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Optimizing the energy level alignment for
achieving record-breaking efficiency in hot
exciton deep red OLEDs†

Yujie Wu,‡abc Jiasen Zhang,‡ab Deli Li,‡d Songyu Du,ab Xilin Mu,ab Chunyu Liu,ab
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To effectively compete with the quenching process in long-

wavelength regions like deep red (DR) and near-infrared (NIR), rapid

radiative decay is urgently needed to address the challenges posed by

the ‘‘energy gap law’’. Herein, we confirmed that it is crucial for hot

exciton emitters to attain a narrow energy gap (DES1–T2
) between the

lowest singlet excited (S1) state and second triplet excited (T2) state,

while ensuring that T2 slightly exceeds S1 in the energy level. Two

proofs-of-concept of hot exciton DR emitters, namely aT-IPD and bT-

IPD, were successfully designed and synthesized by coupling electron-

acceptors N,N-diphenylnaphthalen-2-amine (aTPA) and N,N-

diphenylnaphthalen-1-amine (bTPA) with an electron-withdrawing unit

5-(4-(tert-butyl) phenyl)-5H-pyrazino[2,3-b]indole-2,3-dicarbonitrile

(IPD). Both emitters exhibited a narrow DES1–T2
, with T2 being slightly

higher than S1. Additionally, both emitters showed significantly large

DET2–T1
. Moreover, due to their aggregation-induced emission char-

acteristics, J-aggregated packing modes, moderate strength intermo-

lecular CN� � �H–C and C–H� � �p interactions, and unique, comparatively

large center-to-center distances among trimers in the crystalline state,

both aT-IPD and bT-IPD emitters exhibited remarkable photolumines-

cence quantum yields of 68.5% and 73.5%, respectively, in non-doped

films. Remarkably, the corresponding non-doped DR-OLED based on

bT-IPD achieved a maximum external quantum efficiency of 15.5% at

an emission peak wavelength of 667 nm, representing the highest

reported value for hot exciton DR-OLEDs.
Introduction

Organic deep-red (DR) and near-infrared (NIR) light-emitting
materials are essential for applications of photodynamic ther-
apy, night vision technologies, optical signal processing, bioi-
maging, etc.1–5 However, the efficient development of DR/NIR
emitters encounters considerable obstacles due to their
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New concepts
The efficient development of deep-red (DR) and near-infrared (NIR)
emitters encounters considerable obstacles due to their emission
efficiency being relatively lower compared to those of visible light
emitters, despite their immense potential for various applications. One
major quenching mechanism is known as the ‘‘energy gap law’’, and this
nonradiative process experiences significant enhancement in the DR/NIR
emitters since they possess smaller emission gaps compared to visible
emitters. Fortunately, the ‘‘hot exciton’’ process provides a promising
solution to address the challenges. Herein, we confirmed that it is crucial
for hot exciton emitters to attain a narrow energy gap (DES1–T2

) between
the lowest singlet excited (S1) state and second triplet excited (T2) state,
while ensuring that T2 slightly exceeds S1 in the energy level. Two proofs-
of-concept of hot exciton DR emitters exhibited a narrow DES1–T2

, with T2

being slightly higher than S1. Additionally, both emitters showed signifi-
cantly large DET2–T1

. Moreover, due to the aggregation-induced emission
characteristics, J-aggregated packing modes, moderate strength
intermolecular CN� � �H–C and C–H� � �p interactions, and unique com-
paratively large center-to-center distances among trimers in the
crystalline state, both target emitters exhibited remarkable
photoluminescence quantum yields in non-doped films. Remarkably,
the corresponding non-doped DR-OLED achieved a maximum external
quantum efficiency of 15.5% at an emission peak wavelength of 667 nm,
representing the highest reported value for hot exciton DR-OLEDs.
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emission efficiency being relatively lower compared to those of
visible light emitters, despite their immense potential for various
applications. One major quenching mechanism is known as the
‘‘energy gap law’’,6–8 and this nonradiative process experiences
significant enhancement in the DR/NIR emitters since they
possess smaller emission gaps compared to visible emitters.

Two feasible approaches for suppressing the quenching
process and increasing the efficiency of DR/NIR emitters can
be formed and described as follows: one approach is to mini-
mize vibrational overlap as much as possible.9 To achieve this,
deuterated or fluorinated methods are used to reduce high-
frequency vibrations from C–H, O–H, and N–H stretching.
Nevertheless, despite these techniques preserving a multitude
of additional modes of vibration and their combination, the
resulting improvements are only partial or even insignificant.
The second approach involves the creation of a shallow or
repulsive potential energy surface (PES) in the ground (S0) state,
which significantly reduces quenching caused by high-frequency
vibrations.10 This type of PES can be formed in excimers/excited
oligomers, where interactions between mono-molecules are
minimal or absent in the S0 state, and excimers/excited oligo-
mers can form in excited states. Due to the repulsive-like or
shallow nature of the PES in the S0 state, the emission of
excimers is less affected by vibrational quenching. However,
such excimers have only been reported and utilized in Pt-
containing complexes with square-planar structures and are
challenging to create in typical luminous materials.6–8 Therefore,
effectively harnessing triplet excitons in pure DR/NIR emitters
while reducing nonradiative decay remains a formidable chal-
lenge that requires further investigation.

Fortunately, the ‘‘hot exciton’’ process provides a promising
solution by enhancing the rate of radiative decay, effectively
competing with the quenching process. Previous studies have
demonstrated the presence of high-energy reverse intersystem
crossing (hRISC) processes in commonly utilized fluorophores,
including isoquinoline, quinoline, naphthalene, anthracene,

and their derivatives, as well as tetraphenyl-porphyrin.11–13 In
2012, Ma et al. ingeniously employed this photophysical phe-
nomenon to design organic light-emitting materials and subse-
quently synthesized a series of novel organic electroluminescent
(EL) materials with various colors.14–16 they named this innova-
tive luminescent mechanism the ‘‘hot exciton’’ mechanism.
Novel emitters based on this principle are known as hot exciton
materials. By implementing efficient hRISC mechanisms, OLEDs
based on hot exciton materials achieved a significant enhance-
ment in the utilization efficiency of excitons (EUE).

Firstly, the breakthrough of hot excitons emitters-based
OLEDs in overcoming the spin-statistical limit of fluorescent
materials relies on the hRISC from high-lying triplet states (Tn, n Z

2) to singlet states (Sm, m Z 1). Secondly, to attain a high EUE, it
is crucial to ensure that the high-energy hRISC rate (khRISC)
from Tn to Sm significantly exceeds the rate of internal conver-
sion (kIC) from Tn to T1. According to Fermi’s golden rule,17,18

khRISC /
CSm ĤSO

�� ��CTn

� �

DESm�Tn

�����

�����

2

where, the CSm
and CTn

represent the wavefunctions of Sm and
Tn, respectively, while ĤSO represents the spin–orbit coupling
(SOC) factor. The RISC rate is inversely proportional to DESm–Tn

and directly proportional to the SOC matrix element
(hCSm

7ĤSO7CTn
i). Therefore, a high khRISC requires a strong

SOC and a small DESm–Tn
. Similarly, the rate of internal conver-

sion (kIC) can be expressed as follows,19

kIC /
CTn T̂N

�� ��CT1

� �

DETn�T1

�����

�����

2

where T̂N represents the electronic coupling factor between the
wavefunctions of T1 state (CT1

) and Tn state (CTn
), hCTn

7T̂N7CT1
i

represents the matrix element of internal conversion. There-
fore, a small electronic coupling factor (when CT1

and CTn
are

perpendicular to each other) coupled with a large DETn–T1
can

Fig. 1 (A) The chemical structures of aT-IPD and bT-IPD. (B) HOMO and LUMO, and T1 states spin-density distributions (TSDDs) of aT-IPD and bT-IPD,
respectively. (C) Calculated energy arrangement of singlet states and triplet states of aT-IPD and bT-IPD.
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effectively mitigate the kIC enabling effective competition with
ISC process. Therefore, the excited states of highly efficient hot
exciton materials should possess the following distinctive
characteristics: a significantly large DETn–T1

, a small DESm–Tn
,

and a substantial SOC between Sm and Tn states. However,
despite these requirements, the EL performance still falls
considerably behind that of OLEDs utilizing thermally activated
delayed fluorescence (TADF) and phosphorescent emitters.
Thus, it is crucial to propose a more comprehensive hot exciton
mechanism for guiding the design of highly efficient materials
and bridging this performance gap.

To address the challenges, we have developed two efficient
DR emitters, namely aT-IPD and bT-IPD, based on the hot
exciton mechanism. These emitters are synthesized by combin-
ing electron-acceptors aTPA and bTPA with an electron-
withdrawing unit IPD (Fig. 1A).20 The intelligent molecular
structures of these emitters allow for precise modulation of
their energy levels in both singlet and triplet excited states.
Both emitters exhibit significant energy gaps, with DET2–T1

approximately 0.75 eV and DES1–T1
around 0.70 eV, effectively

reducing the dissipation of triplet excitons via IC mechanism.
Furthermore, when compared to DT-IPD, both aT-IPD and bT-
IPD possess larger DET2–T1

and DES1–T1
values. As a result, aT-

IPD and bT-IPD demonstrate reduced kIC from the T2 to the T1

state as well as kISC from the S1 to the T1 state. Consequently,
aT-IPD and bT-IPD achieve high photoluminescence quantum
yields (FPLQYs) of 68.5% and 73.5%, respectively. Remarkably,
a groundbreaking maximum external quantum efficiency
(EQEmax) of 15.5% was achieved for non-doped DR-OLEDs
based on bT-IPD, which is the highest value among non-
doped DR-OLEDs employing the hot exciton mechanism.

Results and discussion
Identification of chemical structure and thermal stability
measurement

The detailed synthetic procedures of aT-IPD and bT-IPD are
summarized in the ESI.† The synthesis of the key intermediate
8-bromo-5-(4-(tert-butyl)phenyl)-5H-pyrazino[2,3-b]indole-2,3-
dicarbonitrile (IPD-Br) can refer to the related literature.20

Target materials aT-IPD and bT-IPD were identified by
1H NMR and 13C NMR, along with mass spectra (Fig. S1–S6,
ESI†). Remarkably, both aT-IPD and bT-IPD demonstrated
excellent thermostability and morphological stability, with
decomposition temperatures of 452 and 459 1C, along with
glass transition temperatures of 144 and 152 1C, respectively
(Fig. S7, ESI†). Thus, their outstanding thermal stabilities
render them highly suitable for OLED formation via a vacuum
evaporation technique.

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) simulations

Initially, the electronic structures of aT-IPD and bT-IPD were
comprehensively investigated through DFT and TD-DFT simu-
lations to obtain a comprehensive understanding (Fig. 1B). The

highest occupied molecular orbitals (HOMOs) of aT-IPD and
bT-IPD were predominantly localized on IPD (except for the tert-
butylbenzene subunit), as well as on the benzene ring con-
nected with nitrogen-atoms exhibiting electron-donating char-
acteristics. Conversely, the lowest unoccupied molecular
orbitals (LUMOs) primarily reside on aTPA and bTPA moieties,
along with the benzene ring linked to the IPD acceptor.
Notably, the TSDDs of aT-IPD and bT-IPD significantly encom-
pass the entire IPD acceptor and the aTPA and bTPA donors,
suggesting that the T1 state for both emitters are locally
excited (LE).

To gain a more comprehensive understanding of the elec-
tronic configurations in the excited states, the natural transi-
tion orbits (NTOs) for both emitters were implemented. In the
S1 state, the dihedral angle between the IPD and aTPA/bTPA in
both emitters was relatively small (B171), resulting in a sig-
nificant overlap of holes and particles, as well as large oscillator
strength ( f ) values of 1.291 and 1.252 for aT-IPD and bT-IPD,
respectively, suggesting that their LE state character dominate
in the S1 state with minimal involvement of the charge-transfer
(CT) state. Moreover, such large f values exhibited by both
emitters are particularly advantageous for long-wavelength
luminescent materials, as they enable intense light emission
while significantly bolstering their competitive edge against
non-radiative decay processes. In the T1 state, both emitters
exhibit an even stronger LE character compared to the S1 state
due to a smaller dihedral angle.

Investigation of the photophysical properties and exciton
dynamics processes of aT-IPD and bT-IPD

In the ultraviolet-visible (UV-vis) absorption spectra, both emit-
ters display two discernible absorption bands (Fig. S10, ESI†).
The p–p* transitions of the IPD unit and adjacent benzene ring
are accountable for the main absorption peaks around 320 nm.
At the same time, the broad absorption peaks with moderate
intensities of around 480 nm are attributed to the intra-
molecular charge transfer (ICT) process from the aTPA and
bTPA donors to the IPD acceptor (Fig. S10 and Table S1, ESI†).
In the photoluminescence (PL) spectra, aT-IPD and bT-IPD
show a pronounced DR emission centered at 639 and
660 nm, respectively. Low-temperature PL and phosphorescent
spectra were obtained to determine the energy levels of S1 and
T1 in aT-IPD and bT-IPD (Fig. S11, ESI†). These experiments
resulted in significant DEST values of 0.61 eV, aligning well with
the calculated data (Table S1, ESI†). Furthermore, these find-
ings effectively exclude their TADF properties.

To further investigate the luminescence mechanism and
exciton dynamics process of aT-IPD and bT-IPD, transient PL
decay photoluminescence quantum yields (FPLQYs) were eval-
uated in their neat films (Fig. S12, ESI†). As expected, both
emitters exclusively exhibit nanosecond lifetimes (Table S1,
ESI†), while no delayed lifetimes in the microsecond range
could be detected, ruling out their TADF mechanism. Interest-
ingly, aT-IPD and bT-IPD achieved remarkably high FPLQY

values of 68.5% and 73.5%, respectively, in non-doped films.
Such high FPLQY values are exceptionally rare in the field of DR
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light, indicating the effective suppression of various exciton
quenching pathways.

To elucidate the underlying factors contributing to the
exceptional FPLQYs observed in non-doped states, as well as
the dynamics of energy transfer for both aT-IPD and bT-IPD
emitters, the singlet/triplet energy levels were evaluated using
TD-DFT calculations (Fig. 1C). It is worth noting that a remark-
able DET2–T1

of up to 0.75 eV was achieved for both emitters,
leading to a highly effective suppression of the IC process from
the T2 to the T1 state. Additionally, both emitters feature a
significant DES1–T1

value of nearly 0.70 eV, which serves to
weaken the rate of ISC (kISC). Furthermore, all the energy levels
of the higher-lying Tn states (n Z 2) were found to be elevated
compared to that of the S1 state, ensuring rapid hRISC pro-
cesses from Tn to S1. Given the small energy gap between Tn (n =
2, 3, 4) and S1 DES1–Tn

, multi-channel hRISC is anticipated,
facilitating effective utilization of excitons (Fig. 2A). In compar-
ison with DT-IPD, reported by our group the considerably
smaller DET2–T1

and DES1–T1
values of DT-IPD pose a heightened

vulnerability of undergoing IC from the T2 to the T1 state, as
well as ISC from the S1 to the T1 state. This configuration is
unfavorable for the efficient utilization of excitons (Fig. 2B). Ma
and coworkers also reported intriguing findings regarding
certain blue emitters characterized by the hot exciton mecha-
nism (Fig. 2C).13,21–25 They emphasize that maintaining an n
value lower than 4 is crucial at high-lying triplet energy levels to
prevent rapid intersystem crossing between triplet states, which
can weaken the efficiency of the Tn–S1 conversion process.23

However, according to our current research, in an emitter
predominantly governed by the hot exciton mechanism, it is
preferable for a minimal energy gap to exist between the high-
lying triplet state and S1 state (DETn–S1

, n Z 2) to occur, while
ensuring that the energy level of the T2 state slightly surpasses
that of the S1 state. This configuration enables the efficient
transfer of triplet excitons to the S1 state even during the IC
process between high energy states (Tn-T2, n 4 2). Therefore,
aT-IPD and bT-IPD exhibit a more favorable energy level
arrangement for achieving efficient exciton utilization and
contributing to exceptional EL characteristics.

Luminophores exhibiting aggregation-induced emission
(AIE) have attracted considerable attention as promising

candidates for non-doped OLED construction due to their
exceptional ability to emit bright light and significantly
enhance the PLQYs in the aggregate state.26,27 Hence, to delve
deeper into the intricate mechanisms governing the FPLQY, a
comprehensive investigation was conducted on the AIE proper-
ties in a mixture of tetrahydrofuran (THF) and water (Fig. 3A–
D). Remarkably, both aT-IPD and bT-IPD exhibit minimal
emission when the fraction of water ( fW) is below 50%. How-
ever, the photoluminescence intensities experienced a rapid
increase as the fW reached 60%, indicating a pronounced AIE
characteristic in the aggregate state.

The investigation of single crystals plays a pivotal role in
acquiring profound insights into the chemical characteristics
of materials, as well as understanding the intricate relationship
between structure and properties. Therefore, both aT-IPD and
bT-IPD crystals were successfully cultivated (Fig. 3E, F, and
Table S2, ESI†). Single-crystal analysis revealed that the inter-
layer slip angles of the two emitter is smaller than 54.71 (Fig.
S13, ESI†), thereby adopting J-aggregate stacking frameworks,
which can significantly improve the emissive properties. Nota-
bly, although the dimers in both crystal structures exhibit a
close intermolecular distance, the trimer composed of three
monomers is comparatively further apart (Fig. S14, ESI†). This
feature holds crucial importance in mitigating exciton annihila-
tion, as a considerable number of long-lived triplet excitons are
generated under electrical excitation, and exciton annihilation is
primarily governed by short-range multi-molecular processes
facilitated by the Dexter energy transfer (DET) mechanism.
Therefore, minimizing the distance between multiple molecules
effectively reduces the diffusion length of long-lived triplet
excitons, thereby mitigating the annihilation process and signifi-
cantly improving the EL performance of these molecules. Addi-
tionally, it is worth mentioning that the PLQY of aT-IPD is
marginally lower compared to that of bT-IPD, and this observa-
tion appears to be partly attributed to the arrangement of single
crystals. The formation of dimers in aT-IPD crystals induces p–p
interactions, leading to an aggregation-caused quenching (ACQ)
effect to a certain extent, consequently resulting in a reduction in
PLQY for aT-IPD (Fig. S14 and Table S1, ESI†).

The optimization of the horizontal alignment (Y) of the
emissive transition dipole moment (TDM) in OLEDs holds

Fig. 2 Schematic diagram of exciton dynamics processes for materials based on the hot exciton mechanism. (A) With an optimizing energy level
alignment. (B) With relatively small DES1–Tn

. (C) With small DES1–Tn
, n r 4. Abbreviations: F is fluorescence; IC denotes internal conversion. DF represents

delayed fluorescence.
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significant potential for enhancing light extraction efficiency
(Zout), resulting in a possible 50% improvement compared to
random TDM orientation. Therefore, actively promoting a
horizontal dipole orientation is crucial for bolstering OLEDs’
efficiency. To determine the Y of both emitters, we measured
the intensity of angle-dependent PL spectra in neat thin films
(Fig. 3G and H). Remarkably, both aT-IPD and bT-IPD mani-
fested high Y of 80% and 82%, respectively. These noteworthy

values can be attributed to the presence of rigid polycyclic
aromatic hydrocarbon acceptors and a planar molecular
framework.

OLED characteristics of aT-IPD and bT-IPD

We employ a non-doped OLED architecture to assess the EL
performance of aT-IPD and bT-IPD, with the device structure
depicted below: ITO/HAT-CN (10 nm)/TAPC (30 nm)/TCTA

Fig. 3 PL intensity of (A) aT-IPD and (B) bT-IPD. The plot of maximum emission intensity of (C) aT-IPD and (D) bT-IPD versus fW. (E) Packing arrangement
of aT-IPD with p–p stacking and intermolecular CN� � �H–C interactions. (F) Packing arrangement of bT-IPD with intermolecular CN� � �p interactions. The
angle-dependent PL intensity of (G) aT-IPD and (H) bT-IPD in neat films was measured with respect to the emission angle.

Fig. 4 (A) OLED structure, HOMO and LUMO energy diagram. (B) The material structure used in the functional layer, (C) current density (J)–voltage
curves (V)–luminance (L), (D) EQE–L curves, and (E) EL spectra of non-doped OLEDs based on aT-IPD and bT-IPD. (F) Reported representative hot
exciton DR-OLEDs.
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(5 nm)/EMLs (30 nm)/B3PyPb (70 nm)/LiF (1 nm)/Al (100 nm)
were fabricated (Fig. 4A–E, S15, and Table 1). The corres-
ponding material structure of the functional layer is shown in
Fig. 4B. The EMLs in these devices only consist of neat films of
aT-IPD and bT-IPD. The non-doped OLEDs based on aT-IPD
and bT-IPD demonstrate DR emission, with their EL spectral
peaks at wavelengths of 660 and 667 nm, respectively (Table 1).
Benefitting from optimizing energy level alignment, rapid
hRISC processes, favorable packing modes in single-crystal
structures, and high FPLQYs and Y values in non-doped films,
both aT-IPD and bT-IPD exhibit record-breaking EQEs of 13.4%
and 15.5%, respectively, in non-doped OLEDs (Fig. 4F and
Table 1).11,20,28–49

Conclusions

In summary, two new DR luminogens with hot exciton mechan-
isms have been developed facilely. Intriguingly, aT-IPD and bT-
IPD demonstrated much higher FPLQYs compared to other
emitters with hot exciton mechanisms in non-doped films.
These remarkable advantages can be ascribed to the optimized
energy level alignment of both singlet and triplet excited states,
the AIE effect, the ingenious packing mode of their single
crystals with the J-aggregate nature, moderate strength inter-
molecular CN� � �H–C and C–H� � �p interactions, and unique
comparatively large distances between trimers. It is noteworthy
that achieving a minimal energy difference between the S1 and
T2 states, while ensuring a slightly higher energy level for T2

compared to the S1 state, is crucial for hot exciton emitters.
Such considerations are essential for facilitating a more effi-
cient process of hRISC for triplet excitons. Equipped with high
FPLQYs and horizontal dipolar ratios, The DR-OLED based on
bT-IPD achieved a high EQE of 15.5% with an emission peak at
667 nm, making it the highest performing of hot exciton DR-
OLED. This research paves the way for developing highly
efficient emitters with the hot exciton mechanism.
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