Open Access Article. Published on 06 September 2024. Downloaded on 10/19/2025 6:42:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

EDGE ARTICLE

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue,

i ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 18196

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 6th July 2024
Accepted 5th September 2024

DOI: 10.1039/d4sc04487h

Encapsulated TADF macrocycles for high-efficiency
solution-processed and flexible organic light-
emitting diodesT
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Macrocyclic thermally activated delayed fluorescence (TADF) emitters have been demonstrated to realize
high efficiency OLEDs, but the design concept was still confined to rigid -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
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1 Introduction

Luminescent macrocyclic molecules with a variety of artificial
structures have been widely applied in chemical sensors,
supramolecular assembly, host-guest chemistry, bioimaging
and electroluminescence fields."® Among the reported series of
macrocyclic organic fluorophores, macrocyclic thermally acti-
vated delayed fluorescence (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 significantly
improve the device efficiency of organic light emitting diodes
(OLEDs).*™ Compared to the traditional linear TADF design
structure with a large dihedral angle linked electron donor and
acceptor,'*® macrocyclization has been clearly demonstrated to
be an effective strategy to suppress the non-irradiative pathways
and simultaneously enhance the triplet up-conversion of
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performance of flexible solution-processed devices.

reverse intersystem crossing (RISC)."” Takeda et al. reported the
m-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.'® 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.” However, due to the limited report of
TADF macrocycles, the molecular design law and specific
properties are still unclear. Thus, it is scientifically significant to
extend the construction strategy and enrich the multifunction
property of macrocyclic TADF materials.

Usually, most fluorescent materials suffer from two
quenching effects.'®?* One is a non-radiative transition induced
by the vibration of the molecular skeleton.**~** The other one is
aggregation-causing quenching (ACQ) induced by intra-
molecular interaction in the accumulated state.>*=** To suppress
molecular vibration, the m-conjugated macrocycles are
preferred to be introduced to the TADF emitter, and the positive
results were achieved by the previous research.*** However,
such rigid planar macrocycles easily undergo serious concen-
tration quenching due to the strong m-m stacking.***” 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.

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 flexibility,
low cost, and easy processability.***° However, the relatively
rigid macrocycles often restrict the movement and deformation
of molecular motifs, which were not beneficial for offsetting
external stress. Such rigid structures are inevitably restricted to
low molecular flexibility and solubility and simultaneously limit
their practical applications in solution-processed flexible
OLEDs.** Therefore, developing an applicable strategy to
construct flexible macrocyclic TADF materials with enhanced
exciton utilization as well as high flexibility 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 flexibility. The key feature of such
a macrocycle 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 flexible
linker strategy is qualified for flexible OLEDs and ensures that
the device has a high resistance to flexural strain under repeated
bending. These features show that the flexible encapsulated
TADF macrocycle offers a great advantage for solution-
processed and host-free flexible technologies, which will

© 2024 The Author(s). Published by the Royal Society of Chemistry

enhance the performance of flexible 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 significantly 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 flexible 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 fluorene linked by the alkyl chain forms
a vertical wrapping circle perpendicular to the molecular plane.
Such a flexible 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 after
introducing a bulky fluorene 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.

emissive core, the lowest unoccupied molecular orbitals
(LUMOSs) 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 (AEsy). By calculating with time-dependent DFT (TD-
DFT), the singlet (S;) and triplet (T;) state energies were found
to be 2.63/2.50 eV and 2.60/2.48 eV, respectively. The AEgy of Cy-
BNFu and CyEn-BNFu was calculated to be 0.13 eV and 0.12 eV,
respectively. Such a small AEsr 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 fluorene 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
fluorene was only used as wrapping units and will not extend -
conjugation. Indeed, the following photoluminescence spectra

18198 | Chem. Sci, 2024, 15, 18196-18206

demonstrate that the commercially available carbazole and
fluorene constructed macrocyclic TADF emitters can enhance
the PLQY and suppress the bathochromic shift of spectra in the
solid film. 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 significantly influence 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 w—mt* and n-7* 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 (E,) 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 50CzBN, Cy-BNFu and CyEn-BNFu in toluene (10~* M) at room temperature. (b) PL emission of
50CzBN, Cy-BNFu and CyEn-BNFu in toluene states. (c) Phosphorescence spectra at 77 K of 50CzBN, Cy-BNFu and CyEn-BNFu in toluene
(10~* M). (d) Transient PL spectra of 5CzBN, Cy-BNFu and CyEn-BNFu in the pure films (the inset shows the PLQY of 50CzBN, Cy-BNFu and

CyEn-BNFu in pure films).

a similar 0-1 transition in diluted solution with isolated mole-
cules. However, the solid film state exhibits distinct PL spectra
of different wrapping strategies. The TADF core 50CzBN
without any encapsulation shows a broad and red-shifted PL
spectrum with the formation of lower energy species at the
emission tail due to the significant molecular accumulation.
After introducing vertical macrocyclic encapsulation, the PL
spectrum of Cy-BNFu gradually blue shifted 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 50CzBN 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 (S;) and triplet (T,) energy levels of Cy-BNFu and CyEn-
BNFu were determined by the fluorescence at 300 K and phos-
phorescence spectra at 77 K, respectively. As shown in Table 1
and Fig. 2¢, their S; energy levels are 2.95 and 2.94 eV, while the
T; energy levels are 2.78 and 2.80 eV, which result in small AEgy

© 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, ESIt), while the LUMO energy level was
—2.95 eV for both Cy-BNFu and CyEn-BNFu deduced from the
HOMO and E,. 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 fluorescence (zp,) with
nanosecond-order and delayed fluorescence emission (z4) with
microsecond-order demonstrate the TADF properties of the two
macrocycles. The t;, values of Cy-BNFu and CyEn-BNFu are 33 ns
and 35 ns, while their delayed fluorescence emission 74 are 1.59
us and 2.68 ps, respectively. To quantificationally compare the
difference of molecular exciton kinetics, photophysical param-
eters were precisely calculated (Table S17). The calculated rate
constants of the RISC process (kgisc) are remarkably increased
from 2.77 x 10° s* for Cy-BNFu to 2.92 x 10° s for CyEn-
BNFu, which means vertical encapsulation giving rise to
increased delayed fluorescence. 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 Ty/T (°C) UV“ (nm) PL (nm) Ey (eV) S1/Ty (eV) AEgr (eV) HOMO (eV) LUMO (eV)

Cy-BNFu 428/215 329, 292 472° 2.77° 2.95/2.78° 0.17° —5.72f —2.95%
505° 3.20¢ 2.63/2.507 0.13¢ —5.38¢ —2.18¢

CyEn-BNFu 411/143 330, 295 475° 2.75° 2.94/2.80° 0.14° —5.70" —2.95%
495? 3.20¢ 2.60/2.487 0.12¢ —5.30¢ —2.10¢

UV absorption edge. ¢ Gaussian simulation. ¢ Estimated in toluene at 77
HOMO and E,.

decay rates of CyEn-BNFu triplet excitons k. were decreased to
0.74 x10° s compared to 2.54 x10° s~ * for Cy-BNFu. Mean-
while, thanks to the enhanced vibronic coupling, the higher
krisc and low ki, of CyEn-BNFu demonstrate the enhanced up-
conversion process of triplet excitons (T; — S;) and suppressed
triplet exciton concentration quenching of the encapsulated
macrocycle. As a result, the flexible cycle constructed by alkyl
chain wrapping can isolate the aggregation-induced electronic

@ 5CzBN
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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.
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“ Measured in toluene solution at room temperature. ° Measured in thin film at room temperature. © Optical energy gap values estimated from the

K./ Determined by cyclic voltammetry in CH,Cl,. & Deduced from the

quenching and enhance the effective triplet exciton utilization
of CyEn-BNFu, which would be beneficial to its
electroluminescence.

The solubility, thermal stability and film 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

CyEn-BNFu

Cy-BNFu RMS=0.338 nm Cy-BNFu CA=54.83

CyEn-BNFu RMS=0.318 nm

CyEn-BNFu CA=84.02

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 significantly influences the film
forming properties. As shown under the microscope, the spin-
coated 5CzBN film on ITO glass exhibits many large particles
and cracks, while the encapsulated macrocycle shows a uniform
and flat film. To demonstrate the good film morphology, 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 flexible OLEDs. Both the
macrocycle and its parent emission core are spin-coated on
a PET substrate. As shown in Fig. 3b, after bending 100 times,
5CzBN underwent severe film cracking and wrinkling
phenomena, while CyEn-BNFu still maintains its original flat-
ness and uniformity, which indicates the encapsulation with
flexible alkyls also enhanced the durability of the flexible
emission film. The contact angles for the two macrocycles are
also investigated and the encapsulated CyEn-BNFu exhibits
more hydrophobicity with contact angles of 84.02° after intro-
ducing the alkyl chain, which means the flexible 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,f Cy-BNFu and CyEn-BNFu show high
decomposition temperatures (Ty, defined as 5% weight loss in
TGA measurement) of 428 °C and 411 °C, respectively,
guaranteeing their stable processing during thermal annealing.
Meanwhile, from DSC measurements in the range from 30 °C to
300 °C, both Cy-BNFu and CyEn-BNFu exhibit very high glass
transition temperatures (T,) of 143 °C to 215 °C, respectively. All
these above results verify that flexible 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)/
Cs,CO; (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-shifted and narrow FWHM can be assigned to
the increased encapsulation degree, which is consistent with
the PL spectra (Table S2t). Without encapsulation, the TADF
core exhibits a severe redshifted 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
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quenching. After cyclic wrapping from the vertical direction, the
Cy-BNFu-based device displays clearly improved EL perfor-
mances with the maximum EQE,,,,, current efficiency (CEax)
and power efficiency (PEpay) of 12.4%, 37.1 cd A" and 16.6 Im
W, 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 PEay of 32.3%, 95.8 cd A~ and 66.9 Im
W', 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 flexible 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 TADF molecule dispersed into CBP (4,4’-bis(N-carbazolyl)-
1,1'-biphenyl) at different doping concentrations of 20, 30 and
40 wt%. Since Cy-BNFu was not fully encapsulated, the EL
spectra gradually red shifted 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 flexible encapsulated macrocycle ensures that CyEn-BNFu will
produce a significant 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 flexible macrocycle
was also used to fabricate flexible OELDs based on a PET
substrate. The flexible device achieves a maximum EQE of
13.6% and CE of 43.6 cd A", which is a record performance for
host-free flexible OLEDs (Fig. 5b and Table S3t). However, the

Chem. Sci., 2024, 15, 18196-18206 | 18201
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(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.

rigid TADF core only exhibits a low EQE of 5.2%. To evaluate the
flexibility of the OLEDs, the electroluminescence of the device
was tested before and after bending at a radius of curvature (R.)
of 2.0 mm (Fig. 5d). The brightness of 50CzBN decreased
severely with the number of bending cycles, which may be
attributed to the brittle film induced cracks and wrinkles indi-
cated by morphological testing. In contrast, the flexible
macrocyclic TADF based device exhibits a consistent high

18202 | Chem. Sci, 2024, 15, 18196-18206

luminance without obvious decrease, which demonstrates that
this flexible 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™>, which
means the flexible OLEDs still work very well. These results
verify that the flexible encapsulated macrocycle enables not only
high efficiency but also good flexibility in practical applications
of flexible OLEDs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Device performance data of TADF-OLEDs
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Emission layer Von” [V] CEpmay” [cd A7) PEqmax’ [Im W] EQEma’ [%] Lina’ [cd m™?] CI¥ [x, y]

50CzBN 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 10039 (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)

? Von = turn-on voltage at 1 cd m™2. b CEpmax = maximum current efficiency. ¢ PE, = maximum power efficiency. 4 EQE max = maximum external
quantum efficiency. ¢ L., = maximum luminance.’ CIE = the Commission Internationale de L'Eclairage coordinates.
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Cy-BNFu and CyEn-BNFu OLEDs. (b) External quantum efficiency (EQE)

versus luminance. Inset: The photo of the EL spectra. (c) Emission images of the PET-based OLED captured at high luminance (>3000 cd m~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.

3 Conclusion

In summary, we have developed an efficient approach to actu-
alize the flexibility 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 flexible macrocycle with non-conjugated
linked diphenyl fluorene significantly enhances the solution-
processibility without sacrificing the radiative transition and
high PLQY. Furthermore, the axial propeller-like hexane
carbazoles efficiently inhibit the -7 stacking of the luminant
macrocycle, which leads to a more ideal encapsulation effect for
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suppressing the spectral redshift 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 flexible OLEDs
with higher brightness, color purity and bending resistance.
This is the first report of a flexible macrocycle encapsulated
TADF emitter, and such a design strategy perfectly integrates
flexibility 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.
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