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Exciplex-forming systems that harvest triplet excitons via a triplet-to-singlet spin flip (reverse intersystem
crossing, RISC) enable thermally activated delayed fluorescence, providing a route to boost light
emission in organic light-emitting diodes. Here, we report heavy-atom-incorporated exciplexes in which

the triplet state is predominantly localized on the heavy-atom fragment, resulting in large spin—orbit
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Accepted 22nd October 2025 coupling. Through positional isomer optimization, the RISC rate constant reaches 4.9 x 10° s 7,
approximately an order of magnitude higher than in typical exciplexes. Organic light-emitting diodes
DO!: 10.1039/d55c06200d based on the optimized exciplex host achieve a maximum external quantum efficiency (EQE) exceeding

rsc.li/chemical-science 40% and exhibit low efficiency roll-off (EQE > 33% at 1000 cd m™2).
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Introduction

The spin-triplet excitons are key determinants of efficiency and
stability in organic optoelectronic devices."™ For organic emit-
ters, their triplet excitons are primarily harnessed by two
pathways: phosphorescence through radiative triplet decay,’”
or thermally activated delayed fluorescence (TADF) via reverse
intersystem crossing (RISC) from spin-forbidden triplets to
spin-allowed singlets.*** Recent developments have shown that
TADF can be realized in materials featuring twisted donor (D)-
acceptor (A) configurations,"™ or multiple-resonance (MR)
nitrogen-boron fused polycyclic frameworks.'**° In both cases,
the electron densities of the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO) can be
spatially separated by precise molecular design, thereby facili-
tating spin-flip of triplet excitons for efficient utilization.*"*
Another class of TADF materials, known as exciplexes, is
formed in donor/acceptor (D/A) blends and offers greater design
flexibility, attracting considerable industrial interest.>*** Upon
photo- or electrical excitation, D and A form an excited-state
complex in which the HOMO resides mainly on D and the
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LUMO on A, enabling through-space charge transfer and triplet-
to-singlet spin flip.>**® In such exciplex systems, however, the
lowest singlet (S;) and triplet (T,) states typically have dominant
charge-transfer (CT) character, resulting in weak spin-orbit
coupling (SOC) and consequently slow RISC;*”** reported exci-
plex TADF systems usually exhibit RISC rates (kgisc) below 10°
s71.2°32 Slow RISC prolongs triplet lifetimes and promotes
bimolecular exciton annihilation events, leading to severe effi-
ciency roll-off in exciplex-based OLEDs.**

In this context, we are driven to accelerate the triplet-to-
singlet spin flip in exciplex systems, achieving krysc of approx-
imately 4.9 x 10° s*, about an order of magnitude higher than
those typically other reported exciplexes. This RISC enhance-
ment enables excellent performance in exciplex-based OLEDs,
particularly at high brightness, surpassing state-of-the-art
TADF, phosphorescent, TADF-sensitized hyperfluorescent and
phosphorescence-sensitized hyperfluorescent OLEDs based on
exciplex-forming co-hosts. Theoretical calculations and photo-
physical studies confirm that forming localized triplet states on
heavy-atom-containing fragments, together with inducing
additional orbital angular momentum through positional
isomer optimization, drives the enhanced kgsc, S0 as to reduce
the triplet exciton concentration and minimize triplet-involved
annihilations in the emission layer, and ultimately overcome
the efficiency roll-off.

Results and discussion

Given that exciplex-forming co-hosts are based on bimolecular
donor-acceptor systems,*”** and recognizing the relatively high
electronegativity of selenium,*” we strategically incorporated
a planar five-membered selenium-containing heterocycle (di-
benzo[b,d]selenophene) into the donor moiety. To minimize the
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formation of labile bonds,*® we specifically compared meta- and
para-conjugation linkages (mSeCzCz vs. pSeCzCz, Fig. 1a) for
integrating selenium atom within the electron-donating
framework. Density functional theory calculations (Fig. S1)
indicated that mSeCzCz and pSeCzCz have similar dihedral
angles between the dibenzo[b,d]selenophene and bicarbazole
moieties (55.1° for mSeCzCz and 56.1° for pSeCzCz).

The selenium-containing donors (mSeCzCz and pSeCzCz)
were synthesized via a multi-step procedure (Scheme S1). The
synthetic route commenced with a lithium-halogen exchange
reaction, followed by hydrolysis to yield aromatic boric acids.
Chlorinated dibenzo[b,d]selenophenes, serving as key inter-
mediates, were prepared by trimethylsilyl cyanide-catalyzed
intramolecular cyclization. The final products were obtained
through the Buchwald-Hartwig coupling reaction. The chem-
ical structures were fully characterized by '"H NMR, *C NMR,
and high-resolution mass spectrometry (Fig. S2-S11). Further-
more, the single-crystal structure of mSeCzCz (Fig. S12) revealed
a twisted geometry between the peripheral dibenzo[b,d]seleno-
phene group and the bicarbazole core. Notably, the crystal
architecture displayed no significant interactions.
However, intermolecular C-H---Se interactions between the
phenyl rings of bicarbazole and a neighboring molecule's sele-
nium atom, along with multiple C-H---7 interactions between
neighboring dibenzo[b,d]selenophene and carbazole rings,
were observed. Additionally, thermogravimetric analysis

TT—TC
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(Fig. S13) demonstrated their excellent thermal stability, with
high decomposition temperatures (5% weight loss) of 420 °C
and 408 °C for mSeCzCz and pSeCzCz, respectively, making
them suitable for forming uniform films by thermal
evaporation.

To construct blue-light-emitting exciplex systems, SiTrzCz2
(9,9'-(6-(3-(triphenylsilyl)phenyl)-1,3,5-triazine-2,4-diyl)bis(9.H-
carbazole)) with high triplet energy (T; = 2.89 eV) was selected
as an electron-withdrawing component and blended with
selenium-containing donors of mSeCzCz and pSeCzCz, respec-
tively (Fig. 1a). The steady-state photophysical properties of
mSeCzCz, pSeCzCz, SiTrzCz2, and their 1:1 molar blends
(mSeCzCz:SiTrzCz2 and pSeCzCz:SiTrzCz2, abbreviated as mSe-
EX and pSe-EX) were investigated in solid films. As shown in
Fig. 1b and c, both mSeCzCz and pSeCzCz exhibited absorption
bands below 350 nm, closely matching the absorption of the
reference molecule SiCzCz (9-(3-(triphenylsilyl)phenyl)-9H-3,9'-
bicarbazole). The photoluminescence (PL) spectra of mSeCzCz
and pSeCzCz films displayed emission maxima at 386 nm and
406 nm, respectively, with the latter showing a distinct red shift
relative to SiCzCz. Interestingly, their 1:1 molar blends with
SiTrzCz2 (mSe-EX and pSe-EX) exhibited identical broad emis-
sion bands centered at 467 nm, slightly blue-shifted compared
to the control exciplex (SiCzCz:SiTrzCz2, termed Si-EX). Phos-
phorescence spectra measured at 77 K (Fig. S14) revealed T,
energies of 2.77 eV for mSeCzCz and 2.84 eV for pSeCzCz,
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Fig. 1

(a) Chemical structures of the compounds. (b) Normalized UV-visible absorption spectra (open symbols) and PL spectra (filled symbols) of

SiCzCz, SiTrzCz2, mSeCzCz and their exciplex blend mSeCzCz:SiTrzCz2 (mSe-EX). (c) Normalized UV-visible absorption spectra (open symbols)
and PL spectra (filled symbols) of SiCzCz, SiTrzCz2, pSeCzCz and their exciplex blend pSeCzCz:SiTrzCz2 (pSe-EX). (d) Transient PL decay curves
of mSe-EX, pSe-EX and the reference exciplex SiCzCz:SiTrzCz2 (Si-EX) films under excitation at 375 nm. (e) Comparison of calculated rate
constants for singlet radiative decay (k,s) and reverse intersystem crossing (krisc).
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determined from the onsets of these spectra. The broad phos-
phorescence emission band around 500 nm arises from the
cumulative contribution of multiple vibronic bands associated
with LE-state emission. As anticipated, mSe-EX and pSe-EX
films clearly exhibited prompt and delayed fluorescence
components (Fig. 1d), confirming efficient RISC within these
exciplexes. The corresponding prompt (7pg) and delayed (tpg)
lifetimes of mSe-EX (58.5 ns/0.3 us) and pSe-EX (72.0 ns/0.4 pus)
were significantly shorter than those of Si-EX (186.8 ns/1.9 us),
despite similar PL quantum yields (31%, 29%, and 30% for mSe-
EX, pSe-EX, and Si-EX, respectively). Key kinetic constants,
including singlet radiative decay rate (k. s), singlet nonradiative
decay rate (kn,,s), intersystem crossing rate (kisc) and RISC rate
(krisc), were extrapolated and are summarized in Fig. 1e and
Table 1 (see SI for detailed calculation methods).*>** Notably,
mSe-EX and pSe-EX showed significantly enhanced k, s values
(3.0 x 10° s~ " and 2.9 x 10° s, respectively) relative to Si-EX
(1.3 x 10° s7"). Selenium incorporation also accelerated singlet
nonradiative contributions, including kns (5.4 x 10° s™" for
mSe-EX, 6.8 x 10° s™* for pSe-EX and 2.9 x 10° s~ for Si-EX)
and kg (6.1 x 10° s~ for mSe-EX, 3.3 x 10° s~ for pSe-EX and
1.0 x 10° s for Si-EX), resulting in similar PL quantum yields
across these exciplex systems. More importantly, mSe-EX and
pSe-EX demonstrated substantially increased kgysc values (4.9 x
10°s " and 3.1 x 10° s, respectively) compared to Si-EX (6.9 x
10° s7"), indicating that selenium integration in exciplex
systems promotes faster consumption of triplet excitons. This
trend is consistent with other selenium-containing TADF
emitters, and the kgisc values of mSe-EX and pSe-EX surpass
those of most previously reported selenium-containing TADF
molecules (typically in the order of 10°~10° s~ ).

To clarify the enhanced kg;sc in mSe-EX relative to pSe-EX, we
performed time-dependent density functional theory calcula-
tions to analyse SOC matrix elements and natural transition
orbital (NTO) distributions, with Si-EX as the reference. The
SOC matrix elements for the T; — S, transition (Fig. 2a) in mSe-
EX (3.606 cm ') and pSe-EX (3.136 cm ') were markedly higher
than that of Si-EX (0.265 cm %), corresponding to 13.6- and 11.8-
fold enhancements, respectively (Fig. 2b). NTO analysis indi-
cated charge-transfer characteristics in the S; states of all exci-
plexes (Fig. S15), while their T, states exhibited localized
excitations (Fig. 2¢). In Si-EX, the T, state primarily localized on
the benzene unit of tetraphenylsilane and the meta-connected
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a Three-state model of exciplex b SOC between S, and T,
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Fig. 2 (a) Schematic illustration of potential energy surfaces for the
ground state (black), the lowest singlet state (Sy, red), and the lowest
triplet state (T4, blue) within the exciplex. (b) Comparison of calculated
spin—orbit coupling (SOC) values between the S; and T; states for
mSe-EX, pSe-EX, and Si-EX systems. (c) Hole—electron distributions of
T, orbitals for mSe-EX, pSe-EX, and Si-EX at their optimized T;
geometries.

carbazole groups. Conversely, the T, state in pSe-EX was mainly
localized on the dibenzo[b,d|selenophene fragment, and the
selenium incorporation enhanced the SOC between T; and S;
states. Notably, for mSe-EX, the T, state extended from the di-
benzo[b,d]selenophene fragment to the meta-connected carba-
zole group via two-lobed p-orbitals. The rotational overlap of
adjacent p-orbitals generated additional orbital angular
momentum, amplifying SOC and thereby enhancing kgisc in
mSe-EX.*°

To further investigate the exciplex hosts with fast kgisc on
MR-TADF emitters, we incorporated v-DABNA as the emitter
into mSe-EX, pSe-EX, and Si-EX host matrices. PL spectra of the
doped films (Fig. S16) showed a narrow emission peak at
470 nm with a FWHM of 17 nm, confirming efficient Forster
resonance energy transfer (FRET) from the exciplex host to the
MR-TADF emitter. Time-resolved emission spectra (Fig. 3a-c)
revealed shorter delayed fluorescence lifetimes for mSe-EX:v-
DABNA (2.8 ps) and pSe-EX:v-DABNA (3.0 ps) compared to Si-
EX:»-DABNA (4.0 ps). Additionally, the delayed component

Table 1 Photophysical properties of mSeCzCz:SiTrzCz2 (mSe-EX), pSeCzCz:SiTrzCz2 (pSe-EX) and the reference exciplex SiCzCz:SiTrzCz2

(Si-EX)

Film Jp” [nm] ®p.? [%] 7,° [ns] a7 [us] kst [s7'] kard [s71] kisc? [s71] Frisc [s7]
mSe-EX 467 31 58.5 0.3 3.0 x 10° 5.4 x 10° 6.1 x 10° 4.9 x 10°
pSe-EX 467 29 72.0 0.4 2.9 x 10° 6.8 x 10° 3.3 x 10° 3.1 x 10°
Si-EX 470 30 186.8 1.9 1.3 x 10° 2.9 x 10° 1.0 x 10° 6.9 x 10°

“ Peak wavelength of the photoluminescence spectra in the film. ? Absolute photoluminescence quantum yield measured with an integration-

sphere system under an argon atmosphere. ¢
at 298 K.

intersystem crossing.

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

Lifetime of the prompt component determined from the transient photolumlnescence decay curve
4 Lifetime of the delayed component determined from the transient photoluminescence decay curve at 298 K.
singlet radiative decay. / Rate constant of singlet nonradiative decay. ¢ Rate constant of intersystem crossing.

¢ Rate constant of
" Rate constant of reverse
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Fig. 3 (a)-(c) Time-dependent emission contour maps of (a) mSe-
EX:v-DABNA, (b) pSe-EX:v-DABNA, and (c) Si-EX:v-DABNA films,
recorded between 420 and 580 nm. (d) Comparison of calculated
reverse intersystem crossing rate constants (krisc) of mSe-EX:v-
DABNA, pSe-EX:v-DABNA and Si-EX:v-DABNA films.

contribution was highest for mSe-EX:v-DABNA (91%), followed
by pSe-EX:v-DABNA (80%) and Si-EX:v-DABNA (45%). All doped
films exhibited near-unity PL quantum yields of 99% (mSe-EX:v-
DABNA), 97% (pSe-EX:-DABNA), and 99% (Si-EX:»-DABNA).
Consequently, the calculated kgsc values (Fig. 3d) were
progressively increased from 4.5 x 10° s~ (Si-EX:»-DABNA) to
1.7 x 10° s (pSe-EX:»-DABNA) and 3.9 x 10° s~' (mSe-EX:v-
DABNA). These results align closely with theoretical predic-
tions, clearly demonstrating that exciplex hosts with fast kgisc
substantially accelerate the RISC process in MR-TADF emitters.

Encouraged by the near-unity PL quantum yield and
accelerated RISC process of »-DABNA in the selenium-based

23098 | Chem. Sci, 2025, 16, 23095-23102
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exciplex hosts, we fabricated corresponding OLED devices
with the following architecture: indium tin oxide (50 nm)/
1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN, 5
nm)/4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)
benzenamine] (TAPC, 30 nm)/tris(4-carbazoyl-9-ylphenyl)
amine (TCTA, 15 nm)/Se donor (15 nm)/Se donor:SiTrzCz2:v-
DABNA (35 nm, 49.5 wt%:49.5 wt%:1 wt%)/SiTrzCz2 (15 nm)/
1-(4-(10-([1,1’-biphenyl]-4-yl)anthracen-9-yl)phenyl)-2-ethyl-
1H-benzo[d]-imidazole (ANT-BIZ, 30 nm)/lithium quinolin-8-
olate (Liq, 2 nm)/aluminium (Al, 100 nm). Specifically, for
the emitting layers, v-DABNA was co-evaporated with the mSe-
EX (mSeCzCz:SiTrzCz2) host for device A, and the pSe-EX
(pSeCzCz:SiTrzCz2) host for device B. For comparison,
a control device based on the Si-EX (SiCzCz:SiTrzCz2) host
was also prepared. In this device architecture, HATCN, TAPC
and TCTA served as hole-injection and hole-transport layers,
while ANT-BIZ and Liq functioned as the electron-transport
and electron-injection layers, respectively. Additionally, Se-
containing donors (mSeCzCz or pSeCzCz) and SiTrzCz2
acted as electron-blocking and hole-blocking layers, respec-
tively. The device structure and corresponding energy level
diagram are illustrated in Fig. 4a and b, and chemical struc-
tures of the organic materials are provided in Fig. S17. The
electroluminescence properties are summarized in Table 2.

All fabricated devices exhibited nearly identical blue
emission profiles (Fig. S18) peaking at 470 nm, with a narrow
FWHM of 17 nm, closely matching the corresponding PL
spectra obtained from thin films. This indicates complete
FRET from the exciplex hosts to the v-DABNA emitter.
According to the current density-voltage-luminance (J-V-L)
curves (Fig. 4c), device A exhibited a turn-on voltage of
approximately 3.2 V, an operating voltage of 4.2 V at a lumi-
nance of 1000 cd m~2, and a maximum luminance of 36 603
cd m~>. In comparison, device B showed a higher turn-on
voltage of approximately 3.6 V, an operating voltage of 5.0 V
at 1000 cd m ™2, and a lower maximum luminance of 33 204 cd
m 2. The EL spectra remained stable under high-brightness
(~10 000 cd m~2) or high-voltage (~8 V) for all devices, indi-
cating that the exciton recombination zone was essentially
unchanged under these operating conditions (Fig. S19).
Device A also achieved higher maximum current efficiency
(39.7 cd A™") and power efficiency (39.0 Im W) compared
with device B, which displayed maximum current and power
efficiencies of 31.1 c¢d A™' and 27.1 Im W', respectively
(Fig. 4d).

As shown in Fig. 4e, device A achieved a maximum EQE of
40.9% (average: 40.45 + 0.29%, based on the measurements
of 11 independent devices; Fig. S20), substantially exceeding
those of device B (33.7%) and the control device (34.1%). This
exceptional performance stemmed from the near-unity PL
quantum yield of the emissive layer and favorable horizontal
orientation of the transition dipole moment of v-DABNA
doped in the mSe-EX host (transition dipole moment vector S
= —0.46, Fig. 521).*” Compared to the control device, devices A
and B demonstrated significantly reduced efficiency roll-off,
resulting from enhanced SOC values between the singlet
and triplet manifolds provided by the mSe-EX and pSe-EX

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) Device architecture and energy-level diagram of OLEDs based on (a) mSeCzCz:SiTrzCz2:v-DABNA (device A) and (b)

pSeCzCz:SiTrzCz2:v-DABNA (device B). (c) Current density and luminance versus voltage (J-V-L) characteristics, and (d) current and power
efficiency versus luminance curves for device A and device B. (e) External quantum efficiency (EQE) versus luminance plots of device A, device B
and the control device. (f) Peak EQE and EQE at 1000 cd m™2 (EQE;000) plotted against the Commission Internationale de 'Eclairage y-coor-
dinate (CIE,) for representative blue OLEDs employing exciplex-forming co-hosts. Definitions and references for these OLEDs are summarized in
Table S1. TSF, TADF-sensitized fluorescence; PSF, phosphorescence-sensitized fluorescence.

hosts, which effectively suppresses triplet-involved annihila-
tion processes at high brightness levels. Notably, owing to
the stronger SOC provided by the mSe-EX host, device A
exhibited considerably lower efficiency roll-off compared to
recent blue OLEDs utilizing exciplex-forming co-host systems.
Remarkably, device A maintained an EQE of 33.6% at a prac-
tical luminance of 1000 cd m™?, surpassing those of state-of-
the-art TADF, phosphorescent, TADF-sensitized

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

hyperfluorescent and phosphorescence-sensitized hyper-
fluorescent OLEDs based on exciplex-forming co-hosts (Fig. 4f
and Table S1). These results clearly demonstrate that the
exciplex hosts with fast RISC can effectively accelerate the
RISC process in MR-TADF emitters, thereby substantially
enhancing device performance under realistic display oper-
ating conditions.
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Table 2 Summary performance of the devices

EQE° [%] CE? [ed A7) PE° [Im W]
Device Jpr” [NM] Lo’ [ed m™?] Max 1000 cd m™>  Roll-off Max 1000 cd m™> Max 1000 cd m~> FWHM [nm] CIE(x,y)
Device A 470 36 603 40.9 33.6 17.8 39.7 322 39.0 23.9 17 (0.13, 0.12)
Device B 470 33204 33.7 262 22.3 31.1 239 271 14.4 17 (0.12, 0.12)
Control 470 30511 34.1 224 34.3 35.8 23.1 40.2 16.5 17 (0.13, 0.12)

“ Electroluminescence peak wavelength recorded at 1000 cd m~2. * Maximum luminance. © Maximum external quantum efficiency, and value at
1000 cd m~2. ¢ Maximum current efficiency, and value at 1000 cd m™2 ¢ Maximum power efficiency, and value at 1000 cd m~2./ Full width at

half-maximum. ¢ CIE coordinates.

Conclusions

In summary, we have developed a heavy-atom-incorporated
exciplex with kgisc as far as 4.9 x 10° s, an order of magni-
tude higher than the typical values for exciplexes. The heavy
atom participates directly in the triplet-state orbital distribu-
tion, resulting in strong spin-orbit coupling; combined with
positional isomer optimization, this accelerates the spin-flip
process. Notably, employing this exciplex with fast RISC as
a host also enhances the kg;sc of the MR-TADF emitter to the 10°
s~ ! range. Devices employing the selenium-containing mSe-EX
host exhibited exceptional electroluminescence performance,
achieving a high EQE,,,, of 40.9% and minimal efficiency roll-
off (EQE = 33.6% at 1000 cd m?). We believe that the simple
design and in-depth structure-property relationship estab-
lished here would aid in the development of exciplex systems
with efficient spin-flip transition and benefit the electrolumi-
nescence efficiency in narrowband OLEDs.
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