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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 review, we summa-
rize 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 docu-
ment how hydrogen bonding, aggregation, and crystallization
can each be recruited in the design of materials showing
enhanced electrochemiluminescence.

1. Introduction

Electrochemiluminescence (ECL) is the process by which
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.[1] ECL has been exploited in biosensing,[2] single
molecule detection,[3] light-emitting electrochemical cells
(LECs),[4] and imaging[5] due to its high sensitivity, selectivity,
and excellent signal-to-noise ratio. ECL can proceed via two
mechanistic pathways. The annihilation pathway involves the
generation of radical cations (holes) and radical anions (elec-
trons) 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-Tripropyl-
amine (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, as upon reduction and subsequent
cleavage, the so formed benzoate radical (PhCO2

*) 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.[2,[6] 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 ΔEST.

[7] More

recently, this effect has also been observed in electrochemilu-
minescence (OLECL).[8]

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.[1a] Until recently, the
ECL efficiency of a system was reported relative to that of a
well-known ECL luminophore, [Ru(bpy)3]

2+ in the annihilation
pathway or that of a [Ru(bpy)3]

2+/co-reactant system. Method-
ologies 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),[9] photon-count-
ing heads (PCHs) along with a spectrometer,[10] or a calibrated
spectrograph/CCD camera array.[11] The accurate determination
of the quantum efficiency of ECL luminophores is essential to
assess the performance of the materials employed, as optimiz-
ing 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.[12] 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 electrochemilumi-
nescence (AI-ECL), crystallization-induced electrochemilumines-
cence (CI-ECL), and hydrogen-bonding electrochemilumines-
cence (H-bonding ECL), can also be used to enhance the ECL
efficiency. In contrast to TADF, which leverages the intrinsic
photophysics properties of the emitting molecules to deliver
enhanced emission, AI-ECL, CI-ECL, and H-bonding ECL utilize
intermolecular interactions, that is, interactions between lumi-
nophore molecules, to result in enhanced emission.
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In this review, we summarize the new and emerging
materials design strategies in developing high performance,
high efficiency ECL luminophores. We focus on thermally TADF
emitters, aggregated induced electrochemiluminescence (AI-
ECL), crystallization induced electrochemiluminescence (CI-ECL),
and hydrogen-bonding enhanced ECL.

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 S1 to S0. 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 (ξST) between the singlet and
triplet excited states and the energy gap between them, ΔEST
[Eq. (1)], where kB is the Boltzmann constant and T is the
temperature. Generally, as ΔEST decreases, the efficiency of the
up-conversion process increases.

The magnitude of ΔEST is, in turn, determined by the
exchange integral J, which describes the Coulombic repulsion
between two electrons [Eq. (2)]. In other words, ΔEST will be
small if the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are spatially
separated in the molecule.[13]

kRISC / x2
STe

� DEST
kBTð Þ (1)

DEST ¼ 2J ¼ 2
Z Z �H r1ð Þ�L r2ð Þ

1
r2 � r1j j

�H r2ð Þ�L r1ð Þdr1dr2
(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
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architectures are not the only ones that can produce mole-
cules/systems with small ΔEST. Through-space charge transfer
(TSCT) emitters, multiresonant TADF (MR-TADF) emitters and
exciplexes are all categories of materials that have been
explored as emitters in electroluminescent devices.

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 path-
way (Figure 1A).[14] These TADF molecules, incorporating carba-
zolyl and dicyanobenzene groups as donors and acceptors,
respectively, demonstrated quasi-reversible reduction and irre-
versible multi-electron oxidation. The authors speculated that
oxidation of these compounds could initiate polymerization
(the polymer film on the electrode surface inhibits electro-
chemical activity) from the known unstable carbazole-centred
radical cation. A small red-shift (ca. 10–20 nm) was observed
when the solvent polarity was increased from DCM to MeCN
(Figure 1B and C), due to 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 photolumines-
cence quantum yield, ΦPL, of the materials. Emission maxima,
λPL, of 544 and 565 nm were reported in DCM and acetonitrile,
respectively while the λECL 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.

Our groups studied three D-A-TADF compounds PPOCzPN,
PPSCzPN, and DiPPOCzPN (the molecular structures are

displayed in the insets of Figure 2A, B, and C) for ECL, where the
phosphine-chalcogenide modified carbazolyl donor groups
stabilized the HOMO level to promote a blue-shifted emission
(Figure 2).[8] Compounds PPOCzPN, PPSCzPN, and DiPPOCzPN
emit at 498, 501, and 465 nm, respectively, in DCM. DiPPOCzPN
showed the highest photoluminescence quantum yield, ΦPL, 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 (PPOCzPN λECL=520 nm,
PPSCzPN λECL=500 nm, DiPPOCzPN λECL=545 nm). In partic-
ular, PPOCzPN showed a 17% ECL efficiency relative to that of
the reference [Ru(bpy)3]

2+. 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 ΔEST. 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 DiPPOCzPN
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.

We also investigated the ECL behaviour of the TSCT TADF
molecule TPA-ace-TRZ (Figure 3A).[15] This emitter produced ECL
emission by both the annihilation and co-reactant pathways
that was significantly red-shifted compared to the PL emission
(Figure 3B). A significant delay in the ECL onset was seen
(Figure 3C), which as observed with the inefficient D-A TADF
emitters in Figure 2, hints at the formation of an exciplex.
Exciplex formation is promoted by intermolecular excited CT
states and typically also emit by TADF.[13] 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 nine times stronger than that of the
[Ru(bpy)3]

2+ reference. Additionally, we explored the perform-
ance of TPA-ace-TRZ under a chemiluminescence pathway.

Figure 1. A) Molecular structures of 2CzPN, 4CzPN, 4CzIPN, and 4CzTPN. B) UV-Vis absorption (dotted) and PL spectra (solid lines) of 25 μM TADF emitter in
DCM and MeCN. C) Normalized ECL spectra of TADF emitters in DCM and MeCN. Adapted with permission from ref. [14]. Copyright: 2014, Wiley-VCH.
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TPA-ace-TRZ produced bright yellow emission from the
oxidation of the phenyl oxalate ester in the presence of
hydrogen peroxide (Figure 3D). Notably, the emission wave-
lengths 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 intermedi-
ates formed from the CL reagents was proposed to form
exciplexes, which is very uncommon in CL pathways.

Niu and co-workers reported ECL from a D-A TADF polymer
PCzAPT10 (Figure 4).[16] PCzAPT10 displayed a broad PL at λPL
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 there-
fore 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)3]

2+/TPrA system.
The same group also studied the ECL behaviour of 4CzIPN and
the TSCT emitter BPAPTC in dichloromethane.[17] 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)3]

2+.

Figure 2. CVs (red) along with ECL-voltage curves (blue) during potential pulsing at a pulsing frequency of 10 Hz for A) PPOCzPN, B) PPSCzPN and
C) DiPPOCzPN, all with 10 mM BPO added as a co-reactant D)–F) Spooling ECL spectroscopy of the corresponding systems. Insets in D)–F) represent stacked
spooling ECL spectra. Adapted with permission from ref. [8]. Copyright: 2022, The Royal Society of Chemistry.
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When compared to the results provided by Ishimatsu, Adachi,
Imato and co-workers who investigated the ECL of 4CzIPN in
the annihilation pathway (λECL=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 emis-
sion under ECL conditions. Niu et al. also reported a donor-
acceptor TADF compound PFSOTT5, which demonstrated 5.79
times the ECL enhancement of a typical fluorescent polymer.[18]

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.[19] The nano-encapsulated 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. 4CzIPN,
in this nano-encapsulated design, showed virtually the same PL
characteristics as reported by the Ishimatsu, Adachi, Imato and
co-workers (λPL=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.[20]

The same group used a similar method to encapsulate instead
conjugated TADF polymer dots (TADF-Pdots).[21] This report
showed that the TADF-Pdots were capable of exhibiting the
same ECL and PL emission at 510 nm, and showed a relative
ECL efficiency in the TPrA co-reactant pathway of 11.73% vs.
the [Ru(bpy)3]

2+/TPrA reference system.

Figure 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) Left:
Colour photographs of TPA-ace-TRZ CL reaction vial before/after adding H2O2; right: CIE colour coordinate diagram of TPA-ace-TRZ CL; bottom: CL
accumulation spectrum of TPA-ace-TRZ system. Adapted with permission from ref. [15]. Copyright: 2023, American Chemical Society.
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Ju and co-workers improved significantly the ΦECL by
creating Pdots using poly(TMTPA-DBC) as the TADF precursor.[22]

The resulting TADF-Pdots showed very similar PL and ECL
emission peaking at 517 and 520 nm, respectively, indicating
that the same excited state was formed in the two pathways. As
well, the ΦECL was enhanced up to 49.9% in the TPrA co-
reactant system.

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.[23] These
compounds typically possess electron donor atoms and elec-
tron 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 simulta-
neously a sufficiently small ΔEST to promote TADF while

suppressing molecular vibration, leading to narrowband emis-
sion and high ΦPL.

[24]

Our research groups reported the MR-TADF emitter
Mes3DiKTa (Figure 5A), which has a ΔEST of 0.26 eV and high
ΦPL of 80% at 3.5 wt.% doped films in 1,3-bis(N-
carbazolyl)benzene (mCP), and studied its ECL behaviour in
acetonitrile.[25] 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)3]

2+. Both delayed onset (about 5 ms after the applica-
tion 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 with respect to the potential steps (Figure 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 ΔEST. However,
competing processes for delayed emission including TTA and
TADF could not be completely ruled out in this instance. The

Figure 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: PL in neat film vs. MeCN, and ECL spectrum of the PCzAPT10/TPrA co-reactant system. F) Cyclic
voltammograms and G) ECL–voltage curves of 4CzIPN in dichloromethane with 0.1 M TBAPF6 and 40 mM TPrA. Adapted with permission from refs. [16] and
[17]. Copyright: 2021, Wiley-VCH.
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presence of OLECL was also proposed to enhance the overall
ECL emission; accordingly, the absolute ECL efficiencies of
Mes3DiKTa were determined to be 0.0013% in the annihilation
route and 1.1% in the TPrA co-reactant system. Using spooling
ECL spectroscopy (Figure 5C), we identified that a combination
of monomer and aggregate excited states contributed to the
ECL emission.

Of the three systems reported for OLECL, there appears to
be a direct correlation between the magnitude of ΔEST and the
delayed onset time in the ECL: the compound with the smallest
ΔEST (TPA-ace-TRZ, ΔEST=0.06 eV) also displayed the longest
delay onset (25 ms) and persistent emission (57 ms), while
Mes3DiKTa (ΔEST=0.26 eV) and PPOCzPN (ΔEST=0.21 eV) had
shorter delay onsets, 5 and 7 ms, respectively. While additional
verification is required, these results suggest that a small ΔEST
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.

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.[26] Among other strategies to enhance
ECL, favourable hydrogen bonding (H-bonding) interactions
between the emitter and secondary compounds could both
promote ECL activity by pre-organization and stabilize the ECL.
Our groups studied the H-bonding interaction between an IrIII

complex (1) and pyrimido-[4,5-c]isoquinolin-3-amine (3), and its
effects on the ECL (Figure 6).[27] In electrochemical measure-
ments, 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.

H-bonding can also play a more structural role in enhancing
ECL. You et al. showed that a [Ru(dcbpy)3]

2+/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.[28] 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

Figure 5. A) Structure and calculated difference density plots of Mes3DiKTa. B) Time-resolved ECL experiments with 0.2 mM Mes3DiKTa in acetonitrile by 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 Vs� 1 and
exposure time of 2 s. Adapted with permission from refs. [25a] and [25b]. Copyright: 2020, Wiley-VCH and 2023, IOP Publishing.
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current of the [Ru(dcbpy)3]
2+/CQD composite vs. the unmodi-

fied 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-β estradiol (B2) at micromolar concentrations.

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 en-
hanced ECL compared to that using the individual phenyDAT
monomers.[29] The three-dimensional structure of the Tr-HOF is
stabilized by N···H hydrogen bonds, suppressing the quenching
effects of ligand π–π stacking while simultaneously providing
large active surface area for efficient electron transfer (Figure 7).
This unique system attained 21% ECL efficiency relative to
[Ru(bpy)3]

2+, 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.[30] HOF-101 demonstrated an effect termed
intra-reticular electron coupling (IREC), which improves long-
range charge transfer.[31] 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)3]

2+

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.

4. Enhanced ECL from AIE and CIE

In 2011, Tang et al. introduced the concept of aggregation
induced emission (AIE), where they observed the unprece-
dented enhancement of emission upon molecular aggregation
in siloles. The intramolecular rotation of phenyl “rotors” in
hexaphenylsilole (HPS) serves to quench the excited state
through non-radiative decay. Suppression of this effect via
restriction of intramolecular rotation (RIR) therefore enhances
the emission of the aggregated state.[32] The combination of AIE
and ECL, termed aggregated induced electrochemilumines-
cence (AIECL), focuses on the smart design of ECL luminophores
that can simultaneously exploit the AIE mechanism.[33] The first
example of AI-ECL was reported by de Cola et al., who explored
the formation of supramolecular structures of PtII complexes.[34]

Since this work, there have been numerous advances in this
area of research. Crystallization-induced emission (CIE) is based
upon the same principle as AIE – the restriction of intra-
molecular rotation to block the non-radiative emission path-
ways – by means of lattice formation.[35] CIE luminophores
demonstrate enhanced emission from crystallization, but not
amorphization.[36] 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 electroche-
miluminescence (CI-ECL). Significant enhancement to the ECL
efficiency is possible with CIE luminophores.

4.1. Aggregation-induced electrochemiluminescence (AIECL)

Ye et al. designed a cyclometalated iridium(III) complex for
AIECL.[37] AIE behaviour was confirmed with increasing H2O
content during the ECL acquisition, as demonstrated in Figure 8.
This iridium(III) complex showed strong PL emission at 643 nm,
which closely matched its ECL emission at 640 nm in dimeth-
ylsulfoxide (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
fourfold enhancement compared with the [Ru(bpy)3]

2+ refer-
ence. In a related work, Wei et al. encapsulated fac-Ir(ppy)3 in
apoferritin (apoFt), creating an Ir(ppy)3@apoFt bioconjugate.
Through pH-controlled reversible dissociation of apoFt
subunits[38] and analysis using optical emission spectroscopy,
the authors were able to confine, on average, 44.3 molecules of
fac-Ir(ppy)3 into the cavity of the protein core, effectively
restricting intramolecular movement to produce AIECL.[39] Using

Figure 6. A) Chemical structures of IrIII complex [1] and B) pyrimido-[4,5-
c]isoquinolin-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 spectra at D) � 1.34 and E) � 1.50 V. Adapted with
permission from ref. [27]. Copyright: 2022, Elsevier B.V.
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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.[36,40] They were also able to
use Ir(ppy)3@apoFt to construct an immunosensor for CYFRA-21

(a cancer cell biomarker) detection, attaining a wide linear
response range and a low detection limit.

Xu et al. studied the AIECL properties of carboranyl
carbazoles (Figure 9A).[20] These metal-free “organic dots” were
weakly emissive until the water fraction reached over 85%, at
which point their emission intensity dramatically increased
(Figure 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 aggre-
gates 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.

An example of aggregation-induced delayed fluorescence
electrochemiluminescence (AIDF-ECL) was reported by Niu and
co-workers. They tested mCP-BP-PXZ, which was a known AIDF
luminophore, and compared it to TPE-TAPBI, a reference AIECL
luminophore. mCP-BP-PXZ displayed a 5.4-fold stronger ECL
signal when tested in thin-film modified GCE in the presence of
TPrA as the co-reactant versus the TPE-TAPBI reference, which
the authors rationalized as due to effective utilization of triplet
excitons generated during the electrochemical excitation.[41]

Also, the ECL spectrum (596 nm) was red-shifted by 53 nm
versus the PL spectrum (543 nm), which may be due to the
involvement of surface-state transitions that are commonly
observed in semiconductor type ECL emitters.

Figure 7. A) Intermolecular interactions of phenyDAT in Tr-HOFs with the labelled 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. [29]. Copyright: 2021, American Chemical Society.

Figure 8. ECL intensity variation as the H2O fraction of a DMSO/H2O solvent
mixture is increased. Reproduced with permission from ref. [37]. Copyright:
2018, American Chemical Society.
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4.2. Crystallization-induced electrochemiluminescence (CIECL)

This effect in ECL was first documented by the Wang, Ding and
co-workers who studied a di-boron complex (DBC).[42] Using PL
and X-ray diffraction techniques, they were able to unambigu-
ously observe crystallization induced blue-shifted (CIBS) emis-
sion as well as enhanced PL emission in the crystalline state
(Figure 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 (fivefold
enhancement in the crystalline film versus the solution phase).

Finally, through the use of spooling ECL spectroscopy,[43] 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.

More recently, Zhu and co-workers created a [Ru(bpy)3]
2+

derivative Ru-TPE, incorporating the AIE-active tetraphenyle-
thene (TPE) group.[44] The resulting compound exhibited strong
CIECL driven by the TPE group that overcame the inherent ACQ
nature of [Ru(bpy)3]

2+. The authors observed an increased
crystallinity of the Ru-TPE crystals compared to plain crystals of

Figure 9. A) Molecular structure of the carboranyl carbazole AI-ECL luminophore. B) ECL intensity of 1.0 mM T-3 in increasing H2O fractions. C) PL spectrum of
T-3 in 95% H2O (black) and ECL spectrum of T-3 modified GCE in 95% H2O (red). Reproduced with permission from ref. [20]. Copyright: 2019, Wiley-VCH.

Figure 10. A) PL spectra of a crystalline DBC film (blue) and DBC in acetonitrile (black). B) Images of recrystallized DBC, DBC after mechanical grinding, and
DBC after exposure to acetone vapour (left to right). C) XRD spectra of recrystallized DBC (blue) and DBC upon grinding (black); inset: DBC unit cell. Spooling
ECL spectra of D) solid state ECL/BPO co-reactant and. E) homogeneous DBC/BPO systems. Reproduced with permission from ref. [42]. Copyright: 2020, Wiley-
VCH.
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[Ru(bpy)3]
2+, confirmed by pXRD measurements. By using an

ITO/Ru-TPE modified electrode, where the ECL emission origi-
nated from a solid-state film, an impressive ECL efficiency of
236% vs. the [Ru(bpy)3

2+]/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.

5. Conclusion 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 review, we have summarized,
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 related to those involving TADF luminophores remain,
including improving the ECL efficiency to levels similar to those
observed in electroluminescent devices. It is possible that the
more complex mechanisms of ECL, particularly the co-reactant
pathways, suffer from an increased likelihood of non-radiative
decay, reducing the overall luminous efficiency. In a related
avenue, the ECL mechanistic pathways involving TADF ECL
molecules have not as of yet been fully elucidated and they will
be fundamental to understanding how to improve ECL
efficiencies. Finally, using a standardized method to report
absolute ECL efficiencies will be an enormous improvement to
the field 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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REVIEW

This review summarizes recent
advances towards enhanced electro-
chemiluminescence (ECL) using novel
design strategies such as thermally
activated delayed fluorescence (TADF)
luminophores (both donor-acceptor
and multiresonance), hydrogen-
bonding complexes, and aggregation-
and crystallization-induced emission
strategies. In many scenarios, the ECL
enhancement is shown to be signifi-
cant, thus suggesting future applica-
tions for thin film optoelectronics and
sensing. These new avenues of intelli-
gent ECL luminophore designs are
expected to be of great importance
for ECL-related research.
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