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Multiple resonance (MR) thermally activated delayed fluorescence (TADF) emitters hold great potential for
fabricating high-efficiency narrowband organic light-emitting diodes (OLEDs) toward high-definition
display applications. However, their slow reverse intersystem crossing (RISC) causes strong device
efficiency roll-offs. Reported strategies to enhance the RISC rates (kgjsc) of MR-TADF emitters are based
on chemical modification of the emitters, which complicates molecular design and synthesis and easily
causes widened emission spectra. Here, by utilizing a delicately designed host—guest exciplex, the kgisc
of a MR-TADF emitter is significantly enhanced without sacrificing the narrow emission bandwidth. By
closely aligning the energy levels of the host and MR-TADF guest, the host—guest 3exciplex state is
efficiently formed, which serves as an intermediate triplet state to largely accelerate the RISC of the
guest. By embedding a S/Se heavy atom into the host, the heavy atom is directly involved in the
Sexciplex state, which markedly strengthens the spin—orbital coupling and boosts the RISC. With the
above strategy, host materials for a typical MR-TADF emitter (DtBuCzB) are designed and synthesized.

The formed host—guest exciplex significantly boosts the kgisc of DtBuCzB by over 260-fold to 2.2 x 10°
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Accepted 6th October 2025 s, while the emission color and narrow emission bandwidth are both preserved. Narrowband OLEDs

using the hosts and DtBuCzB guest show maximum external quantum efficiencies (EQEs) up to 28.7%
and EQEs at 1000 cd m™2 (EQE;000) UP to 23.3%, with the EQE 000 values being the highest among non-
sensitized narrowband OLEDs based on DtBuCzB reported so far.

DOI: 10.1039/d55c05928¢

rsc.li/chemical-science

MR-TADF emitters, such as archetypal »-DABNA and

Introduction , L2
DtBuCzB (Fig. 1), usually show low RISC rates (kgsc) (10°-10

Multiple resonance (MR) emitters have aroused tremendous
research interest for the fabrication of narrowband organic
light-emitting diodes (OLEDs) for high-definition display
applications.’™ MR emitters usually feature polycyclic aromatic
hydrocarbon frameworks embedded with electron-rich and
electron-deficient atoms/groups.*™ The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of MR emitters exhibit alternate distribu-
tions on single atoms, which narrows the emission spectrum
and meanwhile reduces the energy gap (AEsy) between the
lowest lying singlet (S;) and triplet (T;) states." The reduced
AEgy triggers reverse intersystem crossing (RISC) and thermally
activated delayed fluorescence (TADF),"* which enables utili-
zation of both singlet and triplet excitons in OLEDs, leading to
highly efficient narrowband emissive devices.”™
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s™'), which cause strong accumulation of triplet excitons in
OLEDs and severe device efficiency roll-offs.®” Sensitized
narrowband OLEDs are fabricated by adding sensitizers into the
emissive layers to reduce the efficiency roll-offs,*® which
however require ternary co-evaporation, complicating the
device fabrication. Tremendous efforts have thus been devoted
to directly accelerating the RISC of MR-TADF emiitters by either
reducing the AEsy or strengthening the spin-orbital coupling
(SOC) between the singlet and triplet states, as illustrated in
Fig. 1.'"™ Extension of the MR framework reduces the AEgy
(Fig. 1a),'*?* while integration of heavy atoms (such as S, Se or
heavy metal atoms) into the emitters strengthens the SOC
(Fig. 1b).****2¢4° peripheral decoration of MR-TADF emitters
with donor/acceptor groups can reduce the AEgr or introduce
higher-lying long-range charge-transfer triplet states (*LRCT)
into the emitters (Fig. 1c).'*****~** Importantly, the introduced
*LRCT state largely accelerates the RISC of the MR-TADF core by
serving as a critical intermediate triplet state, due to the rational
SOC between the *LRCT state and the short-range charge-
transfer singlet state ("SRCT) of the MR-TADF core.** So far,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Strategies to significantly enhance the kgisc values of MR-TADF emitters: (a) MR extension, (b) heavy atom integration, (c) peripheral
donor/acceptor decoration, and (d) acceleration of RISC by a host—guest exciplex. Peak emission wavelength (ip;) and FWHM of the emitters
doped in films were quoted, except for VTCzBN, BNSeSe, Se-SFBN, TRZCzPh-BNCz and CzBN3, the Ap, and FWHM of which were recorded in

toluene solution.

reported strategies to significantly enhance the kgsc values of
MR-TADF emitters have been focused on molecular engineering
of the emitters, which complicates molecular design and
synthesis and easily causes red-shifted emission with widened
emission spectra (Fig. 1a-c).">"* Significantly accelerating the
RISC of MR-TADF emitters with a facile, efficient strategy while
maintaining the narrowband emission has remained a formi-
dable challenge.

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

The >exciplex state formed between a host and a MR-TADF
guest has intrinsic LRCT nature, which could potentially
accelerate the RISC of the MR-TADF guest by serving as an
intermediate triplet state. This external perturbation strategy
does not require molecular engineering of the MR-TADF emitter
and could preserve the narrowband emission. Utilizing a host-
guest “exciplex as an intermediate triplet state promises to be
a facile, efficient strategy to largely boost the kgysc of a MR-TADF
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emitter. However, significantly boosting the kg;sc of a MR-TADF
emitter to the high level of 10°~10° s™* by a host-guest exciplex
has so far not been demonstrated, let alone reducing the device
efficiency roll-offs by a host-guest exciplex. Here, using a deli-
cately designed host-guest exciplex, the kgisc of a typical MR-
TADF emitter is significantly boosted to 10°-10° s, which
translates into markedly suppressed device efficiency roll-offs.
As illustrated in Fig. 1d, by closely aligning the HOMO levels
of the host and MR-TADF guest, the host-guest ‘exciplex/*
exciplex states are efficiently formed, with the Jexciplex state
acting effectively as an intermediate triplet state to accelerate
the RISC of the MR-TADF guest.”””*” Moreover, by embedding
a heavy atom into the host, the heavy atom is directly involved in
the ®exciplex state, which largely strengthens the SOC between
the *exciplex and "SRCT states and thus remarkably boosts the
RISC. With this strategy, three donor-type host units, IPXZ, IPTZ
and IPSeZ (Fig. 1d), are designed and synthesized, the HOMO
levels of which approach that of a typical MR-TADF emitter,
DtBuCzB. S and Se heavy atoms are embedded into IPTZ and
IPSeZ, respectively. Notably, the exciplex formed between IPSeZ
and DtBuCzB boosts the kg;sc of DtBuCzB by over 260-fold to 2.2
x 10° s7', while the emission color and narrow emission
bandwidth are both preserved. Theoretical calculations and
experimental work both show that the external heavy atom
effect of the host plays a minor role, while the host-guest
exciplex plays a key role, in significant acceleration of the RISC.
Three host materials, CAZ-Ph-IPXZ, CAZ-Ph-IPTZ and CAZ-Ph-
IPSeZ (Fig. 1d), are designed and synthesized by incorporating
the host units. Narrowband OLEDs using the hosts and
DtBuCzB guest show maximum external quantum efficiencies
(EQEs) up to 28.7% and EQEs at 1000 cd m~> (EQE;0e0) Up to
23.3%, with the EQE;4 values being the highest among non-
sensitized narrowband OLEDs based on DtBuCzB (reported
EQE; 00 < 15.7%) (Table S1).

Results and discussion
Theoretical calculations

Theoretical calculations were conducted for the [host unit:
DtBuCzB] combinations with density functional theory (DFT) at
the M062X/6-31G* level. Fig. S1 shows the optimized geometries
for the [host unit: DtBuCzB] combinations with a face-to-face
configuration and surface distributions of frontier molecular
orbitals. The host unit can pack parallelly and closely to
DtBuCzB, because of the electron-rich and partially electron-
deficient character of the host unit and DtBuCzB, respec-
tively.®® For the optimized [host unit: DtBuCzB], the LUMO is
delocalized over DtBuCzB, whereas the HOMO and HOMO-1 are
delocalized over the host unit and DtBuCzB, respectively (Fig.
S1). The HOMO-1 and LUMO show alternate distributions on
single atoms over DtBuCzB, in agreement with the MR nature of
DtBuCzB.*” The HOMO and HOMO-1 show small energy
differences (within 0.2 eV), which suggests that electron transfer
within DtBuCzB (HOMO-1 — LUMO) and that from the host
unit to DtBuCzB (HOMO — LUMO) could both occur in the
excited state, with the former and latter corresponding to the
formation of SRCT and exciplex states, respectively.

21070 | Chem. Sci., 2025, 16, 21068-21078
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Time-dependent DFT calculations were further conducted
on the optimized [host unit: DtBuCzB] at the M062X/6-31G*
level. Table S2 summarizes the characteristics of the S; and T,
states. Natural transition orbital (NTO) analysis was performed
to analyze the character of excited states. Fig. 2a shows the NTO
analysis for the S;, S,, T; and T, states and that for the T; and T,
states is presented in Fig. S2. Fig. 2b depicts the character and
energy levels of low-lying singlet and triplet states as well as the
SOC matrix elements (SOCMEs) between the S; and low-lying
triplet states. For the [host unit: DtBuCzB] combinations, the
S, states are assigned as the 'SRCT states formed within
DtBuCzB, whereas the S, states are assigned as the 'exciplex
states formed between the host units and DtBuCzB, which are
located energetically above the S; states by 0.10-0.14 eV
(Fig. 2b). The T, states are assigned as the *SRCT states. The T,
states are a mixture of *exciplex state and localized *m-m* (*LE)
state of the host unit or DtBuCzB. The T; and T, states are the
3LE states of the host unit or DtBuCzB or a mixture of them. As
shown in Fig. 2b, the low-lying triplet states in a single DtBuCzB
include one *SRCT state (T;) and two °LE states (T, and Tj),
which correspond to the *SRCT state (T;) and the *LE states (T
and T,) in [host unit: DtBuCzB], respectively. The T, state
(Pexciplex) in [host unit: DtBuCzB] thus stands out as a unique
intermediate triplet state between the "SRCT and *SRCT states
to accelerate the RISC.

For [IPXZ: DtBuCzB], the S, and T, states show the same SRCT
character and the SOCME between them (SOCME; 1)
(0.06 cm™") is small, whereas the S; and T, states show different
electronic character and the SOCME between them (SOCMEg )
increases to 0.16 cm ™', which obeys El-Sayed's rule.*® For [IPTZ:
DtBuCzB] and [IPSeZ: DtBuCzB], the SOCMEg r, values increase
to 0.09 and 0.63 cm ', respectively, as compared to that
(0.06 cm™ ') of [IPXZ: DtBuCzB]. Such an increase of SOCME; . is
ascribed to the external heavy atom effect of the host, which
works by through-space heavy atom-emitter interactions and
requires no direct involvement of the heavy atom in related
excited-states.****** For [IPTZ: DtBuCzB] and [IPSeZ: DtBuCzB],
the SOCMEg _r, values largely increase to 0.44 and 3.78 em ™,
respectively, as compared to that (0.16 cm™") of [IPXZ: DtBuCzB].
On one hand, the SOC between the S; and T, states with different
electronic character is permitted.” On the other hand, the S/Se
heavy atoms embedded in the host units are directly involved
in the T, states (*exciplex), which markedly contribute to the SOC
between the S; and T, states. As shown in Fig. 2b, the T, states in
[host unit: DtBuCzB], with rational SOC with the S; states, serve
as important intermediate triplet states to accelerate the RISC of
DtBuCZB.*** In particular, the T, states in [IPTZ: DtBuCzB] and
[IPSeZ: DtBuCzB], with considerable SOC with the S; states,
would act efficiently as intermediate triplet states to largely
accelerate the RISC.

Synthesis of the hosts and energy-level alignments

Scheme S1 shows the synthetic routes to IPXZ, IPTZ and IPSeZ.
10H-phenoxazine reacted with 1-bromo-2-iodobenzene via
a copper catalyzed C-N coupling reaction to yield 10-(2-
bromophenyl)-10H-phenoxazine, which was then converted to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between the S; and low-lying triplet states.

IPXZ by a Pd(u)-catalyzed intramolecular cyclization reaction.®
IPTZ and IPSeZ were synthesized in a similar way by replacing
10H-phenoxazine with 10H-phenothiazine and 10H-phenosele-
nazine, respectively. Fig. S3 shows the single-crystal structures
of the host units. IPXZ shows an almost planar geometry with
small torsion angles between two adjacent phenyl rings at 1.5°
and 2.2°. IPTZ and IPSeZ show less planar geometries with
larger torsion angles (5.7-8.8° and 24.0-25.2°) between two
adjacent phenyl rings, because the large-size sulfur and sele-
nium atoms distort the molecular structures.

Cyclic voltammetry measurements were performed for the
host units in solution. Fig. S4a shows the cyclic voltammograms
and Table S3 summarizes the onset oxidation potentials and
calculated energy levels. From the onset oxidation potentials,
the HOMO levels of IPXZ, IPTZ and IPSeZ were determined at
—5.24, —5.25 and —5.32 eV, respectively. Ultraviolet photo-
electron spectroscopy measurements were further conducted
for the host units in film states (Fig. S5). The obtained ioniza-
tion potentials agree with the HOMO levels derived from the
onset oxidation potentials. Based on the HOMO levels and the
optical bandgaps derived from the onsets of absorption spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S6a), the LUMO levels of IPXZ, IPTZ and IPSeZ were
determined at —2.03, —2.12 and —2.17 eV, respectively. The
HOMO and LUMO levels of selected MR-TADF guests (including
DtBuCzB,*” CzB* and BN2 **) were determined in a similar way
(Fig. S4b, Séb and Table S3). Fig. 3 illustrates the energy level
alignments between the host units and MR-TADF guests. The
HOMO levels of the host units are only slightly lower (by 0.05-
0.13 eV) than that of DtBuCzB, whereas the LUMO levels are
much higher (by 0.49-0.63 eV) than that of DtBuCzB. Such an
energy-level alignment allows facile electron transfer from the
HOMO of the host unit to the LUMO of DtBuCzB, giving rise to
an exciplex state. In contrast, for the common host mCBP,* the
HOMO and LUMO levels are considerably lower (by 0.81 eV) and
higher (by 0.26 eV), respectively, than the HOMO and LUMO
levels of DtBuCzB, which does not support efficient formation
of the exciplex (Fig. 3). According to the emission peaks of low-
temperature fluorescence and phosphorescence spectra (Fig.
S7), the singlet/triplet energies of IPXZ, IPTZ and IPSeZ were
determined at 3.28/2.85, 3.11/2.67 and 3.11/2.73 eV, respec-
tively, which are considerably higher than those (2.59/2.46 eV)
of DtBuCzB (Table S3).
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05928c

Open Access Article. Published on 06 October 2025. Downloaded on 11/19/2025 7:53:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

LUMO .
204 PX2____ IoWg\
IPSeZ y'*‘l BK N
N 7
25] mcsp o8 czB BN2 sl J R
_ DtBuCzB
>
@ -3.0
0,0
Q
= 3.5 § §
: o | O omé
& CzB
% 5.0
bz —= BNz e
&5 ] IPSez DtBuCzB
55 czB O B O
Ph, N©/N
6.0 mcBP " O O -
HOomMO =

Fig. 3 Energy-level alignments between the host units and MR-TADF guests.

The host materials used for OLEDs, CAZ-Ph-IPXZ, CAZ-Ph-
IPTZ and CAZ-Ph-IPSeZ, were prepared with IPXZ, IPTZ and
IPSeZ as subunits, respectively. Scheme S2 shows the synthetic
routes to the host materials. A single crystal of CAZ-Ph-IPXZ was
successfully obtained during temperature-gradient sublimation
under high vacuum. Fig. S8 shows the single-crystal structure of
CAZ-Ph-IPXZ. Both IPXZ and carbazole units in CAZ-Ph-IPXZ are
twisted with respect to the central phenyl linker with torsion
angles at 41° and 55°, respectively. Fig. S9 and S10 show the
cyclic voltammograms, absorption spectra and fluorescence/

phosphorescence spectra of the host materials in solution,
from which the HOMO/LUMO levels and singlet/triplet energies
of the host materials were determined and are summarized in
Table S4. The host materials show similar energy levels and
excited-state energies to the corresponding host units (Tables S3
and S4).

Photophysical characterization

Host-guest films with a composition of 30 wt% polystyrene (PS):
69 wt% host unit and 1 wt% DtBuCzB were fabricated by spin-
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Fig. 4

(a) PL spectra and (b—e) transient PL decay curves of the [PS: host: DtBuCzB] films. The host is IPXZ, IPTZ, IPSeZ or mCBP. The weight ratio

between PS, host and DtBuCzB is 30: 69 : 1. The excitation wavelength is 300 nm.
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Table 1 Emission characteristics of the [PS: 69 wt% host: 1 wt% DtBuCzB] films

Tp Ta kr,s kisc krisc
Host PL/FWHM [nm)] /Dyl Dg" [ns] [ns] Eg/Er/AEgr [eV] Pl10%s7] ‘107 s71] [10*s7]
IPXZ 489/28 0.88/0.83/0.05 5.9 110 2.61/2.50/0.11 1.4 0.96 0.96
IPTZ 493/32 0.90/0.59/0.31 5.0 4.9 2.60/2.49/0.11 1.2 6.9 31
IPSeZ 491/29 0.92/0.06/0.86 2.4 7.1 2.59/2.48/0.11 0.25 39 220
mCBP 489/28 0.93/0.86/0.07 8.0 130 2.59/2.46/0.13 1.1 0.94 0.83

“ @, and @q: prompt and delayed components of photoluminescence efficiency. b Radiative decay rate of the singlet state. ° Intersystem crossing

rate.

coating from 1,2-dichloroethane solution. The PS polymer was
mixed into the film to increase the film quality. The mCBP host
was also used to fabricate a reference host-guest film. Fig. 4a
shows the photoluminescence (PL) spectra of the host-guest
films. Table 1 summarizes the emission characteristics of the
films. The films with IPXZ, IPTZ, IPSeZ and mCBP hosts all
show narrowband blue-green emission originating from
DtBuCzB, with emission peaks/full widths at half maximum
(FWHMs) at 489/28, 493/32, 491/29 and 489/28 nm, respectively.
The retained emission color and narrow emission bandwidth
indicate that the 'exciplex state formed between the host and
DtBuCzB is located energetically above the 'SRCT state of
DtBuCzB, as indicated by theoretical calculations (Fig. 2b), and
contributes negligibly to the emission.*

Fig. 4b-e show the transient PL decay curves of the [PS: host:
DtBuCzB] films. The transient decay data are summarized in
Table 1. The film with the mCBP host shows a long delayed
fluorescence lifetime (t4) at 130 us. The film with the IPXZ host
shows a shortened 74 at 110 ps. Notably, the films with the IPTZ
and IPSeZ hosts show significantly shortened 74 values at 4.9
and 7.1 ps, respectively. No other long delayed components
have been observed in the transient PL decay curves for the
films with the IPTZ and IPSeZ hosts (Fig. S11). The delayed
fluorescence almost disappears upon cooling the films to 77 K
(Fig. S12), which agrees with the TADF nature of the emission.’
The host-guest films all show high photoluminescence
quantum efficiencies (®p;) at 0.88-0.93. Rate constants of the
TADF emission were calculated from the ®p;, and transient PL
decay data and are summarized in Table 1. The film with the
MCBP host shows a low kg;sc value at 8.3 x 10° s, whereas the
film with the IPXZ host shows an enhanced kg;sc value at 9.6 x
10% s7'. Notably, the films with the IPTZ and IPSeZ hosts show
over 30-fold and 260-fold higher kgsc values at 3.1 x 10° and 2.2
x 10° s, respectively. The [PS: IPSeZ: DtBuCzB] film exhibits
a much higher kg;sc than the [PS: IPTZ: DtBuCzB] film, although
the two films have similar 74 values. This is because the [PS:
IPSeZ: DtBuCzB] film has much stronger delayed fluorescence,
as shown by its much larger delayed component of photo-
luminescence efficiency (Table 1). The AEgy values of the [PS:
host: DtBuCzB] films were determined from the low-
temperature fluorescence and phosphorescence spectra (Fig.
S13), which fall between 0.11 and 0.13 eV and are close to the
AEgy (0.13 eV) reported for DtBuCzB.® The similar AEgy values
indicate that the significant acceleration of RISC is unlikely to
be caused by reduction of AEgy. As shown by theoretical

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

calculations, the *exciplex states (T, states) in [I[PTZ: DtBuCzB]
and [IPSeZ: DtBuCzB] show considerable SOC with the "SRCT
state (S;) of DtBuCzB and thereby can act efficiently as inter-
mediate triplet states to significantly accelerate the RISC of
DtBuCzB, which is experimentally verified here. Theoretical
calculations also reveal that the energy gap (0.32 eV) between
the “exciplex (T,) and *SRCT (T;) states in [IPXZ: DtBuCzB] is
larger than those (0.24 and 0.27 eV) in [IPTZ: DtBuCzB] and
[IPSeZ: DtBuCzB] (Fig. 2b). Moreover, the *exciplex (T,) and
'SRCT (T;) states in [IPXZ: DtBuCzB] exhibit a smaller SOCME
than those in [IPTZ: DtBuCzB] and [IPSeZ: DtBuCzB], due to the
lack of heavy atoms in IPXZ. These theoretical calculation
results suggest that the exciplex state in [IPXZ: DtBuCzB] acts
less efficiently as an intermediate triplet state to accelerate the
RISC of DtBuCzB, which explains the lower kgisc of the [PS:
IPXZ: DtBuCzB] film. However, the ksc (9.6 x 10° s %) of the
[PS: IPXZ: DtBuCzB] film is still larger than that (8.3 x 10° s )
of the [PS: mCBP: DtBuCzB] film. In the latter film, efficient
formation of the host-guest exciplex is not supported.

The energy level of an exciplex state formed between a donor
and an acceptor is expressed by

Eexciplex =AE+C= ELUMO,A - EHOMO,D +C (1)
where AE is the energy gap between the LUMO of the acceptor
(here the MR-TADF guest) and the HOMO of the donor (here the
host unit) and C is a constant related to the coulombic potential
energy within the electron-hole pair of the exciplex.® It should
be noted that the 'exciplex and ’exciplex states have nearly
identical energy levels, because of the tiny spin-exchange energy
between them.® As shown in Fig. 3, the MR-TADF guest CzB has
a lower (by 0.08 eV) LUMO level than DtBuCzB, which suggests
that the energy level of the exciplex state formed in [host unit:
CzB] would be lowered compared to that formed in [host unit:
DtBuCzB], according to eqn (1). CzB also shows blue-shifted
emission and has higher (by 0.03-0.05 eV) energy levels of
'SRCT/*SRCT states as compared to DtBuCzB (Table $3).%* It is
thus expected that the energy gap between the "exciplex (*exci-
plex) and 'SRCT (*SRCT) states in [host unit: CzB] would be
reduced compared to that in [host unit: DtBuCzB], as illustrated
in Fig. S14. Fig. S15a shows the PL spectra of the [PS: host: CzB]
films. Table S5 summarizes the emission characteristics of the
films. The films with the IPXZ, IPTZ, IPSeZ and mCBP hosts
show emission peaks/FWHMs at 480/32, 490/71, 490/49 and
481/31 nm, respectively. The films with the IPXZ and mCBP
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hosts still show narrowband emission, whereas the films with
the IPTZ and IPSeZ hosts show red-shifted emission with largely
widened emission spectra, which reflects the emergence of
exciplex emission, due to the reduced energy gap between the
exciplex and 'SRCT states (Fig. $14).¥ The gradual red-shift
and broadening of the emission spectrum upon changing the
host unit from IPXZ, to IPSeZ, and to IPTZ suggests that the
contribution to the emission by the exciplex state increases in
that order. Because an exciplex state located energetically closer
to the 'SRCT state is more likely to contribute to the emission, it
also suggests that the energy level of the exciplex state decreases
upon changing the host unit from IPXZ, to IPSeZ, and to IPTZ in
[host unit: CzB]. In other words, the tendency to form the
exciplex increases upon changing the host unit from IPXZ, to
IPSeZ and to IPTZ. For the [PS: host: DtBuCzB] films, the
emission spectrum is slightly red-shifted and broadened upon
changing the host unit from IPXZ, to IPSeZ, and to IPTZ
(Fig. 4a), which agrees with the energy-level order of the exciplex
state.

Fig. S15b and 15c show the transient PL decay curves of the
[PS: host: CzB] films. Table S5 summarizes the transient decay
data and calculated rate constants of the TADF emission. The
[PS: mCBP: CzB] film shows a long t4 at 78 pus and a low kg;sc at
1.5 x 10* s, whereas the [PS: IPXZ: CzB] film shows a short-
ened 74 at 45 us and a considerably higher kgisc at 2.5 x 10* s,
For comparison, the [PS: IPXZ: DtBuCzB] film only shows
a slightly higher kpsc (9.6 x 10° s7') than the [PS: mCBP:
DtBuCzB] film (8.3 x 10° s ). It is thus suggested that the
3exciplex state in [IPXZ: CzB] acts more efficiently as an inter-
mediate triplet state to accelerate the RISC of the MR-TADF
guest as compared to the *exciplex state in [IPXZ: DtBuCzB],
due to the reduced energy gap between the *exciplex and *SRCT
states in [IPXZ: CzB] (Fig. S14). It is shown here that an *exciplex
state located energetically close to the *SRCT state can act as an
intermediate triplet state to accelerate the RISC of the MR-TADF
guest, which agrees with a previous report that an intra-
molecular through-space charge-transfer state accelerates the
RISC of a MR-TADF unit.*’

BN2 was further used as a MR-TADF guest to fabricate host-
guest films. As shown in Fig. 3, BN2 has a considerably shal-
lower (by 0.29-0.37 eV) HOMO level than the host units, which
suggests that the exciplex formation between the host unit and
BN2 is much less efficient. BN2 shows an almost identical
LUMO level to DtBuCzB, which suggests that the 'exciplex/*
exciplex states formed in [host unit: BN2] would have similar
energy levels to those formed in [host unit: DtBuCzB], according
to eqn (1). However, BN2 shows largely red-shifted emission and
has considerably lower (by 0.13-0.17 eV) energy levels of
ISRCT/’SRCT states compared to DtBuCzB (Table $3).* It is
thus expected that the energy gap between the "exciplex (*exci-
plex) and 'SRCT (*SRCT) states in [host unit: BN2] would be
largely enlarged compared to that in [host unit: DtBuCzB], as
illustrated in Fig. S14. Fig. S16 shows the PL spectra and tran-
sient PL decay curves of the [PS: host: BN2] films. Table S6
summarizes the emission characteristics of the films. The films
all show narrowband green-yellow emission (Fig. S16a), which
indicates that the "exciplex state makes nearly no contribution
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to the emission, due to the large energy gap between the
'exciplex and "SRCT states (Fig. S14). The films with IPXZ, IPTZ,
IPSeZ and mCBP hosts show long 74 values at 550, 780, 510, and
590 ps, respectively, and low kgysc values at 2.0 x 10°,2.1 x 10°,
4.9 x 10% and 1.9 x 10® s, respectively. The [PS: IPSeZ: BN2]
film only shows a 1.5-fold higher kg;sc than the [PS: mCBP: BN2]
film. In the [PS: host: BN2] films, the *exciplex states would act
much less efficiently as intermediate triplet states to accelerate
the RISC, due to the largely increased energy gap between the
Jexciplex and *SRCT states (Fig. S14). The 1.5-fold increase of
krisc for the [PS: IPSeZ: BN2] film should result from the
external heavy atom effect of the IPSeZ host, which works by
through-space heavy atom-emitter interactions.***>** Previous
reports have shown that the external heavy atom effect of the
host increases the kgrsic of the TADF guest by several fold.****%
Here, it is shown that the external heavy atom effect of the host
is capable of accelerating the RISC of the MR-TADF guest by
several fold, but it is unable to significantly accelerate the RISC
by orders of magnitude. When an ’exciplex state is located
energetically close to the *SRCT state and involves a heavy atom
of the host, the RISC of the MR-TADF guest is significantly
accelerated by orders of magnitude, as observed for the [PS:
IPTZ: DtBuCzB] and [PS: IPSeZ: DtBuCzB] films. These results
highlight the great importance of forming a host-guest exciplex
in maximizing the heavy atom effect of the host to significantly
accelerate the RISC of the TADF guest.

To gain further evidence on the exciplex formation between
the host unit and MR-TADF guest, time-resolved PL spectra were
measured for the host-guest films. Fig. S17a-d show the time-
resolved PL spectra of the [PS: host: DtBuCzB] films with
mCBP, IPXZ, IPTZ and IPSeZ as the hosts, respectively. As
mentioned above, the [PS: mCBP: DtBuCzB], [PS: IPXZ:
DtBuCzB] and [PS: IPSeZ: DtBuCzB] films exhibit nearly no
exciplex emission, as indicated by their maintained narrow
emission spectra (Fig. 4a and Table 1), because the 'exciplex
states are located higher in energy than the 'SRCT states.
Accordingly, the emission spectra of these films show negligible
changes and maintained narrow bandwidths with time evolu-
tion after excitation (Fig. S17a, b and d). In contrast, the [PS:
IPTZ: DtBuCzB] film exhibits some exciplex emission, as indi-
cated by its slightly red-shifted and widened emission spectrum
(Fig. 4a and Table 1), because the 'exciplex state gets closer in
energy to the 'SRCT state. The emission spectrum of the [PS:
IPTZ: DtBuCzB] film is gradually broadened with time evolution
after excitation (Fig. S17c), which involves the formation of an
exciplex between IPTZ and DtBuCzB in excited states and
subsequent emission from the "exciplex state. To further reveal
the exciplex formation, time-resolved PL spectra of the [PS:
IPTZ: CzB] film have been measured (Fig. S17e). As aforemen-
tioned, the [PS: IPTZ: CzB] film exhibits considerable exciplex
emission, as indicated by its largely widened emission spectrum
(Fig. S15a). Accordingly, the emission spectrum of the [PS: IPTZ:
CzB] film is gradually broadened to a large extent with time
evolution after excitation (Fig. S17e), in agreement with the
formation of the exciplex between IPTZ and CzB in excited
states and intensified exciplex emission.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. S18 shows the PL spectra and transient PL decay curves
of the host-guest films with the CAZ-Ph-IPXZ, CAZ-Ph-IPTZ or
CAZ-Ph-IPSeZ host materials and the DtBuCzB guest. Table S7
summarizes the emission characteristics of the films. Because
of the similar energy levels and excited-state energies of the host
materials to the host units (Tables S3 and S4), the host-guest
films with the host materials show similar emission character-
istics to the host-guest films with the host units (Tables 1 and
S7). As shown in Fig. S18a, the host-guest films all show
narrowband blue-green emission originating from DtBuCzB. As
observed for the IPTZ and IPSeZ host units, the CAZ-Ph-IPTZ
and CAZ-Ph-IPSeZ host materials largely shorten the 74 of
DtBuCzB to 6.5 and 6.6 us, respectively, and significantly
enhance the kgsc of DtBuCzB to 2.2 x 10° and 2.2 x 10° s™*,
respectively. The [PS: CAZ-Ph-IPXZ: DtBuCzB] film shows
the Ta/kgisc at 117 ps/9.5 x 10° s™!, which resemble those
(110 ps/9.6 x 10° s ') of the [PS: IPXZ: DtBuCzB] film.

Narrowband OLEDs

CAZ-Ph-IPXZ, CAZ-Ph-IPTZ and CAZ-Ph-IPSeZ were used as
hosts for DtBuCzB to fabricate narrowband OLEDs. Fig. 5a

View Article Online

Chemical Science

shows the structure and energy-level diagram of the device as
well as the chemical structures of the used materials. Fig. 5b
shows the electroluminescence (EL) spectra of the OLEDs. The
OLEDs based on CAZ-Ph-IPXZ1, CAZ-Ph-IPTZ and CAZ-Ph-IPSeZ
all showed narrowband blue-green EL with emission peaks/
FWHMSs at 490/28, 493/33 and 491/29 nm, respectively. The EL
spectra remained almost the same under different driving
voltages (Fig. S19). Fig. 5c and d show the current density—
voltage-luminance and EQE-luminance curves of the OLEDs.
The device performances are summarized in Table 2. The
devices based on CAZ-Ph-IPXZ, CAZ-Ph-IPTZ and CAZ-Ph-IPSeZ
showed EQE,.,,/EQEp00 at 26.5%/13.6%, 28.7%/22.2% and
28.5%/23.3%, respectively, with efficiency roll-offs at 49%, 22%
and 18%, respectively. The device with a conventional mCBP
host was also fabricated, which showed EQE,x/EQE 0o at
22.5%/8.9% (Fig. S20 and Table 2), exhibiting a large efficiency
roll-off at 60%. Compared to the device based on mCBP, the
devices based on CAZ-Ph-IPXZ, CAZ-Ph-IPTZ and CAZ-Ph-IPSeZ
showed higher EQE;q0 and smaller efficiency roll-offs, due to
the accelerated RISC of DtBuCzB. In particular, the devices
based on CAZ-Ph-IPTZ and CAZ-Ph-IPSeZ showed remarkably
higher EQE oo and smaller efficiency roll-offs, due to the
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(a) Device structure, (b) EL spectra, (c) current density—voltage—luminance curves, and (d) EQE-luminance curves of the OLEDs with

CAZ-Ph-IPXZ, CAZ-Ph-IPTZ or CAZ-Ph-IPSeZ as the host and DtBuCzB (2.0 wt%) as the guest.
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Table 2 Summary of performances of the OLEDs”

Vor? [V] 7 [ed A7 EQE? [%] EL A [nm] FWHM [nm] CIE [x, ]
CAZ-Ph-TPXZ 3.5 48.1/45.3/24.8 26.5/25.0/13.6 489 28 0.088, 0.410
CAZ-Ph-IPTZ 3.5 63.9/63.0/49.2 28.7/28.3/22.2 493 33 0.105, 0.490
CAZ-Ph-TPSeZ 3.5 57.1/56.3/46.5 28.5/28.2/23.3 491 29 0.097, 0.450
mCBP 3.5 36.7/28.0/14.4 22.5/17.2/8.9 488 28 0.092, 0.353

“ Doping concentration of DtBuCzB in the emissive layer is 2.0 wt%. ” Voltage to reach 1 cd m 2.

2, ¢ Maximum current efficiency and the values at 100

and 1000 cd m~2. ¢ Maximum EQE and the values at 100 and 1000 cd m 2.

significantly accelerated RISC of DtBuCzB. Fig. S21 shows the
current density-voltage curves of the single-carrier devices
based on CAZ-Ph-IPXZ, CAZ-Ph-IPTZ and CAZ-Ph-IPSeZ hosts.
The hole-only devices showed similar hole currents (Fig. S21a),
whereas the electron-only devices showed largely differed
electron-currents, with the electron-current being largely
decreased upon changing the host material from CAZ-Ph-IPXZ,
to CAZ-Ph-IPTZ, and to CAZ-Ph-IPSeZ, especially at high driving
voltages (Fig. S21b). These results suggest that the electron-hole
recombination at high driving voltage becomes much more
unbalanced upon changing the host material from CAZ-Ph-
IPXZ, to CAZ-Ph-IPTZ, and to CAZ-Ph-IPSeZ. This would
explain the rapid decrease of EQE at high luminance (over 1000
cd m™?) for the devices based on CAZ-Ph-IPTZ and CAZ-Ph-
IPSeZ (Fig. 5d).

It is noteworthy that the EQE g, values (22.2% and 23.3%) of
the devices with the CAZ-Ph-IPTZ and CAZ-Ph-IPSeZ hosts are
the highest among non-sensitized narrowband OLEDs based on
DtBuCzB reported so far (reported EQE;p < 15.7%) (Table S1).
They are also superior/comparable to those (15.9%-27.7%) of
sensitized narrowband OLEDs based on DtBuCzB reported so
far (Table S1). TADF/phosphorescence sensitizers have been
incorporated into MR-TADF OLEDs to effectively suppress the
efficiency roll-offs,*>*” which however requires ternary co-
evaporation. The significant acceleration of RISC by a host-
guest exciplex enables fabrication of high-efficiency MR-TADF
OLEDs with suppressed efficiency roll-offs through binary co-
evaporation, which simplifies the device fabrication process
and would be beneficial for commercial production.

Conclusion

Significant acceleration of the RISC of a typical MR-TADF
emitter was achieved by utilizing a delicately designed host-
guest exciplex. Donor-type host materials were developed with
the HOMO levels approaching that of a typical MR-TADF guest,
DtBuCzB. Theoretical calculations and experimental work
revealed that the host-guest 'exciplex/’exciplex states were
efficiently formed and located above but close to the
'SRCT/’SRCT states of the DtBuCzB guest, enabling the *exci-
plex state to act efficiently as an intermediate triplet state to
accelerate the RISC of DtBuCzB. The heavy atom embedded in
the host was directly involved in the ®exciplex state, which
largely strengthened the SOC between the exciplex and 'SRCT
states and thus remarkably boosted the RISC of DtBuCzB. The

21076 | Chem. Sci., 2025, 16, 21068-21078

host-guest exciplex significantly enhanced the kg;sc of DtBuCzB
by over 260-fold to 2.2 x 10° s~ ', while the emission color and
narrow emission bandwidth were both preserved. Theoretical
calculations and experimental work both showed that the host-
guest exciplex, rather than the external heavy atom effect of the
host, played a decisive role in markedly boosting the RISC. Non-
sensitized narrowband OLEDs using the hosts and DtBuCzB
guest showed maximum EQEs up to 28.7% and significantly
suppressed efficiency roll-offs, with EQE;490 values remaining
up to 23.3%. The work demonstrates the huge potential of
a host-guest exciplex for significantly accelerating the RISC of
MR-TADF guest for the fabrication of high-efficiency narrow-
band OLEDs with suppressed efficiency roll-offs.
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