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DFmacrocycles for high-efficiency
solution-processed and flexible organic light-
emitting diodes†

Xinxin Ban, *ab Qingpeng Cao,a Wenhao Zhang,a Wenzhong Bian,a Caixia Yang,a

Jiayi Wang,a Youqiang Qian,a Hui Xu,a Chuanzhou Tao *a and Wei Jiang *b

Macrocyclic thermally activated delayed fluorescence (TADF) emitters have been demonstrated to realize

high efficiency OLEDs, but the design concept was still confined to rigid p-conjugated structures. In this

work, two macrocyclic TADF emitters, Cy-BNFu and CyEn-BNFu, with a flexible alkyl chain as a linker

and bulky aromatic hydrocarbon wrapping units were designed and synthesized. The detailed

photophysical analysis demonstrates that the flexible linker significantly enhances the solution-

processibility and flexibility of the parent TADF core without sacrificing the radiative transition and high

PLQY. Moreover, benefiting from sufficient encapsulation of both horizontal and vertical space, the

macrocyclic CyEn-BNFu further isolated the TADF core and inhibited the aggregation caused quenching,

which benefits the utilization of triplet excitons. As a result, the non-doped solution-processed OLEDs

based on CyEn-BNFu exhibit high maximum external quantum efficiencies (EQE) up to 32.3%, which

were 3 times higher than those of the devices based on the parent molecule. In particular, these

macrocyclic TADF emitters ensure the fabrication of flexible OLEDs with higher brightness, color purity

and bending resistance. This work opens a way to construct macrocyclic TADF emitters with a flexible

alkyl chain linker and highlights the benefits of such encapsulated macrocycles for optimizing the

performance of flexible solution-processed devices.
1 Introduction

Luminescent macrocyclic molecules with a variety of articial
structures have been widely applied in chemical sensors,
supramolecular assembly, host–guest chemistry, bioimaging
and electroluminescence elds.1–8 Among the reported series of
macrocyclic organic uorophores, macrocyclic thermally acti-
vated delayed uorescence (TADF) emitters have attracted
considerable attention in recent years due to their tunable
photophysical properties, high quantum yields, and 100%
exciton utilization, and have the potential to signicantly
improve the device efficiency of organic light emitting diodes
(OLEDs).9–11 Compared to the traditional linear TADF design
structure with a large dihedral angle linked electron donor and
acceptor,12–16 macrocyclization has been clearly demonstrated to
be an effective strategy to suppress the non-irradiative pathways
and simultaneously enhance the triplet up-conversion of
Engineering, Jiangsu Key Laboratory of

d Materials, Jiangsu Ocean University,

@jou.edu.cn; taocz@jou.edu.cn

neering, Southeast University, Nanjing,

tion (ESI) available. See DOI:

206
reverse intersystem crossing (RISC).17 Takeda et al. reported the
p-conjugated macrocyclic TADF emitter and compared the
device performance with its linear analog and the higher
external quantum efficiency (EQE) of the device was attributed
to the reduction in the non-radiative transition due to the rigid
structure of the macrocyclic TADF emitter.18 Su et al. also
developed a series of macrocyclic TADF emitters and demon-
strated that except for the rigid cyclic structure, the ideal
structure, reasonable building block and horizontal dipole
orientation will further distinguish the performance of the
macrocyclic material.19 However, due to the limited report of
TADF macrocycles, the molecular design law and specic
properties are still unclear. Thus, it is scientically signicant to
extend the construction strategy and enrich the multifunction
property of macrocyclic TADF materials.

Usually, most uorescent materials suffer from two
quenching effects.10–22 One is a non-radiative transition induced
by the vibration of the molecular skeleton.23–28 The other one is
aggregation-causing quenching (ACQ) induced by intra-
molecular interaction in the accumulated state.29–32 To suppress
molecular vibration, the p-conjugated macrocycles are
preferred to be introduced to the TADF emitter, and the positive
results were achieved by the previous research.33–35 However,
such rigid planar macrocycles easily undergo serious concen-
tration quenching due to the strong p–p stacking.36,37 Such
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular structure and design strategy of flexible macrocyclic TADF materials. The horizontal cycle represents the peripheral
encapsulation of carbazoles, while the vertical cycle represents the flexible alkyl chain linked fluorene.
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a trade-off restricts the application range of rigid macrocyclic
TADF emitters, especially in non-doped devices. That's why
most of the reported macrocyclic TADF emitters needed doping
into a suitable host to achieve high EQE. Meanwhile, organic
semiconductors are developing in the direction of exibility,
low cost, and easy processability.38–40 However, the relatively
rigid macrocycles oen restrict the movement and deformation
of molecular motifs, which were not benecial for offsetting
external stress. Such rigid structures are inevitably restricted to
lowmolecular exibility and solubility and simultaneously limit
their practical applications in solution-processed exible
OLEDs.41 Therefore, developing an applicable strategy to
construct exible macrocyclic TADF materials with enhanced
exciton utilization as well as high exibility and solubility is
highly desirable and remains a great challenge.

In this work, we demonstrate a concise and effective method
to achieve a macrocyclic TADF emitter for host-free OLEDs,
which minimizes the intermolecular interaction induced
quenching and boosts the triplet exciton utilization while
retaining the advantage of exibility. The key feature of such
amacrocycle is the incorporation of both vertical and horizontal
encapsulation architecture into the TADF, which enables not
only a decrease in nonradiative transition but also a substantial
increase in device efficiency. By using CyEn-BNFu as the emis-
sive layer, an ultrahigh EQE of 32.3% was achieved for host-free
OLEDs, which is among the highest efficiencies for solution-
processed devices. Moreover, the macrocycle with a exible
linker strategy is qualied for exible OLEDs and ensures that
the device has a high resistance to exural strain under repeated
bending. These features show that the exible encapsulated
TADF macrocycle offers a great advantage for solution-
processed and host-free exible technologies, which will
© 2024 The Author(s). Published by the Royal Society of Chemistry
enhance the performance of exible displays and lighting in the
future.
2. Results and discussion

Molecular encapsulation has been widely used to minimize
aggregation-caused quenching by spatially isolating individual
chromophores. In the past, most encapsulated materials have
been prepared via conjugated or non-conjugated bulky side
groups, which can signicantly suppress intermolecular inter-
actions. However, this approach mostly expands out through
the molecular plane, which will not sufficiently limit electronic
communication through the vertical direction of molecules.

If both horizontal and vertical directions are protected by
bulky units, that will be helpful to the electroluminescence. We
choose classical 5CzBN as the emissive TADF core to investigate
the encapsulation strategies (Scheme 1). Cy-BNFu was designed
with a vertical exible macrocycle to encapsulate the TADF core,
while CyEn-BNFu introduced three other branches in its hori-
zontal direction. The molecular structure was optimized by
density functional theory (DFT) at the B3LYP theory level with
the 6-31G(d) basis set. As shown in Fig. 1, the alkyl carbazoles
look like propellers distributed around the periphery of the
TADF core, which can effectively wrap the plane direction. In
addition, the diphenyl uorene linked by the alkyl chain forms
a vertical wrapping circle perpendicular to the molecular plane.
Such a exible macrocycle not only endows the TADF core with
three-dimensional encapsulation, but also partly restricts the
rotation of the carbazole unit, which will be helpful to the
radiative transition of excited excitons. The oscillator strength
value of CyEn-BNFu was higher than that of Cy-BNFu aer
introducing a bulky uorene macrocycle. Similar to the
Chem. Sci., 2024, 15, 18196–18206 | 18197
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Fig. 1 Optimized geometries and electron cloud distribution maps of Cy-BNFu and CyEn-BNFu.
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emissive core, the lowest unoccupied molecular orbitals
(LUMOs) were concentrated on the benzyl cyanide unit owing to
its strong electron-withdrawing properties, while the highest
occupied molecular orbitals (HOMOs) were mainly distributed
on the carbazole units of the emissive core. The calculated
HOMO and LUMO energy levels are −5.38/−2.18 eV and −5.30/
−2.10 eV for Cy-BNFu and CyEn-BNFu, respectively. The obvi-
ously separated frontier orbital illustrates a small charge
exchange integral, which will result in a small singlet and triplet
splitting (DEST). By calculating with time-dependent DFT (TD-
DFT), the singlet (S1) and triplet (T1) state energies were found
to be 2.63/2.50 eV and 2.60/2.48 eV, respectively. The DEST of Cy-
BNFu and CyEn-BNFu was calculated to be 0.13 eV and 0.12 eV,
respectively. Such a small DEST will promote the efficient triplet
up-conversion process and subsequently efficient TADF emis-
sion. Obviously, no electronic signature was distributed to the
peripheral carbazole or uorene units due to the insulated alkyl
chain. The introduction of bulky functional dendritic units at
the periphery of the emissive core can suppress the intermo-
lecular interaction without disturbing the electronic properties
of the emissive core, which means the peripheral carbazole and
uorene was only used as wrapping units and will not extend p-
conjugation. Indeed, the following photoluminescence spectra
18198 | Chem. Sci., 2024, 15, 18196–18206
demonstrate that the commercially available carbazole and
uorene constructed macrocyclic TADF emitters can enhance
the PLQY and suppress the bathochromic shi of spectra in the
solid lm. The non-conjugated linking keeps the TADF prop-
erties unchanged and ensures that the emitter is more effective
for solution processibility, which indicates the macrocycle
encapsulation will signicantly inuence the electrolumines-
cence properties of the material.

Fig. 2a and b present the UV-vis absorption and photo-
luminescence spectra of Cy-BNFu and CyEn-BNFu diluted in
toluene. Both of the two compounds exhibit similar absorption
including intense peaks at 320 and 340 nm, which are attrib-
uted to the p–p* and n–p* transitions of conjugated benzene
and carbazole units. The broad absorption band around 400 nm
was assigned to the charge transfer transition from the carba-
zole to the benzonitrile fragment. The optical band gaps (Eg) of
Cy-BNFu and CyEn-BNFu were calculated to be 2.77 and 2.75 eV
from the onset absorption. The absorption of CyEn-BNFu is
sharper and more well-resolved compared to Cy-BNFu, indi-
cating lower conformational disorder in the ground state due to
the better wrapping properties of such macrocycle encapsula-
tion. The PL spectra in toluene of the two macrocycles peaked
around 470 nm with intense green emission, which means
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis absorption and PL emission of 5OCzBN, Cy-BNFu and CyEn-BNFu in toluene (10−4 M) at room temperature. (b) PL emission of
5OCzBN, Cy-BNFu and CyEn-BNFu in toluene states. (c) Phosphorescence spectra at 77 K of 5OCzBN, Cy-BNFu and CyEn-BNFu in toluene
(10−4 M). (d) Transient PL spectra of 5CzBN, Cy-BNFu and CyEn-BNFu in the pure films (the inset shows the PLQY of 5OCzBN, Cy-BNFu and
CyEn-BNFu in pure films).
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a similar 0–1 transition in diluted solution with isolated mole-
cules. However, the solid lm state exhibits distinct PL spectra
of different wrapping strategies. The TADF core 5OCzBN
without any encapsulation shows a broad and red-shied PL
spectrum with the formation of lower energy species at the
emission tail due to the signicant molecular accumulation.
Aer introducing vertical macrocyclic encapsulation, the PL
spectrum of Cy-BNFu gradually blue shied to 505 nm, indi-
cating some remnant intermolecular interaction. Further
equipping with horizontal wrapping, CyEn-BNFu exhibits an
emission at 495 nm with a decreased peak width at half height.
Moreover, the PLQYs of the Cy-BNFu and CyEn-BNFu were
characterized to be 65% and 82%, respectively. Even with the
same fraction of TADF units, the PLQY of 5OCzBN was only
38%. These observations fully demonstrate that the macrocyclic
encapsulation can effectively suppress intermolecular interac-
tions and thus enhance the photoluminescence properties. The
singlet (S1) and triplet (T1) energy levels of Cy-BNFu and CyEn-
BNFu were determined by the uorescence at 300 K and phos-
phorescence spectra at 77 K, respectively. As shown in Table 1
and Fig. 2c, their S1 energy levels are 2.95 and 2.94 eV, while the
T1 energy levels are 2.78 and 2.80 eV, which result in small DEST
© 2024 The Author(s). Published by the Royal Society of Chemistry
of 0.17 and 0.14 eV for Cy-BNFu and CyEn-BNFu, respectively.
The HOMO energy levels of Cy-BNFu and CyEn-BNFu were
estimated to be −5.72 and −5.70 eV by cyclic voltammetry (CV)
experiments (Fig. S2, ESI†), while the LUMO energy level was
−2.95 eV for both Cy-BNFu and CyEn-BNFu deduced from the
HOMO and Eg. The comparable HOMO and LUMO energy levels
of the two macrocycles are consistent with the conclusions of
the aforementioned theoretical computation.

The transient PL spectra of Cy-BNFu and CyEn-BNFu are
recorded to evaluate the excited photophysical properties. As
shown in Fig. 2d, the distinct prompt uorescence (sp) with
nanosecond-order and delayed uorescence emission (sd) with
microsecond-order demonstrate the TADF properties of the two
macrocycles. The sp values of Cy-BNFu and CyEn-BNFu are 33 ns
and 35 ns, while their delayed uorescence emission sd are 1.59
ms and 2.68 ms, respectively. To quanticationally compare the
difference of molecular exciton kinetics, photophysical param-
eters were precisely calculated (Table S1†). The calculated rate
constants of the RISC process (kRISC) are remarkably increased
from 2.77 × 106 s−1 for Cy-BNFu to 2.92 × 106 s−1 for CyEn-
BNFu, which means vertical encapsulation giving rise to
increased delayed uorescence. Moreover, the nonradiative
Chem. Sci., 2024, 15, 18196–18206 | 18199
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Table 1 Physical and electrochemical properties of Cy-BNFu and CyEn-BNFu

Sample Td/Tg (°C) UVa (nm) PL (nm) Eg (eV) S1/T1 (eV) DEST (eV) HOMO (eV) LUMO (eV)

Cy-BNFu 428/215 329, 292 472a 2.77c 2.95/2.78e 0.17e −5.72f −2.95g

505b 3.20d 2.63/2.50d 0.13d −5.38d −2.18d

CyEn-BNFu 411/143 330, 295 475a 2.75c 2.94/2.80e 0.14e −5.70f −2.95g

495b 3.20d 2.60/2.48d 0.12d −5.30d −2.10d

a Measured in toluene solution at room temperature. b Measured in thin lm at room temperature. c Optical energy gap values estimated from the
UV absorption edge. d Gaussian simulation. e Estimated in toluene at 77 K. f Determined by cyclic voltammetry in CH2Cl2.

g Deduced from the
HOMO and Eg.
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decay rates of CyEn-BNFu triplet excitons kTnr were decreased to
0.74 ×105 s−1 compared to 2.54 ×105 s−1 for Cy-BNFu. Mean-
while, thanks to the enhanced vibronic coupling, the higher
kRISC and low kTnr of CyEn-BNFu demonstrate the enhanced up-
conversion process of triplet excitons (T1 / S1) and suppressed
triplet exciton concentration quenching of the encapsulated
macrocycle. As a result, the exible cycle constructed by alkyl
chain wrapping can isolate the aggregation-induced electronic
Fig. 3 (a) Images of dissolution of 5CzBN and CyEn-BNFu in different
chlorobenzene, THF = tetrahydrofuran, DMF = N,N-dimethylformamide
images. (b) Polarized light microscopy images of 5CzBN and CyEn-BNFu
and contact angles of Cy-BNFu and CyEn-BNFu.

18200 | Chem. Sci., 2024, 15, 18196–18206
quenching and enhance the effective triplet exciton utilization
of CyEn-BNFu, which would be benecial to its
electroluminescence.

The solubility, thermal stability and lm forming ability are
extremely important in solution-processed OLED devices. As
shown in Fig. 3a, the macrocycle can easily dissolve in most
common solvents such as ethyl acetate, dichloroethane, chlo-
robenzene, tetrahydrofuran and dimethylformamide. In
solvents (EA = ethyl acetate, DCE = dichloroethane, MCB = mono-
); spin-coating pictures and corresponding polarized light microscope
before and after bending. (c) Atomic force microscope (AFM) images

© 2024 The Author(s). Published by the Royal Society of Chemistry
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contrast, the rigid parent TADF core 5CzBN is difficult to
dissolve in these solvents even with heating or ultrasound. The
poor solubility of 5CzBN signicantly inuences the lm
forming properties. As shown under the microscope, the spin-
coated 5CzBN lm on ITO glass exhibits many large particles
and cracks, while the encapsulated macrocycle shows a uniform
and at lm. To demonstrate the good lmmorphology, atomic
force microscopy (AFM) was performed (Fig. 3c). It is found that
both Cy-BNFu and CyEn-BNFu achieve small root-mean-square
(RMS) roughness of 0.338 and 0.318 nm without any particle
aggregation or cracks.

The bending resistance is also an important factor for
solution-processible materials used for exible OLEDs. Both the
macrocycle and its parent emission core are spin-coated on
a PET substrate. As shown in Fig. 3b, aer bending 100 times,
5CzBN underwent severe lm cracking and wrinkling
phenomena, while CyEn-BNFu still maintains its original at-
ness and uniformity, which indicates the encapsulation with
exible alkyls also enhanced the durability of the exible
emission lm. The contact angles for the two macrocycles are
also investigated and the encapsulated CyEn-BNFu exhibits
more hydrophobicity with contact angles of 84.02° aer intro-
ducing the alkyl chain, which means the exible alkyl chain
around the TADF core will also help to prevent water intrusion.
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were then carried out. As
shown in Fig. S1,† Cy-BNFu and CyEn-BNFu show high
decomposition temperatures (Td, dened as 5% weight loss in
TGA measurement) of 428 °C and 411 °C, respectively,
guaranteeing their stable processing during thermal annealing.
Meanwhile, from DSCmeasurements in the range from 30 °C to
300 °C, both Cy-BNFu and CyEn-BNFu exhibit very high glass
transition temperatures (Tg) of 143 °C to 215 °C, respectively. All
these above results verify that exible macrocyclic TADF is
promising for developing high-performance solution-processed
OLEDs.

To evaluate Cy-BNFu and CyEn-BNFu emitters for host-free
OLEDs, electroluminescent (EL) devices with the architecture
of ITO/PEDOT:PSS (40 nm)/emitters (40 nm)/TPBi/(40 nm)/
Cs2CO3 (1 nm)/Al (100 nm) were fabricated (Fig. 4a). The typical
PEDOT:PSS and TPBi serve as the hole injection layer and the
electron-transporting layer, respectively. In accordance with PL
spectra, the EL peaks of Cy-BNFu and CyEn-BNFu are 523 and
515 nm; the blue-shied and narrow FWHM can be assigned to
the increased encapsulation degree, which is consistent with
the PL spectra (Table S2†). Without encapsulation, the TADF
core exhibits a severe redshied and widened spectrum due to
the accumulated excitons and severe quenching effect by the
intermolecular interaction. The current density–voltage–lumi-
nance (J–V–L) characteristics, EQE versus current density curves,
and EL spectra for devices are depicted in Fig. 4c and d, and the
EL data are summarized in Table 2. The CyEn-BNFu-based
device gave a lower turn-on voltage of 3.6 V than that of Cy-
BNFu, which could be partly ascribed to the shallow HOMO of
CyEn-BNFu. The parent TADF core exhibits unsatisfactory
device efficiency with a maximum EQE of only 9.4% due to
severe intermolecular interaction induced concentration
© 2024 The Author(s). Published by the Royal Society of Chemistry
quenching. Aer cyclic wrapping from the vertical direction, the
Cy-BNFu-based device displays clearly improved EL perfor-
mances with the maximum EQEmax, current efficiency (CEmax)
and power efficiency (PEmax) of 12.4%, 37.1 cd A−1 and 16.6 lm
W−1, respectively. The far higher maximum EQE than that of
naked materials clearly presents a proof-of-concept of the
encapsulated macrocyclic TADF emitter for high OLEDs.
Importantly, the CyEn-BNFu-based device displayed high
EQEmax, CEmax and PEmax of 32.3%, 95.8 cd A−1 and 66.9 lm
W−1, respectively. Given the comparable emissive structures
and device architectures, the gradually enhanced device effi-
ciency of the vertical macrocycle and encapsulated macrocycle
can be attributed to the suppression of the intermolecular
interaction induced exciton quenching of the host-free emis-
sion layer. Moreover, the higher efficiency of CyEn-BNFu than
Cy-BNFu also indicates that only single directional wrapping
cannot completely isolate the electronic interaction between
adjacent emissive cores. These results demonstrate the macro-
cycle encapsulation by the exible alkyl chain could serve as
a promising strategy to develop highly efficient TADF emitters.

To further investigate the effect of macrocycle encapsulation
for the host-free devices, the emitting layer (EML) is composed
of the TADFmolecule dispersed into CBP (4,40-bis(N-carbazolyl)-
1,10-biphenyl) at different doping concentrations of 20, 30 and
40 wt%. Since Cy-BNFu was not fully encapsulated, the EL
spectra gradually red shied with the increasing doping
concentration. Moreover, the peak EQE is monotonically
increased from 10.5% to 11.4% to 25.3% for the doping
concentrations of 20, 30 and 40 wt%, respectively (Fig. 4e and f).
The improved device efficiency indicates exciton quenching still
exists in the macrocyclic Cy-BNFu, which needs a host material
to further isolate the emissive core and suppress the non-
radiative transition. In contrast, the device performance of
CyEn-BNFu gradually decreased with the introduction of CBP as
a host. The non-doped CyEn-BNFu achieved the highest effi-
ciency which means the macrocycle encapsulation has already
achieved a suitable stereo-structure, and the additional host will
further increase the distance to the luminescent core, which
may not be helpful for carrier balance and exciton utilization.
This trend is in agreement with most of the reports that each
TADF emitter has its appropriate doping concentration to ach-
ieve the best device performance. As for the encapsulation
strategy, the degree of encapsulation will also affect the effi-
ciency of TADF emitters. These results clearly demonstrate that
a exible encapsulated macrocycle ensures that CyEn-BNFu will
produce a signicant improvement in overall performances for
host-free solution-processed OLEDs. This strategy will further
expand the design concept of the TADF material and increase
the macrocyclic material system.

Flexible OLEDs are attracting tremendous attention due to
their promise as a key element in bendable display and curved
lighting applications (Fig. 5). In view of the high efficiency for
host-free devices based on CyEn-BNFu, this exible macrocycle
was also used to fabricate exible OELDs based on a PET
substrate. The exible device achieves a maximum EQE of
13.6% and CE of 43.6 cd A−1, which is a record performance for
host-free exible OLEDs (Fig. 5b and Table S3†). However, the
Chem. Sci., 2024, 15, 18196–18206 | 18201
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Fig. 4 (a) Layered structures of the organic light-emitting diode device and corresponding structures of the used materials. (b) Solution-pro-
cessed device architecture and related energy levels. (c) Curves of current density–voltage–luminance (J–V–L) of the non-doped and doped
devices (e). (d) Curves of EQE value versus current luminance (inset shows the EL spectra at 1000 cd m−2 and the photo of the device). (f) Curves
of EQE value versus luminance of the doped device.
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rigid TADF core only exhibits a low EQE of 5.2%. To evaluate the
exibility of the OLEDs, the electroluminescence of the device
was tested before and aer bending at a radius of curvature (Rc)
of 2.0 mm (Fig. 5d). The brightness of 5OCzBN decreased
severely with the number of bending cycles, which may be
attributed to the brittle lm induced cracks and wrinkles indi-
cated by morphological testing. In contrast, the exible
macrocyclic TADF based device exhibits a consistent high
18202 | Chem. Sci., 2024, 15, 18196–18206
luminance without obvious decrease, which demonstrates that
this exible macrocyclic material can resist such bending in
OLEDs. Even upon bending the device to a sharp angle, the
device still exhibits a high luminance of 3400 cd m−2, which
means the exible OLEDs still work very well. These results
verify that the exible encapsulatedmacrocycle enables not only
high efficiency but also good exibility in practical applications
of exible OLEDs.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Device performance data of TADF-OLEDs

Emission layer Von
a [V] CEmax

b [cd A−1] PEmax
c [lm W−1] EQEmax

d [%] Lmax
e [cd m−2] CIEf [x, y]

5OCzBN 4.4 28.9 16.5 9.4 1710 (0.34, 0.58)
Cy-BNFu 5.4 37.1 16.6 12.4 7103 (0.32, 0.57)
CyEn-BNFu 3.6 95.8 66.9 32.3 7533 (0.31, 0.57)
CBP:20 wt% Cy-BNFu 3.4 24.1 15.1 10.5 3851 (0.20, 0.41)
CBP:30 wt% Cy-BNFu 3.4 28.0 20.2 11.4 5344 (0.21, 0.46)
CBP:40 wt% Cy-BNFu 4.0 72.3 45.4 25.3 10 039 (0.28, 0.54)
CBP:20 wt% CyEn-BNFu 3.5 41.8 26.3 17.1 3707 (0.20, 0.40)
CBP:30 wt% CyEn-BNFu 3.5 43.4 34.1 16.5 5958 (0.23, 0.50)
CBP:40 wt% CyEn-BNFu 4.0 73.9 46.4 26.4 7322 (0.27, 0.54)

a Von = turn-on voltage at 1 cd m−2. b CEmax = maximum current efficiency. c PEmax = maximum power efficiency. d EQEmax = maximum external
quantum efficiency. e Lmax = maximum luminance. f CIE = the Commission Internationale de L'Eclairage coordinates.

Fig. 5 (a) Current density–voltage–luminance (J–V–L) curves of 5OCzBN, Cy-BNFu and CyEn-BNFuOLEDs. (b) External quantum efficiency (EQE)
versus luminance. Inset: The photo of the EL spectra. (c) Emission images of the PET-basedOLED captured at high luminance (>3000 cdm−2) under
random deformation and with decreasing bending radii from 8 to 2 mm at 7 V. (d) Luminance of the flexible OLEDs as a function of the bending
radius after 250 bending cycles.
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3 Conclusion

In summary, we have developed an efficient approach to actu-
alize the exibility of TADF macrocycles by introducing long
alkyl units in both vertical and horizontal directions, while
suppressing the ACQ effect through efficient macrocycle
© 2024 The Author(s). Published by the Royal Society of Chemistry
encapsulation. The exible macrocycle with non-conjugated
linked diphenyl uorene signicantly enhances the solution-
processibility without sacricing the radiative transition and
high PLQY. Furthermore, the axial propeller-like hexane
carbazoles efficiently inhibit the p–p stacking of the luminant
macrocycle, which leads to a more ideal encapsulation effect for
Chem. Sci., 2024, 15, 18196–18206 | 18203
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suppressing the spectral redshi and broadening. The resulting
non-doped OLEDs incorporating CyEn-BNFu afforded
a maximum EQE as high as 32.3%, which is among the highest
efficiency of solution-processed OLEDs. Especially, this macro-
cyclic TADF material ensures the fabrication of exible OLEDs
with higher brightness, color purity and bending resistance.
This is the rst report of a exible macrocycle encapsulated
TADF emitter, and such a design strategy perfectly integrates
exibility into the macrocyclic TADF emitter for achieving both
intense luminance and efficient solution-processibility, which
will open a new way to construct multifunctional electrolumi-
nescent materials.

Data availability

The data that support the ndings of this study are available in
the ESI† of this article.

Author contributions

Xinxin Ban: scheme design, probe synthesis, writing – original
dra. Qingpeng Cao: writing – review & editing. Wenhao Zhang:
formal analysis. Wenzhong Bian: writing – review & editing.
Caixia Yang: theoretical calculation. Jiayi Wang: validation,
resources, writing – review & editing, supervision. Youqiang
Qian: formal analysis, investigation. Hui Xu: writing – review &
editing. Chuanzhou Tao: writing – review & editing. Wei Jiang:
writing – review & editing, supervision.

Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Acknowledgements

We are grateful for the grants from the National Natural Science
Foundation of China (21805106), Lianyungang Project for
Transformation of Scientic and Technological Achievements
(CA202103), Lianyungang 521 Funding Project
(LYG06521202161), and Six Talent Peaks Project in Jiangsu
Province (JNHB 114). We are also thankful for the project sup-
ported by the First-class Undergraduate Majors Construction
Program of Jiangsu Province, the Postgraduate Research &
Practice Innovation Program of Jiangsu Province
(KYCX22_3391), and the Key Discipline Construction Program
of Jiangsu Province, a Project Funded by the Priority Academic
Program Development of Jiangsu Higher Education Institutions
(PAPD).

References

1 H. Y. Zhou, D. W. Zhang, M. Li and C. F. Chen, A calix[3]
acridan-based host-guest cocrystal exhibiting efficient
thermally activated delayed uorescence, Angew. Chem., Int.
Ed., 2022, 61(15), 202117872.
18204 | Chem. Sci., 2024, 15, 18196–18206
2 H. H. Cho, D. G. Congrave, A. J. Gillett, S. Montanaro,
H. E. Francis, V. Riesgo-Gonzalez, J. Ye, R. Chowdury,
W. Zeng, M. K. Etherington, J. Royakkers, O. Millington,
A. D. Bond, F. Plasser, J. M. Frost, C. P. Grey, A. Rao,
R. H. Friend, N. C. Greenham and H. Bronstein,
Suppression of Dexter transfer by covalent encapsulation
for efficient matrix-free narrowband deep blue
hyperuorescent OLEDs, Nat. Mater., 2024, 23, 519–526.

3 C.-M. Yu, X. Meng, X. Liu, Z.-Y. Zhang and C. Li, Switchable
Supramolecular Jalousie Constructed from a Fluorenone
Macrocycle, Chem. Mater., 2021, 34(1), 358–365.

4 Y. Wei, Y. Yan, X. Li, L. Xie and W. Huang, Covalent
nanosynthesis of uorene-based macrocycles and organic
nanogrids, Org. Biomol. Chem., 2021, 20(1), 73–97.

5 H. Zhu, L. Chen, B. Sun, M. Wang, H. Li, J. F. Stoddart and
F. Huang, Applications of macrocycle-based solid-state
host–guest chemistry, Nat. Rev. Chem, 2023, 7(11), 768–782.

6 B. L. Regen-Pregizer and H. Dube, Dening Unidirectional
Motions and Structural Reconguration in a Macrocyclic
Molecular Motor, J. Am. Chem. Soc., 2023, 145(24), 13081–
13088.
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