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The excellent photophysical and electrochemical properties of porphyrins have inspired widespread
interest in the realm of electrochemiluminescence (ECL). The aggregation-caused deficiency of ECL
emission in aqueous solution, however, still severely impedes further applications. Herein, a molecule
with a donor—acceptor (D—-A) configuration, ATPP—Cou, consisting of monoaminoporphyrin as an
electron donor and coumarin as an electron acceptor, was designed as an ECL luminophore to address
the susceptibility of the porphyrin to aggregation-caused quenching (ACQ) in aqueous solution. ATPP—
Cou demonstrated a three-fold enhanced ECL signal compared to pristine ATPP. Despite the
acknowledged significance of intramolecular charge transfer (ICT) in generating excited states in ECL,
there is a lack of quantitative descriptions. Herein, intensity-modulated photocurrent spectroscopy
(IMPS) and scanning photoelectrochemical microscopy (SPECM) were utilized to validate the influence of
ICT on the enhancement performance of D-A type ECL molecules. Additionally, ATPP-Cou was also

developed as a probe for the successful detection of Cu?* in aqueous solution. The present study not
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Accepted 15th September 2024 only enriches the repertoire of efficient porphyrin-based ECL luminophores applicable in aqueous

environments but also exemplifies the successful integration of novel measurement techniques to
provide more comprehensive insights into the underlying mechanisms responsible for improved ECL
performance.
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widespread interest, particularly in environmental analysis,*®
biosensing®™** and other fields.'**®

1 Introduction

Electrochemiluminescence (ECL) is a process in which electro-
generated reactive species undergo electron-transfer reactions
in the vicinity of the electrode surface to form excited states.
Subsequently, these excited states return to their ground state
and emit light." Benefitting from its prominent advantages
such as near-zero background, high sensitivity, simple instru-
mentation, fast response, excellent stability, and independence
from external excitation sources,”” ECL has garnered
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The utilization of highly efficient luminophores is currently
a critical part in the development of ECL systems.” Organic
molecules, due to their facile chemical modification, structural
tailorability, and low metal content, have become prominent
ECL emitters. Among them, the exceptional photophysical and
electrochemical properties of porphyrins establish them as
a classic organic ECL emitter.”**> The ECL of porphyrins in
organic solutions has been reported by A. J. Bard and
coworkers.*® Our group exploited the cathodic ECL behaviors of
meso-tetra(4-carboxyphenyl) porphyrin (TCPP) and meso-tetra(4-
sulfonatophenyl)porphyrin (TSPP) in aqueous solution.**?
Nevertheless, conventional porphyrin luminophores often
undergo severe aggregation-induced quenching (ACQ) due to
strong aromatic -7 interactions, which results in the ECL
efficiency in the aqueous phase often falling short of the desired
level.*® Structural modification is regarded as a promising way
to overcome this limitation and fully leverage the inherent
advantages of porphyrins. In our previous study, we successfully
achieved the ACQ-to-AIE transformation of 5-(4-aminophenyl)-
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10,15,20-triphenyl-porphyrin (ATPP) by facile molecular deco-
ration of an ATPP core with inherent AIE-active tetraphenyle-
thene.”” This modification resulted in an enhancement in ECL
intensity compared to pure ATPP in aqueous solution. Despite
recent progress, the development of novel, highly efficient, and
readily accessible porphyrin-based ECL luminophores for
implementation in aqueous environments, along with
a comprehensive investigation into their emission mecha-
nisms, remains an active and ongoing theme within the realm
of ECL research. Coumarin and its derivatives are of great
interest as electron acceptors in the fields of biology, solar cells,
and organic light-emitting diodes primarily due to their high
fluorescence quantum yield, low toxicity, and ease of modifi-
cation.”®* We considered whether it is possible to combine
porphyrin and coumarin to achieve efficient and stable ECL
emitters in aqueous environments.

Typically, emitters such as small molecules and nanocrystals
undergo transitions to excited states via charge transfer mech-
anisms.*® Grasping how molecular arrangements can efficiently
collect and transfer charges will enhance the design and
refinement of electronic structures for emitters, leading to
improved performance in ECL. Nonetheless, studies focusing
on the charge transfer dynamics of ECL molecules, especially
monomer emitters, are still sparse, largely because of the lack of
effective electrochemical methods for in situ quantitative eval-
uation of charge transfer kinetics in these compounds.?****

In this work, an aminoporphyrin-coumarin (ATPP-Cou)
molecule with a donor-acceptor (D-A) system as an ECL emitter
was synthesized through a Schiff-base reaction between a mon-
oaminoporphyrin moiety as the electron donor and a coumarin
moiety as the electron acceptor. Consequently, the ATPP-Cou
molecule exhibits a significantly improved ECL signal
compared to monoaminoporphyrin (ATPP). The transportation
behavior of carriers in excited states was dynamically charac-
terized using SPECM and IMPS, providing valuable insights for
a more comprehensive understanding of ECL mechanisms. To
the best of our knowledge, this is the first work that quantita-
tively studies the CT behavior in ECL through advanced in situ
electrochemical methods. Furthermore, ATPP-Cou can be
utilized for the sensitive and selective detection of Cu®*" in
aqueous solution, with a detection limit of 0.64 nM.

2 Results and discussion

2.1 Preparation and characterization

5-(4-Aminophenyl)-10,15,20-triphenyl porphine (ATPP) and
aldehyde-coumarin (Cou) were synthesized according to the
previous literature*** and used to construct a donor-acceptor
type porphyrin derivative (ATPP-Cou) through a Schiff-base
reaction, as described in Fig. 1a. The molecular structures were
characterized using nuclear magnetic resonance spectroscopy
and mass spectrometry (Fig. S1-S117). The UV-vis absorption
and photoluminescence (PL) properties of ATPP, coumarin, and
ATPP-Cou were measured in diluted DMF. As shown in Fig. 1b,
the absorption spectrum of ATPP showed a strong Soret band at
420 nm and four weak Q bands ranging from 500 to 700 nm,
corresponding to the characteristic w—m* electron transition.
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Fig. 1 (a) Synthesis of the donor—acceptor porphyrin derivative; (b)

UV-vis absorption and (c) photoluminescence spectra of ATPP,
coumarin, and ATPP—Cou in DMF (1 x 10~* M); the inset shows their
photography under a 365 nm ultraviolet lamp.

Notably, the absorption spectrum of ATPP-Cou notably exhibits
features from both ATPP and coumarin. The narrowing of the
Soret band and the blue shift of Q bands primarily arise from
the incorporation of electron-withdrawing groups derived from
coumarins. The PL spectra of ATPP, coumarin, and ATPP-Cou
are presented in Fig. 1c, accompanied by the inserted photo-
graphs taken under a 365 nm ultraviolet lamp. The emission
spectrum of ATPP-Cou exhibits two distinct peaks at 654 and
719 nm, respectively. In comparison to ATPP, a slight blue-shift
(from 664 nm to 654 nm) is observed in the maximum peak,
which can be attributed to the electron-withdrawing ability of
the coumarin group.®® The absence of the emission peak of Cou
was observed in the ATPP-Cou molecule around 500 nm;
meanwhile, the major absorption band of Cou in ATPP-Cou
disappears and the Soret band becomes narrower compared to
ATPP, suggesting effective electron coupling between Cou and
ATPP.** The quantum yield (QY) measurements of ATPP and
ATPP-Cou were also conducted in both solution and solid
states. The QY of ATPP in the solid state was found to be only
0.34%, whereas it reached 5.73% in solution (DMF, 1 x 10~* M),
indicating significant aggregation-caused quenching (ACQ). As
anticipated, the QY of ATPP-Cou exhibited an approximately
twenty-fold increase (6.20%) compared to that of ATPP in the
solid state. Furthermore, ATPP-Cou effectively mitigated ACQ
and demonstrated an enhanced quantum yield of 9.23% in
solution.

2.2 Electrochemiluminescence characterization

The CV and ECL-potential curves of different emitters and
a bare GCE are shown in Fig. 2a and b (potential window of
—1.7 Vto —0.1V, scan rate of 0.15 Vs~ %, 0.1 M PBS with 0.1 M
KCl as the supporting electrolyte, and K,S,0g as the co-
reactant). As seen in Fig. 2a, the reduction peak of ATPP-Cou/
K,S,0g4 occurred at about —0.79 V. It can be reduced to form the
corresponding ATPP-Cou radical anions (ATPP-Cou' ). Finally,
the strong oxidant SO, reacts with ATPP-Cou’~ to produce
exited-state ATPP-Cou*, resulting in a strong ECL emission

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) CV profiles with 0.1 M K,S,QOg; (b) ECL-potential curves; (c)

ECL intensity of ATPP—Cou under different concentration conditions;
(d) ECL intensity vs. time curve for the ATPP-Cou/K,S,Og system
under optimal conditions for continuous 25 cycles.

when the exited state returns to the ground state. As we all
know, K,S,0g is a commonly used cathode co-reactant in ECL
reactions to trigger increased ECL. Under sufficiently negative
potential conditions, S,04>~ undergoes decomposition to yield
S0,>” and SO, ~.* K,S,05 was utilized as a co-reactant in this
work. Fig. S121 shows the CV curves of the bare GCE in 0.1 M
PBS solution with/without K,S,04. There was no noticeable
reduction peak for the bare GCE in PBS. During cathodic
scanning, a distinct reduction peak at around —0.80 V appeared
for the bare GCE in the presence of K,S,0g, owing to the elec-
trochemical reduction of $,05>~ to produce SO, and SO,>".
The ECL intensity of ATPP, Cou, and ATPP-Cou is compared in
Fig. 2b. Obviously, the ATPP-Cou modified GCE exhibited
relatively stronger cathodic ECL emission with an onset
potential of approximately —1.3 V (pink dashed line) and
maximum emission around —1.70 V in the presence of K,S,0g.

In order to achieve the optimal ECL signal of ATPP-Cou in
aqueous systems, several experimental settings are determined
in detail. The potential window was first optimized because it is
significant for triggering efficient ECL of the ATPP-Cou/K,S,05
system. The highest ECL intensity was observed within the
potential range of —1.7 V to —0.1 V (Fig. S13at). The influence of
the scan rate on the ECL of the ATPP-Cou/K,S,05 system was
also studied (Fig. S13b¥). Initially, the ECL intensity exhibited
an upward trend with increasing scan rates and reached
a plateau above 150 mV s~ '. Lower scan rates were insufficient
to capture the short lifetime of electrogenic radicals;*” therefore,
150 mV s~ was determined as the optimal scan rate. The ECL
intensity of the ATPP-Cou/K,S,0g system increased propor-
tionally with increasing K,S,0g concentration until it reached
0.1 M, at which point it remained constant (Fig. S13ct). This can
be explained by the limited number of available light sources in
the system, resulting in excess co-reactants being unable to fully
participate in the ECL reaction. The ECL of the ATPP-Cou/
K,S,05 system is also influenced by the pH of the supporting
electrolyte, with the highest ECL signal observed at a pH of 6
(Fig. S13dt). At excessively high pH levels, the strong oxidant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SO,"~ undergoes consumption due to the scavenging effect of
OH™ ions. The ECL intensity of the ATPP-Cou/K,S,05 system
was ultimately optimized through adjustment of the concen-
tration of the ATPP-Cou emitter (Fig. 2¢). The intensity initially
exhibited an increase within the concentration range of
0.004 mM to 0.012 mM, followed by a subsequent stabilization.
Consequently, a concentration of 0.012 mM was chosen for all
subsequent ECL experiments. As seen in Fig. S14f, the ECL
signal of ATPP-Cou (17 370 a.u.) was much higher than that of
ATPP and coumarin, thereby indicating that ATPP-Cou holds
great potential for ECL detection in the aqueous phase. The
stability of the ATPP-Cou/K,S,05 system was evaluated under
25 successive cyclic scans. Remarkably, the ECL signals
exhibited negligible fluctuation with a relative standard devia-
tion (RSD) of 0.0017% (Fig. 2d).

The ECL spectrum of ATPP-Cou was similar to that of ATPP,
displaying two distinct emission peaks at 659 nm and 720 nm,
as illustrated in Fig. 3a. Meanwhile, the ECL emission peak of
coumarin was detected at 520 nm (Fig. 3b), suggesting that the
ECL emission center of the ATPP-Cou molecule primarily
originates from the porphyrin. To investigate the impact of the
molecular electronic structure on ECL emission, DFT calcula-
tions were performed on ATPP and ATPP-Cou using the B3LYP
functional and the 6-31+G(d) basis set. In the optimized
configuration, the Cou moiety and ATPP are situated in the
same plane and fully conjugated, indicating a strong electronic
coupling of ATPP-Cou, which is consistent with the obtained
photophysical results. The enhanced electronic coupling facil-
itates the electron transfer, thereby augmenting the probability
of electrogenerated ECL.*** The electron density in the HOMO
of ATPP-Cou is primarily localized on the core of ATPP, whereas
that in the LUMO is distributed throughout both ATPP and
coumarin. The distribution of LUMO orbitals on coumarin,
along with its conjugated system and strong -electron-
withdrawing groups, implies the potential formation of intra-
molecular charge transfer states between the coumarin moiety
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Fig. 3 ECL spectra of (a) ATPP—Cou and (b) coumarin (-2.7-2.2 V, in
DCE solution with 0.1 M TBAPFg); (c) molecular orbital isosurface plots
and energy levels of the HOMO and LUMO for ATPP (left) and ATPP—
Cou (right); (d) ECL mechanism of the ATPP—Cou/K>S,0g system.
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and ATPP in this study. It is expected to facilitate the generation
of excited states through enhanced charge transfer reactions in
ECL. As depicted in Fig. 3c, the calculated HOMO-LUMO gap
for the synthesized ATPP-Cou molecule (2.529 €V) is observed
to be lower than that of ATPP (2.675 eV). The reduced energy gap
of ATPP-Cou also promotes electron transfer, leading to the
stabilization of intermediate states and efficient formation of
radical anions.*

In addition, the introduction of the coumarin segment dis-
rupted the molecular symmetry of the porphyrin, resulting in an
accumulation of charges in the region where the symmetry was
broken.** This redistribution of excess charges improves the
efficiency of excited state formation, leading to an enhancement
in the ECL signal.*»** From Fig. 3d, with the synergistic effect of
pre-optimized potential excitation and a donor-acceptor
configuration with fast electron transfer characteristics, K,S,04
is reduced to generate more strong oxidizing species SO, ~ (eqn
(1)). ATPP-Cou could obtain an electron to form ATPP-Cou’~
when the potential was scanned in the negative potential region
(eqn (2)). Subsequently, further production of unstable excited
states of ATPP-Cou* occurs through oxidation of ATPP-Cou’™
by SO, ~ generated near the electrode (eqn (3)). Finally, the
decay of ATPP-Cou* back to the ground state causes the
generation of an ECL signal (eqn (4)). The possible ECL emis-
sion mechanism of ATPP-Cou is as follows:

S,0¢%" + e — SO + S0, ~ (1)
ATPP-Cou + e~ — ATPP-Cou'~ (2)
ATPP-Cou'~ + SO, ~ — ATPP-Cou* + SO,*~ 3)
ATPP-Cou* — ATPP-Cou + hv (4)

The process of CT is fundamental to ECL, as it exerts
a substantial influence on the efficiency of electron transfer
between the electrically generated active intermediates, which
is essential for the formation of the excited state. To thoroughly
investigate the carrier's behavior of D-A type porphyrin mole-
cules, specific and dynamic characteristic methods are still
required in response to the aforementioned mechanism. A
powerful in situ electrochemical technique, self-constructed UV-
vis/SPECM, has been utilized to directly quantify the kinetic
information of electron transfer.** In the SPECM measurement
process, spin-coated ATPP and ATPP-Cou on the FTO substrates
were used as the research object, with K;[Fe(CN)y]; chosen as
the probe molecule using feedback mode (Fig. 4a). The probe
approach curves under both light and dark conditions are
depicted in Fig. 4b. Under photoexcitation, a “positive feed-
back” approach curve emerged as the probe current increased
due to the regeneration of Fe(ur) at the tip, suggesting a rapid
transfer of photoelectrons between Fe(m) and the surface of
porphyrin-derivative films on the FTO substrate. In contrast,
a “negative feedback” curve was observed under the dark
conditions. Compared to ATPP, ATPP-Cou exhibited a lower
positive feedback current. And their respective kinetic rate
constants (K.y) were determined through data fitting (Table

16684 | Chem. Sci, 2024, 15, 16681-16687
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(b) Probe approach curves of ATPP and ATPP-Cou. (c) IMPS response
curves recorded in PBS solution. (d) 74 and K¢ values of ATPP and
ATPP-Cou.

$11).* The Keg of ATPP (9.78 x 10> cm s~ ') exhibited a higher
value compared to that of ATPP-Cou (8.38 x 107> cm s '),
indicating that more photogenerated charge “escaped” from
ATPP towards the surface and indirectly evidencing an elevated
bulk charge transfer and excited state formation rate for ATPP-
Cou. IMPS is another technique that effectively evaluates
surface charge separation and recombination. The electron
transport time (z4) can be estimated using the formula: 14 = 1/
(27fimin),*® where fini, represents the frequency of the minimum
point in the IMPS semicircle. As shown in Fig. 4c and d, the 4
values for ATPP and ATPP-Cou were calculated to be 0.76 ms
and 2.30 ms, respectively (Table S21). Notably, the 14 value of
ATPP-Cou is three times higher than that of ATPP, suggesting
a reduced electron transport rate to the surface during photo-
excitation.”” The observed difference indicates that, as a result
of the introduction of coumarin, charges may exhibit a prefer-
ence for intramolecular transfer rather than surface/interface
transfer in the excited state. As we know, in ECL, efficient
intramolecular charge transfer can enhance the efficiency of the
excited state formation during electrochemical reactions.
Therefore, the design of ECL organic luminophores with
a donor-acceptor structure has the potential to change charge
transfer characteristics, reduce the non-radiative decay, and
enhance the efficiency and stability of excited state generation,
ultimately resulting in an overall improvement in luminous
efficiency and ECL intensity.

The fluorescence lifetime is closely related to the migration
process of photoinduced carriers.”® The time-resolved decay
spectra of coumarin, ATPP, and ATPP-Cou were recorded
(Fig. 5a and Table S37), yielding lifetimes of 1.60 ns, 3.06 ns,
and 9.13 ns, respectively. The prolonged lifetime indicates an
extended m-conjugation and a highly efficient charge transfer of
the D-A molecule, facilitating the generation of a greater
amount of ATPP-Cou’~ in proximity to the electrode and
resulting in enhanced ECL. The emission spectra of ATPP-Cou
were studied in solvents with varying polarities to confirm the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cou; (b) emission spectra of ATPP-Cou in solvents with varying
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presence of intramolecular charge transfer. The emission peak
of ATPP-Cou displayed a noticeable red-shift as the solvent
polarity increased, with wavelengths of 649 nm (hexane),
651 nm (THF), 654 nm (DCM), 655 nm (CH;CN), and 660 nm
(DMF). Both theoretical and experimental findings provide
further evidence that ATPP-Cou with a D-A type configuration
undergoes intramolecular charge transfer upon excitation. The
ECL efficiency of the ATPP-Cou/K,S,0g system was determined
by calculating the number of injected electrons and emitted
photons using the Ru(bpy),>* standard method.* The ECL
efficiency of ATPP-Cou is calculated to be 80.6%, showing the
significantly improved ECL performance of the D-A configura-
tion proposed in this work. The calculation formula for ECL
efficiency is as follows:

JECL intensity d¢
( [ Current dr )

PrcL = J ECL intensity d¢
( [ Current d¢ )Sl

2.3 Electrochemiluminescence detection of Cu>*

Cu*" is widely recognized as a common environmental
contaminant among heavy metals.** Meanwhile, both an excess
and a deficiency of Cu** in humans can result in liver/kidney
damage, Alzheimer's disease, Wilson's disease, etc. Therefore,
detecting Cu®" is of utmost importance for biological health and
environmental monitoring. Considering the advantages of the
ECL method and the exceptional ECL performance exhibited by
the ATPP-Cou/K,S,05 system, we employed ATPP-Cou/K,S,0g
to fabricate an ECL sensor for ultrasensitive detection of Cu®".
As shown in Fig. 6a, a favorable linear relationship between the
ECL intensity and the natural logarithm value of Cu®** concen-
tration in the range of 10-385 nM is realized. The detection
limit of our proposed ECL sensor was calculated to be 0.64 nM
(S/N = 3), which was superior to that of other Cu®>" sensors re-
ported in the literature (Table S471). To evaluate the selectivity of
the ECL sensor, a series of common cations (K*, Zn>*, Co>", AI**,
cd*, cr®, re**, Mg®>, Mn**, and Na") were chosen at
a concentration 10 times higher than that of Cu®" (Fig. 6c). The
ECL intensity of the ATPP-Cou/K,S,0g system is significantly
quenched only by Cu®**, demonstrating the exceptional selec-
tivity of the constructed ECL sensor. Sensors based on
porphyrin derivatives are commonly used for detecting copper

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The ECL intensity—potential profiles of the proposed sensor
in the presence of different Cu?* concentrations; (b) the corre-
sponding calibration curve; (c) comparison of the quenching effect of
various metal ions on the ATPP—Cou/K,S,0Og system; (d) stability of the
designed ECL sensor in the presence of Cu®*.

ions due to the complexation between copper ions and the
nitrogen atoms of pyrrole in the porphyrin ring.”® Another
possible reason for this high selectivity is the paramagnetic
nature of Cu®*, which facilitates reversible electron transfer in
the system and consequently leads to fluorescence quenching.>*
Alternatively, Cu®>" can potentially induce electron spin-orbit
coupling and convert the excited singlet state into a triplet state,
resulting in fluorescence quenching through internal conver-
sion. The stability of the proposed ECL sensor was assessed by
continuously scanning for 10 cycles in the presence of a 385 nM
Cu”" solution (0.1 M PBS, pH = 6.0). As depicted in Fig. 6d, the
ECL intensity exhibited negligible fluctuations with a relative
standard deviation (RSD) of only 1.28%. To evaluate the
potential applicability of this ECL system in detecting Cu®*, we
collected samples of river water and performed recovery tests by
introducing varying concentrations of Cu®* (15, 55, and 75 nM).
Acceptable recoveries from 96.9% to 100.2% were acquired
(Table S57).

3 Conclusions

In conclusion, an organic molecule with a D-A configuration
was designed as an ECL emitter by integrating a porphyrin and
coumarin as donor and acceptor units, respectively. Compared
to the pristine porphyrin, the ECL signal of the coumarin-
modified porphyrin is enhanced threefold in aqueous envi-
ronments. More importantly, the ECL-enhanced mechanism
was investigated in terms of charge transfer using IMPS and
SPECM. The results indicate that ATPP-Cou enhances the ECL
signal primarily due to improved intramolecular charge trans-
fer, which is consistent with DFT calculation. Benefiting from
the strong ECL emission of the ATPP-Cou/K,S,0;z system and
the quenching effect of Cu** on the ECL signal, a convenient
sensor for Cu** was developed with a detection limit of 0.64 nM.
Overall, our work not only offers an approach to studying the
influence of the donor-acceptor molecules on ECL properties
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but also enriches highly efficient porphyrin-based ECL
luminophores.
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