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a b s t r a c t

Herein, we propose a synergistic regulation strategy that combines steric hindrance with the multiple

resonance (MR) effect to design and synthesize a thermally activated delayed fluorescent (TADF) emitter,

SF-PhDABNA. This is achieved by incorporating spirofluorene units and introducing meta-position phenyl

linkages into the DABNA-1 core. As a result, SF-PhDABNA exhibits narrowband pure blue emission cen-

tered at 472nm with a full width at half maximum (FWHM) of 23nm. The unique steric hindrance struc-

ture of the material effectively suppresses π-π interaction, while maintaining a tightly ordered molecular

arrangement through C–H···π and C–H···B weak intermolecular interactions. This special packing pattern

ensures a high photoluminescence quantum yield (PLQY) of 86% in the doped film. Moreover, the signif-

icant directionality of the transition dipole moment (TDM) further enhances the light output coupling

efficiency, thereby significantly improving the electroluminescence (EL) performance. The correspond-

ing TADF-sensitized (TSF) OLED based on SF-PhDABNA achieves a maximum external quantum efficiency

(EQEmax) of 23.9 % with CIE coordinates of (0.121, 0.284).

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic light-emitting diode (OLED) technology has achieved

remarkable progress as a core display technology for the next gen-

eration [1]. With the advent of the 4K/8K ultra-high-definition

(UHD) display era, there is a growing demand for displays with a

wider color gamut. The BT.2020 standard, established by the Inter-

national Telecommunication Union (ITU), requires display devices

to be capable of covering an extended color gamut, thereby impos-

ing strict requirements on the color purity of luminescent materi-

als [2–4]. Although OLED technology offers numerous advantages,

it is often limited by its broad emission spectrum, which leads to

insufficient color purity and places it at a disadvantage compared

to emerging materials such as quantum dots and perovskites [5–

9]. Current strategies to address this limitation include using color

filters and optical microcavities to narrow the electroluminescent

(EL) spectra and enhance color purity [10].
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In the realm of material development, conventional fluorescent

materials are limited by spin-forbidden transitions, which prevent

the utilization of triplet excitons, resulting in maximum external

quantum efficiencies (EQEs) typically not exceeding 5% [11,12]. Al-

though phosphorescent materials can achieve high efficiency, they

are hindered by issues such as the high cost of precious metals

and environmental concerns. While capable of utilizing triplet ex-

citons and tuning color emission [13,14]. Traditional D-A type ther-

mally activated delayed fluorescence (TADF) materials suffer from

inclusive emission spectra due to the intramolecular charge trans-

fer (ICT) effect [15–18]. Therefore, achieving a balance between

narrowband emission spectra and high efficiency remains a signif-

icant challenge. Common strategies to address this issue include

using phosphorescent or TADF materials as sensitizing hosts, or in-

corporating multiple resonance (MR) effect from a molecular en-

gineering perspective to enhance EL properties. In 2014, Adachi et

al. proposed the use of TADF materials to sensitize conventional

fluorescent materials, achieving a maximum external quantum ef-

ficiency (EQEmax) of 13.4 % to 18%, thus overcoming the previous

limitation of 5% EQE [19]. In 2016, Hatakeyama et al. reported the
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Scheme 1. Molecular design strategy and chemical structures of the emitters.

successful embedding of boron (B) and nitrogen (N) atoms into a

rigid polycyclic aromatic hydrocarbon (PAH) framework, effectively

achieving the separation and localization of frontier molecular or-

bitals (FMOs), resulting in narrowband emission [20–24]. Despite

its excellent performance, this type of material suffers from issues

such as fluorescence quenching at high concentrations and signif-

icant energy gaps due to its inherent planar configuration. These

factors often lead to slow reverse intersystem crossing (RISC) pro-

cesses and triplet exciton annihilation, which are detrimental to

solid-state luminescence [25–31]. The classical molecule DABNA-1,

as reported, exemplifies these issues. Furthermore, these materials

typically face challenges such as complex synthesis processes, the

use of hazardous lithium reagents, and unstable yields. Therefore,

developing simple and efficient and straightforward molecular de-

sign strategies to enhance triplet exciton utilization without com-

promising color purity has become a key challenge.

Herein, we employed a molecular engineering strategy to op-

timize the structure of the DABNA-1 core by introducing bulky

spirofluorene units [32] and meta-substituted phenyl modifications,

resulting in the successful synthesis of a novel narrowband lumi-

nescent material, SF-PhDABNA (Scheme 1). This molecular design

enables precise control over molecular configuration and inter-

molecular interactions, significantly enhancing the material’s hor-

izontal orientation and solid-state luminescence efficiency while

maintaining its narrowband emission characteristics. Specifically,

SF-PhDABNA exhibits pure blue emission in toluene solution, with

an emission peak at 472nm and a FWHM of 23nm. Compared to

DABNA-1, the molecule undergoes a red shift, but the color pu-

rity is not compromised; on the contrary, it achieves narrowband

emission, primarily attributed to the intramolecular charge trans-

fer (ICT) effect. Additionally, the strong rigidity of the molecular

configuration effectively alleviates vibrational relaxation. Notably,

the doped film of SF-PhDABNA demonstrates a relatively high pho-

toluminescence quantum yield (PLQY) of 86% under vacuum con-

ditions, along with a radiative decay rate as high as 107 s−1 and

a significantly large reverse intersystem crossing rate of 105 s−1.

The transient PL spectra exhibit a biexponential decay characteris-

tic, confirming their TADF properties. Furthermore, the molecular

stacking arrangement plays a crucial role in solid-state emission.

The SF-PhDABNA molecule exhibits a unique stacking behavior. On

one hand, the bulky peripheral substituents effectively prevent π-

π stacking, avoiding quenching of the MR chromophore due to ag-

gregation. On the other hand, intermolecular C–H···π and C–H···B
interactions promote the formation of a tightly ordered molecu-

lar arrangement, which further suppresses vibrational relaxation of

the electronic structure and enhances radiative decay. The transi-

tion dipole moment (TDM) orientation indicates a preferential hor-

izontal alignment of the SF-PhDABNA molecule in the doped film,

favoring improved light coupling efficiency [33]. Based on these

Fig. 1. (A) Molecular structure of SF-PhDABNA. (B) Frontier molecular orbital (FMO)

distributions. The distribution of RDG isosurfaces (C) with the scatter plot of RDG

versus sign(λ2)ρ (D).

outstanding photophysical properties, we first fabricated a binary-

doped OLED device using SF-PhDABNA, achieving an EQE maxi-

mum of 20.5% with pure blue narrowband emission. To fully har-

ness the triplet excitons, a TADF-sensitized device (TSF-OLED) was

constructed using m-MDBA-DI as the sensitizing host, resulting in

EQE of 23.9 % and CIE coordinates (0.121, 0.284), with a noticeable

improvement in efficiency roll-off compared to the binary-doped

device.

The synthesis procedure for SF-PhDABNA is detailed in Scheme

S1 (Supporting information). The pivotal one-pot boronation cy-

cloaddition step was adapted from the methyl-positioning method

[34,35]. The target molecule SF-PhDABNA has undergone high-

vacuum gradient sublimation purification to ensure high purity.
1H NMR, 13C NMR, high-resolution mass spectrometry, and single-

crystal X-ray diffraction analysis have been used to determine its

structure. Thermal properties of SF-PhDABNA are evaluated us-

ing differential scanning calorimetry (DSC) and thermogravimetric

analysis (TGA) (Fig. S1 and Table S1 in Supporting information).

The decomposition temperature (Td, corresponding to 5% weight

loss) of SF-PhDABNA is 477 °C, indicating its superior thermal sta-

bility. SF-PhDABNA exhibits a glass transition temperature (Tg) of

193 °C. These excellent thermal properties of SF-PhDABNA make it

suitable for vacuum deposition. Electrochemical properties of SF-

PhDABNA are investigated by cyclic voltammetry (CV) measure-

ments (Fig. S2 and Table S1 in Supporting information). The high-

est occupied molecular orbital (HOMO) energy level (EHOMO) of SF-

PhDABNA is determined to be −5.20 eV. According to the UV-vis

absorption spectra of SF-PhDABNA, the optical energy gap (Eg) is

calculated to be 2.63 eV. The lowest unoccupied molecular orbital

(LUMO) energy level (ELUMO) of SF-PhDABNA is calculated using

the formula ELUMO = EHOMO + Eg, which is determined as −2.57 eV.

The structure of the target molecule was optimized through

density functional theory (DFT) calculations. As depicted in Fig. 1A,

the spirofluorene unit adopts an orthogonal conformation, which
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Fig. 2. (A) UV-vis absorption and PL spectra of SF-PhDABNA in dilute toluene solu-

tion. (B) Transient PL decay curves of SF-PhDABNA in doped films.

significantly inhibits molecular aggregation and prevents fluores-

cence quenching [32,36–38]. The pendant phenyl group is con-

nected to one side of the spirofluorene unit via a meta-positioned

linkage to the MR-BN backbone, forming a highly twisted struc-

ture [39]. This configuration further enhances the rigidity of the

molecule and suppresses non-radiative decay. FMOs analysis re-

veals that the HOMO is primarily delocalized on the parent

core DABNA-1 (−4.75 eV), with a closely matched energy level of

−4.70 eV. The LUMO is distributed across the MR-BN backbone

and partially delocalized onto the fluorene unit, with an energy

level of −1.24 eV, which is deeper than that of DABNA-1′s LUMO

(−1.09 eV) (Fig. 1B and Fig. S3 in Supporting information). This is

attributed to the stabilization effect from the extended conjugation

length. Moreover, the effective extension of the FMOs promotes the

long-range charge transfer (LRCT) effect, potentially leading to red-

shifted emission compared to DABNA-1. The natural transition or-

bital (NTO) exhibits MR-dominated characteristics, and the delocal-

ization of electrons in the S1 state is higher for holes, introducing a

distinct charge transfer state to the MR system (Fig. S4 in Support-

ing information). Additionally, SF-PhDABNA exhibits a significantly

higher oscillator strength (f ∼ 0.234), indicating an efficient S1-

S0 radiative transition process. Furthermore, the calculated energy

levels for the S1 and T1 states are 2.69 and 2.52 eV, respectively,

with singlet-triplet energy splitting (�EST ∼ 0.17 eV). A reduced

density gradient (RDG) analysis was performed to investigate the

intramolecular steric hindrance (Figs. 1C and D) [40]. The isosur-

face is colored on a blue-green-red scale based on sign(λ2)ρ with

a range from −0.05 to 0.05. The blue region represents the attrac-

tive interaction, while the red area indicates the repulsive effect.

A green region is observed between the twisted phenyl group and

the MR-BN backbone, signifying a relatively strong interaction be-

tween them. The significant spatial steric hindrance between these

segments also leads to more compact molecular packing, promot-

ing radiative transitions, narrowband emission, and high photo-

electric efficiency [41–43].

To investigate the target molecule’s photophysical properties,

we measured its ultraviolet-visible (UV-vis) absorption and pho-

toluminescence (PL) spectra in a dilute toluene solution (Fig. 2A

and Table S1). In the UV-vis absorption spectra at 454nm, a nar-

row and sharp absorption peak with MR characteristics was ob-

served. In the PL spectra, SF-PhDABNA exhibits an emission peak

at 472nm, indicating pure blue fluorescence. Compared to DABNA-

1, the narrowband emission undergoes a 10nm redshift, which

is attributed to the extended intramolecular conjugation (Fig. 2B)

[44]. Notably, despite the slight red shift, the PL spectra of SF-

PhDABNA did not broaden but instead exhibited a narrow FWHM

of 23nm. This suggests that the narrowband emission results from

a synergistic effect from two factors: (1) the suppressed π-π
stacking of the planar MR-BN framework, and (2) the introduc-

tion of twisted, sterically bulky substituent groups. Further solvent

polarity-dependent studies revealed that the PL spectra exhibited a

narrower FWHM of 18nm in low-polarity environments but with a

Fig. 3. (A) Front view and (B) side view of SF-PhDABNA. (C, D) Intermolecular pack-

ing modes of SF-PhDABNA in its representative dimers (CCDC: 2389656).

prominent shoulder. The energy levels of the S1/T1 excited states

for SF-PhDABNA were determined to be 2.62 eV/2.48 eV, based

on the onset values obtained from low fluorescence spectra and

low-temperature phosphorescence spectra. SF-PhDABNA exhibited

a small �EST of 0.14 eV (Fig. S8 and Table S1 in Supporting in-

formation), consistent with theoretical calculations. Compared to

DABNA-1, SF-PhDABNA exhibits a smaller �EST, suggesting that the

introduction of peripheral groups to the MR-BN framework facili-

tates the acceleration of the reverse intersystem crossing process,

thereby enhancing triplet exciton utilization. As solvent polarity in-

creased, the spectra red-shifted by 24nm, the FWHM broadened,

and the spectral profile became more structureless, exhibiting clear

CT characteristics (Fig. S6 in Supporting information). These results

demonstrate the modulation of photophysical properties by molec-

ular structural modifications, particularly highlighting the contri-

bution of the steric effect to the narrowband emission. To further

investigate the actual photoluminescent characteristics of the de-

vice, we doped SF-PhDABNA at a concentration of 1 wt% and dis-

persed it in the mCBP host matrix. The PLQY and transient decay

spectra were then measured. As shown in Fig. 2B, the transient PL

spectrum exhibits a biexponential decay characteristic, encompass-

ing both nanosecond-scale prompt fluorescence and microsecond-

scale delayed fluorescence, thereby confirming its TADF properties.

The results show that SF-PhDABNA possesses short prompt flu-

orescence lifetime (τ p ∼9.2 ns) and delayed fluorescence lifetime

(τ d ∼3.2μs), and achieves a substantial radiative transition rate

(κ r ∼7.2×107 s−1), along with an impressive PLQY of 86% (Ta-

ble S2 in Supporting information). Furthermore, it is noteworthy

that such a short delayed fluorescence lifetime results in a re-

verse intersystem crossing rate exceeding 105 s−1, which acceler-

ates the triplet-state exciton upconversion process and effectively

suppresses exciton annihilation. This also highlights that the spa-

tially hindered groups in the molecular strategy of modifying the

MR-BN framework have successfully addressed the issue of slow

reverse intersystem crossing rates. These results are closely related

to the molecular design and the tightly ordered arrangement be-

tween molecules.

To further explore the solid-state luminescence mechanism,

the SF-PhDABNA single crystal was successfully cultivated us-

ing the slow evaporation method of a mixed solvent of chloro-

form/methanol. X-ray diffraction analysis was then performed (Fig.

3, Fig. S10 and Table S3 in Supporting information). The MR-BN

skeleton exhibits slight deformation, with the peripheral spirofluo-

rene units forming an approximately orthogonal configuration. Ad-

ditionally, the meta-linked phenyl group forms a dihedral angle of

about 66.2° with the MR-BN skeleton. This special configuration

significantly enhances molecular rigidity and effectively inhibits

3
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Fig. 4. (A) Device architecture and energy diagram. (B) Functional layer materials structures are used in these OLEDs. (C) Current density-voltage-luminance curves. (D)

L-CE-PE-EQE curves of the device. (E) EL spectra (detected at the current density of 10mA/cm2).

Table 1

EL performance of the ternary TADF host sensitized OLEDs based on SF-PhDABNA, with doping concentrations of 1 wt% and 3 wt%.

Emitter Dop. (wt%) Von (V) a EQE (%) b CEmax

(cd/A) c

Lmax

(cd/m2) d

CIE (x, y) e Peak

(nm) f

FHWM

(nm)
Max. @102 cd/m2 @103 cd/m2

SF-PhDABNA 1 2.90 22.6 20.9 16.4 42.7 33938 (0.132, 0.249) 476 45

3 2.85 23.9 19.2 12.5 43.6 27264 (0.121, 0.284) 478 36

a The turn-on voltage.
b The maximum external quantum efficiency.
c The maximum current efficiency.
d The maximum luminance.
e Commission Internationale de l’Eclairage.
f The peak emission of EL spectra.

exciton annihilation. Moreover, no π-π interaction (∼4.8 Å) was

observed in the molecular packing arrangement, which efficiently

prevents the quenching of MR-BN chromophores due to aggrega-

tion. This can be attributed to the molecule’s large significant steric

hindrance effect. Simultaneously, the C–H···π and C–H···B interac-

tions (2.3–3.1 Å) promote tight and orderly molecular packing, syn-

ergistically enhancing the radiative transition rate and ultimately

leading to efficient luminescence.

Benefiting from the excellent solid-state luminescence and nar-

rowband emission characteristics of SF-PhDABNA, we fabricated bi-

nary and ternary-doped devices to evaluate EL performance. SF-

PhDABNA was doped at 1 wt%, 3 wt%, and 5 wt% concentrations

into the DOBNA-oAr host matrix in the binary-doped devices to

form the emissive layer. This host material possesses low polarity

and a wide bandgap, effectively suppressing reverse energy trans-

fer from the guest T1 state and thereby confining the excitons

within the emitter [45]. The relevant OLED device structure, en-

ergy level diagram, and chemical structure are described in Figs.

S11A and B (Supporting information). It can be observed that at

low doping concentrations, the emitter undergoes a slight redshift,

while still maintaining a narrow FWHM, indicating that the steric

hindrance strategy has somewhat suppressed the adverse effects

of concentration quenching. Although steric hindrance reduces ag-

gregation quenching by inhibiting π-π stacking, a high density of

emitter accelerates the disordered diffusion of excitons between

molecules, increasing exciton annihilation and thus lowering de-

vice efficiency. Through device optimization, a doping concentra-

tion of 3 wt% was found to be the optimal condition for the binary

device. At this doping concentration, the OLED device based on

SF-PhDABNA exhibits pure blue, narrowband emission at 472nm

(FWHM ∼ 29nm), with a slight broadening compared to the PL

spectra in solution (Fig. S11 and Table S4 in Supporting informa-

tion). Generally, when the TDM direction aligns with the plane of

the material, high light output coupling can be achieved, poten-

tially leading to a satisfactory EQE [46,47]. The calculated TDM of

SF-PhDABNA suggests that its direction is primarily along the xy-

plane, with minimal components along the z-axis due to twisted

configuration (Fig. S5 in Supporting information). This characteris-

tic suggests that the material may exhibit a preferential horizon-

tal alignment in the film, which is beneficial for enhancing light

extraction efficiency. Ultimately, the binary-doped device achieves

EQE of 20.5 % and CIE coordinates of (0.117, 0.192), outperform-

ing the previously reported performance of DABNA-1. Notably, the

characteristic peak of the host DOBNA-oAr observed at 430nm in

the EL spectra indicates that energy transfer between the host and

guest has not yet been fully completed.

We constructed a ternary doped device using m-MDBA-DI as a

TADF auxiliary host to further improve device performance (Fig. 4).

As shown in Fig. S7 (Supporting information), the absorption spec-

tra of SF-PhDABNA significantly overlap with the PL spectra of m-

MDBA-DI, ensuring an effective Förster resonance energy transfer

(FRET) process, which facilitates the utilization of triplet excitons

through efficient energy transfer. The device exhibits a turn-on

voltage of less than 3V, with an emission peak at 478nm, achiev-

ing an EQE of 23.9 % (Table 1). Compared to the binary-doped de-

vice, the efficiency roll-off has been improved. However, the EL

spectra show a noticeable broadening, with an FWHM of 36nm,

which may be attributed to the solid-state solvation effect induced

by the highly polar m-MDBA-DI. This investigation into electrolu-

minescent properties provides a molecular design strategy for a

4
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pure blue emitter that simultaneously achieves narrowband emis-

sion and high efficiency.

In summary, we designed and synthesized a novel narrow-

band emission MR-TADF emitter, SF-PhDABNA, by modifying the

MR-BN framework with spirofluorene and phenyl groups. Through

spatial steric hindrance control, vibration relaxation was effec-

tively suppressed, enabling highly efficient narrowband emission.

The material exhibited pure blue emission at 472nm in solu-

tion, with a FWHM of 23nm. Using a molecular engineering ap-

proach, π-π stacking was successfully inhibited, thereby avoid-

ing non-radiative losses, while maintaining compact and ordered

molecular packing via intermolecular weak interactions, which fa-

cilitated efficient solid-state luminescence. The TSF-OLED device

based on SF-PhDABNA achieved an EQEmax of 23.9 % and CIE

coordinates of (0.121, 0.284). The spatial steric hindrance and

MR effect synergistic control strategy proposed herein provides a

promising pathway for developing highly efficient blue emitters for

OLEDs, which is critical for advancing next-generation UHD display

technologies.
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