
Organic Light-Emitting Diodes Hot Paper

Pure Hydrocarbon Hosts Enabling Efficient Multi-Resonance TADF
Blue-Emitting Organic Light-Emitting Diodes

Yue-Jian Yang+, Denis Ari+, Zhe-Hong Yu+, Kelvine Letellier, Olivier Jeannin, Qi Zheng,
Aziz Khan, Cassandre Quinton, Dong-Ying Zhou,* Zuo-Quan Jiang,* and Cyril Poriel*

Abstract: Pure hydrocarbon (PHC) materials are a class of highly efficient and stable host materials for organic light-
emitting diodes (OLEDs), composed solely of carbon and hydrogen atoms. Despite recent great advancements in PHC
research, their applications are still mainly limited to phosphorescent OLEDs (PHOLEDs). High-performance blue
OLEDs still pose a considerable challenge. Thus, expanding PHC materials into other types of OLEDs is critical for
advancing organic electronic technologies. In this study, we designed a series of original high-triplet PHC materials based
on a multi-substitution approach of the 9,9’-spirobifluorene (SBF) backbone and used them, for the first time, as a host
in phosphorescence-sensitized multi-resonance thermally activated delayed fluorescence (MR-TADF) OLEDs. Devices
based on the 2,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)boron (DtBuCzB) emitter, using FIrpic or fac-Ir(tpz)3 as the
sensitizer, achieved high maximum external quantum efficiency (EQEmax) values ranging from 29.1% to 33.9%.
Additionally, blue MR-TADF OLED devices based on v-DABNA with a phosphorescent sensitizer (CN� Ir),
demonstrated outstanding electroluminescent performance, with an EQEmax of approximately 31% due to an excellent
molecular orientation induced by the PHC hosts. All devices exhibited narrow full-width at half-maximum spectra and
minimal efficiency roll-off. This study marks the first application of PHC materials as hosts in phosphorescence-
sensitized MR-TADF OLEDs, highlighting their potential as promising candidates for next-generation blue OLEDs and
offering a viable pathway to achieve high-performance devices.

Introduction

The development of organic electronics, particularly organic
light-emitting diode devices (OLEDs) technology, is begin-
ning to impact daily life significantly.[1] Based on different
photophysical principles, three generations of primary
luminescent materials have been developed: fluorescent
materials, phosphorescent materials,[2–7] and thermally acti-
vated delayed fluorescence (TADF) materials.[8–11] Despite
considerable progress in the past decades, blue light

emission still needs to be improved in terms of efficiency,
stability and color purity.[2,12–13] This is a major challenge for
the future of lighting and display. Stability has always been
an important issue in blue OLED technology, which has
significantly slowed down its development and commercial-
ization. The bond dissociation energy plays a critical role in
OLED degradation, a process known as the exciton-induced
degradation process.[14] As C� N, C� P and C� S bonds are
known to be significantly more fragile than C� C bonds,[15–18]

pure hydrocarbon (PHC) materials,[19] only constituted of
hydrogen and carbon atoms, have appeared as a possible
solution for the next generation of blue OLEDs. Removing
heteroatoms from the molecular structure of host materials
for phosphorescent OLEDs (PHOLEDs) not only reduces
structural synthetic complexity and production costs but also
simplifies technological processes, which is particularly
important given the current focus on ecological
transformation.[20,21]

Although the PHC strategy was introduced as early as
2005 and used in various optoelectronic fields,[22] progress
has been relatively slow[23–26] and the first high-performance
devices have only appeared in recent years.[27–28] Nowadays,
several PHC materials have provided high-efficiency blue
PHOLEDs and have even surpassed the performance of
their heteroatom-based counterparts, clearly showing their
real potential.[29–33] Despite these advances in OLED
research using PHC host materials, the broad electrolumi-
nescent (EL) emission spectra and relatively moderate
efficiency have hindered their application in display tech-
nologies. Recently, the advent of multiple resonance ther-
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mally activated delayed fluorescence (MR-TADF) has
transformed the development of OLED materials by
enabling both high color purity and high efficiency, which
are essential for high-definition OLED displays.[34–36] Based
on the very promising previous results obtained with PHC in
PHOLEDs,[29–33] it would be highly appealing to combine
novel PHC host materials with MR-TADF emitting materi-
als through the phosphorescent sensitization technique,
which has garnered significant attention for its ability to
enhance efficiency and mitigate efficiency roll-off.[37–42]

Although the application of PHC-based host materials in
phosphorescence-sensitized devices has not yet been demon-
strated, their ability to meet the practical requirements of
this technology makes them worthy of exploration in this
study. In Figure 1, the mechanism of PHC host-based
phosphorescence-sensitized MR-TADF OLEDs is pre-
sented. The initial first 25% singlet excited state (S1) and
first 75% triplet excited state (T1) excitons are transferred
from the host to the phosphorescent sensitizer via Förster
resonance energy transfer (FRET) and Dexter energy trans-
fer (DET) processes, respectively. The phosphorescent
sensitizer leverages the spin-orbit coupling effect of heavy
metal atoms to efficiently convert S1 excitons into T1

excitons via intersystem crossing (ISC). The T1 excitons are
then transferred to the S1 state of the emitter through the
FRET process.[43] The key step in this energy transfer
cascade is the transfer of T1 exciton energy from the
sensitizer to the S1 excitons of the emitter via FRET, thereby
reducing the generation of long-lived T1 excitons in the
TADF emitter.[44] Additionally, selecting the phosphorescent
sensitizer with a triplet state energy level (ET) closely
matching the singlet energy level (Es) of the MR-TADF
emitter enables filtering the S1 excitons of the emitter
through reverse DET, further minimizing T1 exciton accu-
mulation in the emitter.[38] Since the T1 exciton lifetime of
the phosphorescent sensitizer is typically shorter than that of
the boron-based MR-TADF emitters, this method effec-
tively reduces T1 exciton density and shortens exciton
lifetimes while preserving the high external quantum

efficiency (EQE) and pure color emission characteristic of
the MR-TADF emitters.[45–48]

In this work, we present the first PHC host-based
phosphorescence-sensitized MR-TADF OLEDs. To achieve
high ET and a wide energy gap (Eg), the design strategy
involves disrupting the π-conjugation of the 9,9’-spirobifluor-
ene (SBF) skeleton by introducing peripheral meta-terphen-
yl (mtp) units. Four positional isomers of SBF were
investigated: 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF
and 4,4-dimtp-SBF (Scheme 1). These substitution patterns
are very rarely reported in the literature but appear herein
interesting to reach the necessary electronic and physical
properties for the targeted applications. All PHC host
materials exhibited high ET values, wide Eg and excellent
thermal stability, with high decomposition (Td) and glass
transition (Tg) temperatures. When used as host materials in
blue MR-TADF OLEDs employing 2,6-Bis(3,6-di-tert-
butyl-9H-carbazol-9-yl)boron (DtBuCzB, see structure in
Figure S55) as the emitter, these isomers demonstrated
outstanding EL performance. Devices sensitized with FIrpic
and fac-Ir(tpz)3 (see structures in Figure S55) produced
narrowband emission peak at 488 nm, full-width at half-
maximum (FWHM) of 29–30 nm and high maximum EQE
(EQEmax) ranging from 29.1% to 33.9%, with minimal
efficiency roll-off. Among the isomers, 1,8-dimtp-SBF and
4,4-dimtp-SBF showed significantly enhanced current and
power efficiencies (CE and PE). Additionally, blue MR-
TADF OLEDs incorporating v-DABNA (see structure in
Figure S55) and using 1,8-dimtp-SBF and 4,4-dimtp-SBF as
host, in combination with CN� Ir as sensitizer, achieved
narrowband emissions at 468 nm and short FWHMs of
21 nm. These devices also reached a very high EQEmax of
approximately 31% owing to their excellent molecular
orientation, which maximizes the light outcoupling efficiency
(ηout). These findings show the versatility of PHC materials
and their great potential for achieving the new generation of
high-efficiency OLEDs.

Figure 1. a) Molecular structures of four pure hydrocarbon isomers; b) The energy transfer process of the phosphorescence-sensitized system.
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Results and Discussion

The synthetic route is shown in Scheme 1. The synthesis of
1,6-dimtp-SBF and 1,8-dimtp-SBF involves first the synthesis
of the corresponding fluorenones, possessing the anchor
points at C1 & C6 for 1,6-diBr-FO and at C1 & C8 for 1,8-
diBr-FO. These substitution patterns are very rarely re-
ported in the literature and are difficult to reach from a
synthetic point of view. These compounds were synthesized
using a one-pot carbon-hydrogen activation and cyclization
approach, first reported by Sorensen and co-workers in
2017.[49–50] This approach is interesting as it allows to form in
a single step two sophisticated fluorenyl cores with a 1,6 and
1,8-substitution pattern. As the separation of 1,6-diBr-FO
and 1,8-diBr-FO was challenging, the grafting of the mtp
fragment was performed on the mixture via a Suzuki-
Myaura cross-coupling reaction yielding 1,6-dimtp-FO and
1,8-dimtp-FO were performed by flash chromatography.
The spirofluorene unit was finally introduced with a classical
sequence involving a nucleophilic addition reaction of either
1,6-dimtp-FO or 1,8-dimtp-FO with the lithiated biphenyl
followed by an intramolecular cyclization reaction giving
1,6-dimtp-SBF and 1,8-dimtp-SBF. The synthesis of 3,3-
dimtp-SBF and 4,4-dimtp-SBF was achieved via Suzuki–
Miyaura coupling between the corresponding bromo-SBF
and mtp-boronic acid. This synthetic route is straightfor-
ward, with yields exceeding 70% and it supports reactions
on a gram scale. Additionally, it offers a new synthetic
strategy for the functionalization of the spirofluorene unit at
opposite fluorene positions. The four regioisomers can only
be differentiated by the SBF substitution patterns (C1, C3,

or C4). These substitution sites limit the electronic coupling
between the external mtp groups and the central SBF. Such
design features are expected to optimize the hosting proper-
ties in OLEDs.

To better understand the configurations of the four
isomers, single-crystal X-ray diffraction analyses were
performed (Figure 2, Table S6–S9). The analysis revealed
that all isomers possess a rigid orthogonal configuration in
the SBF core, with a dihedral angle of approximately 90°
between the two fluorene units (Figure S37). The dihedral
angles between the SBF core and the mtp groups were also
measured (Figure 2) and summarized in Table S10, with
further discussion provided below. The number of intra-
molecular short contacts of π…π, C� H…π and C� H…H� C
types is substantial across all PHC molecules studied (Fig-
ure S38–S42). These contacts contribute to structural rigidity
and stabilize specific conformations, highlighting the pro-
nounced steric hindrance within these systems, particularly
at the C1 and C4 positions known for their high steric
demands.[53] Distinct patterns of intermolecular interactions
are also observed across the molecules (Figure S43–S47).
For 1,6-dimtp-SBF, only a single short C� H…H� C contact
is present, influencing the packing arrangement and leading
to a less dense crystal structure. In contrast, 1,8-dimtp-SBF
exhibits a relatively greater number of intermolecular short
contacts, with C� H…π interactions contributing to the
packing. 3,3-dimtp-SBF displays three types of intermolecu-
lar interactions C� H…π, π…π and C� H…H� C resulting in a
more compact crystal structure than those of 1,6-dimtp-SBF
and 1,8-dimtp-SBF. The crystal structure of 4,4-dimtp-SBF
is particularly noteworthy, as it includes two distinct con-

Scheme 1. Synthesis of 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF.
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formers. The first conformer exhibits a remarkably high
number of intermolecular short contacts, involving three
types of interactions: C� H…π, π…π and C� H…H� C,
producing an extremely dense and compact crystal structure.
Conversely, the second conformer shows significantly fewer
interactions, with only C� H…π contacts. This reveals the
coexistence of two very distinct conformers in the crystal:
one with a high number of short intermolecular contacts and
another with a low number of interactions, which suggests
the possibility of polymorphism in the crystalline structure
of 4,4-dimtp-SBF. These intermolecular interactions drive
molecular packing, which can substantially influence device
performance by promoting charge transfer and improving
thermal stability. Additionally, owing to the presence of the
large and twisted mtp substituents, all four isomers exhibit a
loose molecular packing arrangement (Figure S48), which
significantly reduces strong π…π interactions between mole-
cules, thereby minimizing intermolecular quenching. This
loose packing facilitates the horizontal orientation of
molecules in films, enhancing ηout and improving OLED
performance.[51] This will be demonstrated below. These
findings reveal the potential of this series of isomers as
promising host materials for OLED applications.

As the PHC concept is based on the stability of the C� H
and C� C bonds vs C� N, C� O or C� S bonds, Bond
Dissociation Energies (BDE) were evaluated on different
SBF-based models (Figure S54). Independently of the sub-
stitution position (C1, C3 or C4), the BDEs of C� H and
C� C bonds were always higher than those of C� N, C� O or
C� S bonds in corresponding model compounds.

As shown in Figure 3a, the UV/Visible absorption
spectra of the four isomers in diluted cyclohexane solution
(10� 5 M) exhibit significant differences translating the im-
portance of the substitution pattern. Time-dependent den-
sity functional theory (TD-DFT) calculations, using the
B3LYP functional and def2svp basis set, were performed on
the optimized ground (S0) state geometries (Figure S49,
Table S11–S14). All four isomers display a characteristic
absorption band between 308 and 316 nm, corresponding to
the SBF backbone.[52,53] Additionally, red-shifted absorption
bands at longer wavelengths were observed, indicating

electronic coupling between the fluorene fragment and the
terphenyl substituents.[53] Among the isomers, the absorp-
tion spectrum of 1,8-dimtp-SBF is the most similar to that of
SBF. TD-DFT studies reveal that while the bathochromic-
shifted absorption band remains present in 1,8-dimtp-SBF,
its intensity is relatively low, indicating that the C1 position
has a smaller influence on absorption properties compared
to positions C3 and C4. Indeed, the C1 position presents the
advantages of both C3 and C4 positions, namely an
electronic decoupling thanks to the meta-linkage (as for C3)
and a high steric hindrance (as for C4). The high sterically
hindered environment of 1,8-dimtp-SBF is materialized by
the large dihedral angles, measured in the crystallographic
structure (80.6°/81.0°, Figure 2 and Table S10), between the
fluorene and the mtp. In contrast, 3,3-dimtp-SBF exhibits a
particularly intense bathochromic-shifted absorption band,
reflecting an extension of the π-conjugation. This π-exten-
sion at the C3 position has been discussed elsewhere.[52–53]

As a result, the absorption intensity of 1,6-dimtp-SBF lies
between that of 3,3-dimtp-SBF and 1,8-dimtp-SBF with a
shoulder at ca. 316 nm translating the electronic coupling
induced by the position C3. The spectrum of 4,4-dimtp-SBF
also shows this shoulder at ca. 316 nm, which reflects a
certain degree of π-conjugation between the fluorene and
mtp units. However, the large angle formed between the
fluorene and the mtp at the C4 position (66.3°/68.4°/74.7°,
Figure 2) significantly disrupts π-conjugation in 4,4-dimtp-
SBF. This strong steric congestion is the main characteristic
of the C4 position.[4,54] To further validate the steric
hindrance effects in the four isomers, we performed the
Independent Gradient Model based on Hirshfeld (IGMH)
analysis (Figure S53). In summary, the C1 position effec-
tively disrupts the π-conjugation because of the cumulative
effect of a strong steric hindrance and meta-substitution,
while the C3 and C4 positions cause only partial disruption
of π-conjugation due to only one of these effects (meta-
linkage for C3 and steric hindrance for C4). Based on the
onset of the absorption spectra, the Eg

opt of 1,8-dimtp-SBF,
4,4-dimtp-SBF, 3,3-dimtp-SBF and 1,6-dimtp-SBF are esti-
mated to be 3.85, 3.79, 3.76 and 3.72 eV, respectively
(Table 1). Compared to the Eg

opt of SBF (3.97 eV), there is

Figure 2. Single crystal configuration of 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF. Hydrogen atoms have been omitted for
clarity.
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hence a significant reduction of Eg
opt, reflecting the varying

degrees of π-conjugation disruption as a function of the
substitution pattern. These results suggest that these materi-
als are promising candidates as host materials for OLEDs.

The emission characteristics are also significantly influ-
enced by the substitution pattern (Figure 3b). The 1,8-

dimtp-SBF displays the bluest emission spectrum (λmax=317
and 332 nm) with only a slight bathochromic shift compared
to SBF (λmax=310 and 323 nm), as also observed above in
absorption. Surprisingly, the fluorescence spectra of 1,6-
dimtp-SBF and 3,3-dimtp-SBF are nearly identical, both
exhibiting a moderate bathochromic shift (λmax=338 nm). It

Figure 3. (a) Absorption and (b) fluorescence spectra at room temperature in cyclohexane (c) phosphorescence spectra in 2-methyl-THF at 77 K
and (d) spin density distribution (SDD) of the triplet state of 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF.

Table 1: Selected properties of 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF. SBF is reported herein for comparison.[53,55]

1,6-dimtp-SBF 1,8-dimtp-SBF 3,3-dimtp-SBF 4,4-dimtp-SBF SBF

λabs [nm]a 311, 318 312 306, 316 308 308
λem [nm]a 338 317, 332 338 361 310, 323
Φ 0.65b 0.24b 0.60b 0.61b 0.55c

λphos [nm]d 438 433 444 446 429
τf [ns]

a 7.47 8.30 7.58 3.63 4.6
kr (×10

7) [s� 1] 8.70 2.89 7.91 16.80 12
knr (×10

7) [s� 1] 4.69 9.15 5.28 10.74 10
τp (s) 5.33 5.70 4.46 4.14 5.4
ES [eV]e 3.86 4.04 3.87 3.82 4.05
ET [eV]f 2.83 2.86 2.82 2.78 2.89
LUMO El [eV]

g � 2.08 � 1.93 � 2.09 � 2.12 � 1.74
LUMO th [eV] � 1.35 � 1.32 � 1.35 � 1.38 � 1.26
HOMO El [eV]

h � 5.93 � 5.84 � 5.97 � 6.01 � 5.95
HOMO th [eV] � 5.80 � 5.71 � 5.88 � 5.97 � 5.99
Eg

el [eV] 3.85 3.91 3.88 3.89 4.14
Eg

opt [eV]i 3.72 3.85 3.76 3.79 3.97
Tg [°C] 150 127 172 164 –
Td [°C] 435 407 490 463 234
μh (×10� 6) [cm2 V� 1 s� 1]j 9.26 6.94 8.75 7.58 –
μe (×10

� 6) [cm2 V� 1 s� 1]j 4.04 3.23 2.52 6.81 –
μh / μe 2.29 2.14 3.47 1.13 –

[a] In cyclohexane. [b] Compared to SBF. [c] Compared to quinine sulfate. [d] In 2-methyl-THF at 77 K. [e] Calculated from the onset of the highest
energy band in cyclohexane (1239.84/λ). [f ] Calculated from the peak maximum of the highest energy phosphorescent band, (1239.84/λ), at 77 K
in 2-MeTHF. [g] From CVs in DMF. [h] From CVs in DCM. [i] Calculated from the onset of the UV/Vis absorption spectrum in cyclohexane. [j]
Hole/electron mobility. th= theoretical, el=electrochemical, opt=optical.
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is well established that the position C3 of a fluorene (similar
to the C2 position) leads to a planification of S1,

[53] which
can erase the linkage effects and usually induces a bath-
ochromic shift of the emission and a relatively narrow
spectrum as observed for both 1,6-dimtp-SBF and 3,3-dimtp-
SBF. The root-mean-square deviation (RMSD) of 4,4-
dimtp-SBF is calculated to be 1.06 Å, revealing that the
deformation and fluctuation of geometric configurations
between S0 and S1 states of 4,4-dimtp-SBF are large during
the electronic transition process (Figure S51). Additionally,
the calculated reorganization energies for 1,6-dimtp-SBF,
1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF are 0.78,
0.59, 0.56 and 1.09 eV, respectively. Among the four
isomers, 4,4-dimtp-SBF exhibits the largest reorganization
energy (Table S15), resulting in the largest Stokes shift and
the largest bathochromic shift in fluorescence emission,
consistent with experimental observations (λmax=361 nm).
C4-substituted SBFs have previously been the subject of
several studies to shed light on their unusual fluorescence
properties and the present findings are in accordance with
other C4-substituted SBFs reported in the literature.[4,53–54]

The quantum yields (Φ) were measured at 0.65, 0.24, 0.60
and 0.61 for 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF
and 4,4-dimtp-SBF respectively. Except for 1,8-dimtp-SBF,
all the quantum yields are similar to that of SBF (0.55). The
highest value observed for 1,6-dimtp-SBF can be related to
the combination of a low non-radiative constant knr and a
relatively high radiative constant kr (4.69 and 8.70×107 s� 1

respectively, Table 1). The two smallest knr in the series are
detected for the two compounds possessing relaxed C3
linkages, 1,6-dimtp-SBF and 3,3-dimtp-SBF, without strong
steric hindrance. Oppositely, in both 1,8-dimtp-SBF and 4,4-
dimtp- SBF, the steric congestion induced by the position
C1 or C4 increases knr to 9.15×107 and 1.07×108 s� 1

respectively. In the case of 4,4-dimtp-SBF, Φ is maintained
high since kr is also measured very high, 1.68×108 s� 1, in
accordance with a high oscillator strength of the HOMO/
LUMO transition (f=0.0996). Oppositely, for 1,8-dimtp-SB,
the combination of low kr (2.89×107 s� 1) and high knr

(9.15×107 s� 1) leads to a dramatic drop of Φ. In the latter,
the C1 position is at the origin of this feature with an almost
null oscillator strength for the HOMO/LUMO transition
(f=0.0001) and a highly sterically hindered environment.
This is in line with previously reported results on C1-
substituted SBFs.[27,53]

The phosphorescence emission spectra recorded at 77 K
in 2-MeTHF (Figure 3c) provide the ET values for 1,8-
dimtp-SBF, 1,6-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-
SBF, which are estimated to be 2.86, 2.83, 2.82 and 2.78 eV,
respectively. Contrary to our observations from absorption
and fluorescence, the nature of the linkage fully drives the
ET values. 1,8-dimtp-SBF exhibits the highest ET, reflecting
its effective disruption of π-conjugation, with an ET value
very close to that of unsubstituted SBF (2.89 eV). This
results from the combination of two meta linkages and a
constrained environment, with dihedral angles between the
SBF core and the mtp units of 89.2°/89.3° in the T1 state
(Figure S52 and Table S16). In contrast, 1,6-dimtp-SBF and
3,3-dimtp-SBF, which both possess C3 substitution patterns,

display lower ET values of 2.83 eV and 2.82 eV, respectively,
with T1-state dihedral angles of 5.0°/73.8° and 7.1°/39.1°.
These ET values are nevertheless higher than that of 4,4-
dimtp-SBF, which features ortho linkages (C4) and has an
ET value of 2.78 eV, with T1-state dihedral angles of 33.5°/
62.4°. This feature can be illustrated by the spin density
distribution (SDD, Figure 3d). Indeed, 1,8-dimtp-SBF shows
spin density fully localized on a single fluorene unit, while
4,4-dimtp-SBF exhibits partial delocalization on the mtp
unit, explaining the lower ET value. The C3 linkage of 1,6-
dimtp-SBF and 3,3-dimtp-SBF provides spin densities con-
centrated on two phenyl rings, one of the fluorene and one
of the mtp, resulting in ET that are intermediate between
those of the two other isomers. Additionally, these com-
pounds exhibit relatively long T1 state lifetimes, estimated to
range from 4.14 to 5.70 s. In summary, the ET values of these
four isomers can be finely modulated through different
substitution patterns but are, for all, maintained very high,
which is an essential feature for achieving efficient energy
transfers in OLEDs.

The electrochemical properties of the four isomers were
examined using cyclic voltammetry (CV) in CH2Cl2 (for
oxidation) and DMF (for reduction), as presented in Fig-
ure S26–S35 and summarized in Table 1. From the onset
oxidation potentials, HOMO energy levels for 1,6-dimtp-
SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF
were evaluated at � 5.93, � 5.84, � 5.97 and � 6.01 eV,
respectively. The HOMO energy levels can be classified in
two sets: one possessing HOMO energy levels higher than
that of SBF (� 5.95 eV), namely 1,6-dimtp-SBF and 1,8-
dimtp-SBF (� 5.93, � 5.84 eV) and one surprisingly lower
than that of SBF, namely 3,3-dimtp-SBF and 4,4-dimtp-SBF
(� 5.97 and � 6.01 eV). Thus, the 3,3-dimtp-SBF/4,4-dimtp-
SBF couple appears to be more difficult to oxidize than the
SBF building unit, indicating an electron-withdrawing effect
of the mtp fragment on the SBF core. This electron-
withdrawing effect of the mtp core seems to have more
influence than the π-conjugation extension induced by the
fluorene/mtp connection. Their HOMO energies are there-
fore lowered compared to that of SBF. The strongest effect
on the HOMO energy is thus logically detected for 4,4-
dimtp-SBF, which possesses two ortho linkages.

Compounds 1,6-dimtp-SBF and 1,8-dimtp-SBF display
drastically different behavior. Indeed, in the case of 1,8-
dimtp-SBF, the presence of the two mtp at C1 induces
strong cofacial interactions.[56–57] Such interactions are known
to significantly decrease the HOMO energy levels.[58–62] This
can be seen by the electronic density born by the two mtp in
the HOMO (Figure 4), which is characteristic of such types
of interactions. For 1,6-dimtp-SBF, which possesses only one
mtp fragment at C1, this effect is logically diminished and
the HOMO is then lowered. Thus, three different effects are
involved in this series: (i) Through-space interaction because
of the substitution at C1, (ii) through-bond extension of the
π-conjugation and (iii) electron-withdrawing effect of the
mtp fragment.

The reduction potentials were measured in DMF provid-
ing peak potentials of � 2.48, � 2.32, � 2.31 and � 2.28 V for
1,8-dimtp-SBF, 1,6-dimtp-SBF, 3,3-dimtp-SBF and 4,4-
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dimtp-SBF respectively. Corresponding LUMO energy
levels were evaluated at � 1.93, � 2.08, � 2.09 and � 2.12 eV.
Oppositely to what was observed for the HOMO energies,
the electron-withdrawing effect of the mtp groups is
predominant in the LUMOs, depressing for all molecules
the LUMO energy levels compared to SBF (� 1.74 eV).
Specifically, the LUMO of 1,6-dimtp-SBF and 1,8-dimtp-
SBF is mainly localized on the substituted fluorene (because
of the substitution on a single fluorene), while the LUMO of
3,3-dimtp-SBF and 4,4-dimtp-SBF is distributed across both
the SBF backbone and the attached benzene rings (owing to
the substitution on two fluorenes). For the latter, this leads
to a deepening of the LUMO energy. The deep HOMO and
high LUMO energy levels provide wide Eg of 3.91, 3.89, 3.88
and 3.85 eV for 1,8-dimtp-SBF, 4,4-dimtp-SBF, 3,3-dimtp-
SBF and 1,6-dimtp-SBF respectively. This wide Eg effec-
tively prevents holes and electrons from recombining
directly within the host material, which facilitates efficient
energy transfer of the sensitization system and enhances
emission efficiency. This is crucial for incorporating emitter
and phosphorescent sensitizers into the OLED emission
layer (EML).

The PHC constructed on the SBF skeleton offers
significant morphological stability and high thermal stability,
which can reduce efficiency roll-off owing to heat accumu-
lation and material degradation. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were
employed to assess the thermal and morphological proper-
ties of the four isomers. The results show that these
compounds exhibit excellent thermal stability (Figure S36).
The Td measured at 5% mass loss, are 435, 407, 490 and
463 °C for these isomers, indicating their robust thermal
stability. Additionally, the Tg are significantly high, recorded
at 150, 127, 172 and 164 °C (Table 1). The variations are
primarily attributed to the different molecular arrangements
of the isomers, highlighting the impact of the substitution
patterns on this characteristic. In contrast, the thermal
stability of the SBF building block is comparatively low,
with a Td of 234 °C.[53,55] These findings show that these host
materials display high thermal stabilities while maintaining

the favorable electronic properties of SBF, including high ET

and wide Eg.
Before examining the EL characteristics, we first

analyzed hole-only and electron-only devices (HOD and
EOD) to measure charge mobility (Figure S56). At low bias,
the curves were well-fitted within the space-charge-limited
current (SCLC) region. The calculated zero-field mobilities
of the compounds are summarized in Table 1. Consistent
with other PHC systems reported in the literature, all
compounds demonstrated good charge balance owing to
their comparable hole and electron mobilities. This charge
balance is crucial for enhancing OLED performance, as it
facilitates efficient recombination of holes and electrons,
contributing to the high efficiency observed in subsequent
studies, particularly for the new generations of simplified
OLEDs called Single-Layer.[21,63–64] This behavior is partially
attributed to the inherent PHC properties of these host
materials as previously observed in the literature.[31–33] In-
deed, for hosts containing heteroatoms, achieving balanced
charge transport can be challenging due to the intrinsic
properties of their functional units, which may be either
electron-rich or electron-deficient.

Finally, as the four isomers displayed all the prerequi-
sites, they were employed as hosts in MR-TADF OLEDs.
To reduce the likelihood of exciton formation through direct
charge trapping on the emitter, phosphorescent sensitizers
(FIrpic, fac-Ir(tpz)3, CN� Ir)[38,65–66] were selected with
HOMO energy levels closely matching that of the emitters
(DtBuCzB and v-DABNA)[67–68] (Table S22). Additionally,
to maximize the spectral overlap between the photolumines-
cence (PL) of the sensitizer and the absorption spectrum of
the emitter, thereby enhancing FRET efficiency of energy
transfer from T1 excitons of the sensitizer to S1 excitons of
the emitter, we measured the overlap between the PL
spectra of the sensitizers and the absorption spectra of the
emitters in diluted toluene solution (Figure S57). The results
indicate the large spectral overlap, which effectively opti-
mizes device performance by minimizing energy loss and
improving emission efficiency. Furthermore, to suppress T1

exciton exchange from the T1 state of the sensitizer to the T1

state of the emitter via DET, the emitter doping concen-

Figure 4. Frontier molecular orbitals of 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF. (top: LUMO, bottom: HOMO, B3LYP,
def2svp, isovalue of 0.035[ebohr� 3]1/2).

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2025, 64, e202501895 (7 of 12) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



tration was maintained between 0.5 and 2 wt%, ensuring
sufficient spatial separation between the sensitizer and the
emitter.[69–72] The OLEDs investigated present the following
structure: ITO/HAT-CN (10 nm)/TAPC (40 nm)/TCTA
(10 nm)/mCP (10 nm)/ EML (20 nm)/TmPyPB (40 nm)/Liq
(2 nm)/Al (80 nm). In this configuration, HAT-CN
(1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile) acts as
the hole injection layer, TAPC (1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane) and TCTA (Tris(4-carbazo-
yl-9-ylphenyl)amine) serve as hole transport layers, mCP
(1,3-bis-(N-carbazolyl)benzene)) functions as an electron-
blocking layer and TmPyPB (1,3,5-tri(m-pyridin-3-
ylphenyl)benzene) and Liq (lithium-8-hydroxyquinolinolate)
are used as the electron transport and electron injection

layers, respectively. The EML consists of the host material
mixed with 2 wt% of DtBuCzB and 10 wt% of FIrpic. The
EL performance of the OLEDs is depicted in Figure 5 and
Figure S58, while the device structure, energy level diagram
and molecular structures of the functional materials are
presented in Figure S55. The device performances are
summarized in Table 2.

As shown in Figure 5 and Figure S58, devices D1–D4
exhibit similar EL spectra, with a maximum of 488 nm and a
FWHM of 30 nm. Their driving voltages are respectively
3.71, 3.72, 3.79 and 3.79 V at 0.01 mAcm� 2, indicating
excellent charge injection properties. Remarkably, all devi-
ces achieve exceptionally high EQEmax, ranging from 29.1%
to 33.9%. Devices D2 and D4, based on 1,8-dimtp-SBF and

Figure 5. Device performance of D1-B2 using 1,6-dimtp-SBF, 1,8-dimtp-SBF, 3,3-dimtp-SBF and 4,4-dimtp-SBF as host. Current density and
luminance versus driving voltage (J–V–L) characteristics for a) D1-D4; b) D5-D8; c) B1 and B2. d) EQE versus luminance characteristics for D1-D4
(top), D5-D8 (middle) and B1-B2 (bottom). e) CE versus luminance characteristics for D1-D4 (top), D5-D8 (middle) and B1-B2 (bottom).

Table 2: Summary of OLED device performance.

EML Host Va

(V)
λEL

b

(nm)
FWHMb

(nm)
CEc

(cd A-1)
PEc

(lm W-1)
EQEd

(%)
Θh

e

Host:
10 wt% FIrpic:
2 wt% DtBuCzB

1,6-dimtp-SBF (D1) 3.71 488 30 50.0 42.2 29.1/15.5 82
1,8-dimtp-SBF (D2) 3.72 488 30 60.0 54.1 33.9/20.0 84
3,3-dimtp-SBF (D3) 3.79 488 30 50.0 41.4 29.3/16.7 84
4,4-dimtp-SBF (D4) 3.79 488 30 60.0 49.7 33.9/17.6 89

Host:
20 wt% fac-Ir(tpz)3:
2 wt% DtBuCzB

1,6-dimtp-SBF (D5) 3.46 488 30 55.0 48.6 29.9/23.8 81
1,8-dimtp-SBF (D6) 3.29 488 29 55.0 51.1 32.0/20.6 82
3,3-dimtp-SBF (D7) 3.55 488 29 55.0 47.3 31.0/23.8 84
4,4-dimtp-SBF (D8) 3.61 488 30 60.0 52.2 32.9/24.2 89

Host:
20 wt% CN-Ir:
0.5 wt% v-DABNA

1,8-dimtp-SBF (B1) 3.61 468 21 30.0 26.1 30.9/23.6 85

[a] Driving voltages at the current density of 0.01 mA cm-2. [b] Measured at a driving current density of 40 mA cm-2. [c] Values of CEmax and PEmax.
[d] EQE at the maximum and 1,000 cd m-2. [e] The horizontal dipole ratio.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2025, 64, e202501895 (8 of 12) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



4,4-dimtp-SBF respectively, exhibit both an extremely high
EQEmax of 33.9% and a maximum CE (CEmax) of 60 cd A� 1.
However, D2 demonstrates a slightly higher maximum PE
(PEmax) of 54.1 lm W� 1 compared to 49.7 lm W� 1 for D4,
likely owing to the lower driving voltage of D2. These
results represent state-of-the-art performance for OLED
devices utilizing DtBuCzB. It is noteworthy that the excep-
tional charge balance demonstrated by 4,4-dimtp-SBF sig-
nificantly contributes to its high efficiency. Additionally,
devices D1 (1,6-dimtp-SBF) and D3 (3,3-dimtp-SBF) also
achieve very high EQEmax values respectively measured at
29.1% and at 29.3%. This shows the high efficiency of the
whole series of materials. In OLED devices, EQE is directly
influenced by the ηout, which depends not only on the
thickness and refractive index of the materials but also on
the orientation of the transition dipole moment of the
emitter in the amorphous host. Specifically, horizontal
molecular orientation relative to the substrate enhances
both ηout and EQE. The orientation of MR molecules in the
EML can affect efficiency. While altering the structure of
MR molecules can adjust the orientation, modifying the host
material, which is the main component of the EML, provides
a more direct approach to achieve efficient OLEDs.[73] In
order to elucidate the very high performance of the PHC
series, the horizontal molecular orientation within the EML
has been investigated. Thus, co-doped films (film1-film4)
based on the EMLs of devices D1-D4 were prepared. The
measurement results are presented in Figure S59.

The results indicate that the horizontal dipole ratio(Θh)
of FIrpic and DtBuCzB in 1,6-dimtp-SBF, 1,8-dimtp-SBF,
3,3-dimtp-SBF and 4,4-dimtp-SBF are 82%, 84%, 84% and
89%, respectively. These high Θh are attributed to the
rigidity of the host structure and the suppression of
reorientation and randomization of the guest and sensitizer
molecules during deposition, owing to the high evaporation
temperature. These findings further enhance the EL per-
formance of OLED devices based on PHC hosts and explain
the very high EQE values reached.

To further validate the present design strategy, we used
the phosphorescent material fac-Ir(tpz)3

[65] as a sensitizer for
DtBuCzB to fabricate devices (D5-D8). The structure of
these devices is identical to that of the previously mentioned
D1-D4 devices, except that the EML doping was changed
from 10 wt% FIrpic to 20 wt% fac-Ir(tpz)3. The device
structures and energy level diagrams are shown in Fig-
ure S55 and the EL performance is illustrated in Figure 5
and summarized in Table 2. Similar to the devices using
FIrpic as a sensitizer, devices D5-D8 exhibited extremely
high performance. These devices achieved narrow spectral
emission with a maximum at 488 nm and their EQEmax

ranged from 29.9% to 32.9%. Devices D6 and D8 demon-
strated outstanding performance, with D6 achieving an
EQEmax of 32.0%, a CEmax of 55 cd A� 1 and a PEmax of 51.1
lm W� 1. Device D8 exhibited an EQEmax of 32.9%, a CEmax

of 60 cd A� 1 and a PEmax of 52.2 lm W� 1. Devices D5 and D7
also exhibited excellent performance, with the correspond-
ing device characteristics summarized in Table 2. Notably, at
high luminance levels of 1000 cdm� 2, D5-D8 exhibited
outstanding low efficiency roll-off of 20.6%, 35.6%, 23.3%

and 27.0% respectively. This is attributed to the excellent
carrier balance capability of the PHC host and the short T1

lifetime of the phosphorescent sensitizer. fac-Ir(tpz)3 could
efficiently facilitate the conversion of T1 excitons into S1 of
DtBuCzB, thereby reducing the accumulation of T1 excitons
within the device. This reduction suppresses triplet-triplet
annihilation (TTA) and triplet-polaron annihilation (TPA),
effectively mitigating efficiency roll-off.[71,74] Consistent with
previous findings, we also prepared co-doped films (film5-
film8) based on the EML of devices D5-D8 to investigate the
Θh within the EML (Figure S60). The measured Θh were
81%, 82%, 84% and 89%, respectively. These results show
only a little variation from the data presented above,
suggesting that the structure and physical properties of the
host material (and not the dopant or the sensitizer) largely
determine molecular arrangement within the EML. As the
molecular orientation in the EML often plays a dominant
role in the OLED performance, this clearly emphasizes
herein the high efficiency of the overall PHC concept rather
than that of individual molecules.

As blue OLEDs remain one of the most challenging
areas in the field, we further explored the potential of PHC
hosts with another EML association, namely CN� Ir as the
phosphorescent sensitizer and v-DABNA as the blue MR-
TADF emitter. CN� Ir exhibits an ET (2.70 eV) comparable
to the singlet energy of ν-DABNA (2.65 eV) and possesses a
relatively short triplet lifetime (1.8 μs).[38] Furthermore, there
is a significant overlap between the emission of CN� Ir and
the absorption of ν-DABNA, which renders it an ideal
sensitizer (Figure S57). Owing to its high ET and wide Eg,
1,8-dimtp-SBF exhibits superior excitonic properties, while
4,4-dimtp-SBF ensures optimal charge balance and horizon-
tal orientation. Consequently, these materials outperform
the other two hosts in device performance, making them the
primary choices for blue MR-TADF OLEDs in this study.
The optimized device structures (B1 and B2) are as follows:
ITO/HAT (10 nm)/TAPC (40 nm)/TCTA (10 nm)/mCP
(10 nm)/0.5 wt% v-DABNA: 20 wt% CN� Ir: Host (20 nm)/
TmPyPb (40 nm)/Liq (2 nm)/Al (80 nm). The EL spectra
and device performance are shown in Figure 5, with the data
summarized in Table 2. Incorporating CN� Ir into the device
reduces the energy gaps between the host and emitter, as its
HOMO and LUMO levels are positioned between them,
facilitating carrier injection and transport within the EML
(Table S22). As a result, both B1 (with 1,8-dimtp-SBF as the
host) and B2 (with 4,4-dimtp-SBF as the host) devices
exhibited low driving voltages. Additionally, these devices
showed narrow blue EL spectra (FWHMs of only 21 nm),
centered at 468 nm. The additional energy transfer between
CN� Ir and ν-DABNA can reduce exciton loss and achieve a
very high EQEmax of approximately 31%. Devices B1 and
B2 also demonstrated high current CEmax and PEmax.
Furthermore, similar to the devices above, devices B1 and
B2 also exhibit excellent efficiency roll-off values of 21.8%
and 26.7%, respectively. Co-doped films (film9 and film10)
were prepared to measure Θh, which were found to be as
high as 85% and 93% (Figure S61). This orientation is one
important reason involved in the excellent efficiency and
low roll-off observed in these devices.[75] At high current
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densities, enhanced electric fields usually cause polarization
effects, altering molecular orientation within the EML and
leading to efficiency degradation.[76] However, using PHC
materials as hosts can stabilize molecular orientation,
mitigating polarization effects and maintaining high EQE
levels even at high luminance.

To further validate the high performance of this series of
devices, transient PL measurements were conducted to
examine the photophysical properties of the EML (Fig-
ure S62). Films (film11 and film12) were prepared by co-
doping CN� Ir and ν-DABNA with 1,8-dimtp-SBF and 4,4-
dimtp-SBF as host materials, respectively. The PL quantum
yields (PLQY) of film11 and film12 were measured at 95%
and 96%, respectively. Importantly, the PLQY of the co-
doped films remained high despite energy transfer proc-
esses, which is critical for achieving high device efficiency.
Using the PLQY values and decay times, the reverse
intersystem crossing (kRISC) rates were calculated to be
2.71×106 s� 1 and 3.67×106 s� 1 (film parameters summarized in
Table S23). This evidence reinforces the soundness of our
molecular design and the viability of PHC materials as host
materials for phosphorescent-sensitized devices.

Conclusion

In the present work, we report a series of four PHC host
materials constructed on the original and uncommon di-
substitution of the SBF backbone. By strategically disrupting
the π-conjugation of the SBF backbone, high ET and wide Eg

were achieved, which are essential characteristics for
efficient energy transfers in the EML. The introduction of
mtp substituents was particularly efficient in fine-tuning the
electronic and optical properties of these regioisomers,
confirming the role played by positional isomerism in
electronics.[77] The whole series of devices displays very high
performances with different phosphorescent sensitizers
(FIrpic, fac-Ir(tpz)3, CN� Ir) and emitters (DtBuCzB and v-
DABNA). Particularly, v-DABNA-based blue OLEDs
(468 nm) have reached impressive performance with EQEmax

above 30% and narrow FWHMs of 21 nm. We have
demonstrated that PHC hosts stabilize molecular orientation
and significantly reduce efficiency roll-off, which are two
key features in OLEDs. This study marks the first
application of PHC materials as hosts in phosphorescence-
sensitized MR-TADF OLEDs, highlighting their great
potential as promising candidates for next-generation blue
OLEDs and offering a viable pathway to achieve high-
performance devices.
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