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Beyond 800 nm: recent progress in high-
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Near-infrared (NIR) thermally activated delayed fluorescence (TADF) materials with emission peaks beyond
800 nm have attracted considerable attention owing to their potential applications in bioimaging, optical
communication, and night-vision technologies. However, their development remains limited by the
energy gap law, which leads to severe non-radiative decay and low external quantum efficiencies. In
recent years, researchers have broken through these bottlenecks by employing various molecular design
strategies, such as modulating charge-transfer characteristics and reducing the singlet-triplet energy
splitting. These efforts have enabled the realization of efficient TADF emission extending into the deep-
NIR region. In this review, we summarize recent advances in NIR-TADF emitters with emission maxima
beyond 800 nm, focusing on their molecular design principles, photophysical properties, and device
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1. Introduction

The near-infrared (NIR) region, encompassing wavelengths
from 700 to 2500 nm, has been the focus of significant research
interest owing to its utility in a range of applications such as
bioimaging, optical communication, night-vision technologies,
and information-secured displays."> Among various optoelec-
tronic platforms, NIR organic light emitting diodes (OLEDs)
stand out for their lightweight, flexibility, and low fabrication
cost, holding great promise for next-generation display and
sensing technologies.>®* However, conventional NIR emitters—
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performance, and discuss future perspectives for achieving high-efficiency deep-NIR OLEDs.

such as metal complexes and conjugated polymers—typically
suffer from low external quantum efficiencies (EQEs) due to
inefficient exciton utilization and severe nonradiative losses in
narrow-bandgap systems. This performance bottleneck arises
from the well-known energy gap law, which dictates that non-
radiative decay rates increase exponentially as the optical energy
gap decreases.”® Consequently, developing NIR emitters that
can retain high luminescence efficiency at long wavelengths
remains one of the most fundamental challenges in organic
photonics.

In recent years, thermally activated delayed fluorescence
(TADF) materials have emerged as a promising class of emitters
capable of overcoming the exciton utilization limit inherent to
traditional fluorescent systems.”'® By engineering a small
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singlet-triplet energy splitting (AEsr), TADF materials enable
efficient reverse intersystem crossing (RISC) from triplet to
singlet states, allowing for the effective harvesting of both
singlet and triplet excitons.” This metal-free mechanism theo-
retically affords 100% internal quantum efficiency (IQE) and
has revolutionized visible-light OLEDs, achieving record-
breaking efficiencies in blue, green, and red devices.'*?*
Extending this success into the NIR region, however, introduces
new difficulties. The narrower energy gaps required for emis-
sion beyond 800 nm significantly enhance vibrational relaxa-
tion and suppress radiative transition rates, leading to
decreased photoluminescence quantum yields (PLQYs).2*?°
Moreover, the strong charge-transfer (CT) character typically
employed to reduce AEsr often results in large reorganization
energies and pronounced structural relaxation, further
compromising emission efficiency.*** Thus, balancing CT
strength, molecular rigidity, and exciton dynamics has become
essential for designing efficient NIR-TADF materials; however,
many reported systems exhibit only spectral tails extending into
the NIR region rather than true NIR emission. Consequently,
TADF emitters with peak emission beyond 800 nm remain
exceedingly rare and represent a highly valuable research target.
Emission above 800 nm offers intrinsic advantages, including
enhanced tissue penetration, reduced light scattering, and
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minimal background autofluorescence.*® These advantages are
critical for high-contrast bioimaging and also contribute to
improved performance in optical communication, information
security, and other optoelectronic applications, as shown in
Fig. 1a.>**° Achieving efficient emission in this region, however,
is fundamentally challenging due to narrow energy gaps and the
constraints imposed by the energy gap law, which increase non-
radiative decay.

Although TADF materials hold great promise for OLED
applications, the development of NIR TADF OLEDs has pro-
gressed slowly, primarily due to the scarcity of efficient NIR
emitters. As shown in Fig. 1, a typical NIR TADF OLED shares
a layered device architecture similar to that of its visible-light
counterpart, in which holes and electrons are injected from
opposite electrodes, transported through the respective func-
tional layers, and recombined within the emission layer to
generate NIR electroluminescence. To address the intrinsic
challenges associated with long-wavelength emission and
mitigate efficiency loss, multiple molecular design strategies
have been proposed. Nevertheless, NIR-TADF materials still
suffer from pronounced efficiency and color-purity deficits
compared with visible-light emitters, particularly when the
emission wavelength extends beyond 900 nm toward the NIR-II
region.

In this review, emission beyond 800 nm is referred to as
deep-NIR, while the NIR-II region is defined as the region
encompassing wavelengths longer than 1000 nm. We organize
deep-NIR TADF emitters within a unified structural framework
that correlates chemical structure modulation and condensed
state engineering with deep-NIR emission behaviour (Fig. 2). As
illustrated, the combined regulation of molecular structures
and aggregation effectively narrows the energy gap and modu-
lates excited-state processes, thereby enabling deep-NIR emis-
sion. In contrast, the present review specifically targets deep-
NIR TADF systems, where EQE efficiency degradation
becomes particularly severe and conventional design rules often
fail. On this basis, recent progress in deep-NIR TADF materials
is critically analyzed, and perspectives are also provided to
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Fig. 1 Applications of NIR-TADF materials and corresponding OLED device architectures. (a) Summary of the various uses of NIR-TADF
materials. (b) Device structure design for NIR TADF OLEDs and OLED images.

Design Strategies

Engineering Condensed States

® Strong electron acceptors Iggreg

(e.g., BSM, BBPA,TCN) ® Controlled - stacking
® 1 -Conjugation extension onfll o Forming intermolecular
donor/acceptor fragments charge-transfer (inter-CT)
® ESIPT induced by functional

groups

Aggregation-induced emission

Fig. 2 Design strategies for deep-NIR TADF emission from the
viewpoints of chemical structures and aggregate states.

guide the future development of high-efficiency deep-NIR
OLEDs.

2. Molecular strategies, progress, and
challenges

Guided by the framework in Fig. 2, we categorize the molecular
strategies in this section into chemical structural tuning and
condensed state engineering. This classification reflects their
respective dominant roles in governing the photophysical
processes of deep-NIR TADF systems.

2.1. Design principles for NIR-TADF emitters

To circumvent the limitations imposed by the energy gap law,
precise molecular engineering is imperative. Conventional
donor-acceptor (D-A) strategies focus on finely balancing the
strength of donors and acceptors to optimize ICT while mini-
mizing AEgr. For long-wavelength TADF emitters,

© 2026 The Author(s). Published by the Royal Society of Chemistry

triphenylamine (TPA) and its derivatives are favored as donor
units due to their strong electron-donating ability, high hole
mobility, and readily tunable structures. On the acceptor side,
strong electron-withdrawing groups—such as rigid planar
heterocycles, quinoxaline derivatives, and boron-fluorine
complexes—have been extensively employed to achieve
redshifted emission, as illustrated in Fig. 3.4

In parallel to established methods, novel photophysical
mechanisms have emerged as promising routes to mitigate the
impact of the energy gap law. One such mechanism, excited-
state intramolecular proton transfer (ESIPT), operates via
a quasi-four-level system that concurrently boosts radiative
transition rates, narrows emission bands, and induces marked
redshifts, positioning it as a compelling approach for high-
efficiency NIR emitters.>® In addition, multi-resonance TADF
(MR-TADF) designs based on B-N-fused polycyclic aromatic
hydrocarbons exploit their alternating HOMO-LUMO profiles to
suppress high-frequency vibrational quenching, thereby
achieving narrowband and efficient deep-red to NIR TADF
emitters.*~** Moreover, by modulating the CT character within
these MR systems—a process enhanced by synergistic electron
coupling—further emission redshift is achievable while
preserving spectral narrowness. Collectively, although the
current EL maxima of TADF molecules derived from these
concepts remain below 800 nm, they furnish foundational
insights and substantial scope for designing next generation
NIR-TADF materials.

Consequently, the molecular design of NIR-TADF emitters
requires a careful balance between minimizing AFEg; to enable
efficient RISC and retaining fluorescence efficiency and spectral
redshift, as summarized in Fig. 2. Here, we summarize repre-
sentative single- and dual-donor TADF emitters reported in
recent studies, some of which exhibit emission peaks beyond
800 nm (Fig. 4 and 5). These examples highlight diverse
molecular strategies for extending TADF emission toward the
deep-NIR region, while also underscoring the common effi-
ciency challenges at longer wavelengths.

Chem. Sci., 2026, 17, 4863-4880 | 4865
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Fig. 3 Donor and acceptor structures, DFT-calculated LUMO energy levels of acceptors, and EL characteristics of representative deep-NIR

TADF emitters.

2.2. Single-donor-based NIR-TADF molecules

Single-donor NIR TADF emitters benefit from simplified elec-
tronic coupling, enhanced structural rigidity, and clearer
structure-property relationships, enabling effective AEgr
control while partially mitigating efficiency losses at long
emission wavelengths. Under this design paradigm, a number
of deep-NIR TADF emitters have been reported in recent years.

In 2019, Congrave, Bronstein and co-workers introduced
a simplified molecular design strategy to achieve record-
breaking NIR-TADF materials.** They developed the emitter
CAT-1 (Fig. 4a) by strategically replacing a second electron
donor in a reference D-A structure with a strongly electron-
withdrawing cyano group, forming a simple D-A dyad. This
design dramatically enhanced the intramolecular charge-
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Fig. 4 Representative examples illustrating molecular design and device performance of single-donor deep-NIR TADF emitters. (a) Molecular
structures of single-donor NIR-TADF emitters. (b) Device architecture and (c) EL spectrum of TPAAZ-based OLEDs (ref. 45). Copyright 2020 RSC.
(d) Device architecture and (e) EL spectrum of OBADC-BBPA-based OLEDs (ref. 52). Copyright 2025 Elsevier B.V.
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Fig. 5 Representative examples illustrating molecular structures and device performance of dual-donor deep-NIR TADF emitters. (a) Molecular
structures of dual-donor NIR-TADF emitters. (b) Device architecture and (c) EL spectrum of the OPDC-DTPA and OPDC-DBBPA-based OLEDs
(ref. 55). Copyright 2023 Wiley-VCH GmbH. (d) Device architecture and (e) EL spectrum of the DTPZ and DtBuTPZ-based OLEDs (ref. 56).

Copyright 2023 Wiley-VCH GmbH.

transfer strength, resulting in a remarkably redshifted PL peak
at 950 nm in a drop-cast neat film, which surpassed the previous
record for TADF-capable emitters by over 100 nm. The electro-
luminescence potential of this design was confirmed in
a preliminary undoped OLED, which exhibited an emission
peak at 904 nm - the deepest red-shifted EL reported for a TADF
device at that time. While the maximum EQE remained low at
0.019%, this work established the simple D-A dyad as a highly
effective and synthetically accessible strategy for pushing TADF
emission deep into the NIR region, opening new pathways for
future material development.

In 2020, Liang, Qiao and colleagues pioneered a strategy
utilizing intermolecular CT aggregates (CTAs) to achieve TADF
in the NIR-II region.”” They designed and synthesized the
emitter TPAAZ (Fig. 4a), featuring an enhanced acceptor unit by
embedding an additional electron-withdrawing pyrazine ring
into the structure of a previously reported molecule. The PL
emission exhibited a dramatic bathochromic shift with
increasing doping concentration, culminating in a peak at
1009 nm in the neat film, which lies within the NIR-II biological
window. Transient PL measurements of doped films confirmed
prominent TADF character, with a delayed component ratio
reaching up to 86%.

The OLED device structure fabricated using TPAAZ is shown
in Fig. 4b. The corresponding non-doped OLED based on
a TPAAZ neat film as the emitting layer successfully achieved
electroluminescence in the NIR-II region, with a peak at
1010 nm, as shown in Fig. 4c. This device represents the first
reported NIR-II TADF-OLED. While the maximum EQE
remained low at 0.003%, this seminal work provides a ground-
breaking and feasible strategy—leveraging CTAs to realize long-
wavelength NIR-II TADF emission from organic materials,

© 2026 The Author(s). Published by the Royal Society of Chemistry

opening a new avenue for their application in advanced opto-
electronics and bio-imaging.

Based on a newly developed electron-deficient acceptor BSM,
Yu et al. introduced a family of D-A-type NIR emitters exhibiting
both aggregation-induced emission (AIE) and TADF character-
istics in 2022.* The strong electron-withdrawing ability of the
BSM unit, coupled with a twisted molecular conformation,
facilitates efficient ICT, minimizes AEsy, and enables high
PLQY in the solid state. The optimal emitter, TBSMCN (Fig. 4a),
exhibits a solid-state emission peak at 820 nm with a PLQY of
10.7%. In non-doped, solution-processed OLEDs, TBSMCN
achieved an exceptional EQE of 2.2% at 804 nm, representing
state-of-the-art performance for metal-free NIR-OLEDs at the
time. A further optimized ternary device incorporating a TADF
sensitizer dramatically enhanced the EQE to 14.3% with an
emission peak at 750 nm, setting a new benchmark in this
spectral region.

Additional derivatives, including M-TBSMCN, T-TBSMCN,
and O-TBSMCN (Fig. 4a), displayed progressively red-shifted
emission at 854 nm, 868 nm, and 880 nm, with EQEs of 1.1%,
0.8%, and 0.3%, respectively. While TBSMCN offers the best
balance between efficiency and wavelength, the entire series
demonstrates the versatility of the BSMCN acceptor platform for
developing efficient OLEDs operating across the deep-NIR
range. This work underscores the powerful synergy between
AIE and TADF strategies in achieving high-performance,
solution-processable NIR electroluminescence.

Liang et al. reported the NIR-TADF emitter TCN-TPA (Fig. 4a)
in 2023, which features a planar, multi-cyano acceptor unit
combined with a triphenylamine donor.”” This design
promoted strong ICT and effective intermolecular through-
space electronic coupling in the solid state, significantly

Chem. Sci., 2026, 17, 4863-4880 | 4867
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redshifting the emission while retaining a high PLQY of up to
30.5% at 730 nm in doped films. The molecule's rigid, linear
structure also contributed to a high horizontal dipole ratio of
80%, enhancing optical outcoupling.

In fabricated OLEDs, TCN-TPA achieved widely tunable
electroluminescence from 756 nm to 841 nm by varying the
doping concentration. The devices delivered record-high EQEs
of 2.4% at 802 nm and 1.1% at 841 nm, establishing a new
benchmark for TADF-based OLEDs in the spectral region
beyond 800 nm. This work successfully demonstrates the value
of strong acceptor design and through-space coupling for
developing high-performance deep-NIR TADF emitters.

Also in the prolific research year of 2023, Wang et al
demonstrated a distinct yet equally powerful strategy for high-
performance NIR-TADF materials: terminal spiro-functionali-
zation.*® In contrast to the preceding approaches that focused
on modulating electronic structures, their design centred on
steric control of molecular packing. The emitter DCN-SPTPA
(Fig. 4a), constructed by integrating a bulky spirobifluorene-
based donor into a D-A framework, effectively suppressed
concentration quenching by increasing intermolecular
distances and steering the formation of favorable j-aggregates.
This precise management of solid-state morphology enabled
the material to retain near-unity PLQY (~100%) at 5 wt% doping
and a high value of 82.4% even at 20 wt%, all while achieving
significant bathochromic shifts.

The superior photophysical properties directly translated
into record-breaking electroluminescence across the deep-red
to NIR spectrum. Doped OLEDs based on DCN-SPTPA ach-
ieved exceptional EQEs of 36.1% at 656 nm, 29.3% at 688 nm,
28.2% at 696 nm, and 24.0% at 716 nm, outperforming the
control emitter DCN-PhTPA by a factor of 1.3-1.4. Most notably,
the non-doped device delivered efficient emission peaking at
800 nm with a state-of-the-art EQE of 2.61%, setting a new
benchmark for NIR TADF OLEDs. This work establishes
terminal spiro-functionalization as a highly effective steric-
control strategy, complementing existing electronic-design
paradigms for achieving both high efficiency and bath-
ochromic emission.

By investigating the D-m—A molecule TPATAP (Fig. 4a), Xu
et al. demonstrated in their 2024 study how strategic m-bridge
regulation plays a crucial role in achieving highly efficient NIR
emission in molecular aggregates.*” They demonstrated that
incorporating an electron-donating 7-bridge, such as thienyl, is
essential not only for inducing inter-CT character—which
reduces AEsr and activates TADF—but also for strongly
coupling the inter-CT state with the bright ICT state. This
electronic hybridization significantly enhances the radiative
decay rate while effectively suppressing non-radiative decay,
thereby overcoming the limitations imposed by the energy-gap
law in the NIR region.

As a proof of concept, the thienyl-bridged emitter TPATAP
achieved an exceptional solid-state PLQY of 18.9% at 788 nm in
a doped film. Corresponding solution-processed OLEDs deliv-
ered record-high EQE among TADF NIR-TADF emitters, reach-
ing 4.53% at 785 nm and 1.26% at 835 nm. This work
establishes m-bridge engineering as a general and effective

4868 | Chem. Sci, 2026, 17, 4863-4880
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strategy for developing high-performance NIR-TADF materials
via rational control of inter-CT and ICT interactions, opening
avenues for advanced organic optoelectronic applications.

Dai and colleagues reported the D-t-A molecules tTAP and
tBTAP (Fig. 4a) in their 2025 study, showcasing how strategic
rigidification via a benzo[b]thiophene-fused donor design,
following the established molecular engineering paradigm,
leads to unprecedented performance in the critical beyond-800
nm region.”® Unlike the previously reported m-bridge engi-
neering approach that primarily modulates electronic coupling
between inter-CT and ICT states, Dai's ring-fusion strategy
created an integrated donor/m-bridge architecture that simul-
taneously enhances conjugation, minimizes dihedral distor-
tion, and suppresses high-frequency molecular vibrations. This
multi-faceted molecular design enabled the optimized emitter
tBTAP to achieve exceptional solid-state PLQYs of 17.9% at
795 nm in doped films and 4.6% at 854 nm in neat films.

The resulting OLED performance set new benchmarks for
long-wavelength NIR-TADF devices. The doped device achieved
a record EQE of 3.64% at 796 nm, while the non-doped device
reached 1.20% EQE at 867 nm—significantly advancing the
efficiency frontier beyond 800 nm. More remarkably, the tBTAP-
based non-doped OLED exhibited exceptional operational
stability with a lifetime exceeding 2150 hours at 10 mA cm 2,
establishing the first longevity benchmark for practical NIR
OLED applications. This work establishes the benzo[b]
thiophene-fused donor architecture not merely as an alterna-
tive to m-bridge engineering, but as a superior platform for
developing efficient and operationally stable NIR TADF mate-
rials toward real-world implementation.

Also in 2025, Hu and colleagues developed a novel NIR-TADF
emitter, TPA-5CN (Fig. 4a),** by decorating a molecular frame-
work with five strongly electron-withdrawing cyano groups,
achieving an exceptionally low LUMO level of —3.80 eV. The
high cyanidation density induced significant steric hindrance,
leading to pronounced excited-state structural relaxation. This
effect resulted in a record-long PL peak at 822 nm in toluene,
though with a low PLQY of 7.7%. In contrast, the analogue TPA-
2N, designed with less-hindered N atoms, exhibited a much
smaller structural change and a higher solution PLQY of 65.9%
at 698 nm.

When doped into a CBP host, the structural relaxation of
TPA-5CN was suppressed, boosting the solid-state PLQY to 20%
and blue-shifting the emission. The corresponding doped
OLEDs delivered impressive electroluminescence in the NIR
region, achieving maximum EQE of 4.52% at 766 nm and 2.56%
at 796 nm for devices with 6 wt% and 10 wt% doping concen-
trations, respectively. These results rank among the best for
doped NIR TADF OLEDs with emission peaks approaching
800 nm. This work demonstrates the effectiveness of leveraging
excited-state structural relaxation for achieving long-wavelength
NIR emission and provides valuable insights for molecular
engineering in this challenging spectral region.

Zhou et al. developed OBADC-BBPA (Fig. 4a) through
a molecular design combining an electron-deficient benzo[de]
anthracene-2,3-dicarbonitrile core with a sterically hindered
di([1,1"-biphenyl]-4 yl)Jamino donor in 2025.°> The enlarged

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conjugated skeleton and integration of multiple electron-
deficient units resulted in a substantially lowered LUMO
energy level, a consistently small AEgr of 0.15 eV, and enhanced
TADF characteristics. The OLED device structure fabricated
with OBADC-BBPA is shown in Fig. 4d. The emitter displayed
a PL peak at 1004 nm in the neat film (Fig. 4e), entering the NIR-
II region, and achieved an EL peak at 933 nm in solution-
processed OLEDs with an EQE of 0.073%—the highest value
reported at that time for a NIR-II OLED within this spectral
window. This work illustrates a rational molecular evolution
from a single-acceptor to a multi-acceptor architecture,
successfully extending emission further into the deep-NIR while
retaining viable TADF performance.

2.3. Dual-donor-based NIR-TADF molecules

Dual-donor NIR TADF emitters provide stronger CT interactions
and greater structural flexibility, facilitating deeper spectral
redshift and small AEsy. Guided by this strategy, multiple deep-
NIR TADF emitters have been reported, albeit often accompa-
nied by increased efficiency challenges at long wavelengths.

The pioneering work by Ye, Adachi, and co-workers in 2018
yielded the first solution-processable NIR-TADF emitter—
a dimeric borondifluoride curcuminoid derivative that is
recognized as a truly prototypical NIR TADF molecule named 1
(Fig. 5a).* The molecular design, which leveraged excitonic
coupling between two curcuminoid-BF, units and incorporated
a strong electron-withdrawing acetylacetonate group at the meso
position, was strategically employed to achieve a substantial
bathochromic shift in the emission profile. In doped thin films
its PL peak exhibited a concentration-dependent redshift from
751 nm to 801 nm as the doping concentration in a CBP host
was increased from 2 to 40 wt%, successfully pushing the
emission into the deep-NIR region while retaining a measurable
PLQY of 4% even at the highest concentration.

Particularly notable were its amplified spontaneous emis-
sion (ASE) characteristics in this spectral region. The material
exhibited low-threshold ASE, with the peak wavelength tunable
from 801 to 860 nm by varying the doping concentration. A
remarkably low ASE threshold of 7.5 pJ cm™> was achieved for
the 2 wt% doped film. This work represented the first obser-
vation of ASE at wavelengths longer than 800 nm in an organic
semiconducting film, marking a significant advancement for
the development of NIR organic lasers.

In electroluminescent devices, the optimized OLED incor-
porating a 2 wt% doped emitting layer achieved a maximum
EQE of 5.1% with an emission peak at 758 nm. At a significantly
higher doping concentration of 40 wt%, the device exhibited
a distinct bathochromic shift, reaching an emission maximum
of 796 nm, albeit with a reduced EQE of 0.3%. While the most
efficient device operated with an emission maximum situated
just below 800 nm, this study successfully demonstrated the
capability of the employed molecular engineering strategy to
effectively extend the TADF emission—and, crucially, the lasing
potential of these materials—well beyond the 800 nm
threshold. These findings underscore the promising potential

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of this material design for high-performance NIR optoelectronic
applications.

By integrating strong donor and acceptor units while
leveraging through-space electronic coupling, Cheng et al. re-
ported in 2022 a highly efficient NIR-TADF emitter named
AQTC-DTPA (Fig. 5a).* The molecule features a large planar
acenaphtho[1,2-b]quinoxaline core functionalized with three
cyano groups as a strong electron-accepting unit, combined
with twisted triphenylamine donors. This design not only
promotes ICT but also enables strong intermolecular w-m
interactions with a remarkably short stacking distance of 3.33 A,
as confirmed by single-crystal analysis. These through-space
interactions effectively compensate for the interrupted intra-
molecular donor-acceptor electronic communication, signifi-
cantly reducing the energy gap and enabling emission deep into
the NIR region.

The emitter demonstrated concentration-dependent photo-
physical properties, with PLQYs ranging from 44.1% in toluene
to 1.1% in neat films, while emission wavelengths redshifted
from 636 nm to 878 nm. In optimized OLED devices, AQTC-
DTPA achieved exceptional performance in the deep-NIR
region, with maximum EQEs of 0.51% at 810 nm, 0.41% at
828 nm, 0.30% at 852 nm, and 0.23% at 894 nm - setting new
efficiency records for TADF-based OLEDs in this spectral range.
Furthermore, non-doped devices reached an emission peak at
910 nm with an EQE of 0.22%, demonstrating the effectiveness
of this molecular design strategy for developing high-
performance NIR-TADF emitters.

In 2023, Ma et al. reported a molecular design strategy
utilizing a planar, strongly electron-deficient phenalenone-
derived acceptor core, OPDC, which incorporates both
carbonyl and dicyano groups to enhance electron-withdrawing
capability and molecular rigidity.>® By coupling this acceptor
with diphenylamine (DTPA) and biphenylphenylamine (BBPA)
donors, two D-A-type TADF emitters, OPDC-DTPA and OPDC-
DBBPA (Fig. 5a), were synthesized. The strengthened acceptor
and optimized D-A interaction led to efficient spatial HOMO-
LUMO separation and small AEgp (0.15 eV and 0.09 eV,
respectively), facilitating kgisc. As shown in Fig. 5b and c, the
doped OLEDs exhibited EL peaks at 834 nm and 906 nm with
maximum EQEs of 0.457% and 0.103%, respectively, repre-
senting some of the most efficient TADF-based OLEDs in this
spectral region at the time.

Also in 2023, Xu et al. reported a novel molecular design
strategy that synergistically integrates ICT to achieve highly
efficient NIR-TADF beyond 800 nm.*® Based on a phenazine-2,3-
dicarbonitrile acceptor with a moderate LUMO level, they
developed two emitters, DTPZ and DtBuTPZ (Fig. 5a), which
retained appropriate ICT character while exhibiting unusually
high oscillator strengths of 0.237 and 0.247, respectively. This
design enabled strong ICT in aggregates through J-type packing
with extensive van der Waals interactions but negligible w-m
stacking. The resulting molecular arrangement significantly
reduced the AEgr to as low as 0.02 eV while retaining high
radiative decay rates through effective electronic coupling
between inter-CT and ICT states. As shown in Fig. 5d and e, the
optimized devices demonstrated exceptional performance with
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emission widely tunable from 807 nm to 886 nm. DTPZ-based
OLEDs achieved record-high maximum EQEs of 2.28% at
817 nm and 0.57% at 877 nm in non-doped devices, along with
remarkable radiance values up to 24.18 W Sr™" m™>. Similarly,
DtBuTPZ-based devices reached 2.34% at 807 nm, representing
state-of-the-art performance for NIR TADF OLEDs emitting
beyond 800 nm. This work establishes the concerted ICT/inter-
CT strategy as a promising approach to overcome the efficiency
limitations imposed by the energy gap law in deep-NIR regions.

Building on the active research landscape of 2023, Jiang and
colleagues introduced a molecular design strategy centered on
a rigid, strongly electron-accepting core, 2,7-bis(4-cyanophenyl)
dibenzo[a,c]phenazine-11,12-dicarbonitrile (CPDBP), to
construct two efficient NIR-TADF emitters, CPDBP-TPA and
CPDBP-DBPPA (Fig. 5a).”” The strategic incorporation of cya-
nophenyl groups extended the m-conjugation, enhanced ICT,
and promoted an optimally twisted donor-acceptor conforma-
tion. This rational design successfully balanced multiple key
photophysical parameters, endowing the emitters with minimal
AEgr (0.01-0.05 eV), high PLQYs (80-85%), large horizontal
dipole ratios and a remarkably fast kp;sc of 2.3-2.5 x 10> s~ " in
doped films.

These outstanding photophysical properties translated into
exceptional electroluminescence performance. The doped
OLED based on CPDBP-TPA achieved a state-of-the-art
maximum EQE of 30.3% at 646 nm, accompanied by notably
low efficiency roll-off (EQE remaining at 21.8% at 100 cd m™2).
Even at a higher doping concentration that red-shifted the
emission to 700 nm, the device retained a high maximum EQE
of 19.3%. Furthermore, the non-doped device incorporating
a CPDBP-TPA neat film delivered efficient NIR emission with
a maximum EQE of 1.14% peaking at 850 nm—ranking among
the best performances reported for deep-NIR TADF OLEDs. This
work underscores the efficacy of such a molecular design
paradigm in achieving high-performance NIR electrolumines-
cence with minimal efficiency roll-off.

Based on the pursuit of efficient NIR-TADF materials, a 2025
study by D'Aléo et al. established a novel donor-acceptor-donor
platform based on curcuminoid borondifluoride derivatives
(CurcBF,, Fig. 5a).%® The key design innovation lies in a distinct
TADF mechanism that relaxes the conventional requirement for
minimal spatial HOMO-LUMO overlap. Instead, this system
facilitates RISC via strong spin-orbit coupling between the
singlet and higher-lying triplet states (e.g., T,), a pathway
enabled by its unique electronic structure. Among the reported
emitters, compound 6 demonstrated the ability to retain
measurable solid-state PLQYs of 2% at 797 nm and 1% at
800 nm (at 15 and 20 wt% doping, respectively), successfully
pushing efficient emission into the deep-NIR region. This
molecular engineering directly yielded high-performance
devices, with optimized OLEDs based on compound 4 (6 wt%
in CBP) achieving a maximum EQE of 4.14% at 752 nm, while
compound 6 (15 wt% in CBP) reached a NIR emission at 797 nm
with an EQE of 0.99%. Despite the typical efficiency roll-off at
high currents, these emitters also demonstrated outstanding
low-threshold ASE tunable from 725 nm to 892 nm, with
a threshold as low as 123 pJ cm 2 This dual capability for
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efficient electroluminescence and ASE underscores the CurcBF,
platform's significant potential for integrated NIR light-
emitting and lasing applications.

Employing an innovative “two-in-one” molecular design,
Che et al. successfully integrated TADF and ESIPT characteris-
tics into a single emitter, TPA-DHAQ (Fig. 6a), in 2025.”° As
illustrated in Fig. 6a, this D-A-D structured molecule utilizes
a 1,5-dihydroxyanthraquinone core that concurrently enables
efficient TADF with a small AEgy of 0.16 eV and introduces
robust ESIPT via intramolecular hydrogen bonding. The dual-
functional design promotes triplet exciton harvesting through
RISC while establishing a four-level energy system conducive to
population inversion, resulting in a substantial Stokes shift
exceeding 150 nm. The synergistic interplay between TADF and
ESIPT offers a novel pathway to suppress triplet accumulation
and mitigate non-radiative decay, addressing pivotal challenges
in the realization of NIR organic lasing.

When doped into polystyrene microsphere resonators, TPA-
DHAQ achieves low-threshold NIR lasing at 820 nm with
a threshold of 6.3 J cm™>—among the best values reported for
organic NIR lasers. By controlling resonator size, single-mode
lasing at 796 nm was also achieved with a 13.4 pj cm™2
threshold. The TADF-ESIPT system also provides excellent
operational stability, retaining =~80% of initial intensity after
580 minutes of continuous pumping. In the OLED structure
shown in Fig. 6b, TPA-DHAQ delivers an EL peak at 745 nm and
an EQE of 0.8% (Fig. 6¢), highlighting its potential for future
electrically pumped lasers. Although the emission remains
below 800 nm, the synergistic TADF-ESIPT mechanism provides
a novel design strategy for NIR-TADF materials. This work
establishes a groundbreaking paradigm that simultaneously
addresses the high threshold and poor stability of NIR organic
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Fig. 6 Representative example illustrating ESIPT-assisted molecular
design and device performance of NIR TADF emitters. (a) Molecular
structures of TPA-AQ and TPA-DHAQ with an ESIPT scheme. (b) OLED
device architecture of TPA-DHAQ. (c) EL spectrum of TPA-DHAQ.
Reproduced from ref. 59. Copyright 2025 Wiley-VCH GmbH.
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Table 1 Summary of the photophysical properties and OLED device performances of the TADF emitters covered in this review*

Solid state Appmax/ AEL EQE.x CE PE Radiance Luminance
Emitter PLQY/<” [nm/%/us] Host Device structure (nm) (%) (cdA™) ImW™") (mWSr 'em>) (edm?)  Ref.
CAT-1 8209/2.0°/8% Non- ITO/TAPC (40 nm)/ 904 0.019 — — 0.1 — 44
887%/0.18%/—¢ doped CAT-1 (20 nm)/
TPBi (40 nm)/
LiF (1 nm)/
Al (100 nm)
TPAAZ 717°/10.7°/167.9°;  Non- ITO/HATCN (5 nm)/ 1010 0.003 — — — — 45
810//4.2/13.77 doped TAPC (60 nm)/

TCTA (5 nm)/
TPAAZ (30 nm)/
B3PVMPM (60 nm)/
LiF (1 nm)/
Al (150 nm)
TBSMCN  820/10.7/0.83 Non-doped ITO/m-PEDOT:PSS 804 217  — — 0.77 46
(70 nm)/
TBSMCN (40 nm)/
DPEPO (10 nm)/
TmPyPB (50 nm)/
Liq (1 nm)/
Al (100 nm)
M-TBSMCN  852/4.6/0.99 Non-doped ITO/m-PEDOT:PSS 862 047  — — 0.216
(70 nm)/
M-TBSMCN (40 nm)/
DPEPO (10 nm)/
TmPyPB (50 nm)/
Liq (1 nm)/Al (100 nm)
T-TBSMCN  865/4.1/0.95 Non-doped ITO/m-PEDOT:PSS 854 076  — — 0.257
(70 nm)/
T-TBSMCN (40 nm)/
DPEPO (10 nm)/
TmPyPB (50 nm)/
Liq (1 nm)/
Al (100 nm)
O-TBSMCN  932/1.7/0.52 Non-doped ITO/m-PEDOT:PSS 876  0.022 — — 0.01159
(70 nm)/
O-TBSMCN (40 nm)/
DPEPO (10 nm)/
TmPyPB (50 nm)/
Liq (1 nm)/Al (100 nm)
TCN-TPA  730%/30.5%/50.1%;  CBP ITO (115 nm)/ 802 2.4 0.06  0.03 3.5 — 47
803"/5.7"/9.6" MoO; (1 nm)/
TAPC (120 nm)/
CBP:30 wt% TCN-TPA
(20 nm)/
B3PYMPM (80 nm)/
LiF (1 nm)/Al
CBP ITO (115 nm)/ 802 2.4 0.06  0.03 3 —
MoO; (1 nm)/
TAPC (140 nm)/
CBP:30 wt% TCN-TPA
(20 nm)/
B3PYMPM (80 nm)/
LiF (1 nm)/Al
CBP ITO (115 nm)/ 838 1.2 0.01  0.01 0.7 —
MoO; (1 nm)/
TAPC (115 nm)/
CBP:50 wt% TCN-TPA
(20 nm)/
B3PYMPM (90 nm)/
LiF (1 nm)/Al
CBP ITO (115 nm)/ 841 1.1 0.01  0.01 0.7 —
MoO; (1 nm)/
TAPC (135 nm)/
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Emitter

Solid state Appmax”/

PLQY/7” [nm/%/us] Host

Device structure

AL
(nm)

EQEmax CE

(%)

(ecdA™)

PE
(Imw™)

Radiance

(mWSr'em ) (ed m™?)

Luminance

DCN-SPTPA  656°/99°/636°

TPATAP

tTAP

tBTAP

TPA-5CN

OBADC-
BBPA

834/4.1/5.1;
677'/67.1'/52.7"

865/1.8/5.49;
794%/9.7%/37.2F

854/4.6/5.18;

795%/17.9%/35.7*

751%20.0/4.34!

871//3.61/11.26

CBP

Non-doped

Non-doped

Non-doped

Non-doped

CBP

CBP

CBP

4872 | Chem. Sci., 2026, 17, 4863-4880

CBP:50 wt% TCN-TPA

(20 nm)/

B3PYMPM (90 nm)/
LiF (1 nm)/

Al

ITO (115 nm)/
MoO; (1 nm)/
TAPC (155 nm)/
CBP:50 wt%
TCN-TPA (20 nm)/
B3PYMPM (90 nm)/
LiF (1 nm)/Al
ITO/HAT-CN (5 nm)/
TAPC (45 nm)/
TCTA (10 nm)/
mCP (10 nm)/
DCN-SPTPA (40 nm)/
TmPyPB (55 nm)/
LiF (1 nm)/

Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (30 nm)/
mCP (5 nm)/
TPATAP (30 nm)/
B3PyMPM (60 nm)/
LiF/Al

ITO/HATCN (5 nm)/
TAPC (40 nm)/
mCP (5 nm)/

tTAP (20 nm)/
46DCzPPM (6 nm)/
DPPyA (80 nm)/

LiF (1 nm)/

Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (40 nm)/mCP
(5 nm)/

tBTAP (20 nm)/
46DCzPPM (6 nm)/
DPPyA (80 nm)/

LiF (1 nm)/Al (120 nm)

ITO/HAT-CN (10 nm)/
TAPC (50 nm)/

TCTA (10 nm)/
CBP:10 wt% TPA-5CN
(20 nm)/

B4PyMPM (65 nm)/
Liq (2 nm)/

Al (100 nm)
ITO/PEDOT:PSS

(40 nm)/

PVK (5 nm)/

CBP:5 wt%

OBADC-BBPA (20 nm)/

TmPyPB (40 nm)/
LiF (1.2 nm)/
Al (120 nm)

841

800

835

857

867

796

856

ITO/PEDOT:PSS (40 nm)/ 871

PVK (5 nm)/
CBP:10 wt%

OBADC-BBPA (20 nm)/

TmPyPB (40 nm)/

1.1

2.61

1.26

0.37

1.2

2.56

0.246

0.262

0.01

0.01

0.01

0.01

0.4

0.477

0.724

0.814

0.03491

0.03862

50

3.38 51
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Solid state Appmax”/
Emitter PLQY/<” [nm/%/us] Host

Device structure

AL
(nm)

EQEmaX
(%)

(ecdA™)

PE Radiance
(Im W) (mWSr'cem?)

Luminance
(cdm™?)  Ref.

CBP

CBP

Non-doped

BF2 (1) 760™/45.2™/—", CBP
801"/4.1"/—"

AQTC-DTPA 878/1.10/9.70; CBP
718719.10//7.95"

CBP

CBP

CBP

Non-doped

LiF (1.2 nm)/

Al (120 nm)
ITO/PEDOT:PSS (40 nm)/
PVK (5 nm)/

CBP:20 wt%
OBADC-BBPA (20 nm)/
TmPyPB (40 nm)/

LiF (1.2 nm)/

Al (120 nm)
ITO/PEDOT:PSS (40 nm)/
PVK (5 nm)/

CBP:40 wt%
OBADC-BBPA (20 nm)/
TmPyPB (40 nm)/

LiF (1.2 nm)/

Al (120 nm)
ITO/PEDOT:PSS (40 nm)/
PVK (5 nm)/
OBADC-BBPA (20 nm)/
TmPyPB (40 nm)/

LiF (1.2 nm)/

Al (120 nm)
ITO/PEDOT:PSS (45 nm)/
CBP:40 wt% 1 (80 nm)/
DPEPO (10 nm)/

TPBi (55 nm)/

LiF (1 nm)/

Al (100 nm)
ITO/HAT-CN (10 nm)/
TAPC (40 nm)/

TCTA (10 nm)/

CBP:60 wt%
AQTC-DTPA (20 nm)/
PO-T2T (60 nm)/

Liq (2 nm)/Al (120 nm)
ITO/HAT-CN (10 nm)/
TAPC (40 nm)/TCTA

(10 nm)/

CBP:70 wt%

AQTC-DTPA (20 nm)/
PO-T2T (60 nm)/

Liq (2 nm)/

Al (120 nm)

ITO/HAT-CN (10 nm)/
TAPC (40 nm)/TCTA

(10 nm)/

CBP:80 wt% AQTC-DTPA
(20 nm)/

PO-T2T (60 nm)/Liq

(2 nm)/Al (120 nm)
ITO/HAT-CN (10 nm)/
TAPC (40 nm)/TCTA

(10 nm)/

CBP:100 wt% AQTC-DTPA
(20 nm)/

PO-T2T (60 nm)/Liq

(2 nm)/Al (120 nm)
ITO/HAT-CN (10 nm)/
TAPC (40 nm)/TCTA

(10 nm)/AQTC-DTPA

(30 nm)/TmPyPB (60 nm)/
Liq (2 nm)/Al (120 nm)

© 2026 The Author(s). Published by the Royal Society of Chemistry

892

933

984

796

810

828

852

894

908

0.172

0.073

0.008

0.3

0.51

0.41

0.3

0.23

0.17

— 0.03906

— 0.03606

— 0.000439

— 1.0224

— 0.5471

— 0.4328

— 0.31

— 0.0915
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Solid state Appmax”/

Emitter PLQY/<” [nm/%/us] Host

A EQEmax CE PE

Device structure (nm) (%)

(cdA™) Imw)

Radiance Luminance
(mWSr'em?) (edm )  Ref.

Non-doped

OPDC-
DTPA

962/—/—;
814°/4.80°/8.00°

CBP

CBP

CBP

CBP

CBP

OPDC-
DBBPA

1003/—/—;
828°/2.22°/6.00°

CBP

CBP

4874 | Chem. Sci, 2026, 17, 4863-4880

ITO/HAT-CN (10 nm)/ 910 022  — —
TAPC (40 nm)/TCTA

(10 nm)/

AQTC-DTPA (40 nm)/

TmPyPB (60 nm)/

Liq (2 nm)/Al (120 nm)
ITO/PEDOT:PSS (40 nm)/ 824
PVK (10 nm)/

CBP:5 wt% OPDC-DTPA

(30 nm)/

DPEPO (20 nm)/

TmPyPB (45 nm)/

LiF (1.2 nm)/Al (120 nm)
ITO/PEDOT:PSS (40 nm)/ 834
PVK (10 nm)/CBP:10 wt%
OPDC-DTPA (30 nm)/

DPEPO

(20 nm)/

TmPyPB (45 nm)/

LiF (1.2 nm)/

Al (120 nm)

ITO/PEDOT:PSS (40 nm)/ 856
PVK (10 nm)/

CBP:20 wt% OPDC-DTPA

(30 nm)/

DPEPO (20 nm)/

TmPyPB (45 nm)/

LiF (1.2 nm)/

Al (120 nm)

ITO/PEDOT:PSS (40 nm)/ 874
PVK (10 nm)/

CBP:30 wt% OPDC-DTPA

(30 nm)/

DPEPO (20 nm)/

TmPyPB (45 nm)/LiF

(1.2 nm)/Al (120 nm)
ITO/PEDOT:PSS 882
(40 nm)/

PVK (10 nm)/

CBP:40 wt%

OPDC-DTPA

(30 nm)/

DPEPO

(20 nm)/

TmPyPB (45 nm)/

LiF (1.2 nm)/

Al (120 nm)

ITO/PEDOT:PSS (40 nm)/ 830
PVK (10 nm)/

CBP:5 wt% OPDC-DBBPA

(30 nm)/

DPEPO (20 nm)/

TmPyPB (45 nm)/

LiF (1.2 nm)/Al (120 nm)
ITO/PEDOT:PSS (40 nm)/ 846
PVK (10 nm)/

CBP:10 wt%

OPDC-DBBPA

(30 nm)/

DPEPO (20 nm)/

TmPyPB (45 nm)/

0.273 — —

0.457 — —

0.271 — —

0.125 — —

0.079 — —

0.354 — —

0.378 — —

0.0961 —

0.04586 — 55

0.03794 —

0.06761 —

0.06994 —

0.0597 —

0.03914 —

0.04305 —
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Solid state Appmax”/
Emitter PLQY/<” [nm/%/us] Host

Device structure

AL
(nm)

EQEmaX
(%)

(ecdA™)

PE
(Imw™)

Radiance
(mWSr em™?)

Luminance
(cdm™?)  Ref.

CBP

CBP

CBP

DTPZ 880/2.1/3.09 TPBi

DTPZ TPBi

Non-doped

DtBuTPZ 891/1.7/3.67 TPBi

TPBi

Non-doped

LiF (1.2 nm)/
Al (120 nm)

ITO/PEDOT:PSS (40 nm)/

PVK (10 nm)/
CBP:20 wt% OPDC-
DBBPA (30 nm)/
DPEPO (20 nm)/
TmPyPB (45 nm)/

LiF (1.2 nm)/Al (120 nm)
ITO/PEDOT:PSS (40 nm)/

PVK (10 nm)/

CBP:30 wt%
OPDC-DBBPA (30 nm)/
DPEPO (20 nm)/
TmPyPB (45 nm)/

LiF (1.2 nm)/Al (120 nm)
ITO/PEDOT:PSS (40 nm)/

PVK (10 nm)/

CBP:40 wt%
OPDC-DBBPA (30 nm)/
DPEPO (20 nm)/
TmPyPB (45 nm)/

LiF (1.2 nm)/

Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (30 nm)/mCP

(5 nm)/

TPBi:30 wt% DTPZ

(20 nm)/B3PyMPM

(70 nm)/LiF (1 nm)/

Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (30 nm)/

mCP (5 nm)/

TPBi:60 wt% DTPZ

(20 nm)/

B3PyMPM (70 nm)/
LiF (1 nm)/Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (30 nm)/mCP

(5 nm)/DTPZ (20 nm)/
B3PyMPM (70 nm)/
LiF (1 nm)/Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (30 nm)/

mCP (5 nm)/

TPBi:20 wt% DtBuTPZ
(20 nm)/

B3PyMPM (70 nm)/
LiF (1 nm)/Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (30 nm)/

mCP (5 nm)/

TPBi:60 wt%

DtBuTPZ (20 nm)/
B3PyMPM (70 nm)/
LiF (1 nm)/Al (120 nm)
ITO/HATCN (5 nm)/
TAPC (30 nm)/mCP

(5 nm)/DtBuTPZ (20 nm)/

B3PyMPM (70 nm)/

© 2026 The Author(s). Published by the Royal Society of Chemistry

866

882

906

817

846

877

807

850

886

0.164

0.122

0.103

2.28

1.29

0.57

2.34

1.19

0.35

0.04486

0.04815

0.04365

2.418

1.765

1.438

2.355

0.901

0.49
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Solid state Appmax”/

Emitter PLQY/<” [nm/%/us] Host Device structure

Radiance Luminance
(mWSr'em ) (ed m™?)

A EQEmax CE PE

(%) (ecdA™) Imw™) Ref.

LiF (1 nm)/

Al (120 nm)
ITO/Mo0O; (5 nm)/
TAPC (50 nm)/TCTA
(5 nm)/

CPDBP-TPA (20 nm)/
TmPyPB (60 nm)/

LiF (1 nm)/Al
ITO/MoO; (5 nm)/
TAPC (50 nm)/

TCTA (5 nm)/
CPDBP-DBPPA (20 nm)/
TmPyPB (60 nm)/

LiF (1 nm)/Al
ITO/PEDOT:PSS/
CBP:20 wt% 6/DPEPO/
TPBI/LiF/Al
ITO/HAT-CN (10 nm)/
TAPC (40 nm)/TCTA
(10 nm)/

CBP:10 wt%
TPA-DHAQ (30 nm)/
TmPyPb (45 nm)/

Liq (2.5 nm)/

Al (100 nm)

CPDBP-TPA 829/—/—;

620'/85'/17.4"

Non-doped

CPDBP-
DBPPA

842/—/—;
628'/80'/12.0

Non-doped

CucrcBF2 6 748/11.65/— CBP

TPA-DHAQ 800/0.9/0.13;

780°/5.3°/10.2¢

CBP

850 1.14 0.013 0.0088 — 43 57

856 0.59 0.0063 0.003 — 13

800 0.59 — — — — 58

745 0.8 — — — — 59

“ Conditions for photophysical and device measurements are indicated as follows: a, neat film; b, delayed fluorescence lifetime; ¢, 40 wt% in CBP; d,
evaporated neat film; e, 1 wt% in CBP; f, 10 wt% in CBP; g, 9 wt% in CBP; h, 50 wt% in CBP; i, 1 wt% in TBPi; j, mW cm2; k, 60 wt% in RH; 1, 3 wt% in

CBP; m, 2 wt% in CBP; n, 40 wt% in CBP; o, 5 wt% in CBP.

lasers, opening a promising avenue toward practical organic
laser diodes.

2.4. Theoretical design of NIR-TADF emitters

Guided by a strategic molecular design centered on the
nitrogen-substituted polycyclic aromatic hydrocarbon (PAH)
scaffold, Sahoo, Baryshnikov, and Agren in their 2025 study
conducted a comprehensive theoretical investigation into red
and NIR-TADF emitters.®® The study employed dibenzo[a,c]
picene (DBP) as a foundational core, systematically introducing
symmetric nitrogen atoms to create a series of electron-deficient
acceptors (A1-A4). This nitrogen functionalization effectively
stabilized the LUMO and narrowed the HOMO-LUMO energy
gap. These engineered acceptors were then coupled with strong
electron donors, namely dimethylcarbazole (DMCz) and di-
methyldiphenylamine (DMDPA), via para or ortho linkages to
construct 16 distinct D-A-type molecules. A key design insight
was the role of the linking position: ortho-linked isomers
consistently exhibited larger donor-acceptor dihedral angles,
which proved crucial for achieving minimal AEgy.

The theoretical calculations predicted outstanding perfor-
mance metrics for the designed emitters. The higher-order
nitrogen-substituted (4N) compounds exhibited exceptionally
small AEgr and high kgisc up to 10° s, confirming their strong
potential for efficient TADF. Specific emitters were projected to

4876 | Chem. Sci, 2026, 17, 4863-4880

achieve delayed fluorescence at distinct wavelengths: the para-
linked compound B4 was predicted to emit at 670 nm, while the
ortho-linked compounds D4 and D3 were forecasted for emis-
sion at 713 nm and 987 nm, respectively. This work establishes
symmetric nitrogen doping and ortho-linked D-A architectures
as powerful design strategies for developing efficient red and
NIR-TADF emitters, providing a valuable theoretical roadmap
for future synthetic exploration.

2.5. Device design principles for NIR TADF OLEDs

Despite the diversity of reported device architectures, the design
of NIR TADF OLEDs generally follows a set of shared principles
that aim to balance charge injection, exciton confinement, and
optical efficiency at long emission wavelengths. Based on
fabrication methods, these devices can be broadly categorized
into vapor-deposited and solution-processed configurations,
each with distinct yet related design considerations. The key
photophysical parameters, device configurations, and opto-
electronic performance of representative TADF emitters are
compiled in Table 1, highlighting the intrinsic trade-off
between emission wavelength and device efficiency in deep-
NIR TADF OLEDs and general device-level considerations
such as charge balance, exciton confinement, and suppression
of non-radiative losses.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EQE summary of the representative NIR TADF OLEDs.

For vapor-deposited NIR TADF OLEDs, efficient charge
injection and transport are typically achieved using strong hole-
injection and transport materials such as HATCN and TAPC,
which help establish balanced carrier recombination in multi-
layer architectures. In solution-processed NIR TADF OLEDs,
greater emphasis is placed on interfacial engineering and film-
forming properties. Conductive polymer layers such as
PEDOT:PSS are commonly employed to improve hole injection
and smooth the anode interface, while polymeric materials like
PVK serve as hole-transporting or host matrices that support
uniform film formation and morphological stability. Across
both fabrication routes, wide-bandgap host materials (e.g., CBP
or TBPi) play a central role in device design. These hosts are
widely adopted to ensure favorable energy-level alignment and
effective exciton confinement within the emissive layer, which is
particularly critical for NIR emitters with small bandgaps that
are prone to charge leakage and non-radiative losses.

Fig. 7 summarizes the EQEs of representative NIR TADF
OLEDs as a function of emission wavelength, clearly illustrating
the pronounced efficiency loss accompanying spectral red-
shifting into the deep-NIR region. This trend highlights the
critical role of rational device design in mitigating EL efficiency
degradation and underscores the necessity of jointly optimizing
device architecture alongside molecular design for high-
performance deep NIR TADF OLEDs.

3. Conclusion and outlook

In this review, we have summarized recent advances in deep-
NIR TADF emitters, with a particular focus on molecular
design strategies and their implications for OLED device
performance. Current advances indicate that rational acceptor
engineering—especially rigid and planar electron-withdrawing
frameworks that preserve a twisted geometry with donor
units—remains critical for achieving small AEgr and suppress-
ing non-radiative decay. Nevertheless, it should be noted that
many reported “NIR” TADF systems primarily exhibit spectral
tails extending into the NIR region rather than genuine NIR
emission. Emitters with peak wavelengths exceeding 800 nm are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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still extremely scarce, and OLEDs based on such materials
typically show modest EQEs, most commonly in the range of
~0. x% to 5%, with efficiency loss becoming more pronounced
upon further red-shifting. These limitations currently hinder
the practical application of NIR TADF OLEDs. In addition, the
majority of reported NIR-TADF emitters rely heavily on TPA or
its derivatives as donor units, while alternative donor scaffolds
remain largely unexplored. This structural bias restricts
molecular diversity and may further limit spectral extension
and performance optimization.

Recent progress has validated several effective molecular
design strategies, including the use of strong, compact accep-
tors such as pyrazine, benzo[de]anthracene-dicarbonitrile, and
B-N multiple-resonance cores; T-conjugation extension and
molecular rigidification to lower LUMO levels and suppress
vibrational modes; and multi-acceptor or delocalized architec-
tures that push emission further into the deep-NIR or NIR-II
region. Nonetheless, the field continues to face fundamental
challenges arising from the energy-gap law, enhanced vibronic
coupling, large reorganization energies of CT states, and
aggregation-induced quenching in solid films and practical
device limitations including host-guest compatibility, charge
balance, light extraction, and long-term stability.

Future research should focus on expanding donor diversity
beyond TPA-type structures, developing compact and rigid
donors with stronger electron-donating strength and better
energy-level alignment to pair with high-performance accep-
tors. Simultaneously, introducing hybrid mechanisms such as
MR and ESIPT may provide new ways to suppress high-
frequency vibrational loss while retaining narrowband emis-
sion. Furthermore, improved control of aggregation through
steric engineering and host-guest tuning, along with stan-
dardized evaluation of solid-state photophysical parameters
(film PLQY, Amax/Aonset; AEst, and ky/ky, «/krisc), will enable better
comparability across studies. On the device level, advances in
solution-processable architectures, optimized doping ratios,
and microcavity or tandem structures will further improve EQE
and operational stability.

Overall, while the chemical feasibility of deep-NIR TADF
emission has been clearly demonstrated, its practical realiza-
tion—particularly in the NIR-II region—still faces pronounced
device-level challenges. In addition to the intrinsic efficiency
loss imposed by the energy gap law, NIR-II TADF OLEDs suffer
from severe charge imbalance, inefficient exciton confinement,
enhanced non-radiative decay, and aggravated exciton-polaron
and exciton-exciton annihilation under electrical excitation.
Moreover, limited optical outcoupling efficiency and acceler-
ated device degradation caused by Joule heating further
constrain the operational stability of long-wavelength devices.
Addressing these unique challenges requires the synchronized
optimization of molecular design, exciton management, and
device engineering. Expanding the donor palette beyond TPA
derivatives, together with advances in MR/ESIPT integration,
aggregation control, and device architecture optimization, is
expected to accelerate the development of efficient, stable, and
manufacturable deep-NIR and NIR-II TADF OLEDs for next-
generation optoelectronic technologies.
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