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A B S T R A C T   

The electrochemiluminescence (ECL) efficiency (ΦECL) of organic ECL emitters is greatly influenced by the 
excited state property and component. Here we design a hot exciton molecule (BCzP-BT) with hybridized local 
and charge-transfer (HLCT) excited state property to prepare the first hot exciton organic nanorods (BB NRs). The 
BB NRs exhibit both sensitive annihilation and intense coreactant ECL emissions with a band gap emission 
model. Due to the reverse intersystem crossing among high-lying excited states (hRISC), the HLCT excited state 
property leads to highly efficient utilization of triplet excitons and thus high photoluminescence quantum yields 
(ΦPL) of more than 80% at 554 nm, which is demonstrated by solvatochromic experiments and quantum 
chemical calculations. The high ΦPL endows BB NRs with superior ΦECL over other nanoemitters, even the 
thermally activated delayed fluorescence materials, and thus offers highly-efficient nanoemitters for the design of 
ECL imaging strategy. As a proof of concept, an ECL probe is constructed by assembling BHQ2-ssDNA on BB NRs 
to integrate CRISPR/Cas12a system for target recognition, which produces a rapid and high-throughput ECL 
imaging platform. The proposed imaging method for HPV16 DNA detection shows excellent performance with a 
detection limit of 0.6 fM. This work broadens the application of hot exciton materials in ECL field, and opens a 
new avenue for developing next-generation ECL devices.   

Introduction 

Electrochemiluminescence (ECL), a light-emitting phenomenon oc
curs when the electrochemically generated excited state species transit 
radiatively to ground state, has become a potent analytical technique 
due to its negligible background and desirable spatiotemporal control
lability [1,2]. Organic luminophores such as polyaromatic hydrocarbons 
[3], BODIPY derivatives [4], and fluorene-based polymers [5] are the 
earliest subjects of ECL studies in nonaqueous solvents. The emerging of 
reprecipitation method [6] popularizes the synthesis of organic nano
materials, such as 9,10-diphenylanthracene nanoblocks [7], perylene 
nanocrystals [8] and conjugated polymer based dots (Pdots) [9,10], and 
their application in ECL bioanalysis. Despite the relatively high photo
luminescence quantum yield (ΦPL) of these organic nanomaterials, their 
ECL efficiency (ΦECL) is still unsatisfactory. The ΦECL is closely related to 
both the ΦPL and the exciton utilization efficiency (η) [11], and the η of 
traditional organic luminophores is less than ~25% due to the spin 

statistical limitation (Scheme 1A, left) [12–14]. To harness the 
non-radiative (NR) triplet excitons, our recent work devised thermally 
activated delayed fluorescence (TADF) Pdots as ECL emitters to boost 
the exciton utilization efficiency and achieve an anodic ΦECL of 49.9% vs 
Ru(bpy)3

2+ [15]. However, the ΦECL of TADF Pdots do not meet our 
expectation because the completely-separated frontier molecular or
bitals induce charge transfer (CT) characters of both the lowest singlet 
(S1) and triplet (T1) excited states of TADF compounds, which causes 
low ΦPL [16,17]. Meanwhile, the sluggish reverse intersystem crossing 
(RISC) of TADF compounds from T1 to S1 may result in severe annihi
lation due to the accumulation of long-lived triplet excitons in T1 state 
(Scheme 1A, middle) [18]. 

As opposite to the RISC pathway of TADF compounds, the RISC of 
hot exciton materials occurs among the high-lying excited states (hRISC, 
Tm→Sn, m≥2, n ≥ 1), in which the large Tm-T1 energy gap inhibits the 
internal conversion (IC) from Tm to T1, and the narrow Tm-Sn energy 
splitting promotes the hRISC (Scheme 1A, right) [19,20]. Accordingly, 
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hot exciton materials can more sufficiently utilize triplet excitons than 
TADF materials for energy radiation because the accelerated hRISC 
process alleviates the quenching of T1 excitons [21,22]. Moreover, 
different from the strong CT character of TADF materials, the hybridized 
local and charge-transfer (HLCT) excited state property of hot exciton 
materials, in which the S1 state is a locally excited (LE) or LE-dominated 
HLCT state and the Tm and Sn states are CT states, endows them with 
both high ΦPL and the η up to 100% [23], which promotes their appli
cation in organic light-emitting diode [24–26]. 

Inspired by the high η of CT state and the high ΦPL of LE state [27], 
this work designed a novel ECL nanoemitter with a hot exciton molecule 
for attaining high ΦECL. Using 4,7-dibromobenzo[c][1,2,5]thiadiazole 
(BT) with high luminous efficiency as the electron acceptor and 9-[4-(4, 
4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]carbazole (CzP) with 
rigid plane structure as the electron donor, a kind of hot exciton mole
cule, 4,7-bis(4-(9 H-carbazol-9-yl)phenyl)benzo[c][1,2,5]thiadiazole 
(BCzP-BT) with HLCT excited state, was synthesized via a Suzuki 
coupling reaction (Scheme 1B). The corrsponding nanomaterial, 
BCzP-BT nanorods (BB NRs), was thus prepared via simple reprecipita
tion. Both BCzP-BT in tetrahydrofuran (THF) and BB NRs in water 
showed fluorescence (FL) emissions with ΦPL of 84.0% and 89.3% at 
554 nm respectively, and their HLCT excited state property were iden
tified by solvatochromic experiments and quantum chemical calcula
tions. The BB NRs exhibited sensitive annihilation ECL and intense 
coreactant ECL emissions with high ΦECL, offering a highly efficient ECL 
emitter for designing ECL imaging strategy. By using Au/ITO as the 
substrate to load black hole quencher 2 (BHQ2)-ssDNA modified BB NRs 
and CRISPR/Cas12a system for target recognition, a rapid and 
high-throughput ECL imaging platform was constructed for detection of 

human papilloma virus subtype HPV16 DNA, which demonstrated a 
wide detection range and desirable sensitivity, indicating the promising 
application of hot exciton based organic nanomaterials as highly effi
cient ECL nanoemitters. 

Results and discussion 

Hot exciton property of BCzP-BT 

The synthesis of BCzP-BT was verified by 1H NMR and MALDI-TOF- 
MS spectroscopy (Fig. S1 and S2). The molecular configuration of BCzP- 
BT showed a large torsional angle between carbazole (Cz) and its 
adjacent benzene ring (Scheme 1C) due to the steric effect of hydrogen 
atoms, which could suppress the nonradiative decay and avoid inter
molecular accumulation induced quenching. The photophysical prop
erties of BCzP-BT in different solvents (Table S1) could be obtained from 
its normalized UV–vis absorption and FL spectra (Fig. 1A). Due to the 
intramolecular charge transfer from Cz to BT unit, BCzP-BT exhibited a 
broad absorption around 400 nm with negligibly-changed shape and 
position in different solvents. Contrarily, with the increasing of solvent 
polarity, the FL spectra of BCzP-BT displayed a 68 nm bathochromic- 
shift and the FL peak broadened, indicating a strong CT character. 
Moreover, the difference between the FL spectra of CzP, BT and BCzP-BT 
(Fig. S3) indicated that the luminescence originated from the charge 
transfer from Cz to BT rather than the subunit itself. 

To probe the excited state property of BCzP-BT, the relationship 
between Stokes shift (va-vf) and the orientation polarizability (Δf) of 
solvent was examined for estimating the dipole moment of S1 according 
to Lippert-Mataga solvatochromic model [28,29]. The plot showed 

Scheme 1. Schematic diagrams of (A) traditional, TADF-based and hot exciton-based ECL systems, (B) synthetic route of BCzP-BT, and (C) side and top views of 
BCzP-BT at B3LYP/6–31 G(d, p) level. 
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two-section fitted lines with a small dipole moment for BCzP-BT in 
low-polarity solvents and a large dipole moment for BCzP-BT in 
high-polarity solvents (Fig. 1B), which corresponded to the S1 excited 
states of LE- and CT-dominates of BCzP-BT, respectively. As for BCzP-BT 
in medium-polarity solvents, the excited state exhibited the properties of 
both LE- and CT-states. The fluorescence lifetime of BCzP-BT showed a 
mono-exponential decay of 6.72 ns without delay (Fig. 1C), further 
proving that the S1 excited state of BCzP-BT was a HLCT excited state 
rather than a simple mixing of LE and CT state. 

To verify the possibility of hot exciton process, the lowest ten singlet 
and ten triplet excited states of BCzP-BT were evaluated. The large en
ergy gap between T2 and T1 (1.09 eV) suppressed the IC from T2 to T1, 
while the narrow energy gap between T2 and S1 (0.13 eV) facilitated the 
hRISC from T2 to S1 (Fig. 1D, Table S2), thus alleviating the triplet 
exciton accumulation induced quenching and enabling the effective 
utilization of triplet excitons via hot exciton channel. The natural tran
sition orbitals (NTOs) of BCzP-BT (Fig. 1E) showed the LE state of T1 and 
the CT states of Sm and Tn, and the intercrossed LE and CT state of S1 as 
the particles of S1 were localized on BT and its adjacent benzene ring, 
whereas the holes were distributed on the whole skeleton. 

Characterization of BB NRs 

The BB NRs prepared by reprecipitation of BCzP-BT with poly 
(styrene-co-maleic anhydride) (PSMA) as a carboxyl-functionalized 
copolymer displayed slender rod morphologies with an average diam
eter of 27 nm and length of 180 nm (Fig. 2A and B). The BB NRs 
dispersion was light green under daylight whereas emitted bright 
yellowish green light under 365 nm UV irradiation (Fig. 2C). Compared 
with BCzP-BT, BB NRs showed a slight redshift in UV–vis absorption 

around 400 nm (Fig. 2D) due to the polarization environment of BB NRs 
in water, which reduced the transition energy [30]. Both BCzP-BT and 
BB NRs showed similar FL emission peaks at 554 nm and prompt FL 
lifetimes of about 6.7 ns (Fig. 2D and E), revealing that BB NRs inherited 
the photophysical properties from BCzP-BT. The ΦPL of BCzP-BT in 
air-saturated THF and BB NRs in water were 84.0% and 89.3% respec
tively, higher than 73.7% of the previously reported TADF Pdots [15], 
which could be attributed to the existence of HLCT state in the S1 excited 
state of BB NRs, whereas only the existence of CT state in the S1 excited 
state of TADF Pdots. 

Annihilation and coreactant ECL behaviors of BB NRs 

Annihilation ECL experiments were conducted to examine the sta
bility of radical intermediates of BB NRs. In N2-saturated PBS, the cyclic 
voltammogram (CV) of BB NRs modified glassy carbon electrode (GCE) 
showed an oxidation peak at + 0.95 V due to the oxidation of Cz and a 
reduction peak at − 1.45 V due to the reduction of BT, which resulted in 
a weak ECL emission at + 1.05 V when the potential was scanned 
anodically first (Fig. 3A, curve a) and relatively strong ECL emissions at 
both + 1.05 V and − 2.0 V when the potential was scanned cathodically 
first (Fig. 3A, curve b), revealing the more stable reduced states of BB 
NRs. Moreover, the transient ECL emission of BB NRs occurred at 
+ 1.50 V only after the potential was stepped from − 2.0 V to + 1.5 V 
(Fig. 3B), confirming the better stability of BB NRs⋅- [31]. 

An irreversible oxidation peak of tripropylamine (TPrA) at bare GCE 
could be observed at + 0.98 V with an onset potential of + 0.57 V 
(Fig. 4A, curve a), in which TPrA⋅ radical was generated after the 
oxidation product TPrA⋅+ deprotonated. The CV of BB NRs/GCE showed 
the oxidation of BB NRs started near + 0.70 V to produce cationic 

Fig. 1. Verification the hot exciton property of BCzP-BT. (A) Normalized UV–vis absorption and FL spectra of BCzP-BT in different solvents. (B) Plot of Stokes shift 
(va-vf) for BCzP-BT vs orientation polarization (Δf) of solvent. (C) Transient PL decay curve of BCzP-BT in THF. (D) Excited state energy diagram of BCzP-BT, 
including the lowest ten singlet and ten triplet excited states at TD-M062x/6–31 G(d, p) level. (E) Natural transition orbitals of BCzP-BT in the first 5 singlet and 
triplet excited states (f is the oscillator strength, and the percentage represents the transition possibility). 
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radical BB NRs⋅+, which caused very weak ECL emission (Fig. 4A and B, 
curve b). In the presence of TPrA, both the oxidation peaks of TPrA and 
BB NRs were observed at BB NRs/GCE, and an intensive ECL emission 
peak occurred at + 1.07 V (Fig. 4A and B, curve c), which was ascribed 
to the radiative relaxation of excited BB NRs (BB NRs*) produced by the 
charge transfer between TPrA⋅ and BB NRs⋅+, along with the rapid 
transfer of triplet excitons to singlet state via hot exciton channel 
(Fig. 4C) [15]. In cathodic process, S2O8

2- could be reduced at GCE with a 

peak around − 1.07 V to produce the strong oxidizing SO4
⋅- and very 

weak ECL emission (Fig. 4D and E, curve a), while BB NRs/GCE showed 
an obvious reduction peak at − 1.55 V to produce BB NRs⋅- (Fig. 4D, 
curve b). In the presence of K2S2O8, BB NRs/GCE showed the overlapped 
reduction peaks of BB NRs and S2O8

2- around − 1.40 V, and an intensive 
ECL emission (Fig. 4D and E, curve c), which was due to the radiative 
decay of BB NRs* generated from the reaction between BB NRs⋅- and SO4

⋅- 

(Fig. 4F). 

Fig. 2. Characterization of BB NRs. (A) TEM and (B) AFM images of BB NRs. (C) Photographs of BB NRs dispersion under daylight (left) and 365 nm irradiation 
(right). (D) UV–vis absorption and FL spectra, and (E) transient PL decay curves of BCzP-BT and BB NRs. 

Fig. 3. Annihilation ECL behavior of BB NRs. (A) CV (top) and ECL (bottom) curves of BB NRs/GCE in N2-saturated 0.1 M pH 7.4 PBS (a) from 0 to + 1.5 and then 
− 2.0 V, and (b) from 0 to − 2.0 V and then + 1.5 V. (B) ECL transients of BB NRs/GCE in N2-saturated 0.1 M pH 7.4 PBS with steps from − 2.0 to + 1.5 V (left) and 
+ 1.5 to − 2.0 V (right). PMT: 800 V. 
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As the precursor of BB NRs, BCzP-BT showed an oxidation peak at 
+ 1.38 V in tetrahydrofuran containing 0.1 M tetra-n-butyl-ammonium 
perchlorate (Fig. S4A), which resulted in the ECL emission peaked at 
+ 1.08 V in the presence of 10 mM TPrA (Fig. S4B), which showed 
another oxidation peak at + 1.15 V, demonstrating the potential of 
BCzP-BT as a novel ECL emitter. Compared with BB NRs/GCE (Fig. 4B, 
E), the BCzP-BT/GCE displayed much weaker anodic and cathodic ECL 
emissions (Fig. S4C-F), demonstrating that the reprecipitation method is 
an effective strategy to improve the hydrophilicity of synthesized BB 
NRs and alleviate the quenching effect of oxygen towards triplet exci
tons, and thus enhancing the ECL intensity of hot exciton materials. 

ECL route and efficiency of BB NRs 

The anodic and cathodic ECL emission peaks of BB NRs at 560 nm 
were well matched with the FL emission peak (Fig. S5A), inferring that 
the ECL and FL processes of BB NRs shared the same excited state pro
duced via band gap transition [32]. The CV of BB NRs in N2-saturated 
THF (Fig. S5B) displayed an oxidation peak and two consecutive 
reduction peaks in positive potential range due to the presence of two 
terminal Cz groups, while the two electron-withdrawing imine bonds 
(C––N) in BT group led to two reduction peaks in negative potential 
range [33,34]. The simulated highest occupied molecular orbital 
(HOMO) was distributed on the entire conjugated skeleton, whereas the 

Fig. 4. Coreactant ECL behavior of BB NRs. (A) CV and (B) ECL curves of bare (a) and BB NRs modified (b,c) GCE in 0.1 M pH 7.4 PBS in absence (b) and presence (a, 
c) of 10 mM TPrA. (C) Anodic ECL mechanism of BB NRs in presence of TPrA. (D) CV and (E) ECL curves of bare (a) and BB NRs modified (b,c) GCE in 0.1 M pH 7.4 
PBS in absence (b) and presence (a,c) of 0.1 M K2S2O8. (F) Cathodic ECL mechanism of BB NRs in presence of K2S2O8. PMT: 400 V (B) and 600 V (D). 
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lowest unoccupied molecular orbital (LUMO) was centered on the BT 
and its neighboring phenyls (Fig. S5C), and the simulated energy gap 
(Eg) of 2.70 eV was a little bigger than that of 2.28 eV calculated from 
CV data and the optical gap (Es) of 2.24 eV (Table S3), suggesting the 
semiconductor feacture of BB NRs. Meanwhile, larger annihilation 
enthalpy (-ΔH) of 2.55 eV than Es (Table S3) resulted in sufficient energy 
release to generate both singlet and triplet excitons, and the excitons at 
high-lying triplet states could then transfer to S1 state via hot exciton 
pathway to achieve the radiative decay from S1 to S0. Thus the exciton 
utilization efficiency could theoretically be up to 100%, which greatly 
boosted the ECL efficiency [15]. By using 1 mM Ru(bpy)3

2+ as the 
standard, the anodic and cathodic ECL efficiencies of BB NRs in the 
presence of 10 mM TPrA or 100 mM K2S2O8 (Fig. S6) were calculated to 
be 56.7% and 24.6%, respectively (Table S4) [35], which were higher 
than those of traditional fluorescence-based Pdots [9,10,32,36,37] and 
TADF Pdots [15] (Table S5). The high anodic ECL efficiency meant that 
the BB NRs could be used as an excellent emitter for ECL imaging 
analysis. 

Construction and characterization of ECL imaging array 

To attest the application of BB NRs in ECL imaging, BHQ2-labeled 
ssDNA was covalently linked onto BB NRs to prepare the ECL probe 

(Fig. 5A), which was then coated on Au/ITO to form a “signal off” ECL 
imaging chip (Fig. 5B). Using HPV16 DNA as a target model (Table S6), 
the “signal on” ECL imaging chip could be obtained for target-related 
signal collection after HPV16 DNA activated CRISPR/Cas12a was 
dropped on the chip to release BHQ2 from BB NRs. The presence of 
deposited Au layer could greatly improve both the electrochemical and 
ECL behaviors of BB NRs on ITO (Fig. S7) [38]. The successful prepa
ration of BB NRs-DNA was confirmed by UV–vis absorption spectra, 
which showed both the absorption peaks of BB NRs and the character
istic absorption of DNA-BHQ2 at 260 nm and 580 nm (Fig. S8A). After 
linking DNA onto BB NRs, the Zeta potential became more negative 
(Fig. S8B). The broad absorption band of BHQ2 overlapped well with the 
FL emission peak of BB NRs (Fig. S8A), demonstrating that BHQ2 could 
quench the emission of BB NRs via resonance energy transfer. 

Electrophoretic analysis was conducted to prove the cleavage ability 
of activated CRISPR/Cas12a. Upon the recognition of Cas12a enzyme to 
the T nucleotide-rich protospacer- adjacent motif (PAM) of target 
HPV16 DNA in the presence of crRNA [39], the band of target DNA 
disappered, and the ssDNA cleavage activity of CRISPR/Cas12a was 
triggered to digest ssDNA, which resulted in the disappearance of ssDNA 
band (Fig. S9). The recovery of both FL and ECL emission after adding 
target-activated CRISPR/Cas12a to BB NRs-DNA further proved the 
ssDNA cleavage ability (Fig. S10). From the ECL intensity profiles 

Fig. 5. Fabrication of ECL imaging array and its analytical performance for HPV16 DNA detection. Schematic diagrams of (A) preparation of ECL probe, and (B) 
fabrication of ECL imaging array for detection of HPV16 DNA. (C) ECL images at different HPV16 DNA concentrations and calibration curve for HPV16 DNA 
detection. (D) Responses of the proposed imaging method to 1 nM HPV18 (a), HPV31 (b) and HPV58 (c), 100 pM HPV16 (d), and the mixture of (a-d) (e). (E) 
Recovery of different concentrations of HPV16 spiked in 10 × diluted human serum sample (n = 3). 
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(Fig. S10B), the quenching efficiency of DNA-BHQ2 to BB NRs was 
calculated to be 95.6%, while the activated CRISPR/Cas12a system 
achieved the recovery of 76.0%. The high quenching efficiency, low 
background (Fig. S10B, curve d), and strong recovery ability endowed 
the ECL imaging platform with excellent visual performance. 

Performance of ECL imaging detection of HPV16 DNA 

To realize the sensitive ECL imaging detection of HPV16 DNA, the 
concentrations of Cas12a and crRNA and the cleavage time of DNA- 
BHQ2 by the target-activated CRISPR/Cas12a were optimized to be 
50 nM, 75 nM and 40 min, respectively (Fig. S11). Under the optimal 
conditions, the ECL images became brighter as the concentration of 
HPV16 DNA increased from 1 fM to 10 nM (Fig. 5C), which showed a 
linear plot of ECL intensity integration vs the logarithm of HPV16 DNA 
concentration with a limit of detection of 0.6 fM at a signal-to-noise ratio 
of 3. Compared with other electrochemical biosensing methods for 
HPV16 DNA (Table S7), the proposed ECL imaging strategy displayed 
the widest detection range and the lowest limit of detection except one 
amperometric biosensing method [40]. Although this previously re
ported method showed a lower limit of detection, it needed an addi
tional signal amplification procedure including entropy-driven target 
recycling and hyperbranched rolling circle amplification, which was 
operated with 8 steps and about 6 h [40]. Obviously, the proposed 
method greatly simplified the operation procedure, shortened the 
analytical time, and also lowered the detection cost. 

The specificity of the proposed ECL imaging method was verified 
with 1 nM HPV18, HPV31, and HPV58 DNA as the interferents, which 
showed negligible response compared with 0.1 nM HPV16 DNA 
(Fig. 5D). The mixture of these interferents with HPV16 DNA also 
showed the same signal as that of the target alone, implying the excel
lent specificity. The application potential of this strategy was further 
examined by spiking various concentrations of HPV16 DNA into human 
serum samples. The recoveries were in the range of 97%− 109% 
(Fig. 5E). Therefore, this work provided both a highly efficient ECL 
nanoemitter and a rapid and high-throughput detection technique for 
HPV16 DNA analysis in complex biosamples. 

Conclusion 

This work has designed a hot exciton molecule BCzP-BT with ben
zothiadiazole as the acceptor and carbazole as the donor for developing 
highly efficient ECL nanoemitters. This molecule possesses HLCT excited 
state property, suppressed IC from T2 to T1, and facilitated hRISC from 
T2 to S1, leading to a ΦPL of 84.0%. Using BCzP-BT as a precursor, BB NRs 
with high exciton utilization efficiency and a ΦPL of 89.3% have been 
synthesized, which show sensitive annihilation ECL and intense cor
eactant ECL emissions with superior ΦECL over other nanoemitters. 
Benifitting from the high anodic ΦECL, a rapid and high-throughput ECL 
imaging chip has also been constructed by coating BHQ2-ssDNA linked 
BB NRs on Au/ITO and combining a target-activated CRISPR/Cas12a 
system. The proposed ECL imaging method for HPV16 DNA shows 
excellent performance with wide detection range, low limit of detection, 
simple operation and high specificity, and can be extended for other 
DNA detections by changing the target-related crRNA, demonstrating 
promising application of the hot exciton materials in ECL field. 
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