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Abstract

The electrochemiluminescence (ECL) behavior of a multiresonance thermally
activated delayed fluorescence molecule has been investigated for the first
time by means of ECL-voltage curves, newly designed ECL-time observatory,
and ECL spectroscopy. The compound, Mes;DiKTa, shows complex ECL
behavior, including a delayed onset time of 5ms for ECL generation in both
the annihilation pathway and the coreactant route, which we attribute to
organic long-persistent ECL (OLECL). Triplet-triplet annihilation, thermally
activated delayed fluorescence and uncompensated solution resistance cannot
be ruled out as contributing mechanisms to the ECL. A very long ECL
emission decay was attributed to OLECL as well. The absolute ECL
efficiencies of Mes;DiKTa were enhanced and reached 0.0013% in annihila-
tion route and 1.1% for the coreactant system, which are superior to those of
most other organic ECL materials. It is plausible that ECL materials with
comparable behavior as Mes;DiKTa are desirable in applications such as ECL
sensing, imaging, and light-emitting devices.

KEYWORDS

electrochemiluminescence, multiresonant thermally activated delayed fluorescence, organic
long-persistent electrochemiluminescence, triplet-triplet annihilation

Liuging Yang and Lihui Dong contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. SmartMat published by Tianjin University and John Wiley & Sons Australia, Ltd.

SmartMat. 2022;1-14.

wileyonlinelibrary.com/journal/smm2


https://orcid.org/0000-0003-2193-1536
https://orcid.org/0000-0001-7183-6022
https://orcid.org/0000-0001-9252-9320
mailto:zfding@uwo.ca
mailto:yoann.olivier@unamur.be
mailto:eli.zysman-colman@st-andrews.ac.uk
mailto:eli.zysman-colman@st-andrews.ac.uk
https://wileyonlinelibrary.com/journal/smm2

2 | wiLEY- Mat

YANG ET AL.

OpenAccess

Grant/Award Numbers: 2.5020.11,
F.4534.21; Engineering and Physical
Sciences Research Council,
Grant/Award Number: EP/P010482/1

1 | INTRODUCTION
Electrochemiluminescence (ECL), also termed as electro-
generated chemiluminescence, is a light-emitting process
induced and well controlled by electrochemistry in the
vicinity of a working electrode,' in which highly active
radical species (polarons) electrochemically generated, un-
dergo electron transfer to form excitons that emit light upon
relaxation to ground state.* Annihilation ECL is a process
whereby the electron transfer occurs between radical ions
electrogenerated from the same ECL material to produce
excitons, while coreactant ECL requires the use of a
sacrificial oxidant or reductant whose electrically generated
radical interacts with the ECL luminophore polaron to
produce the exciton."” Intelligently combined with electro-
chemistry and chemiluminescence, ECL has wide applica-
tion within the fields of sensing and imaging.*® Numerous
classes of ECL luminophores (ECLphores) have been
reported and their ECL mechanisms studied, including
phosphorescent metal complexes,” " organic molecules’**
and nanomaterials.">"® For example, [Ru(bpy)s]**, the most
widely employed ECLphore, is usually used as the gold
standard to determine relative ECL efﬁcien(:y.lg"22 However,
the absolute ECL efficiency of [Ru(bpy)s]*" is still quite low
(0.0019% in a potentiodynamic process or ~5% at a rotating
disk-ring electrode), reflecting its low photoluminescence
quantum yield (¢p; = 9.5% in degassed MeCN).*"** The low
quantum efficiency of many ECL materials significantly
limits their use in practical applications.

The ECL efficiency is governed in part by the
electrochemical stability of the radical cations and anions
that are formed in the vicinity of the electrodes such that
these species do not degrade before their diffusion and
recombination to produce excitons.”’** As with electro-
luminescent devices such as organic light-emitting
diodes and light-emitting electrochemical cells, the ECL
efficiency with which the generated excitons are converted
to light depends on the nature of the emitter. For
fluorescent emitters, only singlet excitons can produce
light, thus limiting the maximum ECL efficiency to 25%.
For phosphorescent emitters, singlet excitons are rapidly
converted to triplets via intersystem crossing (ISC) before
light emission from the triplet state.”> Thus, for phospho-
rescent compounds the maximum ECL efficiency is 100%.

ECL has also been demonstrated to be produced via two
other processes, both of which involve the conversion of

triplet excitons into singlet excitons: triplet-triplet annihila-
tion (TTA) and thermally activated delayed fluorescence
(TADF).”**° TTA materials produce light with a maximum
efficiency of 62.5%, due to the requirement for two triplet
excitons to bimolecularly recombine to form a higher
energy singlet exciton and a molecule in its ground state.*
At the concentrations typically used in ECL and TTA is a
plausible mechanism for compounds with sufficiently long-
lived triplet excitons. TADF compounds also can convert up
to 100% of the generated excitons into light. This is possible
due to the very small singlet-triplet energy gap (AEsr) that
permits endothermic up-conversion of triplet excitons into
singlet excitons via reverse ISC (RISC).>’ TADF compounds
typically show dual emission, with a fast nanosecond
prompt fluorescence due to as-formed singlet excitons
radiatively decaying and delayed microsecond or longer
emission that is a consequence of the slow RISC process
before fluorescence.””*® Recently, organic long-persistent
photoluminescence (OLPL) and electroluminescence
(OLEL) were reported as light generation mechanisms for
compounds that have moderately large AEgt and so are
considered inefficient TADF materials.*>*" These com-
pounds show very long-lived emission lasting seconds after
the excitation source is switched off. The long-lived
luminescence originates from a charge-separation process
followed by a slow charge-recombination route.””* We
recently demonstrated for the first time that the corre-
sponding behavior in ECL, termed as organic long-
persistent electrochemiluminescence (OLECL) also occurs
in donor—acceptor (D—A) TADF compounds possessing
relatively large AEgr. >

The dominant design for TADF compounds relies on a
twisted D—A architecture that limits the magnitude of the
overlap integral of the frontier molecular orbitals, leading to
a AEsr.**° A second class of TADF compounds are p/n-
doped nanographenes, termed multiresonant TADF (MR-
TADF) emitters, which produce the small overlap integral by
exploiting complementary resonance effects of the p- and
n-dopants in these polycyclic aromatic compounds.®***"~*°
Due to their rigid structure, the emission profile of MR-
TADF compounds is much narrower and so the color purity
is significantly enhanced. The short-range charge transfer
excited state of these compounds means that the emission is
only very moderately affected by solvent polarity.*

ECL of a series of D—A TADF emitters (2CzPN, 4CzPN,
4CzIPN, and 4CzTPN, Figure 1A) were first investigated by
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FIGURE 1 Structures of (A) 2CzPN, 4CzPN, 4CzIPN, 4CzTPN, (B) PCzAPT10 and (C) Mes;DiKTa*

the Imato group.”® and relative ECL efficiencies ranging
from 1.1% to 47% were determined, which offers a
significantly great start of such research field. Recently,
The Niu group* reported ECL based on a TADF polymer
(PCzAPT10, Figure 1B), and it was smartly applied in
biosensing. The same group** also employed a nanoencap-
sulation strategy with 4CzIPN to permit ECL of this TADF
emitter in an aqueous system. Despite these promising
examples, research into ECL of TADF compounds is still in
its infancy and insights into the interplay between TADF
and ECL are required to spur the development of improved
ECLphores. To date, there has been no report of the ECL
behavior of MR-TADF compounds.

Herein, we report enhanced ECL of the MR-TADF
molecule Mes;DiKTa (Figure 1C).*® A combination of
ECL-voltage curves, ECL spectroscopy and newly
designed time-resolved ECL experiments provides insight
into the origin and mechanism of the ECL.

2 | EXPERIMENTAL SECTION

2.1 | Chemicals

Acetonitrile (MeCN, 99.8%), tris(2,2’-bipyridyl)ruthenium
(I1) hexafluorophosphate ([Ru(bpy)s][PFsl,, 98%), tri-n-
propylamine (TPrA, 298%), and ferrocene (Fc, 98%) were
all obtained from Sigma-Aldrich. Tetra-n-butylammonium
perchlorate (TBAP, electrochemical grade) as the support-
ing electrolyte in ECL was purchased from Alfa Aesar. Ace-
tonitrile is anhydrous and in Sure/Seal™ bottle which is
stored in a N;, filled glove box. TPrA was stored at 4 °C in a
refrigerator while all the other chemicals were stored at
room temperature. Mes;DiKTa was synthesized and
characterized as we reported elsewhere.*®

2.2 | Electrochemistry and ECL setup
All the electrochemistry and ECL measurements were
performed in an electrochemical cell with a three-
electrode system. The three-electrode system consists of
a glassy carbon electrode (GCE, 3 mm in diameter) as
working electrode and two platinum (Pt) wire coils as the
counter and quasi-reference electrodes, respectively. The
glass electrochemical cell was specially made with a flat
Pyrex window at the bottom enabling the detection of
generated ECL signal. During the whole experiments, the
electrochemical cell was tightly sealed with a Teflon cap.
An oil-resistive rubber o-ring was utilized between the
cap and cell to prevent the entrance of moisture and
oxygen. After each set of ECL experiments, the potential
window was calibrated to the standard hydrogen
electrode (SHE) potential using ferrocene/ferrocenium
(Fc/Fc*, 040V vs. SHE in MeCN) as the internal
standard.*?

Cyclic voltammograms (CVs) and differential pulsed
voltammograms (DPVs) were performed using a CHI
610A electrochemical analyzer (CH Instruments). All the
experimental parameters including initial/final potentials,
scan directions, scan rates, sweep segments and sensitivi-
ties were adjusted accordingly. A photomultiplier tube
(PMT; R928) with a high voltage supply set at —750 V) was
employed to detect ECL. The ECL signal as photocurrent
was imported from the PMT to a source picoammeter
(Keithley 6487) and transformed to a voltage signal. The
PMT and CHI 610A analyzer signals were sent to a data
acquisition system composed of a data acquisition board
(DAQ 6036E; National Instruments) and a LabVIEW
program (ECL-PMT610a.vi; National Instruments), ensur-
ing the simultaneous measurements of electrochemistry
and ECL as CVs and ECL-voltage curves. During the
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experiments, the sensitivity scales on the picoammeter
were set accordingly to avoid the saturation.

For the programed time-resolved ECL experiment
named as time-resolved ECL observatory, an Autolab
modular potentiostat (Autolab PGSTAT302N; Metrohm)
with a control software NOVA was used as the ECL
drive. A customer-built program pulsed the electroche-
mical cell with its potential limits. The interval time was
setup to change the potential every 10 ms. Meanwhile,
the R928 PMT connected to the source picoammeter was
attached to the Autolab potentiostat via one of the two
auxiliary channels. ECL signal was measured as an
external signal of the Autolab and recorded at the same
time with the current and applied voltage during pulsing-
processes by means of NOVA software. The installation
diagram of such experimental apparatus was illustrated
in our previous report,** while much shorter potential-
step duration of 10 ms was used here.

To acquire ECL spectra, the electrochemical -cell
containing Mes;DiKTa ECL system was placed onto a
spectrometer (Acton 2300i; Teledyne Princeton Instru-
ments), which was attached with a charge-coupled device
(CCD) camera (Model DU401-BR-DD-352; Andor Tech-
nology). Before spectroscopy measurement, the CCD
camera was cooled down to —65°C and the wavelength
was calibrated by a mercury-argon source (Ocean Optics;
HG-1). Then the accumulated spectra were recorded either
with a CV scan or a potential pulsing to the Mes;DiKTa/
TPrA system operated using an Andor Technology
program. Spooling ECL spectra were recorded with the
same setup in a cyclic loop of scanning between the redox
potentials that resulted in ECL.*> Experimental parameters
including the exposure time and number of kinetic series
were adjusted to optimize the obtained spectra. To reduce
the background interference, black curtains were posi-
tioned at the entrance to the lab, the electrochemical cell
setup was covered by a black camera film exchange bag,
and all the ambient light sources in the laboratory were
switched off. The PL spectra were acquired by the same
spectrometer-CCD camera system using a 405nm laser
(Model LDCU12/6253; Power Technology, Inc.) as the
excitation light source.

2.3 | Preparations of the ECL
experiments

After the electrochemical cell was thoroughly rinsed with
acetone, isopropanol and ultrapure water, it was
immersed in 5% KOH for 4h and 1% HCI acid for
another 4 h successively. Then the cell was cleaned with
ultrapure water and dried at 120°C in an oven. The
glassy carbon working electrode was rinsed with acetone,

isopropanol and ultrapure water, followed by consecutive
polishing using 0.3 and 0.05um alumina (Al,Os)
suspensions (Buehler Ltd.) in ultrapure water on
polishing pads until a mirror-like surface was obtained.
Then the working electrode was cleaned with water and
dried with argon gas flow (ultrahigh purity; 99.9%;
Praxair Canada Inc.). Acetone, isopropanol and ultrapure
water were successively utilized again to sonicate the Pt
wires as the counter and quasi-reference electrodes
before a thorough clean with ultrapure water. Then the
Pt wires were dried at 120°C together with the
electrochemical cell.

Before annihilation ECL experiments, the electro-
chemical cell and Pt coil electrodes were cooled down to
room temperature. The ECL luminophore and support-
ing electrolyte TBAP were added to the electrochemical
cell, which was moved to a N, filled glove box. Then the
solvent acetonitrile was added to the cell inside the glove
box. The cell assembly with the three-electrode system
was sealed tightly and then removed from the glove box
for further experiments. When the coreactant tri-n-
propylamine (TPrA) was added to the cell, an Ar blanket
was employed as a protection to prevent oxygen from
entering the system.

2.4 | ECL efficiency

A relative efficiency is determined compared to the
ECLphore [Ru(bpy);](PFs), by taking its efficiency as
100% under the same experimental condition using
Equation (1) as below?*:

fabECLdt )

b
f Current dt
a

D, = £ X 100% €))

fabECLdt ]
S

b
f Current dt
a

where x represents the studied sample Mes;DiKTa
while st represents the standard [Ru(bpy)s;](PFs),. The
integrations of ECL intensity and current versus time
indicate the photons generated and electrons injected in
the system, respectively.

Furthermore, our group has recently developed new
methods to determine absolute ECL efficiencies using a
calibrated PMT or PMT photon counting head,***® which
more accurately represented the ECL performance than
the relative ones:

o ﬁphoton dt 100%
ECL = (X o )
ﬁelectron de
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where Vpnoton iS the total photon emission rate; and
Velectron 1S the total Faradaic electron injection rate. The
former can be converted from the ECL signal detected by
the PMT as the photocurrent, while the latter can be
determined from the Faradaic current during the ECL
process. The parameters to calculate absolute ECL
efficiencies of Mes;DiKTa are summarized in Support-
ing Information: Table S1 in the supporting information.
The details of PMT calibration and calculation methods
were summarized in our previous study.*

3 | RESULTS AND DISCUSSION

3.1 | Annihilation ECL-voltage curves
First, we investigated the electrochemical properties and
ECL behavior of Mes;DiKTa in the annihilation path-
way. Figure 2 shows the cyclic voltammograms (CVs,
gray curves) of 0.2 mmol/L Mes;DiKTa in acetonitrile
(MeCN) with 0.1 mol/L TBAP as the supporting electro-
lyte along with ECL-voltage curves (color-coded for
scanning directions). In general, Mes;DiKTa undergoes
a quasi-reversible reduction at a peak potential of
E.q® =—0.93V where its radical anion is generated,
and an oxidation at a peak potential of E,” =1.40V
where its radical cation is generated, independent of the
initial scanning direction. It should be noted that in our
previous report, the reduction and oxidation potentials of
Mes;DiKTa in CVs/DPVs were located at —1.04 V (vs.
SHE) and 1.78V (vs. SHE), respectively.*® The slight
difference might arise from the difference in Mes;DiKTa
concentration and the different supporting electro-
lytes used.

Figure 2A shows the color-coded ECL-voltage curve
segments corresponding to a CV in the second cycle of
the potential scan starting in the cathodic direction. As
the potential scan commenced at 0.00 V, the ECL signal
was detected at —0.82V (blue curve) where the radical
anions were generated and reacted with the radical
cations that were already within the diffusion layer. The
onset ECL potential at —0.82'V matches well with the
electrochemical current onset potential in CVs. Interest-
ingly, during the ECL devolution process, upon reversing
the potential scan direction to anodic (red segment in
Figure 2A), the ECL signal did not decrease to 0
immediately. Instead, it decreased very slowly until the
potential reached around 1.00V, showing an unexpect-
edly long ECL decay that has scarcely been observed in
the ECL literature involving TADF emitters. In the
anodic ECL process, the onset-ECL potential is located at
1.18 V (red segment in Figure 2A), corresponding well to
the oxidation onset potential recorded in the CV. After
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FIGURE 2 Cyclic voltammogram (CVs, gray) and ECL-voltage
curves (color-coded) of 0.2 mmol/L Mes;DiKTa in MeCN at a scan
rate of 0.1 V/s with 0.1 mol/L TBAP as the supporting electrolyte
with (A) negative scan initially and (B) positive scan initially. ECL,
Electrochemiluminescence; TRAP, Tetra-n-butylammonium
perchlorate.

reaching a peak intensity of 3nA, the ECL signal
gradually devolved, slowly decreasing to O nA at around
0.3V (green segment in Figure 2A), demonstrating again
a long ECL emission decay. When the initial potential
scan direction is changed to anodic (Figure 2B), both the
anodic (red segment) and cathodic (green segment) ECL
show a slow devolution as well; however, the maximum
ECL intensity is somewhat attenuated in this experiment
and does depend on the initial scan direction: The lower
maximum ECL of 2 nA indicates that the radical anion is
more persistent than the radical cation of MeszDiKTa,
which is aligned with the more reversible reduction
process observed in the CV.

We then expanded the potential window of the CV of
Mes;DiKTa to explore how the ECL would evolve. In
Supporting Information: Figure S1, the CV (gray) displays
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second reduction and second oxidation waves at peak
potentials of —1.18 V and 1.70V, respectively. The redox
behavior is better revealed in the differential pulsed
voltammograms (DPVs, Supporting Information:
Figure S2). An extra ECL peak can be observed in both
the cathodic (blue segment) and anodic (orange segment)
potential regions. Both these ECL peaks are enhanced,
probably by the presence of a greater concentration of
radical cations and anions that are produced via the
reaction between dications/dianions and neutral Mess;-
DiKTa (Supporting Information: Scheme S1). The long
ECL emission decay in the devolution processes for the
two extra ECL waves can also be observed. When [Ru
(bpy)s](PF¢), was used as a reference (Supporting
Information: Figure S3) under the same experimental
condition, the relative ECL efficiency of Mes;DiKTa in
Figure 2A was calculated to be 94% while its efficiency
upon extended scanning, as in Supporting Information:
Figure S1, was determined to be 118%, both of which are
superior to most other reported organic molecules. ECL
efficiencies of organic molecules reported in recent years
have been summarized in our previous report* (before
2018) as well as in Supporting Information: Table S2
(2019-now). The annihilation ECL can be further
enhanced by applying a pulsed-potential method at
10 Hz (Supporting Information: Figure S4); under these
conditions the relative ECL efficiency was determined to
be 136%. Moreover, the absolute ECL efficiencies of
Mes;DiKTa were determined to be 0.0013% in expanded
CVs scans and 0.66% with 10 Hz pulsing, respectively.
Again, Mes;DiKTa demonstrates an unusually long ECL
emission decay, and a much higher ECL efficiency than
most of the previously reported organic compounds used
as ECLphores, whatever the potential window or the scan
direction that is used.

Mat
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3.2 | Annihilation ECL-time
observatory

To investigate the slow ECL devolution process and the
long ECL emission decay, we then designed an ECL
platform to reveal the time-resolved ECL behavior based
on programmed potential pulsing experiments.
Figure 3A demonstrates three cycles of time-resolved
ECL curves of Mes;DiKTa (blue) with the potential
applied (red). There are four steps in each cycle. With the
first cycle as an example, in step one, the applied
potential was set at 0 V for 10 ms with no ECL observed
(blue curve in Figure 3A). In the second step the
potential was changed to —1.7 V for another 10 ms, the
radical anion of Mes;DiKTa was generated and no ECL
signal was seen within this range since there are no
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FIGURE 3 Time-resolved ECL curves with ECL-time
observatory experiments of 0.2 mmol/L Mes;DiKTa (A) and 0.
2 mmol/L [Ru(bpy):](PFs), (B) in acetonitrile via annihilation
pathway. ECL, electrochemiluminescence.

radical cations produced yet. In step three when the
potential was applied at 1.2V for 10 ms, an enhancement
of the ECL (around 3 nA) was observed. Interestingly, the
ECL was not induced immediately when the potential
was stepped to 1.2V but instead the onset ECL was
delayed by about 5ms from the moment of potential
switching. After the ECL reached a maximum, the ECL
decayed gradually, lasting ~10 ms, even after the poten-
tial was brought back to OV in step four. The decay
process in step three can be seen more clearly in
Supporting Information: Figure S5 when the observed
ECL intensity is presented on a logarithmic scale. The
applied potential is kept 0 V in the last step for 10 ms and
the ECL signal decays to 0 within this time window. As
such, a ~5ms delay of the onset of the ECL and ~10 ms
associated with the ECL decay were observed in the ECL
evolution and ECL devolution processes of Mes;DiKTa,
respectively. The ~10ms ECL emission decay matches
well with the observation in the ECL-voltage curves.
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The potential-pulsing experiment described above
documents both a delayed onset of the ECL and a long
ECL emission decay process. Instead of conventional
potential pulsing between the first oxidation and reduc-
tion potentials, our time-resolved ECL platform provides
greater sensitivity to observe such phenomena. The time-
resolved ECL platform is simple to construct and easy to
adjust.

The unexpected delay of the onset-ECL and long ECL
decay might originate from one/some of the following
mechanisms, which have been used to explain photo-
luminescence (PL) phenomena: (1) phosphorescence, (2)
TTA, (3) TADF and (4) OLPL. In addition, the Marcaccio
group®’ reported ECL of a series of sulfurated pyrene-
cored dendrimer and found delayed ECL onset from 7 ms
to 13 ms depending on the molecular size. The authors
attributed the delay to a combination of two factors: the
decrease in the electron-transfer constant and the
decrease of the diffusion coefficient as a consequence of
the molecular size increase. However, such conclusion
does not apply to Mes;DiKTa due to its different
molecular sizes from the dendrimers. Furthermore, slow
diffusion of the radical ions, and uncompensated solution
resistance in the experiment may contribute to the
delay in the onset-ECL.*® For comparison, we performed
the exact same time-resolved ECL experiments for the
well-studied [Ru(bpy)s](PF¢), (Figure 3B). Three cycles
are shown with the potential pulsed from zero to
oxidation, reduction and back to zero. For this compound
the ECL signal (red curve) emerges and decays immedi-
ately following the generation of the radicals (purple
curve). No delayed onset ECL and much shorter ECL
emission decay for [Ru(bpy)s;](PFg), are observed. Since
[Ru(bpy);](PFe), is a phosphorescent ECLphore* and
the experiment was performed using the same condition
as Mes;DiKTa, it is reasonable to rule out phosphores-
cence and slow diffusion as an explanation for the
observed kinetics. It should be noted that in the time-
resolved ECL experiments for both Mes;DiKTa and
[Ru(bpy)z](PF),, in the first cycles there is no ECL when
a negative potential was applied (step two), but small
ECL bumps are observed under negative potentials in the
second and third cycles. This is because that in the
second and third cycles, radical cations have been
produced at positive potentials to generate ECL with
radical anions that were formed at negative potentials. In
the first cycle, however, the positive potential has not
been applied yet and no radical cations are existing in the
diffusion layer resulting no ECL in step two.

We then performed the time-resolved ECL experi-
ments under the same experimental conditions with
9,10-diphenylanthracene (DPA), a molecule that exhibits
TTA® and a delayed ECL due to uncompensated
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solution resistance.*® The results are shown in Support-
ing Information: Figure S6A. Taking the first cycle as an
example, in step three when the radical cations are
generated and interact with the radical anions, the onset
ECL (red) was delayed by ~0.5 ms after the potential was
switched (blue curve). This delay can be seen more
clearly in Supporting Information: Figure S6B. After
reaching the peak value, the ECL then decayed to zero
even after the potential was changed back to 0 in step
four. Based on the similarity in ECL behavior between
DPA and Mes;DiKTa, it is plausible to assign TTA and/
or uncompensated solution resistance as an operational
light generation mechanism for both compounds and one
that is responsible for the onset-ECL delay (Equation (3)
and Equation (4), note that the energy between triplet
excitons is sufficient to produce compounds in higher
lying singlet excitons, these would rapidly relax through
internal conversion to generate 'R).

SR+°R > "R*+R 3)
"R _ IR*
IR*SR + hy 4

For Mes;DiKTa, given the concentrations used in the
ECL experiment, after triplet excitons are electrochemi-
cally generated, both monomolecular upconversion of
triplet excitons to singlets by RISC (green, TADF), and
bimolecular interaction of two triplet excitons to form a
singlet and a compound in its ground state via TTA
(blue) are possible, as illustrated in Scheme 1. The
delayed onset of the ECL may arise in part from the time
require for the two triplet excitons to diffuse and
recombine. The long ECL decay, however, cannot be
explained only by photophysical phenomena as the
delayed lifetimes of TTA and TADF materials are
normally in the microsecond regime.

Notably, the delayed onset-ECL of DPA was only
~0.5 ms, which is one order of magnitude faster than that
observed for Mes;DiKTa at 5ms. Thus, TTA/TADF,
and/or uncompensated solution resistance cannot solely
account for the unusually long delay in the onset of the
ECL. OLPL proceeds on a timescale similar to what we
have observed here for the ECL. We contend that a
similar process, OLECL, could also be operational for
Mes;DiKTa, a behavior similar to a family of inefficient
D—A TADF compounds that we recently documented.**
In many of the OLPL and OLEL reports, charge
separation and slow charge recombination occur from
exciton aggregates (exciplex).’’** For our ECL, the
investigation of emission from exciton aggregates signifi-
cantly depends on the ECL spectroscopy (vide infra.).
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3.3 | Coreactant ECL

We next investigated the ECL behavior under co-reactant
conditions, using TPrA radicals as a sacrificial reductant,
which are formed after electrooxidation and deprotona-
tion of the radical cation. In the presence of 20 mmol/L
TPrA, the ECL intensity of Mes;DiKTa in a cyclic
potential scanning between 0.00 and 2.20 V was greatly
enhanced to ~9 uA (Figure 4). The ECL efficiency was
determined to be 79% relative to the [Ru(bpy);](PFe)./
TPrA coreactant system (Supporting Information:
Figure S7) while the absolute efficiency was calculated
to be 1.1%, both of which are significantly higher
compared to most other organic compounds (Supporting
Information: Table S2). The ECL onset potential is located
at around 1.42V, which is close to the first oxidation
potential (1.40 V). During the ECL devolution, the ECL
intensity decreased slowly as the potential was scanned
cathodically back to 0.00V. It is worth noting that the
devolution curve essentially parallels the evolution one. As
in the annihilation ECL experiments, there is a very long
ECL emission decay for Mes;DiKTa. As well, similar to
annihilation ECL experiments, the ECL signal is enhanced
when a traditional pulsed-potential method at 10 Hz was
applied as seen in Supporting Information: Figure S8.
Here, the relative ECL efficiency is 56% while the absolute
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FIGURE 4 Cyclic voltammogram (CVs, orange) and ECL-
voltage curve (purple) of 0.2 mmol/L Mes;DiKTa with 20 mmol/L
TPrA as the co-reactant in acetonitrile at a scan rate of 0.1 V/s with
0.1 mol/L TPAP as the supporting electrolyte. ECL,
electrochemiluminescence.

efficiency is 1.5%. It should be noted that compared with
those during potentiodynamic scans (Figure 4),
relative ECL efficiency is lower (56% vs. 79%) while
absolute ECL efficiency is higher (1.5% vs. 1.1%) during
potential pulsing. Such a difference can be ascribed by the
unavoidable error during the relative ECL efficiency
measurement; the differences in radical behavior (radical
stability and radical reactivity) between [Ru(bpy);](PF),
and Mes;DiKTa were not considered.

Our time-resolved ECL experiments were performed
again with the Mes;DiKTa/TPrA coreactant system.
Three cycles of time-resolved ECL (blue) with the
potential being pulsed from 0 to 2.1V and back to 0V in
10ms steps (orange) are shown in Figure 5A. The
observation time period at the end of each cycle was set
to 10 ms to detect the delayed ECL of Mes;DiKTa. The
applied potential was set to 0V initially and no ECL signal
was observed. When the potential was stepped to 2.1V for
10 ms, no ECL was detected for the first ~5 ms; however,
there was a progressive increase in ECL intensity after this
point. The ECL intensity did not decay to 0 from the peak
value immediately after the voltage step returned to 0V
but lasted for ~1 ms. The decay process is revealed in
greater detail in Supporting Information: Figure S9. It is
plausible that the 5ms delayed onset-ECL and the 1 ms
extra ECL emission decay are attributed to slow diffusion
and recombination of polarons (i.e., radical cations and
anions) before emission proceeding by TTA and/or the
OLECL processes. For comparison, the time-resolved ECL
experiments were performed with the [Ru(bpy)s;](PFs),/
TPrA co-reactant system. As shown in Figure 5B, FOR
each cycle the potential was stepped from 0 to 2.1V and
back to 0V with a step and observation time each of
10 ms. The ECL signal appeared only when a potential of
2.1V was applied to the oxidation limit while no ECL was



YANG ET AL.
(A)2
4 10
1 48 g
m >
o 16 P i
— c
S ]
1F : ; 14 = =
AL
-3" 'l 1 I I 1 1 I 1 1 0
0 10 20 30 40 50 60 70 80 90
B Time (ms)
®),r 70
-4 60
1F -
™ 50m
f,:, 4140 O
s 0 r
> 41305
> >
w-1F 420
410
2k
'] 1L L 1 L 1 L 1 L 0
0 10 20 30 40 50 60 70 80 90

Time (ms)

FIGURE 5 Time-resolved ECL curves with ECL-time
observatory experiments of 0.2 mmol/L (A) Mes;DiKTa and (B)
[Ru(bpy);](PFg), in acetonitrile via TPrA coreactant pathway.

observed when the potential stepped to 0V. The ECL
evolution and devolution followed the potential steps
while both the ECL delay and overshot were negligible. In
other words, the ECL arises and vanishes spontaneously
with the steps of the applied potential for this compound.
This contrasting observation once again provides strong
evidence of an emission generation mechanism in the
ECL that is distinct from that observed under photo-
luminescence conditions.

3.4 | ECL spectroscopy

Next, the annihilation and co-reactant ECL spectra were
acquired, respectively, and compared with the PL
spectrum as shown in Figure 6. The peak wavelength of
PL (blue) is located at 478 nm while the annihilation (red)
and coreactant (green) ECL spectra possess the same peak
wavelength at 498 nm, both of which are red shifted
(20nm) compared with the PL spectrum. Since all the
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FIGURE 6 ECL spectra of Mes;DiKTa via annihilation
pathway (red), TPrA coreactant pathway (green), and PL
spectrum of Mes;DiKTa (excited at 405 nm, blue). ECL,
electrochemiluminescence; PL, photoluminescence.

three spectra were acquired using the identical solution
with the same spectrometer and CCD camera, it may be
ruled out that the 20 nm red shift of the ECL compared to
the PL is from self-absorption (or inner filter effect) due to
the concentration difference between PL and ECL
systems. Instead, it must originate at least in part from
new species generation during ECL, such as ECL from an
aggregate. Mechanistically, this would imply that when
potentials were applied to the system, a charge-transfer
(CT) state would be generated within the aggregate. The
CT state could then become a charge-separated state that
consists of a radical cation and radical anion followed by
the recombination of the radical ions to generate the
aggregate excitons. ECL would then occur upon the
relaxation of the aggregate excitons, which typically have a
smaller HOMO—LUMO gap,” displaying a red shifted PL
compared with the PL from the monomer excitons.
This observed behavior, especially the slow charge
recombination process, led to our assignment that the
ECL emission results from OLECL to explain the delayed
onset-ECL and the long ECL emission decay.

For the Mes;DiKTa ECL system, it should be noted
that the emission from the aggregate might be distinct
and distinguishable between annihilation and coreactant
pathways. During the annihilation ECL process, there
are no other chromophoric species in the solution to
interact with MeszDiKTa. As a result, the inter-
molecular interaction most likely occurred between
Mes;DiKTa radicals, which then formed a bound
exciton-ground state aggregate (analogous to excimer).
During the coreactant ECL, two plausible mechanisms
must be considered based on the coreactant ECL
mechanisms with TPrA, as summarized by Miao.” On
the one hand, after the deprotonation of TPrA radical
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cation (TPrA™), the TPrA radical (TPrA") could reduce
the Mes;DiKTa radical cation to generate the Mess-
DiKTa exciton. In this first case, since there is no
Mes;DiKTa radical anion produced, an aggregate
(analogous to exciplex) consisting of a Mes;DiKTa
radical cation and a NEt;* could possibly lead to the
OLECL. On the other hand, the TPrA" could also reduce
a neutral Mes;DiKTa molecule to form an Mes;DiKTa
radical anion, which could interact with Mes;DiKTa
radical cation in a similar way to an annihilation ECL
route. In this second mechanism, the system contains
Mes;DiKTa radical cations, MeszDiKTa radical anions
and NEt;* species. Both aggregates of Mes;DiKTa
radicals and aggregates of Mes;DiKTa/NEt;" may exist.
In fact, when we normalized and overlapped the
annihilation and co-reactant ECL spectra in Supporting
Information: Figure S10, a small difference could be
observed that can be attributed to the fact that only
aggregates of Mes;DiKTa radicals were generated in
the annihilation ECL process, while both excimer-like
aggregates of Mes;DiKTa radicals, and exciplex-like
aggregates of Mes;DiKTa/NEt;* were produced within
co-reactant ECL pathway with TPrA. It should be noted
that in the ECL spectra, a shoulder at around 478 nm was
also observed, corresponding to the monomer emission,
based on the comparison with the PL spectrum
(Figure 6). As such, it is plausible that ECL emission
comes from a combination of exciton monomers and
exciton aggregates, the latter of which leads to its OLECL
behaviors. Such comprehensive ECL processes including
OLECL, TTA and TADF are illustrated in Scheme 1.
Emissions in both ECL and PL occur from the singlet
excited state as triplet excitons would either be converted to
singlet excitons by RISC at ambient temperature due to the
small AEgr (0.19€V in toluene)*® or recombine via TTA.
Direct phosphorescence is unlikely to occur as this is a
formally spin-forbidden process and there is little spin-orbit
coupling to turn on this radiative decay mode, further the
recorded phosphorescence peak of Mes;DiKTa is at
514 nm, at higher energy than the recorded maximum of
the ECL, and phosphorescence was not previously
observed at ambient temperature during photoexcitation
of the compound in toluene solution. To efficiently
generate the excited state, the enthalpy of ECL generation
reactions determined from the peak potentials of the redox
waves should be greater than that of the excitons
determined from the emission peak wavelength*:

E,(R/R"") — E,(R/R7) — 0.16(eV) > —AH° (5)

where E,(R/R"") and E,(R/R ") are the oxidation and
reduction peak potentials, respectively, obtained from

CVs; —AH?® represents the enthalpy of fluorescence and/
or phosphorescence (although not detected in our
experiments) of the excitons. Note that in an ECL
process, triplets excitons are more dominant rather than
singlet excitons thermodynamically, which is because the
enthalpy of triplet (longer wavelength) is smaller than
that of singlet excitons (shorter wavelength).>

For the annihilation ECL process, the enthalpy for
the annihilation reaction (2.22 eV, from CVs) is inferior
to that of singlet (2.49eV, calculated from Figure 6),
while being very close to that of triplet excitons (2.27 eV,
calculated from our previous report’®). This result
indicates that the system energy to produce singlet
excitons is insufficient, while the energy to generate
triplet excitons is marginal. For the coreactant ECL with
TPrA, thermodynamically, the enthalpy of the coreactant
reaction to generate the excitons was determined to be
2.94eV from the difference between the Mes;DiKTa
oxidation potential (1.40 V) and the reduction potential
of TPrA radical that is —1.70 V'’ using Equation (5). The
reaction enthalpy is sufficiently large to populate both
singlet (2.49eV) and triplet (2.27 eV) excitons directly,
and singlet states can be produced via RISC and/or TTA
from triplet states thereafter.

Compared to our recent report on a series of 2CzPN
\TADF derivatives”® showing OLECL in annihilation
pathway, Mes;DiKTa displayed the delayed ECL onset
and long ECL decay not only in annihilation but also in co-
reactant ECL routes with TPrA. Furthermore, the ECL
efficiencies of Mes;DiKTa are significantly higher than
the reported D—A TADF compounds although the
existence of Mes;DiKTa aggregates have also been
demonstrated in the ECL processes. The ECL data of such
D—A TADF series and MR-TADF molecule Mes;DiKTa
was summarized in Supporting Information: Table S3.

Figure 7 shows a representative example of the
spooling ECL spectra* of 0.2 mmol/L Mes;DiKTa in
the presence of 20mmol/L. TPrA with a potential
scanning cycle from 0 to 1.80V and then back to OV.
The spectra provide further insight into the ECL
mechanism. The ECL spectra are color-coded in gray,
red and blue. When the potential is scanned to 1.42V,
which is close to the first oxidation peak of Mes;DiKTa
(Supporting Information: Figure S1), Mes;DiKTa is
oxidized to its radical cation. At the same time, the
strongly reducing species TPrA' is generated through
TPrA oxidation (E.x=0.83V) and subsequent deproto-
nation. This latter species reduce the radical cations of
Mes;DiKTa to form Mes;DiKTa* (as well its aggre-
gates) that are responsible for the ECL (Supporting
Information: Scheme S2). The ECL intensity increased
from 0 at 1.42V (red curves), which corresponds to the
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FIGURE 7 Spooling ECL spectra 0.2 mmol/L MeszDiKTa in the presence of 20 mmol/L TPrA, with a scan rate of 0.02 V/s and

exposure time of 2s. ECL, electrochemiluminescence.
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FIGURE 8 (A) Time-resolved ECL curves with ECL-time
observatory experiments of 0.2 mmol/L Mes;DiKTa. (B) Spooling
ECL spectra obtained spontaneously. The red and blue parts in
Figure 8B corresponds to the red and blue parts in Figure 8A,
respectively. ECL, electrochemiluminescence.

onset ECL potential in Figure 4, and reaches a maximum
value at 1.8 V. With the reverse scan, the spectra decrease
progressively to 0 at 1.42V (blue curves). Within each of
the spectra, the ECL retain the same shape and peak
wavelength (Figure 7, inset), indicating the same
excitons are present throughout the whole process.

Our time-resolved ECL experiments and ECL spec-
troscopy were then combined to investigate the putative
OLECL behavior. Figure 8A displays two cycles of 10 ms
potential steps. Since there is a 5ms delay for ECL
generation, the spectrograph and CCD camera were set
purposely to take an ECL spectrum every 15ms
(Figure 8A). In the first cycle, the weak ECL part (red-
coded) in Figure 8A generates a low-intensity spectrum
(red) in Figure 8B while a more intense ECL signal (blue-
coded) in Figure 8A produces a more intense spectrum in
Figure 8B. Both the weak and the intense ECL possess
the same peak maxima (c.f. the inset in Figure 8B),
indicating the same excitons are generated over the
entire process. These observations are reproducible over
20 cycles. These results reveal for the first time the ECL
of an MR-TADF compound and demonstrate a second
instance of OLECL behavior.

4 | CONCLUSION

Here, we report the ECL properties of an MR-TADF
compound for the first time. We observed enhanced ECL
for MeszDiKTa by means of ECL-voltage curves, ECL-
time curves in newly designed observatory and ECL
spectroscopy. We attribute the unusual ECL behavior to
an OLECL mechanism that we contend is possible in
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TADF systems with moderate AEg; TTA/TADF cannot
be ruled out as contributing to the ECL signal given the
concentration of emitter used in the ECL experiments.
As a result, relative ECL efficiency of Mes;DiKTa was
determined to be 118% and 79% to [Ru(bpy)s](PFe),
under annihilation and co-reactant conditions, respec-
tively, and absolute ECL efficiencies were calculated to
be 0.0013% in annihilation and 1.1% with coreactant,
which are some of the highest reported among all the
organic ECL materials. Our investigation using the newly
designed time-resolved ECL experiments has demon-
strated a delay time for the onset of the ECL of 5ms in
both annihilation ECL and coreactant ECL routes, which
we contend arises from the contribution of OLECL. ECL
spectroscopy provides evidence of a combination of
monomer and aggregates (analogous to excimer in
annihilation route, and to exciplex in coreactant path-
way, respectively) emissions. The OLECL leads to an
ECL enhancement with higher quantum efficiency. The
delayed ECL onset and long ECL emission decay process
could be potentially exploited in ECL sensing/imaging.
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