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The development of organic light-emitting diodes (OLED) with low efficiency roll-off at high brightness still
remains a significant challenge. The hot-exciton mechanism provides a potential solution owing to its
unique high-lying reverse intersystem crossing (hRISC) with a sufficiently large rate constant. Herein, two

pyrene-based hot-exciton molecules, namely TPAPyCP and 2mTPAPyCP, were successfully designed

using triphenylamine (TPA) as donor and benzonitrile as acceptor. The planar pyrene provided multiple
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fast hRISC channels, which effectively improved the photoluminescence quantum yield (PLQY) values to

73.2% and 65.8% in neat films. A non-doped device based on TPAPYCP demonstrated a maximum
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Introduction

Organic light-emitting diodes (OLEDs) have attracted signifi-
cant interests in the fields of display and lighting due to their
potential advantages, such as flexibility, high contrast, and self-
illumination.”® The development of efficient OLEDs relies
strongly on the characteristics of the emitting materials, whose
emission mechanisms mainly include traditional fluorescence,*
phosphorescence,>® thermally activated delayed fluorescence
(TADF),*** and hot-excitons.'>"* Traditional fluorescent mate-
rials capture only 25% of singlet excitons, resulting in a upper
limitation external quantum efficiency (EQE) of 5%. Although
phosphorescent and TADF materials have shown satisfactory
efficiency, such as over 30% EQE, they are confined by serious
efficiency roll-off at high brightness because of the long-lived
triplet excitons, which are significantly constraining the
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external quantum efficiency (EQE) of 9.41% and still maintained 8.95% at a high luminance of 10 000 cd
m—2, highlighting a negligible efficiency roll-off of 4.97%.

progress of commercial OLEDs. Therefore, it is crucial to
develop high-performance and stable emitters.

Hot-exciton materials, first reported by Ma Y. and coworkers,
possess a hybridized local and charge-transfer (HLCT) excited
state. These materials can simultaneously harness the non-
radiative triplet excitons, thereby realizing 100% internal
quantum efficiency (IQE).** Furthermore, as shown in Scheme 1a,
their triplet excitons are utilized via the high-lying triplet reverse
intersystem crossing (hRISC) process to the singlet state (T,, —
Sm, n = 2, m = 1), which can be completed in a few to tens of
nanoseconds.’** The rate constant of hRISC (kngisc, 107-10% s™)
is much larger than that of RISC from T; to S; for TADF (10*-10°
s~ 1) emitters.?*?* Moreover, the fast radiative transition from S, to
So helps overcome triplet excitons accumulation. Another notable
feature of hot-exciton emitters is their unique HLCT excited-state
nature. The charge-transfer (CT) excited state effectively reduces
the energy level difference between singlet and high-lying triplet
states, thus enhancing triplet exciton utilization. The local-excited
(LE) state with overlapped frontier molecular orbitals (FMOs)
facilitates a fast radiative decay rate and high photoluminescence
quantum yield (PLQY).?>*

In recent years, the majority of studies on hot-exciton mate-
rials have focused on donor (D)-acceptor (A) or D-m-A
configurations.>?® To improve charge-carrier mobility, the
anthracene group with an alignment energy levels is suitable for
hRISC.” However, the large twisted structure between anthracene
and adjacent groups usually causes a low PLQY in the aggregate
state and a single hRISC channel.”®*** As shown in Scheme 1b, we
previously reported two hot-exciton materials with an anthracene
m-bridge, which showed a PLQY of 46.6% in neat films and
a maximum EQE of 5.9% in the non-doped device.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules lies in the minimal energy differences between
several high-lying triplet states and S,,, as well as the relatively
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and 9.28% were achieved in non-doped OLEDs, and a device
based on TPAPyCP still maintained 8.92% at a luminance of 10
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large energy gap between T; and T,, which are favourable to
intersystem crossing via multiple hRISC pathways and restrict
the T, — T; internal conversion (IC) process.** Additionally, the
incorporation of an electron-donating triphenylamine (TPA)
group enables precise modulation of m-m stacking and LE
excited states.**>* Whereas, the CT state and luminescence color
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000 cd m >, exhibiting a very low efficiency roll-off.

Results and discussion

The chemical molecular structures and the detailed synthesis
processes of TPAPyCP and 2mTPAPyCP are depicted in Scheme

Fig. 1

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) Single-crystal structure and twisted angles; (b) the - interaction and slip angle; (c) packing manners of 2mTPAPyCP.
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S1.f Two molecules were synthesized by Suzuki-Miyaura
coupling reactions. Their chemical structures were well
confirmed by 'H NMR, *C NMR, high-resolution mass spec-
troscopy, and single-crystal analysis. The detailed data and
NMR spectra are listed in ESI (Fig. S1-S5).f As shown in
Fig. S6a,f TPAPyCP and 2mTPAPyCP exhibited high thermal
stability, with decomposition temperatures (T4, corresponding
to 5% weight loss) of 460 °C and 451 °C, respectively. Addi-
tionally, high glass transition temperatures (Ty) of 109 °C and
114 °C (Fig. S6bt) were observed by studying the thermal
gravimetric (TGA) and differential scanning calorimetry (DSC)
analyses. In addition, their cyclic voltammetry (CV) testing
curves were measured (Fig. S771), indicating that the onset
oxidation (ESX) of TPAPyCP and 2mTPAPyCP were 0.97 and
0.83 V, respectively, corresponding to the highest occupied
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molecular orbital (HOMO) energy levels of —5.32 and —5.22 €V,
according to the equations in ESL

Single crystals of 2mTPAPyCP (CCDC: 2409186) were ob-
tained from a mixed solution of dichloromethane (DCM)/
methanol with a volume ratio of 1:2. Single-crystal data are
summarized in Table S11 and the crystal structure is illustrated
in Fig. 1. The X-ray single-crystal diffraction analysis reveals that
2mTPAPyCP adopts a P1 space group. The torsion angles
between pyrene and adjacent benzene rings were 44.6 and
53.6°, respectively, which were much smaller than those of hot-
exciton molecules based on anthracene.®® A head-to-tail 7w-m
stacking packing arrangement was observed between adjacent
molecules with a distance of 3.395 A and a slip angle of 46.3°,
exhibiting a J-aggregation pattern. C-H---7 interactions (2.316—
2.844 A) were found in the single-crystal packing. These
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Fig. 2 Theoretical calculations: (a) optimized molecular structures, FMO distributions, and HOMO and LUMO values; (b) NTO distributions, the
CT, LE percentages; and (c) SOC matrix elements, the first five triplet and ten singlet levels of TPAPyCP and 2mTPAPyCP.
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arrangements ensured a rigid molecular structure to enhance
PLQY and prevent concentration quenching in electrolumi-
nescence performance.

Density functional theory (DFT) calculations and time-
dependent density functional theory (TD-DFT) calculations
were performed at B3LYP/6-31G(d) level to investigate the
nature of the ground and excited states. As shown in Fig. 2a,
both TPAPyCP and 2mTPAPyCP displayed moderately twisted
molecular conformations with dihedral angles of ~50° in the
ground state, slightly larger than the corresponding angles in
single crystals. Their HOMOs were primarily located at TPA and
pyrene units, while the lowest unoccupied molecular orbitals
(LUMOs) were predominantly distributed on pyrene and ben-
zonitrile groups. The substantial overlaps between HOMO and
LUMO occurred on the planar pyrene moieties.

The natural transition orbitals (NTOs) calculations were
employed to investigate the transition characteristics of excited
states. As shown in Fig. 2b, the NTOs of TPAPyCP in S; and S,
states were characterized by the HLCT state with partly over-
lapped and partly separated NTO distributions with oscillator
strengths (f) of 0.4351 and 0.6827. While the S; of 2mTPAPyCP
presented an HLCT state with a larger f of 1.4844 and the S,
state showed an LE state feature with overlapped NTOs. Their
high-lying triplet states (T,,, m < 5) all exhibited LE-pronounced
HLCT states. The first ten triplet and singlet energy levels and
their corresponding spin-orbital coupling matrix elements
(SOC) were calculated and were shown in Fig. 2¢c. Both TPAPyCP
and 2mTPAPyCP exhibited relatively small energy differences
between S, and T,, (2 < m =< 4) states and a large SOC values.
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Consequently, multiple hRISC channels, including of T, — S,,
T; — S,, and T, — S,, were available for TPAPyCP, which can
substantially enhance the rate constant of hRISC. The S; - T
energy gaps for TPAPyCP and 2mTPAPyCP were estimated to be
0.94 and 0.56 eV, respectively, indicating that RISC processes
from T, to S; states were suppressed. Their AEy _r, values were
1.20 and 1.14 eV, suggesting that the IC processes from T, to T,
were inefficient. Hence, the large SOC and the corresponding
energy level distributions of TPAPyCP and 2mTPAPyCP implied
a hot-exciton mechanism. These results indicated that intro-
ducing pyrene as the m-bridge can not only realize HLCT char-
acteristics but also adjust LE components, f and SOC matrix
elements, which are favorable for achieving high PLQY and
facilitating the hRISC process.

The normalized ultraviolet-visible (UV-vis) absorption and
photoluminescence (PL) spectra of TPAPyCP and 2mTPAPyCP
in toluene solution (10 ~° M) and in neat films were measured
(Fig. 3a), and the corresponding data were summarized in Table
S2.f Both molecules displayed two prominent absorption
bands. The absorption peaks around 305-360 nm could be
attributed to the n-7m* transitions of the TPA group, while the
absorption bands in the range 350-450 nm were ascribed to the
m-1t* transitions of cyanobenzene and pyrene groups. The
absorption peaks in neat films showed a slight redshift relative
to that in solution. Compared with TPAPyCP, 2mTPAPyCP
showed slightly redshifted absorption spectra due to the
enhanced electron-donating ability. The maximum emission
peaks of 2mTPAPyCP and TPAPyCP in toluene solution were
observed at 478 and 488 nm and shifted to 511 and 522 nm in
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(a) PL and UV-visible absorption spectra in toluene and neat films; (b) PL spectra in different solvents (TEA: triethylamine, Tol: toluene,

DCM: dichloromethane, EA: ethyl acetate, THF: tetrahydrofuran, DMF: N,N-dimethylformamide, AC: acetone, ACN: acetonitrile, DMSO: dimethyl
sulfoxide); (c) linear fit of solvent polarities versus Stokes shift; (d) transient decay spectra in neat films of TPAPyCP and 2mTPAPyCP.
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neat films because of the compact molecular stacking in the
aggregate states. The energy gaps of 2.76 eV were determined
using the absorption onset value measured via absorption
spectra. Therefore, the LUMO energy levels can be deduced to
be —2.56 and —2.46 eV for TPAPyCP and 2mTPAPyCP, respec-
tively, according to the equation in ESI{

To characterize the ground and excited state properties of
the two molecules, the UV-vis and PL spectra of TPAPyCP and
2mTPAPyCP in solvents with different polarities were tested, as
shown in Fig. 3b and S8.f Their absorption spectra of both
molecules exhibited tiny changes with increasing polarity,
indicating that polarity had essentially no effect on the ground
state. The excited state showed high sensitivity to changes in
polarity. From low-polarity n-hexane (HEX) to high-polarity
dimethyl sulfoxide (DMSO), the emission spectra of TPAPyCP
exhibit a large redshift of 113 nm from 455 to 568 nm, while the
maximum emission peak of 2mTPAPyCP redshifted from 462 to
604 nm. Moreover, their emission spectra tended to be broad-
ened with increasing solvent polarity, indicating a strong CT
state component. The excited-state dipole moment (u.) of the S;
state can be estimated from the plot of Stokes shift (v, — vy)
against solvent polarity according to the Lippert-Mataga equa-
tion.*®* As shown in Fig. 3c, their dipole moments (u.) were
determined to be 12.1 and 13.1 D, respectively, which were
larger than those of LE emitters (<10 D), indicating CT-
dominated excited-state characters.*® The transient PL decay
curves of 2mTPAPyCP and TPAPyCP in low-polarity HEX,
medium-polarity tetrahydrofuran (THF), and high-polarity
acetonitrile (ACN) solutions were fitted to a single exponential
process with nanosecond lifetime (Fig. S9t), indicating that
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their emission originates from a single excited state. The tran-
sient PL decay curves in neat films were fitted to a double-
exponential decay lifetime (Fig. 3d) with lifetimes of 1.77/2.49
and 1.81/2.25 ns, both of which were short lifetimes, ruling
out the TADF mechanism.

The absolute PLQYs of TPAPyCP and 2mTPAPyCP in neat
films were estimated to be 73.2 and 65.8%, respectively, which
were much higher than those of many An-based hot-exciton
materials.”®*® The high PLQYs were attributed to the introduc-
tion of an intermediate pyrene, which promotes a relatively
more planar conformation. Combined with the high PLQY and
short lifetimes (7) (Table S21t), large radiative rate constant (k)
values of 2.90 x 10® and 2.05 x 10°® s' and hRISC rate
constants (knrisc) values of 9.53 x 10% and 7.19 x 10° s™" were
calculated for TPAPYyCP and 2mTPAPyCP, respectively. Notably,
the calculated k. and ky,risc were found to be of the same order
of magnitude of 10® s, indicating that the conversions
between triplet and singlet excitons of S; — S, and T,, — S
during the emission process for these two molecules were
inclined to realize a relative equilibrium.

To further evaluate the potentials of TPAPyCP and 2mTPA-
PyCP, the non-doped OLEDs were fabricated with optimized
structures of ITO/MoO; (3 nm)/NPB (40 nm)/TCTA (10 nm)/
TPAPyCP or 2mTPAPyCP (25 nm)/TPBi (45 nm)/LiF (1 nm)/Al
(100 nm) (Fig. 4a). Indium tin oxide (ITO) and aluminum
metal (Al) were used as the anode and cathode. MoO; and
lithium fluoride (LiF) were chosen as the hole-injection and
electron-injection layers. N,N'-Bis(1-naphthalenyl)-N,N'-
bisphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) and 3,5-tris(1-
phenyl-1H-benzimidazol-2-yl) benzene (TPBi) were employed as
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(a) Device structure and energy diagram; (b) EL spectra under a voltage of 5 V; (c) EQE versus luminance curves; insert: corresponding CIE

coordinates for the devices, (d) the reported maximum EQE based on hot-exciton materials with the EL emission peaks in the range of 470—

520 nm.
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Table 1 EL performances of TPAPYCP and 2mTPAPyCP based non-doped devices

Device A (nm) Von® (V) Linax (cd m™2) CEmax (cd A7) PEpax (Im W) EQEmax10000” (%) CIE (x, y) EUE (%)
TPAPyCP 496 3.3 39470 17.21 14.86 9.41/8.95 (0.21, 0.46) 64.3
2mTPAPyCP 511 2.7 29340 17.82 14.64 9.28/8.77 (0.27, 0.56) 70.5

“ Voltage at a luminance of 1 cd m® ? Maximum external quantum efficiency (EQE)/EQE at a luminance of 10 000 cd m ™2,

the hole-transport and electron-transport materials, respec-
tively. [4-(Carbazol-9-yl)phenylJamine (TCTA) was adopted for
electron-blocking layers. The synthesized TPAPyCP and
2mTPAPyCP were deposited as the emitting layers. The corre-
sponding molecular structures and the energy level diagrams of
each functional layer in non-doped devices are depicted in
Fig. 4a and S10.t

The non-doped devices of TPAPyCP and 2mTPAPyCP
demonstrated blue and green light with emission peaks at 496
and 511 nm, corresponding to the Commission Internationale
de I'Eclairage (CIE) coordinates of (0.21, 0.46) and (0.27, 0.56)
(in Fig. 4b and c), respectively, which were close to the PL
emission peaks in neat films. Notably, the EL spectra exhibited
remarkable stability with tiny changes when the operating
voltage increased from 4 to 9 V, indicating effective carrier
injection and transport (Fig. S11f). As shown in Fig. 4c,
a maximum luminance (Lpyqa) of 39470 cd m™ 2, a maximum
current efficiency (CEpay) of 17.21 ¢d A™!, a maximum power
efficiency (PEmay) Of 14.86 m W', and a maximum external
quantum efficiency (EQEqax) of 9.41% were achieved for non-
doped TPAPyCP devices. The Lyay, CEmaxy PEmax and EQEpax
of the devices based on 2mTPAPyCP were 29 340 cd m ™2, 17.82
cd A, 14.641 m W™, and 9.28%, respectively. The detailed EL
performances are listed in Table 1. As shown in Fig. 4d, their
maximum EQE were higher than those of many reported non-
doped hot-exciton devices with the maximum EL peaks in the
range of 475-520 nm,***”~** which were mainly attributed to the
improved PLQY and rapid hRISC process. It was especially
noteworthy that both devices exhibited an extremely small
efficiency roll-off. Even when the luminance reached 10 000 cd

m~2, the EQEs were still maintained at 8.95 and 8.77% with
efficiency roll-off values of 4.97 and 5.54%, respectively, which
were also much smaller than those of many reported non-doped
devices. The relatively high PLQYs, and fast and balanced &, and
knrisc rate constants contributed to significant suppression of
exciton quenching, resulting in an exceptionally low efficiency
roll-off.

The exciton utilization efficiency (EUE) of non-doped devices
based on TPAPyCP and 2mTPAPyCP were estimated to be 64.3%
and 70.5% according to the equation EQE,,x = v X @p;, X EUE
X Nouts> Where v, @pr, and 7., are the recombination efficiency
of the injected charge carriers (ideally 100%), PLQY in neat
films, and the efficiency of optical output coupling (20%).
Clearly, the EUE were beyond the upper limit of 25% for
conventional fluorescent materials, indicating that a significant
number of triplet excitons were involved in the light-emitting
process. Therefore, low-temperature fluorescence and phos-
phorescence of TPAPyCP and 2mTPAPyCP were recorded. As
shown in Fig. 5a and b, the maximum emission peaks without
any delay were located at 458 and 468 nm in 2-MeTHF solution
at 77 K, corresponding to the S; energy levels of 2.70 and
2.60 eV, respectively. No long-lived phosphorescence emission
was directly observed due to the inefficient intersystem crossing
(ISC) process from S; to T; states. To obtain their T; energy
levels of TPAPyCP and 2mTPAPyCP, the phosphorescent spectra
including of PtOEP&TPAPyCP, PtOEP&2mTPAPyCP and PtOEP
were characterized using PtOEP (T; = 1.91 eV) as sensitizer. The
new emission bands with 10 ms delayed were observed at 716
and 704 nm with a delay time of 10 ms, which were attributed to
the transition from the T, of PtOEP to the T, of emitters. So, the

(a) —rarycrr ] @) Am— 2mTPAPYCP FL | (C) T \
3
TZ *yﬂﬁj s.
— 0 —
= — TPAPYCP & PtOEP Ph 3 — 2mTPAPyCP & PtOEP | [
> > 1 T}
2 , & : I Phos
g 8 i A
k= 4 i 4 i Phos :
PtOEP PtOEP H
+ +
So
TPAPyCP / 2mTPAPyCP PtOEP
4(')0 5(')0 6(']0 7(')0 4('30 5(')0 6(')0 7(')0
Wavelength / nm Wavelength / nm
Fig. 5 (a)and (b) Fluorescence spectra of the two emitters, phosphorescence spectra with 10 ms delay of emitters & PtOEP, and PtOEP at 77 K in

2-MeTHF solution, (c) schematic diagram of the determination of triplet state (Dexter ET: Dexter energy transfer, ISC: intersystem crossing, Phos:

phosphorescent).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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T; energy levels of TPAPyCP and 2mTPAPyCP were estimated to
be 1.73 and 1.76 eV, respectively. The sensitizing mechanisms
are shown in Fig. 5c. These results demonstrated a lower T
energy level of =1.70 eV and large singlet-triplet energy gaps
(AEst) of >0.80 eV. Thus, the triplet excitons utilized in the
emission process should originate from the high-lying triplet
states.

Conclusions

In conclusion, two hot-exciton molecules of TPAPyCP and
2mTPAPyCP using pyrene as a m-bridge were designed and
synthesized. The presence of the planar pyrene group reduced
the twisted structures of emitters, enhanced thermal stability
and  provided multiple  hRISC  channels. Thus,
TPAPyCP and 2mTPAPyCP achieved the high PLQY values of up
to 73.2 and 65.8% in neat films along with a rapid radiative rate.
The T,/S; energy levels of TPAPyCP and 2mTPAPyCP were esti-
mated to be 1.73/2.70 and 1.76/2.60 eV, respectively. Non-doped
OLED devices based on TPAPyCP and 2mTPAPyCP demon-
strated EQE,,x of 9.41 and 9.28% with very low efficiency roll-
off. This study provides an effective molecular design strategy
for constructing efficient and stable hot-exciton emitters.
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