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a b s t r a c t

Multiple donor-acceptor (D-A) combinations represent a promising category of thermally activated de-

layed fluorescence (TADF) materials, offering potential for superior efficiency and stability. However, cur-

rent systems are predominantly composed of limited donor groups, primarily carbazole-based deriva-

tives. In this work, we developed a series of D-A type materials incorporating helical π-expanded car-

bazole (CzNaph) and 7H-dinaphtho[1,8-bc:1′,8′-ef]azepine (AzNaph), alongside traditional carbazole, rang-

ing from mono- to tetra-substituted configurations (Dn-A). Through systematic investigation of geometric

and electronic structures, the number and positioning of multiple donors are confirmed with significant

manipulations on charge transfer characteristics and the S1 state via steric effects. Density functional the-

ory (DFT) calculations reveal that varying the number of π-extended donors within the acceptor frame-

work produces emission colors from ultraviolet to red, providing a diverse range of emitters. Further-

more, the reduced reorganization energy of S1 observed in tetra-substituted Cz and CzNaph, as well as

MonoAzN, indicates lower structural relaxation, highlighting these materials’ potential as stable lumines-

cent candidates. This study underscores the importance of diverse composing units in achieving efficient

and stable TADF emitters with multiple and hetero-donor configurations.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Thermally activated delayed fluorescence (TADF) materials are

well known as the third generation of organic light-emitting diodes

(OLEDs), via utilizing the reverse intersystem crossing (RISC) pro-

cess induced by small singlet-triplet energy gap (�EST) [1-5]. In-

spired by the pioneering work of Adachi et al. [1], a cascade

of TADF emitters has been proposed to achieve high efficiency

and full-color display in both academic and industry fields [6-

8]. The concept of TADF molecular design originated from enlarg-

ing the spatial separation of the highest occupied molecular or-

bital (HOMO) and the lowest unoccupied molecular orbital (LUMO)

[9,10], leading to the development of various categories of donor-

acceptor (D-A) TADF emitters [7,11-16]. Recent research has prior-

itized the discovery of fluorescent emitters that exhibit both high

RISC rates and intrinsic stability, addressing the commercial chal-

lenge of device longevity [17-19].

Beyond merely reducing the lifetime of triplet excitons through

efficient RISC [20], the structural integrity of the emitters’ core

has been identified as a crucial determinant of luminescent lifes-

pan [21], a long-standing and critical problem for TADF materi-
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als design [22,23]. Nevertheless, there remains a paucity of stud-

ies investigating the mechanisms underlying structural manipu-

lation of excited states, particularly in D-A type TADF materials,

upon exciton injection. For instance, carbazole-benzonitrile deriva-

tives (CzBNs), such as the well-known 4CzIPN, featuring carbazole

donors and benzonitrile acceptors, have demonstrated exceptional

performance [1,7,21,22]. However, the relationships between sta-

bility, the variety and number of donors, geometric configurations,

and the stability of radiative states have not been comprehensively

elucidated.

From a chemical structure perspective, CzBNs emerge as

promising candidates for high-efficiency, stable TADF OLEDs due

to their multi-donor units that facilitate diverse D-A interactions

and adjustable charge transfer (CT) strength. The intramolecular

π-π interactions and delocalization effects are believed to sig-

nificantly enhance their stability [23]. Recognizing the influence

of multi-donor architectures, Duan et al. expanded the acceptor

π-system with para-positioned π-conjugation tails, achieving im-

pressive maximum external quantum efficiency (EQEmax) of 35.7%

at 469 nm for CzBNs [7]. By leveraging the hetero-donor strat-

egy, which involves incorporating secondary donor units to bolster

stability [24,25], these derivatives have shown considerable im-

provements. However, many of these donors are carbazole-based,
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Fig. 1. (a) Geometric structures and fundamental electronic distribution of donors studied in this work. (b) Chemical structures of Group Mono/Tri/Tetra with studied π-

extended carbazole derivatives.

such as parent carbazole and 3,6-disubstituted-carbazole [24,26-

29]. Recent studies by Adachi et al. have validated the multiple

and hetero-donor strategies by integrating various donor types

[11]. Additionally, recent work has focused on replacing pentacyclic

and hexacyclic rings with heptacyclic rings to create curved planes

with negative curvature. This approach adjusts the characteristics

of large planar systems, reduces intermolecular π-π interactions

in conjugated systems, and enhances the stability of the system

[30,31]. Our research group has also developed efficient and stable

OLEDs based on heptacyclic ring molecules, introducing new donor

[32] frameworks.

In this work, we introduce a series of multiple and hetero-

donor type (Dn-A) molecules featuring three distinct donors

(Fig. 1a), incorporating helical π-expanded carbazole (CzNaph) and

novel heptacyclic azepine units (AzNaph) as extended fused moi-

eties, as opposed to traditional single-linked carbazole (Cz) mod-

ifications. These donors are attached to a central phenyl ring,

with varying acceptor groups, forming three distinct D-A material

groups. The emitters based on these advanced donors demonstrate

strong CT characteristics and reduced energy gaps between FMOs,

attributed to the enhanced electron-donating properties and π-

extended skeleton compared to traditional Cz donors. Additionally,

the twisted structures of CzNaph and AzNaph introduce steric ef-

fects that impact the structural relaxation of excited states, thereby

modulating the stability of the singlet state (S1) based on the num-

ber and positions of substituents. By adjusting the number of π-

extended donors with the acceptor moiety, the emission spectra

of Dn-A compounds span from ultraviolet to red, offering versatile

options for reference emitters. Notably, the reduced reorganization

energy observed in the S1 state of tetra-substituted Cz, CzNaph,

and monoAzN compounds suggests less structural relaxation, indi-

cating their potential as stable luminescent candidates. This work

provides valuable insights into the underlying mechanisms of sta-

bility and the photophysical properties of these novel Dn-A materi-

als, guiding the development of superior TADF emitters with mul-

tiple and hetero-donor configurations.

Towards the molecular design strategy for ideal TADF perfor-

mance [24], employing a D-A system to form intramolecular CT

states and spatial separation of the HOMO and LUMO for smaller

�EST, we utilize π-expanded donors transitioning from Cz to Cz-

Naph and AzNaph, as shown in Fig. 1a. Generally, conformational

changes between S1 and ground states should be suppressed to

achieve good stability, typically achieved by a sterically crowded

molecule. Additionally, forming a delocalized CT state with two or

more donor units benefits the stability of excited states. Therefore,

we presented and compared triple and tetra-substituted D-A ma-

terials with mono-donor frameworks to reveal the manipulation

mechanism of multiple donors.

From the front view, these molecules enlarge the molecular

skeleton and conjugation size via fused phenyl rings, exhibiting in-

creasing polarity from Cz to CzNaph and indicating a rising charge

transfer ability in related Dn-A emitters. However, the larger back-

bone size of AzNaph does not induce the dipole moment of the

fragment due to the increasing intramolecular torsion between

the naphthalene skeleton oppositely and the tension of the quasi-

planar in the heptacyclic azepine core. Consistently, Cz exhibits al-

most planar configurations, while AzNaph shows torsion twice that

of CzNaph, with a dihedral angle of 15.9°. Limited by the planar

or quasi-planar backbone, the HOMO and LUMO are delocalized

on the molecular skeleton. Conversely, the conjugation is slightly

weakened by the out-of-plane dihedral torsions from Cz to Cz-

Naph and AzNaph, as indicated by the electrostatic potential (ESP)

map in the Fig. 1a. These phenomena, which seem contradictory,

may introduce different manipulations on the properties of excited

states.

Herein, we employ carbazole derivatives (Cz, CzNaph, and Az-

Naph) and benzonitrile (BN) derivatives as a versatile template to

construct molecules (Fig. 1b). BN is well-recognized as a strong

electron-accepting unit (A) with a high triplet energy level (3LE1)

of 3.32 eV [23]. Conversely, Cz derivatives are frequently utilized

as donor units (D), particularly in blue TADF emitters, due to their

high 3LE1 of 3.10 eV. The combination of these D and A units fa-

cilitates efficient electron transfer from the Cz derivatives to the

BN derivatives, resulting in the formation of 1CT1 (2.94 eV) and
3CT1 (2.77 eV) states. Previous studies by Hosokai et al. [24] have

demonstrated that the T1 state of 5CzBN exhibits significant CT

character, suggesting a predominant CT character over local exci-

tation (LE) character in the T1 state, as evidenced by the vibronic

phosphorescence spectra.

Accordingly, we performed energy level calculations for these

structures and the nine molecules composed of them, provid-

ing a detailed comparison of their electronic properties (Figs. 2a,

c–e, Figs. S1 and S2 in Supporting information). Consider-

ing Cz, CzNaph, and AzNaph as donor units (D) and the re-

maining molecular components as acceptors (A), the following

conclusions were drawn: Among the six parameters analyzed

(�EHOMO
A

,�EHOMO
D

,�ELUMO
A

,�ELUMO
D

,�E
Gap
A

,�E
Gap
D

), with the ex-

ception of the HOMO relative to the acceptor segments, which

shows a significant increase, most values are negative. This indi-

cates that post-substitution, the overall energy gap, HOMO (spe-
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Fig. 2. (a) Frontier molecular orbitals (FMOs) energy comparison at ground states of Group Tetra. The HOMO (purple line) and LUMO (green line) of molecules are in solid

lines, FMOs of π-extended carbazole derivatives (defined as donors) displayed in dash lines, where the gray dot-dash lines are the FMOs energy levels of acceptor core

for each group. (b) The contributions of different substitution positions to the HOMO-1, HOMO, LUMO, and LUMO + 1 orbitals in the four tetra-molecules (2R2 represents

the sum of contributions from two groups at the R2 position). (c–e) Represent the related energy difference between formed Dn-A and isolated D and A fragment, where

�E j
i

= E j
Dn−A

− E j
i
.

cific to the D fragment), and LUMO levels are reduced. In the

Dn-A structures, the HOMO is predominantly localized around the

donor segments, while the LUMO is centered near the acceptor

core. As the number of donor substitutions increases, the varia-

tions in HOMO/LUMO energy levels converge towards zero, sug-

gesting strong electron-donating characteristics of the D-fragments

and potent electron-accepting capabilities of the A-core. This in-

dicates pronounced charge separation characteristics within the

molecules, with the overall energy level distribution primarily con-

fined to the A-core (as indicated by the gray shaded area in the

energy level diagram).

Further validation is provided through the analysis of the fron-

tier molecular orbitals (FMOs) (Fig. 2b and Fig. S2 in Supporting

information). In the four tetra-substituted molecules, the HOMO

and HOMO-1 orbitals are predominantly contributed by the donor

(over 90%), while the LUMO and LUMO+1 orbitals are primarily

associated with the acceptor (over 80%). This clearly demonstrates

the strong electron-donating nature of the donor segments and the

electron-accepting strength of the acceptor segments, leading to CT

characteristics in the excited state. Notably, the LUMO energy lev-

els in AzNaph differ from the other three groups, potentially due

to structural torsion impeding electron transfer. As the structural

torsion increases from Cz to CzNaph to AzNaph, the donor contri-

bution decreases, and the acceptor contribution to the increasing

LUMO+1 levels. Additionally, the contributions to the FMOs from

various donor sites were individually evaluated (Fig. 2b). At the

HOMO level, the R1 site shows the highest contribution (except in

TetraAzN); at the LUMO level, the R2 site dominates. In TetraCzN

and TetraCzN, the contributions from the two R2 sites are nearly

identical, whereas in TetraAzN, significant differences exist, likely

due to the large steric hindrance at the R1 site introduced by the

AzNaph group, disrupting molecular symmetry.

To explore the structure-property relationship affecting the

emission performance of the Dn-A systems, electron-hole anal-

yses [33] were conducted on the S1 state of each molecule

(Fig. 3a). Except for MonoCzN, which exhibits localized excitation

(LE), all other molecules display delocalized charge transfer ex-

citation (deCT). In tri-substituted molecules, charge transfer pre-

dominantly occurs from the R3 group to the central benzene ring,

while in the AzN molecule, electrons transfer from the R1, R2,

and R3 groups to the center. This pattern is reversed in the tetra-

substituted molecules: in TetraCz, holes are distributed across all

four substitution sites, whereas in TetraCzN, holes are localized at

the R1 and R2 positions, and in TetraAzN, holes are found at only

one site.

We conducted structural optimization on the S1 and T1 excited

state for each molecule, determining their energy levels, oscillator

strengths (f), �EST and spin-orbit coupling (SOC) constant between

S1 and T1 states (Fig. 3b and Table S3 in Supporting information).

With an increasing number of substitutions, both of S1 and T1 en-

ergy level consistently decrease, following the trend Cz > CzNaph

> AzNaph, and the �EST gradually decreases. Unlike the localized

blue emission observed in previous multiple-donor emitters based

on Cz [7,24], the emission wavelength shifts from blue to yellow

due to the enhanced conjugation systems, which are progressively

augmented by the increasing number of donors in Dn-A emitters

(Figs. 3c–e). The decreasing S1 energy levels correlate with the in-

creasing number of donors and the enlarging donor skeleton size

within each group. Notably, the newly introduced AzNaph, a non-

Cz derivative, achieves the broadest emission spectrum, indicating

the potential to realize a full-color spectrum through link modifi-

cation.

However, the trend in emission strength, as indicated by the

oscillator strength, does not align consistently with either the
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Fig. 3. (a) Hole and electron distributions at S0-S1 of studied molecules (red surface for holes, white for electrons), performed at ωB97x-D/6-31G∗∗ . (b) The predicted

emission and oscillator strength (f) of S1 states, where the gray, orange and blue solid line (dot) represented the donor named Cz, CzNaph and AzNaph consistent with

Fig. 1a. (c–e) Calculated fluorescence spectra of studied molecules.

number or size of donors. Notably, CzNaph in the Group Mono

exhibits the highest oscillator strength, which decreases rapidly

as the number of CzNaph donors increases from [CzNaph]1-A to

[CzNaph]3-A. Conversely, the emission strength increases steadily

from Group Mono to Group Tetra when the donor in the Dn-A sys-

tem is Cz, which has the smallest molecular size and the most pla-

nar structure. This observation aligns with previously reported data

for 4CzIPN, known for its excellent performance in blue OLEDs as

TADF emitters [1], but differs significantly when CzNaph is used

as the donor. This suggests that the oscillator strength of emission

diminishes with the aggregation of CzNaph donors, likely due to

increased torsions (15.9°), reduced planarity. Conversely, with in-

creased twisting and size in AzNaph (32.8°), steric effects create

a hill trend in emission strength. Thus, it is essential to investi-

gate the mechanism by which molecular size and steric torsions of

multiple donors affect luminescence, particularly regarding emis-

sion strength and wavelength.

To further assess the impact of different donor torsion degrees

(Fig. 4a) on molecular stability, we calculated the reorganization

energies of these molecules (Fig. 4b). The decomposition modes

(Fig. 4c) from S0 to S1 and from S1 to S0 are consistent across

each structure; hence, subsequent analyses are based on the re-

organization energy data from S0 to S1. By analyzing the pro-

jection ratios of the reorganization energy into three vibrational

modes-stretch, bend, and dihedral vibrations—we observe consis-

tent trends in both tri- and tetra-substituted molecules, with rela-

tively larger values for Cz and AzNaph (Fig. 4d).

The reorganization energy of the AzNaph group is significantly

higher than that of the other two groups, with CzNaph exhibiting

the lowest value. There is a positive correlation between the dihe-

dral contribution proportion and the overall magnitude of the re-

organization energy. The structural torsion introduced by the hep-

tacyclic ring in AzNaph results in the largest reorganization en-

ergy and dihedral fraction, indicating substantial conformational

changes between the ground and excited states. This leads to the

poorest stability and more pronounced non-radiative processes. In

contrast, molecules containing five-membered rings, such as Cz

and CzNaph, demonstrate better stability, with CzNaph being the

most stable.

Further analysis of the vibrational modes in the three tetra-

substituted molecules reveals that the low-frequency modes cor-

respond to out-of-plane vibrations of the donor fragment, mid-

frequency modes (around 1500 cm−1) to in-plane stretching vi-

brations of the acceptor core, and high-frequency modes (around

2300 cm−1) to in-plane stretching vibrations of the cyano group.

These vibrational modes are present in all three molecules. How-

ever, while the absolute intensities of the mid- and high-frequency

vibrations remain nearly unchanged, the intensity of the low-

frequency modes increases in the order of CzNaph < Cz < AzNaph.

The significant reorganization energy at low frequencies sug-

gests that these molecules may undergo structural inversions and

changes at room temperature, impacting the properties of the ex-

cited state. This observation leads to the hypothesis that the exces-

sively high reorganization energy at low frequencies in TetraAzN

contributes to its instability. In contrast, TetraCz, with greater sta-

bility than TetraAzN, can undergo spin flips at room temperature

under stable molecular conditions. Additionally, due to its higher

SOC constant, the intersystem crossing (ISC) process in TetraCz oc-

curs more readily, which is beneficial for its excellent TADF perfor-

mance. In order to compare our molecules with similar molecules

reported in recent years, we have performed extra calculations for

seven molecules [7,23], including their S1 energy levels and oscilla-

tor strengths. These data, along with the calculations for the three

tetra-molecules, are included in Table S4 (Supporting information).

In this study, we designed a series of multi-donor type TADF

emitters, systematically analyzing their structural and electronic

properties to elucidate the effects of donor quantity and config-

uration on their photophysical behavior and stability. By incor-

porating various donor units into D-A compounds, we demon-

strated that the introduction of multiple donor fragments enhances

charge transfer characteristics and lowers the S1 state energy. Our

DFT calculations and electron-hole analyses further revealed that
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Fig. 4. Steric hindrance and structural relaxation decomposition in emission process of Group Tetra. (a) Torsion angles of intramolecular dihedrals. (b) Magnitude of the

reorganization energy. (c) Vibrational mode analysis of the tetra-molecules during the S0-S1 transition. The ball-stick models inset represent the vibrational modes at the

corresponding frequencies. (d) Projection of the reorganization energy onto three relevant vibrational modes with their respective contributions in percentages.

the increased structural torsion introduced by the heptacyclic ring

exacerbates structural relaxation, thereby reducing emission effi-

ciency. In contrast, the larger spatial potential resistance provided

by the conventional five-membered-ring structure, particularly af-

ter π-expansion, enhances stability. This structural configuration

allows TetraCzN to exhibit lower recombination energy compared

to TetraCz. Consequently, when designing multi-donor type D-A

TADF molecules, it is crucial to enhance the spatial site resis-

tance while adequately controlling the structural torsion of the

donor group to achieve materials with superior stability and lu-

minescence properties. Our findings provide valuable insights into

the design principles of TADF materials, underscoring the potential

of multi-donor strategies in developing highly efficient and stable

emitters for next-generation OLED applications.
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