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ABSTRACT 

Electrochemiluminescence (ECL) populates the luminescent excited states through electrochemical reactions. It is challenging to 
mediate the ECL behaviors of molecular nanoaggregates because both the photophysical and electrochemical properties usually 
deteriorate in aggregate states. In this work, we demonstrate an unprecedented supramolecular strategy that simultaneously 
modulates both the photophysical and electrochemical factors governing ECL. The ECL performance of rubrene (RUB) 
nanoaggregates can be significantly enhanced through the incorporation of hole-transporting molecules as both redox and 
photophysical mediators. A balanced state, inhibiting the singlet fission (SF) and retaining the triplet–triplet annihilation (TTA), 
was achieved for RUB, which not only reduced the quenching of luminescent singlet state excitons but also well utilized the 
electrochemically generated triplet state excitons. The redox-mediating properties of hole-transporting molecules toward co- 
reactant not only promote the formation of excitons but also reduce the luminescent potential. The RUB nanoaggregates showed 
significantly enhanced photoluminescence quantum efficiency (2.3-fold) and ECL intensity (50-fold) in aqueous conditions and 
were demonstrated as promising ECL imaging probes. This work opens up a new avenue for the preparation of ECL nano-emitters 
with high-brightness in aqueous conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Electrochemiluminescence (ECL), also known as electrogener-
ated chemiluminescence or electrochemical luminescence, is a
promising analytical method combining the high sensitivity of
chemiluminescence with the controllability of electrochemistry
[ 1 ]. ECL has been widely used in commercial bioanalysis and
has found several new attractive applications [ 2 ], such as ECL
microscopy [ 3 ]. While these achievements are still confined to
the use of coordination complex probes of noble metals (Ru
This is an open access article under the terms of the Creative Commons Attribution License, which perm
cited. 
© 2026 The Author(s). Aggregate published by SCUT, AIEI, and John Wiley & Sons Australia, Ltd. 

Aggregate , 2026; 7:e70315 
https://doi.org/10.1002/agt2.70315
and Ir), the exploitation of alternative luminophores with high
efficiency and low-cost is a main focus for the development of
ECL techniques [ 4, 5 ]. 

Although various types of materials, especially nanostruc- 
tured particles [ 6, 7 ], have been proposed as state-of-the-art
luminophores, the construction of ECL probes with good com-
patibility in aqueous conditions remains a great challenge. Due
to the narrow electrochemical window of water, the probes and
the co-reactants must possess sufficiently low redox potentials 
its use, distribution and reproduction in any medium, provided the original work is properly 
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to generate radical ions [ 8, 9 ], which subsequently undergo
annihilation to populate the excited state [ 10 ]. Regarding the
photophysical properties of luminophores, exciton management
is equally crucial [ 11 ]. Similar to the concerns of internal quan-
tum efficiency (IQE) in organic light-emitting diode (OLED),
efficient utilization of triplet excitons through effective spin-
state manipulation is crucial for achieving high-efficiency ECL
systems [ 12 ]. The strategies for harvesting triplet excitons in ECL
systems include the development of luminophores with room-
temperature phosphorescence (RTP) [ 13 ] or thermally activated
delayed fluorescence (TADF) [ 14, 15 ]. However, these long-
lived triplet excitons face tremendous oxygen quenching [ 16 ],
which is inherently difficult to prevent in aqueous conditions.
Triplet–triplet annihilation (TTA) is another consideration for the
utilization of triplet excitons. In contrast, the triplet excitons in
TTA systems exhibit relatively short lifetimes, which enhance
their tolerance to oxygen quenching [ 17 ]. 

Due to the unique electronic structure, rubrene (RUB) has been
well exploited as a TTA material in the field of optoelectronics
[ 18, 19 ]. Actually, RUB is one of the earliest reported ECL
luminophores, and the contribution of TTA to the ECL emission
has also been confirmed [ 20 ]. Nevertheless, the poor water
solubility of RUB restricts its application in bioanalysis, which is
always conducted in aqueous conditions [ 21 ]. We have previously
demonstrated that small nanoaggregates (NAs) of pure organic
molecules show promising potential in aqueous conditions [ 22 ].
Unfortunately, singlet fission (SF) rather than TTA dominates the
exciton process in the aggregated states of RUB, resulting in low
luminescence quantum efficiency. We have also demonstrated
that the low doping ratios can prevent the concentration quench-
ing of luminophores [ 22 ]. However, higher loading amounts per
nanoparticle are necessary to achieve bright nanoparticles for
specific applications [ 23 ]. In the present work, both the exciton
manipulation in RUB NAs and the electrochemistry behaviors
of co-reactants were mediated by a supramolecular strategy
(Scheme 1 ). The unprecedented ECL performances in aqueous
conditions were achieved, and this enables RUB NAs to be
promising candidates for ECL microscopy. The proposed strategy
simultaneously modulates both photophysical and electrochem-
ical factors governing ECL, providing a versatile approach for
fabricating high-performance nano-emitters. 

2 Experimental Methods 

2.1 Synthesis of Nanoparticles 

The microfluidic chip is utilized in this study to achieve a rapid
and stable nanoflash process through the fluid focusing structure,
enabling the synthesis of nanoparticles with precise control
over their size. The comprehensive manufacturing method and
dimensional parameters of the microreactor can be found in
Figure S1A . The fundamental principle of this microreactor
hinges on the creation of a laminar flow environment featuring
high flow velocity and low Reynolds number through microscale
cross-flow focusing units, facilitating stable and homogeneous
mixing of the organic and aqueous phases. RUB (0–2 mM), N , N’ -
diphenyl- N , N’ - di(p-tolyl)benzidine (TPD) (0–2 mM), and DSPE-
PEG2k (2 mg/mL) were solubilized in tetrahydrofuran (THF) and
effectively amalgamated. The THF mixture was introduced into
2 of 9
the organic phase inlet of the microfluidic chip via a flow rate of
5 µL/min (1 mL). Concurrently, ultrapure water was pumped into
the aqueous phase inlet of the microfluidic chip at a flow rate of
100 µL/min. At the convergence point of the aqueous and organic
phases within the cross-unit, the laminar flow continued steadily,
coupled with rapid evaporation of the THF solvent into the
aqueous phase. Consequently, hydrophobic molecules including 
RUB and TPD precipitated, with the hydrophobic chains of
DSPE-PEG2k rapidly adsorbing onto the surface of the formed
aggregates. Simultaneously, the hydrophilic terminus ensured the 
uniform dispersion and stability of the resulting nanoparticles 
within the aqueous phase. 

The particle size distribution of nanoparticles was investigated by
varying the total feeding amount of RUB and TPD under specific
preparation conditions, with a fixed feeding ratio of 1:1 (Figure
S1B ). When both RUB and TPD were fed at a concentration of 1
mM, the average particle size of the resulting nanoparticles was
approximately 30 nm (Figure S1C ). 

2.2 Fluorescence Lifetime Fitting Models 

All lifetime fits were performed in Origin 2025b using the
nonlinear least-squares algorithm. Instrument response function 
(IRF) deconvolution was applied; fitting range 0–1000 ns; initial
guesses for τ

𝑖 
set based on preliminary decay profiles. 

Mono-exponential decay: 

𝐼 ( 𝑡) = 𝐴1 𝑒
− 𝑡 

𝜏1 (1) 

Tri-exponential decay: 

𝐼 ( 𝑡) = 𝐴1 𝑒
− 𝑡 

𝜏1 + 𝐴2 𝑒
− 𝑡 

𝜏2 + 𝐴3 𝑒
− 𝑡 

𝜏3 (2) 

The fluorescence decay curves were fitted with mono-, bi- or tri-
exponential functions. For each sample, the optimal model was
selected based on the reduced chi-square ( χ2 ) and the randomness
of residuals. Table S1 lists the fitted lifetimes ( τi ) and amplitudes
( Ai ). 

2.3 Measurement of Fluorescence Quantum 

Yield 

The relative method is commonly employed for measuring
fluorescence quantum yield (FLQY). Referring to the reported 
comparative method [ 22 ], this technique utilizes a standard
sample with a known FLQY (fluorescein) and calculates the
quantum yield of the sample under investigation using the
following equation at the same excitation wavelength: 

𝑄𝑌𝑠 = 𝑄𝑌𝑟 𝑒 𝑓 

( 

𝐹𝑠 
𝐹𝑟 𝑒 𝑓 

) ( 

𝐴𝑟 𝑒 𝑓 ( 𝜆𝑒𝑥𝑐 ) 

𝐴𝑠 ( 𝜆𝑒𝑥𝑐 ) 

) 

( 

𝑛2 𝑠 

𝑛2 
𝑟 𝑒 𝑓 

) 

(3) 

Here, the subscripts ref and s denote the reference standard and
the sample, respectively. QY represents the FLQY, F indicates
the integrated fluorescence intensity at the excitation wavelength, 
A represents the absorbance at the excitation wavelength, and
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SCHEME 1 Schematic diagram of (A) the preparation of DSPE-PEG encapsulated RUB-TPD NAs and (B) the utilization of RUB-TPD NAs as ECL 
luminophores (the inset shows the redox-mediating property of TPD toward the heterogeneous oxidation of TPrA on electrode). 
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n is the refractive index of the solvent. Both absorption and
fluorescence spectra were measured using standard 10 mm quartz
cuvettes. First, absorption spectra for fluorescein and samples
with different compositions of NAs were collected, as shown
in Figure S3A . To obtain comprehensive fluorescence data, the
fluorescence spectra were recorded at an excitation wavelength
of 460 nm, as illustrated in Figure S3B . The experimental results
are presented in Table S2 of the manuscript. 

2.4 ECL Kinetic Imaging 

ECL kinetic imaging was performed on an inverted optical micro-
scope. The emitted light was collected through a 100 × objective
(NA 0.5) and detected using an Electron-Multiplying Charge-
Coupled Device (EMCCD) camera (iXon Ultra 888, Andor) with
an electron-multiplying gain set to 300. A three ‑electrode electro-
chemical cell was employed, comprising indium tin oxide (ITO)
as the working electrode, Ag/AgCl as the reference electrode, and
a platinum wire as the counter electrode. A potential of + 1.0 V
was applied to initiate the ECL reaction. The electrolyte consisted
of PBS (pH 7.4) containing 50 mM tripropylamine (TPrA) and
nanoparticles of varying composition. For kinetic measurements,
an exposure time of 1 ms was used to acquire 2000 consecutive
frames, and analog ‑to ‑digital (A/D) counts were recorded within
a 5 × 5 ‑pixel region. The A/D count parameters are defined as
follows: 

𝐴 

𝐷 

𝐶𝑜𝑢 𝑛 𝑡𝑠 =
𝑁𝑝 × 𝑄𝐸 × 𝐸𝑀 𝐺𝑎𝑖𝑛 

𝐴 

𝐷 
𝑢 𝑛 𝑖𝑡 

(4)
Aggregate, 2026
Here, Np denotes the number of photons detected per pixel;
QE refers to the detector’s quantum efficiency; EM Gain is the
camera’s electron ‑multiplying gain, set to 300 in this study; and
A/D unit represents the analog ‑to ‑digital conversion factor. 

2.5 Summary of Patterned ITO Electrode 
Fabrication 

Patterned ITO electrodes were fabricated by standard UV pho-
tolithography. Briefly, ITO-coated glass substrates were sequen- 
tially cleaned with acetone, isopropanol, and deionized water, 
followed by oxygen plasma treatment to improve surface cleanli-
ness and photoresist adhesion. A negative photoresist (SU-8 2002)
was then spin-coated onto the ITO surface and soft-baked to form
a uniform insulating layer. The photoresist was exposed to UV
light through a photomask to define the desired microstructures,
followed by development and post-baking to remove unexposed 
regions and stabilize the patterned structures. The resulting sub-
strates consisted of exposed conductive ITO regions surrounded
by electrically insulating photoresist, which were directly used as
working electrodes for ECL imaging experiments. 

3 Results and Discussion 

RUB is the most well-studied semiconductor molecule that can
perform efficient TTA and also efficient reverse process SF due to
the unique electronic structure (S1 ∼ 2 × T1). While TTA follows
a Dexter-type energy transfer mechanism, which is a short-range
3 of 9

om
m

ons L
icense



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 26924560, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/agt2.70315 by H

uangxian Ju - N
anjing U

niversity , W
iley O

nline L
ibrary on [11/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative 
process, high RUB content is required for TTA to occur. However,
it has been revealed that ultrafast SF dominates over TTA in
solid states of RUB, such as aggregates or films, and is the main
reason for detrimental concentration quenching in these systems
[ 24 ]. Decorating RUB with bulky moieties can significantly
decrease SF in the solid states [ 25 ], but the alteration of electronic
structure can also suppress TTA. We have demonstrated that the
photophysical properties of organic molecules can be reserved in
NAs by the use of a molecular matrix [ 22 ]. Also inspired by the
host–guest molecular systems in the field of OLED, which are
constructed in the form of solid films, we demonstrate here that
SF can be diminished and TTA can be performed efficiently in a
molecular matrix of hole-transporting molecules with high RUB
content. Several commonly used small molecules (TPD, NPB,
and CBP, the molecular structures are shown in Figure 2 ) with
twisted geometric structures were selected as matrix molecules
with the anticipation of reducing the interactions between the
neighboring RUB molecules. Their hole-transporting property
was also considered and discussed in ECL investigations. 

Lipid-polymer (DSPE-PEG) encapsulated water-soluble NAs
(Scheme 1A ) were prepared according to our previous method
with the assistance of microfluidic chips [ 22 ]. The component
ratio of RUB with the matrix molecules and the aggregate size
can easily be tailored by adjusting the injection parameters
of microfluidics (Part II in Supporting Information). Typically,
hybrid NAs (RUB-TPD) with a diameter of approximately 30 nm
(Figure S1 ), composed of equivalent ratios of RUB and TPD, were
prepared for investigation. In contrast to the fluorescence kinetics
of RUB in organic solution, which shows a single-exponential
decay law with a lifetime of ∼ 14 ns (Figure 1A ), RUB NAs either
with or without the matrix molecules show multi-exponential
decay profiles (Figure 1B–E ). These profiles can be well fitted with
a tri-exponential decay function (Table S1 ) [ 26 ]. The fluorescence
of RUB NAs decays more rapidly (Figure 1F ), and a sharply
shortened fluorescence lifetime (3.2 ns) dominates the amplitude.
Based on extensive research in this field, the occurrence of SF in
RUB NAs can be confirmed, and this can account for the lower
FLQY (13%) (Part V in Supporting Information). 

With the incorporation of matrix molecules (TPD, NPB, or CBP),
the fluorescence of hybrid NAs was greatly enhanced (Figure 1G ).
Although these hole-transporting molecules exhibit fluorescence
under UV irradiation, their emission was effectively excluded
by using a longer excitation wavelength (480 nm). Furthermore,
the presence of matrix molecules (TPD) does not alert the
absorption spectrum of RUB (Figure 1H ), which precludes the
ground-state electronic coupling. The fluorescence enhancement
of RUB in hybrid NAs was attributed to the suppression of SF.
This can be confirmed by the increase in fluorescence lifetimes
of the prompt components ( τ1 ) (Figure 1F ) and the amplitude
increase of the long-lived component ( τ2 ) (Figure 1B–E ). More
importantly, the significant increase in amplitude contribution
from delayed components (over 140 ns) confirms the efficient
TTA ( τ3 ). Although the detailed exciton dynamics require further
investigation, suppressing SF while maintaining TTA achieves
a long-sought “sweet spot” [ 27 ], which is an optimal balance
maximizing triplet exciton utilization in both electroluminescent
and ECL applications, where 75% excitons are triplet (Figure 2A ).
Taken together, the lifetime-component evolution supports an
exciton-management effect (SF suppression with TTA retained),
4 of 9
which provides a direct photophysical rationale for the ECL
enhancement discussed next. 

While both SF and TTA depend on intermolecular coupling, it
has been demonstrated that the separation of RUB molecules by
increasing the intermolecular distance or by molecular spacers 
can attain the optimum intermolecular coupling [ 28, 29 ]. Given
the comparable molecular sizes of three matrix molecules (TPD,
NPB, and CBP), the differences in their electronic structures
should account for the performances in suppressing SF. Since
LUMO are hopping sites for electron transfer, the high lied LUMO
of spacing molecules leads to an energy barrier ( ΔELUMO ) for
intermolecular electron transfer [ 29 ]. According to this rule, TPD
with a very high LUMO level can afford effective electronic
effects on the suppression of RUB SF (Figure 2B ), and shows
the best performance. NPB and CBP with relatively lower LUMO
levels exhibit inferior SF suppression capabilities compared to 
TPD. For further contrast, the SF suppression capability of an
electron-transporting molecule, Alq3, with an even lower LUMO 

level was investigated (Figure S2 ). Consequently, it depresses
the fluorescence emission of RUB. These comparisons indicate 
the important role of a high-lying LUMO level in improving
the photophysical properties of RUB. Due to its outstanding
performance (about 2.3-fold at the equivalent mole ratio, FLQY
= 30%), TPD was mainly discussed in the following ECL
investigations. 

RUB can generate ECL via both annihilation-type (RUB+ + RUB− 

→ RUB* ) and co-reactant pathways in organic solutions. Since 
the reduction potential of RUB lies beyond the electrochemical
window of water (Figure S4 ), the co-reactant pathway is preferred
in aqueous solutions [ 30 ]. TPrA was employed as an oxidation–
reduction co-reactant, whose oxidative decomposition generates 
strong reducing intermediates that subsequently undergo ion 
annihilation with RUB cations to produce excited states (Mech-
anism I). As shown in Figure 2C , RUB NAs show only weak ECL
signals under anodic potential scans. After the incorporation of
TPD into RUB NAs, greatly enhanced ECL signals and a more
negative peak potential were achieved (0.97 V). The negatively
shifted peak potential enables us to achieve a maximum ECL
signal at a lower potential within the electrochemical window
of water (Figure 2D ). About a 50-fold signal enhancement
was obtained. The ECL spectrum of RUB-TPD NAs matches
well with the fluorescence spectrum of RUB (Figure 2E ). This
indicates that RUB acted as the ECL luminophore and that the
emission was from the excited singlet states, which formed either
from direct population or from TTA (Figure 2A ). The mediated
photophysical properties discussed above undoubtedly constitute 
the fundamental basis for the improved ECL performance. Below,
we demonstrate that the electrochemical properties of TPD also
play an important role in improving the ECL behavior of RUB
NAs. 

Mechanism I 

RUB − e− → RU B∙+ (5) 

TPrA − e− → TPr A∙+ (6) 

TPr A∙+ −H+ → TPr A∙ (7) 
Aggregate, 2026
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FIGURE 1 Time-resolved fluorescence decay curves of (A) RUB in THF, (B) RUB NAs, (C) RUB-TPD NAs, (D) RUB-NPB NAs, and (E) RUB-CBP 
NAs. The fluorescence lifetime and amplitude weight of the components were included. (F) The comparison of RUB and hybrid NAs to show the decay 
change of prompt components. (G) Steady-state fluorescence emission spectra of RUB and hybrid NAs. (H) UV-vis absorption spectra of RUB NAs and 
RUB-TPD NAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 26924560, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/agt2.70315 by H

uangxian Ju - N
anjing U

niversity , W
iley O

nline L
ibrary on [11/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative
RU B∙+ + TPr A∙ → RU B∗ + TPr AOX (8)

Mechanism II 

TPD − e− → TP D∙+ (9)

RUB − e− → RU B∙+ (10)

(RU B∙+ + TPrA → RUB + TPr A∙+ ) (11)

TP D∙+ + TPrA → TPD + TPr A∙+ (12)

TPr A∙+ −H+ → TPr A∙ (13)

RU B∙+ + TPr A∙ → RU B∗ + TPr AOX (14)

The redox-mediating capability of TPD can be confirmed by
the investigation of ECL in organic solutions, where there is no
concentration quenching or exciton manipulation for RUB [ 31 ].
Under broader potential ranges, RUB undergoes two successive
one-electron oxidative processes, and the second oxidation–
reduction process is less reversible (Figure 3A ). In contrast, the
cyclic voltammetry of RUB is more reversible under narrower
potential ranges (Figure 3B ). From the ECL-potential profiles of
RUB (Figure 3E ), a maximum ECL signal was produced at 1.24
V. The presence of TPD in RUB solutions can obviously enhance
the ECL intensity, and the peak potential becomes more negative
Aggregate, 2026
gradually with the increasing of TPD concentration (Figure 3E ).
The maximum ECL intensity was achieved with an equivalent
mole ratio of RUB/TPD. Due to the TPD-induced negative shift
of ECL peak potential, an obviously enhanced ECL signal (2.8-
fold) can be achieved at lower potentials (Figure 3F ). Notably, the
CV of the RUB/TPD mixture shows no new redox features and
largely resembles the superposition of the individual components 
(Figure S5 ), suggesting no appreciable side reaction between
oxidized TPD and RUB under the tested conditions. 

The low oxidation potential of TPD and the high oxidation
capability of TPD radical cation can account for the shifting of
luminescent potential and enhancement of ECL intensity. As 
indicated in Mechanism I, the oxidation of co-reactant TPrA is
a key step to produce strong reducing intermediates. Due to the
irreversibility and slow dynamics of the heterogeneous oxidation 
of TPrA on electrodes [ 32 ], more positive oxidation potential and
larger TPrA concentrations are always used to achieve higher
ECL efficiency. The oxidation of TPrA can also be achieved
homogeneously by the oxidation products of luminophores, 
which are the origin of complex mechanisms for co-reactant
pathways but also enable homogeneous redox mediation [ 33, 34 ].
The disappearance of the reduction wave of RUB in the pres-
ence of TPrA (Figure 3B ) indicates the homogeneous reactions
5 of 9
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FIGURE 2 (A) Physical model showing the change in exciton formation states before (SF dominates) and after (TTA dominates) the inclusion of 
a molecular spacer. (B) Energy diagram showing the energy levels of related molecules and the energy barrier of LUMO. (C and D) The ECL-potential 
profiles of RUB NAs and RUB-TPD NAs in aqueous solutions (0.1 M PBS, pH = 7.4, 10 mM TPrA) under different CV potential ranges. (E) Fluorescence 
spectrum of RUB in THF and ECL spectrum of TPD-RUB NAs. 
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(Equation 11 in Mechanism II). TPD features two quasi-reversible
oxidation–reduction processes during anodic potential scanning
and more negative oxidation potentials than RUB (Figure 3C ).
The homogeneous reaction of TPD radical cations with TPrA
can also be confirmed by the decrease or disappearance of the
TPD reduction wave (Figure 3D ). The results of density functional
theory (DFT) calculations can also support the oxidation ability
of RUB and TPD radical cation toward neutral TPrA (Figures 3G
and S6 ). The low-lying singly occupied molecular orbital (SOMO)
forms a quasi-closed-shell electronic configuration (Figure 3G ),
which can account for the well-known stability of TPD radical
cation [ 35 ]. The unoccupied spin counterpart (SUMO) is deep
enough to receive an electron from the HOMO of neutral TPrA,
confirming the homogeneous oxidation or hole-transporting
ability toward TPrA (Equation 12 in Mechanism II). 

In view of the slow dynamics of the heterogeneous oxidation
of TPrA on electrode [ 32 ], different hole-transporting rates
toward TPrA should exist between RUB and TPD. This can be
confirmed directly from the differences of their corresponding
empty molecular orbitals that can accept electrons from the
HOMO of TPrA (Figures 3G and S6 ). There are two orbitals
can accept electrons for RUB, but there is only one orbital
can accept electrons from TPrA for TPD. While these reactions
follow an outer-sphere electron transfer mechanism [ 36 ], the
Marcus theory of electron transfer is adopted to investigate the
hole-transporting rate between molecules [ 37 ]. According to this
theory, the electronic coupling (V) and the reorganization energy
6 of 9
( λ) are the key parameters to determine the hole-hopping rate
( khole ) (Equation 15 ). The reorganization energy includes internal
reorganization energy ( λin ) and external reorganization energy 
( λout ) [ 38 ]. The λin reflects the changes of molecular geometry
and was mainly considered in the well-exploited applications 
as solid states [ 39 ]. While the λout in condensed phases is
much smaller than λin and is always neglected [ 40, 41 ], solvent
reorganization energy cannot be ignored in solutions considering 
the charged states of radicals and the electronic polarization
of the surrounding medium [ 42 ]. According to the calculation
results (Table S3 ), λout gives much more contribution to the
total reorganization energy λtot and actually determines the hole- 
transporting rates. A smaller λtot and much larger khole were 
obtained for TPD radicals compared with that of RUB radicals
toward TPrA. The ECL enhancement in organic solution by TPD
inclusion can be explained by the differences of hole-transporting
capability between RUB and TPD. In addition, the oxidation
potential of TPD is more negative and the TPD radicals are
more stable than that of RUB, the generated RUB radicals can
only account for the ion annihilation and produce more ECL
(Mechanism II). The redox-mediating capability of TPD toward 
TPrA can be well reserved in RUB-TPD NAs, and higher ECL
efficiency can be achieved in aqueous solutions with a relatively
low TPrA concentration. 

𝑘hole =
( 

𝜋

𝜆𝑘b 𝑇 

) 

1 

2 V2 

ℎ 
exp 

( 

− 𝜆

4𝑘b 

) 

(15) 
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FIGURE 3 (A) CV of RUB (1 mM) in CH2 Cl2 recorded under a wide potential region. (B) CV of RUB (1 mM) and RUB (1 mM) + TPrA (1 mM) 
under a narrow potential region. (C) CV of TPD (1 mM) in CH2 Cl2 recorded under a wide potential region. (D) CV of TPD (1 mM) and TPD (1 mM) + 

TPrA (1 mM) under a narrow potential region. (E) ECL-potential curves of RUB (1 mM) with varying TPD concentrations in CH2 Cl2 . (F) Comparison 
of ECL-potential profiles for RUB and RUB + TPD under a narrow potential window. (G) DFT-calculated molecular orbitals with corresponding energy 
levels, illustrating the electron transfer from TPrA to the TPD cation. 
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The development of high-efficiency ECL luminophores as aque-
ous imaging probes has shown significant promise, particularly
when coupled with advanced detection systems offering spa-
tiotemporal high-resolution capabilities. The single-molecule
electrochemical events of [Ru(bpy)3 ]2 + have been discerned from
their ECL signals by an EMCCD-based imaging equipment [ 2 ]. In
the present work, the discrete photon signals acquired at similar
equipment were used to demonstrate the imaging capability
of RUB-TPD NAs. Compared with the single-photon discrete
signals of [Ru(bpy)3 ]2 + (Figure 4A,B ), multi-photon signals were
obtained under the same exposure conditions for RUB-TPD
NAs (Figure 4D,E ). Notably, the burst amplitude and occur-
rence frequency increased with the TPD fraction under identical
acquisition conditions, supporting the mediator-enhanced ECL
performance of the hybrid Nas (Part VIII Figure S7 in Supporting
Information). 

The RUB-TPD NAs were used as ECL imaging probes and the per-
formances were investigated by the imaging of patterned micro-
Aggregate, 2026
electrode arrays. Both [Ru(bpy)3 ]2 + and RUB-TPD NAs were 
employed as homogeneous imaging probes in these experiments, 
and the patterned electrodes were used to spatially define the ECL
emission. With a low operating potential (1.0 V), the obtained
imaging patterns matched well with the fabricated microstruc-
tures. Based on the mediated ECL performances, the RUB-TPD
NAs outperformed the well-exploited [Ru(bpy)3 ]2 + in reproduc- 
ing the pattern details (Figure 4C,F ). The RUB-TPD NAs with
competitive ECL imaging performances under physiologically 
compatible operating conditions especially under lower poten- 
tials may find wide applications in bioimaging and bioanalysis. 

4 Conclusion 

Semiconducting charge transport and redox activity are the two
notable features of triphenylamine-based organic radicals, and 
have widely exploited in separated applications, such as OLEDs
and organic electrosynthesis. The integration of these features 
7 of 9
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FIGURE 4 The discrete photon signals and the calculated photon numbers of each event of (A and B) [Ru(bpy)3 ]2 + and (D and E) TPD-RUB 
NAs acquired from a single pixel of the EMCCD. Exposure time, 1 ms. Comparison of ECL imaging performance on ITO patterned arrays using (C) 
[Ru(bpy)3 ]2 + and (F) TPD-RUB NAs at an applied potential of 1.0 V in the presence of 50 mM TPrA. Scale bar: 200 µm. 
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and beyond in the present work showcases unprecedented
ECL applications and exciting results. The exploitation of hole-
transporting molecules as ECL mediators for different types of
luminophores can build up a universal strategy. However, the
unique molecular structure and its own excellent property of
RUB, such as pronounced hole mobility, cannot be overlooked
for these achievements. Some criteria for the matching of ECL
mediators and luminophores need to be established for uni-
versal applications. The TPD-mediated RUB NAs deserve to
be a benchmark system for evaluating anodic ECL behaviors.
The revolutionized ECL behaviors in aqueous conditions show
promising potential in the fields of biosensing, new light-emitting
devices, and other applications. 
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