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Multi-resonance thermally activated delayed fluorescence (MR-TADF) emitters have emerged as
promising candidates for high-resolution OLEDs due to their near-unity exciton utilization efficiency and
narrow-band emission. Highly efficient solution-processed OLEDs based on MR-TADF emitters are
highly desired due to their combined advantages of cost-effective fabrication, compatibility with large-
area flexible substrates, and potential to simultaneously achieve high color purity and superior device
efficiency. Herein, we designed and synthesized a series of novel MR-TADF non-conjugated copolymers
PBN,DPOT, by integrating MR-TADF moieties (DBNCz) and phosphine oxide moieties (DPOT) into non-
conjugated polystyrene skeletons. This architecture synergistically combines narrow-band emission,
through-space charge transfer (TSCT) with steric hindrance effects to achieve narrow emission
(FWHM = 28-53 nm) with a record-high photoluminescence quantum yield (PLQY = 99.6%). Solution-
processed OLEDs employing a PBN3DPOT97 emitter demonstrate exceptional performance with an
FWHM of 39 nm, EQE of 12.7%, and CIE coordinates of (0.16, 0.40). Theoretical calculation results show
that the narrow-band emission in the copolymers PBN,DPOT, can be attributed to the MR-TADF
moieties (DBNCz). Furthermore, spatial HOMO-LUMO distributions facilitates enhanced TSCT, resulting
in superior device performance. This work establishes a new molecular design strategy for developing
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Introduction

Multi-resonance thermally activated delayed fluorescence (MR-
TADF) emitters, distinguished by near-unity exciton utilization
efficiency and exceptional spectral purity, have emerged as
leading candidates for high-resolution organic light-emitting
diodes (OLEDs)."® Recent studies have primarily concentrated
on heteroatom-embedded polycyclic aromatic structures,
among which boron-nitrogen (B-N) co-doped systems consti-
tute the most widely investigated structural motif.>*°*® In
these systems, owing to the opposite electronic effect of B
and N atoms in a polycyclic skeleton, the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) can be localized alternately on the adjacent
atoms, resulting in a small singlet-triplet state energy gap
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highly efficient MR-TADF non-conjugated copolymers for solution-processed OLEDs.

(AEs_p) with efficient TADF emission.'”*® Furthermore, the
structural rigidity of the emitter substantially suppresses vibra-
tional relaxation of excited states, thereby giving rise to narrow-
band emission with remarkably reduced full widths at half
maximum (FWHM) (< 50 nm).>*** Therefore, MR-TADF mate-
rials are expected to be an effective solution for developing
organic light-emitting diodes (OLEDs) that simultaneously
achieve high color purity and superior efficiency.***®
Currently, most BN-embedded multi-resonance systems are
based on small organic molecules, which often suffer from
inferior solubilities, leading to the fabrication of corresponding
OLED devices primarily through vacuum deposition techni-
ques. In contrast, solution-processed OLEDs emerge as a com-
pelling alternative owing to their cost-efficient production and
inherent suitability for large-area flexible fabrication. TADF
polymers serve as superior alternatives due to their excellent
solubility in common organic solvents and ability to produce
uniform films, which are critical for achieving highly efficient
electroluminescence. Conjugated TADF polymers utilize rigidly
planar architectures to facilitate through-bond charge transfer
(TBCT), enabled by the constrained spatial alignment of donor
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(D) and acceptor (A) moieties.>® However, extended mt-conjugation
in these systems enhances donor-acceptor electronic coupling,
resulting in significant frontier orbital overlap between HOMOs
and LUMOs. This overlap elevates the singlet-triplet energy gap
(AEg_y), thereby suppressing reverse intersystem crossing (RISC).*°
Moreover, competitive exciton dynamics between the conjugated
skeleton and TADF-active segments frequently constrain electro-
luminescence efficiency. Therefore, to date, only a limited number
of conjugated TADF polymers have achieved high external quan-
tum efficiencies (EQEs) surpassing 23%.""** In contrast, non-
conjugated TADF polymers utilize flexible aliphatic skeletons,
which confer three key advantages: (1) improved solution proces-
sability, (2) suppressed aggregation-caused quenching, and (3) the
tunable design of peripheral substituent groups. In non-conjugated
TADF polymer system, TADF can be realized by the intra- and inter-
chains through-space charge transfer (TSCT) strategy. This archi-
tecture decouples electronic interactions, simultaneously reducing
HOMO-LUMO overlap and minimizing AEs r, which is essential
for efficient RISC.**** However, excessive through-TSCT can exacer-
bate non-radiative decay, particularly at high concentrations.*’
Therefore, attaining a synergistic equilibrium between these com-
peting pathways to optimize exciton utilization remains a signifi-
cant challenge. Furthermore, non-conjugated copolymer devices
usually suffer from poor charge carrier transport, which severely
restricts the development and practical application of non-
conjugated copolymer-based OLEDs. Fortunately, introducing
electron-withdrawing groups (e.g., phosphine oxide (PO)) can
enhance intramolecular charge transfer without compromising
spatial separation, which facilitates charge carrier transport in
devices, thereby enhancing device efficiency.*®

Herein, we propose an innovative design strategy integrating
non-conjugated architectures with MR-TADF moieties and
electron-withdrawing phosphine oxide moieties, enabling high
performance OLEDs based on non-conjugated polymer emit-
ters. MR-TADF moieties ensure narrowband emission with high
PLQYs, whereas phosphine oxide moieties serve as electron
acceptors, facilitating both intra- and inter-chain TSCT to
promote charge carrier transport and recombination in devices.
Moreover, the substantial steric hindrance effect arising from
both MR-TADF and phosphine oxide moieties enables further
suppressing non-radiative transitions and balancing charge
transport and recombination dynamics by precisely controlling
the doping ratios. Inspired by this strategy, in this work, four
new non-conjugated copolymers PBN,DPOT), featuring a poly-
styrene skeleton, with branched-chain modified MR-TADF moi-
eties (DBNCz) and triazine-phosphine oxide moieties (DPOT),
were designed and synthesized. All four polymers showed
intense photoluminescence with FWHM in the range of
28-53 nm in the pristine film state. The corresponding PLQY
of PBN;(DPOTy, is as high as 99.6%. To our best knowledge,
this represents the highest reported PLQY among all those
reported for MR-TADF polymers to date.*®*”:*8

Owing to their exciting photoluminescence properties, these
four polymers were employed as emitters in solution-processed
OLEDs. Among them, PBN;DPOT,; displayed the best electro-
luminescence performance with a FWHM of 39 nm, EQE ., of
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12.7%, the maximum brightness of up to 1024.6 cd m~> and
CIE coordinates of (0.16, 0.40) at a doping concentration of
10% using 10-(4-(4-(9H-carbazole-9-yl)phenylsulfonyl)phenyl)-
9,9-dimethyl-9,10-dihydroacridine (CzAcSF) as the host mate-
rial. Natural transition orbital (NTO) analysis reveals that the
narrow-band emission stems from the MR-TADF core (DBNCz),
leading to highly efficient MR-TADF emission. Furthermore,
the spatial distributions of the HOMOs and LUMOs indicate a
pronounced TSCT process in the ground state (S,), promoting
efficient carrier transport in devices and thus improving
device performance. In summary, we integrate steric hind-
rance effects, MR-TADF, and TSCT to achieve highly efficient
MR-TADF emission in non-conjugated polymers with superior
device performance.

Results and discussion
Molecular design and structures

As shown in Fig. 1, polystyrene is selected as a non-conjugated
skeleton, whereas the MR-TADF core (DBNCz) and electron
acceptor (DPOT) are introduced into the skeleton in different
molar ratios of 1/99, 3/97, 5/95 and 10/90, respectively. Four
new non-conjugated MR-TADF copolymers PBN,DPOT, were
synthesized via conventional free radical polymerization using
azobisisobutyronitrile (AIBN) as the initiator. Its chemical
structure and DBNCz/DPOT molar ratios were verified by
nuclear magnetic resonance (NMR) spectroscopy (Fig. S1-54,
ESIt). These four copolymers exhibit a number-average mole-
cular weight (M,,) of 18-21 kDa, corresponding to 39-45 repeat
units (Table S2, ESIf}), with a narrow polydispersity index
(PDI = 1.42-1.51). The high molecular weight endows the
copolymers with a thermal decomposition temperature exceed-
ing 360 °C (Fig. S5, ESIt). In addition, all four copolymers
demonstrate excellent solubility in common organic solvents
(e.g., chlorobenzene), rendering them suitable for solution-
processed device fabrication.
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Fig. 1 The chemical structures of copolymers PBN,DPOT, with polystyr-
ene as the non-conjugated skeleton, DBNCz as the MR-TADF core and
DPOT as the electron acceptor, respectively.
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Photophysical properties

The UV-vis absorption and excitation spectra of the copolymers
PBN,DPOT,, in the pristine film state are shown in Fig. 2a. All
four copolymers exhibit nearly the same characteristic with two
main absorption peaks. The strong absorption peak in the
range of 230-250 nm refers to local n-n* transitions arising
from DBNCz and DPOT units, whereas relative weak absorption
peak of 288 nm can be attributed to the charge transfer excited
state originating from the intra- and inter-chain interactions
between DBNCz and DPOT units. The excitation spectra of four
copolymers showed similar characteristics with peaks in the
range of 300-302 nm. The photoluminescence (PL) spectra of
all four copolymers in the pristine film state are shown in
Fig. 2b. The steady state emission spectra show a narrow-band
emission feature with FWHM of 28, 34, 42, 53 nm, respectively,
with the maximum emission wavelength of 489 nm, 493 nm,
495 nm and 497 nm, respectively. This result indicates that the
red-shifted emission and broadening FWHM can be induced by
the increment of molar ratio of the MR-TADF group (DBNCz),
which might be attributed to the enhanced D-A interaction
between DBNCz and DPOT. Furthermore, the FWHM can be
reasonable regulated by decreasing the ratio of the MR-TADF
(DBNCz) unit. The basically consistent (prompt fluorescence)
PF, (delayed fluorescence) DF and (phosphorescence) PH spec-
tra indicate that the energy level between the singlet state and
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the triplet state is extremely small for all four copolymers,
which is beneficial for accelerating the RISC process and
restricting the non-radiative transition process simultaneously.
It is worth noting that all four copolymers show highly efficient
emission with the photoluminescence quantum yield (PLQY)
exceeding 89% (Table S3, ESIt). The PLQY increases with an
increase in the molar ratio of the MR-TADF (DBNCz) unit.
Particularly, PBN;,DPOTy, showed an amazing near-unity
PLQY of 99.6%. This result indicates that the emission effi-
ciency can be reasonably adjusted by controlling the doping
ratio of DBNCz/DPOT units. Fig. 2c shows the comparison of
time decays of four copolymers PBN,DPOT,, at room temperature.
All four copolymers exhibit bi-exponential delayed fluorescence
(DF) decay curves with lifetime in the range of 9.31-9.72 ps.
Notably, the nanosecond-scale lifetime component increases with
increasing DPOT units concentration (Fig. 2c, inset), further
confirming their TADF characteristics. Furthermore, time-
resolved emission spectra (TRES) of PBN3;DPOT,, reveal almost
unchanged emission wavelength and life decays during radiation
at 50-300 K, indicating an improvement in the thermal equili-
brium of RISC and triplet quenching (Fig. 2d).*> Therefore, all
these results demonstrate that the MR-TADF emission of the
copolymers originates from the MR-TADF core (DBNCz). Further-
more, the substantial steric hindrance effect introduced by both
DBNCz and DPOT units promote TSCT through both intra- and
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Fig. 2 Photophysical properties of PBN,DPOT, copolymers. (a) The normalized UV absorption (hollow symbol) and excitation (solid symbol) spectra of
the copolymers PBN,DPOT,, in the pristine film state; (b) the steady PL, PF, DF and PH spectra of the copolymers PBN,DPOT,, in the pristine film state; (c)
the comparison of time decays of four copolymers PBN,DPOT,, in the pristine film state at room temperature (inset: PF decay with nanosecond lifetime);
(d) time-related emission spectra (TRES) of PBN3DPOTgy in the pristine film state, at room temperature and variable temperatures at 50, 100, 200 and

300 K, respectively.
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inter-chain interactions, thereby not only reducing singlet and
triplet state energy gaps to accelerate the RISC process, but also
effectively suppressing non-radiative transition pathways, as
evidenced by the enhanced photoluminescence quantum yield.

Theoretical calculations

The oligomers containing two DPOT units and one DBNCz
multi-resonance unit were simulated to evaluate the electronic
properties of the corresponding copolymers. As shown in
Fig. 3a and Fig. S7 (ESIt), HOMOs (including HOMO, HOMO—1
and HOMO—-2) and LUMOs (including LUMO, LUMO+1 and
LUMO+2) are located on DBNCz and DPOT, respectively, which
indicates the obvious TSCT process happening between DBNCz
and DPOT in the ground state. The DPOT units significantly
enhance inter-chain charge transportation due to the strong
electron-withdrawing ability of DPOT, which is consistent with
the experimental results of cyclic voltammetry analysis (Fig. S6,
ESIt). Natural transition orbit (NTO) analysis was conducted to
identify the excited state characteristics of oligomers under the
excitation of S, — S; and S, — T (Fig. 3b). The “holes” and
“electrons” of the S; and T, states of the PBN,DPOT,, oligomer
significantly overlap on the DBNCz group, corresponding to the
excited state characteristic of MR-TADF, which is consistent
with the experimental PL characteristic with narrow-band
emission. The theoretically calculated AEs_t is 0.38 eV, which
is beneficial for achieving effective RISC, and further improving
the TADF performance.

(@) (b)
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Electroluminescence properties

To evaluate the EL performance of the PBN,DPOT, emitters,
solution-processed OLEDs were fabricated with device configuration
of ITO/PEDOT:PSS (60 nm)/PVK (30 nm)/CzAcSF:x% PBN,DPOT,
emitters (30 nm)/TmPyPB (35 nm)/LiF (1 nm)/Al (100 nm), where
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) PEDOT:PSS
and LiF were used as hole- and electron-injection layers, polyethylene
carbazole (PVK) and 1,3,5-tri[(3-pyridyl)}-phen-3-yl]benzene (TmPyPB)
were used as hole- and electron-transporting layers, and 10-(4-(4-(9H-
carbazole-9-yl)phenylsulfonyl)phenyl)-9,9-dimethyl-9,10-dihydroacrid
ine (CzAcSF) was employed as the host material. The doping
concentration of guest emitters was 1, 5, 10, and 15%, respectively.

The device configuration and energy level diagram are given
in Fig. 4a. The steady EL spectra for all devices are shown in
Fig. S9 (ESIt), and detailed EL performance for all devices are
summarized in Table S5 (ESIT). It can be seen that the FWHM
of the EL spectra ranges from 36 to 73 nm. Through systematic
screening and comparison of the devices based on different
doping ratios between PBN,DPOT, and CzAcSF, the device
based on PBN;DPOT,; demonstrates optimal overall perfor-
mance, enabling it to be a representative device to discuss. As
shown in Fig. 4b, all four devices show narrow-band electro-
luminescence feature with intense green emission with peaks
of ~490 nm. The narrowest FWHM of 36 nm was achieved at
the guest doping concentration of 1%. The corresponding
Commission Internationale de L’Eclairage coordinates (CIE)
are (0.16, 0.40). These results indicate that the narrow-
band electroluminescence resulting from the guest emitter
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Fig. 3 (a) The HOMO and LUMO distributions of PBN,DPOT,, oligomers, and corresponding energy levels; (b) natural transition orbitals of PBN,DPOT,,

oligomers under the excitation of S — S; and S - Ty.
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(a) Device configuration and the related energy levels; (b) the normalized EL spectra and the corresponding CIE coordinates of the devices based

on the PBN3DPOTg; emitter with doping concentrations of 1, 5, 10 and 15%, respectively; (c) current density (hollow symbols)-voltage—luminance (solid
symbols) curves and efficiency—luminance curves of devices based on PBN3DPOTg7 with doping concentrations of 1, 5, 10, and 15%, respectively; (d)
summary of external quantum efficiencies (EQEs) and FWHM for representative devices based on MR-TADF polymers since 2021.

PBN,DPOT,, can be realized, which is consistent with photo-
luminescence properties.

The J-V-L characteristics and efficiencies versus luminance
curves of these devices are depicted in Fig. 4c, and the key EL
data are summarized in Table 1 and Table S5 (ESIt). All four
devices display low driving voltages below 5.5 V at luminance of
10 cd m ™2 and 100 cd m ™ The device with a doping concentration
of 10% achieves a maximum luminance over 1024.6 cd m~> when
the applied voltage is 6.7 V, which is comparable to that of
state-of-the-art non-conjugated MR-TADF polymer based

Table 1 EL performance of the PBN3sDPOTy; emitter

devices and meets the requirements for practical display
applications.® The best device efficiency was measured at a
concentration of 10% with maximum current efficiency
(CE, ncg), power efficiency (PE, npg), and external quantum
efficiency (EQE) of 23.9 cd A™", 20.7 Im W' and 12.7%,
respectively. It is worth noting that the efficiency roll-off is also
well suppressed. When the luminance was up to 400 cd m ™2,
the EQE still remains above 10.6%, and the efficiency roll-off
was only 16.5%. The low efficiency roll-off can be attributed
to the fast RISC process that is induced by the effectively

c

b n

z Linax FWHM
Polymer w%) Vv (V) (ecdm™)  ncg(cd A npe (Im W) Neqe (%) (nm) /g (nm)/CIE (x, y)*
PBN,DPOToy,zw% 1 3.7,4.5,55  667.2 5.1, 4.0, 2.2 5.8, 5.1, 2.8 3., 3.0, 2.7 36 490/(0.16, 0.40)

5 3.9,4.5,52  883.9 6.9, 6.3, 4.2 7.2,7.0, 5.8 4.2,4.1, 4.0 37 490/(0.16, 0.39)

10 3.8,4.4, 5.2 1024.6 23.9, 23.4, 16.9 20.7, 19.8, 17.6 12.7,12.2, 11.9 39 491/(0.16, 0.38)

15 3.7,4.4,54  703.0 14.2,11.7,84  15.2,14.1,12.3 8.8,8.7, 7.5 11 491/(0.16, 0.36)

@ At 10, 100 and 500 cd m~2. ® Maximum brightness. ¢ EL efficiencies at the maximum and 10 and 100 cd m 2, respectively. ¢ Emission peaks and

CIE color coordinates at 100 cd m™~.
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Fig. 5 (a) EL decay of PBN3DPOTy; at different doping concentrations; (b)
EL TREES and sliced TREES contours at 0-20 ps of PBN3DPOTg7-zw%.

intra- and inter chain TSCT between DBNCz and DPOT.”"** Further-
more, the induction of the DPOT unit also effectively facilitates
carrier flux balance in the EML, which is conducive to promoting
the exciton utilization and further improving the device efficiency.
Notably, the device based on the PBN;DPOTy; emitter shows a
maximum #gqe Of 12.7% with a FWHM of 39 nm, representing
one of the best performances among the MR-TADF polymer devices
with FWHM below 40 nm (Fig. 4d and Table S6, ESIt).

To further investigate the EL mechanism of the devices, the
exciton kinetics using time-resolved EL spectroscopy was further
studied. As shown in Fig. 5a and b, the lifetimes increase with the
increment of doping concentration of guest emitters PBN;DPOT,;,
which is accompanied with the broadening of the EL spectra. The
markedly longer EL decay of high doping concentration reveals more
stable exciton trapping in interchain CT states. As shown in Table S5
(ESIt), the other three devices exhibit similar FWHM broadening
trends with increasing doping concentration of PBN,DPOT,, reflect-
ing the consistent result of formation of more inter-chain CT
excitons. Furthermore, FWHM broadening trends are also presented
by increasing the molar ratio of DPOT from PBN;,DPOTy, to
PBN;DPOTy, which can be assigned to the formation of more
inter-chain CT excitons by increasing the molar ratio of bulky
conjugated electron-accepting group DPOT.

Conclusions

In summary, we have successfully designed and synthesized
four new MR-TADF non-conjugated copolymer emitters by
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integrating MR-TADF moieties (DBNCz) and phosphine oxide
moieties (DPOT) into polystyrene-based architectures. The
MR-TADF core ensured efficient narrow-band emission (FWHM
28-53 nm) with record-high PLQYs up to 99.6%. The introduc-
tion of bulky conjugated phosphine oxide moieties DPOT, also
contribute to the high PLQYs by suppressing the non-radiative
decay. Furthermore, DPOT moieties enable effective TSCT for
balanced carrier transport to further improve the electro-
luminescence performance. The resulting solution-processed
OLEDs achieved maximum brightness, current efficiency (CE),
power efficiency (PE), and external quantum efficiency (EQE) of
1024.6 cd m~?, 23.9 ¢d A", 20.7 Im W' and 12.7%, respec-
tively. The FWHM in EL spectra ranged from 36 to 73 nm,
exhibiting an increasing trend with an increase in the doping
concentration of the guest emitters PBN,DPOT,. Moreover, the
efficiency roll-off was also well suppressed. When the lumi-
nance was up to 400 cd m~?, the EQE still remained above
10.6%, and the efficiency roll-off was only 16.5%. This repre-
sents a significant advancement in non-conjugated MR-TADF
polymer emitters. Therefore, this study provides a promising
strategy for designing efficient MR-TADF non-conjugated copo-
lymer emitters, which show great potential in the development
of high-performance solution-processed OLEDs with narrow-
band emission characteristics.
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