘steady-state emission’ when maximum luminance is achieved.

In contrast, RUBPY-LECs without this ZnO layer show a defined luminance maximum
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that decreases as the potential scan continues. Repeated voltage cycling of the LECs
establishes an apparent trend where devices with the added ZnO layer are much more
resistant to degradation over time. Figure 9.11 shows the maximum recorded luminance
over a series of five identical voltage sweeps. RuBPY-LECs with a ZnO layer retain over
95% of maximum luminance after multiple repeated cycles, while reference RuBPY -
LECs drop to just 20% after similar tests. This is further demonstrated by the relative EL
efficiency histogram from the test 5 of linear voltage sweep experiments, where an
average efficiency of 220% with a maximum of 310% is observed (Figure 9.12). Figure
9.13 and Figure 9.14 show the luminous efficiencies of ZnO-RuBPY-LECs and
reference RUBPY-LECSs, respectively. In LECs with a ZnO layer, a maximum luminous
efficiency of 20 Im/W at a current density of 0.38 A/m? was observed, while reference
LECs had a maximum of 12 Im/W at a current density of 0.24 A/m?. This enhancement
can be attributed to improved electron-hole balance in the recombination zone of these
devices, which is likely the result of both the electron-injecting and hole-blocking

functionality of the added ZnO layer.
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Figure 9.11. Repeated voltage cycling of the RuBPY-LECs with and without a ZnO
layer. The numbers above the bars indicate the number of times each device was tested.
Error bars heights represent one standard deviation measured across at least eight

different devices.
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Figure 9.12. Relative electroluminescent efficiency histogram of ZnO-RuBPY-LECs vs.
RuBPY-LECs from test 5 as in Figure 9.11.
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Figure 9.13. Luminous efficiency (Im/W) of ZnO-RuBPY-LECs vs. current density.
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Figure 9.14. Luminous efficiency (Im/W) of reference RuBPY-LECs vs. current density.

To examine the RuBPY-LEC behaviour more closely during operation, spooling EL
spectroscopy (adapted from spooling ECL spectroscopy, which has been used extensively
by our group in recent years to comprehensively study ECL luminophore excited states
and their light emission mechanisms?#) was utilized for the first time. Here, EL spectra of
the LECs were recorded at predefined intervals during a potentiodynamic scan, enabling
the time-dependent study of LECs during their operation. Figure 9.15A shows the
spooling EL spectra for a RuBPY-LEC with the ZnO-ETL/HBL during a forward
potential scan. The data can be divided into three sections corresponding to the turn-on
voltage region (yellow), an intermediate voltage region as the luminance approaches its
maximum intensity (green), and the high voltage region where the luminance begins to
decay (blue). The figure insets are individual emission spectra extracted from the overall
plot, where a 645 nm emission peak is observed throughout the entire potential scan.
However, in RUBPY-LECs without this ZnO layer (Figure 9.15B) a blue-shift of
approximately 20 nm in peak wavelength was observed from 640 nm at the onset of light
emission, to 620 nm as the RUBPY-LECs advance towards higher applied potentials. This
shift in the emission wavelength, seen in conjunction with a decline in the emission
intensity, likely signifies an irreversible change in the morphology and functionality of
the light-emitting RuBPY film. The overall EL intensity was also approximately four
times greater when the ZnO-ETL/HBL was added, which agrees well with the previous

luminance-voltage results in Figure 9.6.
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Figure 9.15. Spooling EL spectra of RuBPY-LECs with the added ZnO-ETL/HBL (A)
and without the ZnO-ETL/HBL (B) during a forward potential scan. Insets for each

figure correspond to selected spectrum collected at three specific voltages.

This behaviour indicates the ZnO layer can provide some degree of protection against
degradation in these LECs. Among the most catastrophic of failure modes, electrical

short circuits occur when surface and layer imperfections cause a bridging of the two
electrodes in an LEC, leading to localized ‘dark spots’ and material decomposition.?> 2

The formation of these electrical shorts are strongly suspected in the unprotected RuBPY -
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LECs, where several dark spots with decreased luminescence were evident after a few
seconds of operation (Figure 9.6 inset B). A non-luminescent dark spot may simply be
viewed as a ‘less orange’ than neighbouring fully emitting sections; therefore, the overall
perceived emission wavelength will appear slightly blue-shifted. ZnO-RuBPY-LECs, in
contrast, showed no sign of these dark spots, instead displaying bright and uniform
emission across the entire active area. In this sense, spooling EL spectroscopy as
described here can be a useful technique to evaluate the stability and lifetime of
electroluminescent devices, if deviations from the expected emission wavelength are

taken as performance-lowering defects.

These observations suggest that ZnO, while fulfilling its primary role as an electron
transport/hole blocking layer and significantly enhancing device performance, may also
act as a protective ‘buffer layer’ between the light-emitting RUBPY layer and the
aluminum electrodes. The suppression of destructive oxidation reactions between the
RuBPY layer and the aluminum cathodes can prevent the shifting of the location of the
recombination zone in these devices, which may play a part in the improved spectral
stability of ZnO-RuBPY-LECs. This added semiconducting layer can potentially shield
the LEC from various external elements that might cause premature failure, including
moisture and oxygen from atmosphere, which is known to precipitate a variety of
destructive reactions upon penetrating the device structure. This apparent quenching of
the device luminescence may be due to the formation of oxo-bridged dimeric species of
Ru(bpy)s?*, a reaction that can be exacerbated by the presence of oxygen and moisture.?”
28 The advantages of atomic layer deposition are also realized here, as the technique can
apply highly homogeneous and conformal layers onto a substrate regardless of the
roughness and irregularities of underlying layers.? Precise thickness control is achievable
through controlling the number of growth cycles, which allows for easy and quick
deposition of the ZnO layer as reported for the active layer of organic solar cells*® and
ETL of quantum dot LEDs.*® *° The efficiency enhancement of our LEC devices is
higher than that of Ir-based iTMC LEC with a ZnO nanoparticle layer.*’
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Figure 9.16A and Figure 9.16B shows accumulated spectra for a ZnO-RuBPY-LEC
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(645 nm emission peak) and RuBPY-LECs (635 nm emission peak), respectively. These

emissions correspond to CIE (Commission Internationale de [’eclairage) 1931 colour

coordinates of (0.58, 041) and (0.57, 0.39), respectively. These results match well with

previously reported OLEDs utilizing Ru(bpy)s®* as a luminophore,3 which is very

encouraging since the added ZnO layer positively impacts the performance of the LECs.
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9.4 Conclusions

In conclusion, we have shown that the addition of a conformal ZnO electron
transport/hole blocking layer to simple RuBPY-LECs can significantly improve their
luminous performance, sustainability, and efficiencies. Furthermore, this ZnO layer could
have valuable applications for the protection of LECs from external degradation factors,
possibly reducing the need for complex encapsulation procedures for future light-emitting
devices. Based on the discussed advantages of this multi-purpose, highly practical, non-
intrusive ZnO layer, it is anticipated to fabricate future enhanced luminance and long
lifetime LECs.
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Chapter 10

10 Conclusions and Future Work

10.1 Conclusions

In this thesis, various luminescent materials were characterized for their performance in
electrochemiluminescence (ECL) toward light-emitting applications, with a particular
emphasis on electroluminescence (EL) pathways for operation in light-emitting
electrochemical cells. Chemiluminescence of some TADF compounds was also
investigated — as alternative mechanisms to produce emissive excited states could yield
valuable insight towards optimization of these luminophores across different luminescent

systems.

Chapter 1 serves as the introductory text to this thesis. In this chapter, insight into the
light emitting pathway of electrochemiluminescence (ECL) was provided, together with
the different enhancement mechanisms that lead to enhanced ECL including thermally
activated delayed fluorescence (TADF), hydrogen-bonding ECL, and aggregation- and

crystallization-induced ECL.

In Chapter 2, the top-down and bottom-up synthesis, unique photophysical properties and

applications of carbon quantum dots (CQDs) were summarized.

In Chapter 3, novel developments of methodology, instrumentation, and calculation of
the absolute ECL quantum efficiency (QE) was carried out, using a photon counting head
as the photodetector. In Chapter 4, this methodology was expanded to use a
spectrograph/CCD camera. This groundwork to accurately and reproducibly determine
the QE of new luminophores will be very important in the future ECL research. For these
works, we were able to develop a method to determine the QE of ECL co-reactant
systems. The QE of a reference compound Ru(bpy)s>* was calculated to be 3.2% and

10.0% under the annihilation and TPrA coreactant pathways, respectively.

In Chapter 5, we studied the electrochemical and luminescent properties of Pt-Ag noble

metal nanoclusters. Through the use of electrochemistry, photoluminescence, and in-situ
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time-resolved spectroscopy, we discovered a number of different excited states that were
responsible for ECL emission for these nanoclusters. Furthermore, we learned that the
effective surface area (which is the geometric surface are exposed for external reaction)
was directly correlated with the quantum efficiency of the nanoclusters. This finding is
anticipated to be useful for future design of ECL luminophores. In Chapter 6, the
electrochemistry, electrochemiluminescence, and chemiluminescence of a TADF emitter
(TPA-ace-TRZ) was investigated. We discovered that this compound exhibited delayed
onset ECL and long-persistent luminescence, which was attributed to the formation of an
aggregated excited state known as an excimer. This aggregate excited state was also
present in both electrochemiluminescence and chemiluminescence pathways, which

demonstrates the flexibility and potential applications for TPA-ace-TRZ.

In Chapter 7, the development of a computer model to simulate ECL electron transfer and
light emission reactions was performed. The simulations were carried out using
COMSOL Multiphysics software. In this work, we were able to estimate the bimolecular
rate constant of Ru(bpy)s®* annihilation ECL to be in the range of 10’ Ms? by using an
ultramicroelectrode and high frequency potential pulsing at 10 Hz, 100 Hz, and 1000 Hz.
This model to simulate the hemispherical diffusion of electroactive species is shown to be

able to extract important chemical and kinetic information from ECL systems.

Chapter 8 summarizes the two types of LECs we fabricated in the lab. Our top-down
CQDs synthesized from a top-down electrochemical exfoliation process showed strong
photoluminescence and electrochemiluminescence. The CQD-LEC demonstrated bright
white emission at a wavelength of 610 nm with an efficiency of 0.14%. To improve upon
this efficiency, we experimented by adding a zinc oxide layer to the LECs to enhance the
electron transporting capabilities of the deposited films, in Chapter 9. The ZnO-LECs

exhibited improved stability and up to 4-fold enhancement of the brightness.
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10.2  Future Work

The research field of thin-film optoelectronic devices has been expanding rapidly, and so
there is a continual need for highly efficient and cheap luminescent materials to be
investigated. These advancements will also benefit the various applications discussed in

this thesis, such as for bioanalysis, chemical sensing, and imaging.

There are many different novel materials that exhibit the properties that show promise for
applications in LECs. One of these is black phosphorous (BP), an allotrope of elemental
phosphorous. Single-layered BP, also known as phosphorene, displays many similarities
to graphene: it has a tunable bandgap, excellent charge transport and optical
characteristics. We propose to study in detail the photoluminescence and electrochemical
properties of this nanomaterial. BP could be an important candidate for a luminophore in
LECs, and investigating the light emitting reactions of this new material could help
confirm the contribution of core and surface states in luminescence, since their

involvement may be similar to that of CQDs.

We also plan to expand on the computer simulation project to model ECL reactions in
COMSOL. Currently, we have only simulated ECL annihilation reactions, which is a
small subset of ECL reactions. We propose to further progress the simulations to model
the various coreactant systems such as the oxidative-reduction type (with tri-
propylamine) and the reductive-oxidation (with benzoyl peroxide). Successful
development and implementation of these ECL models will significantly improve our
understanding of how ECL reactions work, and will be an important step in optimizing

these reactions.

Finally, this thesis only briefly explored the extensive possibilities for organic and carbon
nanomaterial LECs. As a future project, we would like to investigate a wider range of
luminescent materials for their feasibility as LEC luminophores, such as the Pt-Ag
nanocluster system, or the TADF compounds discussed herein. In particular, we imagine
that the aggregation- and crystallization-induced enhanced emission observed for those
compounds will be even more pronounced in the solid state (when deposited as a thin-

film for LECs). However, the primary challenge for incorporating these materials would
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be their compatibility with solvent systems for spin-coating, or their thermal stability
during ALD and PVD layer deposition. A careful and methodical study will be required
to fine-tune the parameters required for bright and efficient LECs.
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