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teractions fine-tune the properties
of multiple resonance emitters towards highly
efficient narrowband green OLEDs†

Yang Zou, Mingxin Yu, Jingsheng Miao,* Taian Huang, Shuokun Liao,
Xiaosong Cao and Chuluo Yang

Multiple resonance (MR) molecules based on a B/N polycyclic aromatic framework are the cutting-edge

materials in the field of organic light-emitting diodes (OLEDs) owing to their superb photophysical

properties. Tailoring the MR molecular framework with various functional groups toward ideal properties

has become an emerging topic in the field of materials chemistry. Dynamic bond interactions are

versatile and powerful tools in regulating the properties of materials. Herein, the pyridine moiety, which

presents high affinity to form dynamic bond interactions such as hydrogen bonds and N/B dative

bonds, was introduced into the MR framework for the first time, and the designed emitters are

synthesized in a feasible way. The introduction of the pyridine moiety not only maintained the

conventional MR properties of the emitters, but also endowed the emitters with tunable emission

spectra, narrowed emission, enhanced photoluminescence quantum yield (PLQY), and intriguing

supramolecular assembly in the solid state. Thanks to the overall superior properties brought by the

hydrogen-bond promoted molecular rigidity, green OLEDs based on the emitter exhibit excellent device

performance with external quantum efficiency (EQE) up to 38% and a small FWHM of 26 nm, together

with good roll-off performance.
Introduction

Multiple resonance (MR) molecules based on a boron–nitrogen
(BN) polycyclic framework are the most alluring emitters for
organic light-emitting diodes (OLEDs). The rigid molecular
architecture as well as the unique frontier molecular orbitals
(FMOs) localized by boron and nitrogen atoms enable point to
point transitions, which lead to high photoluminescence
quantum yield (PLQY), small singlet-triplet splitting energy
(DEST), and most importantly, distinctive narrowband emission
with a small full width at half maximum (FWHM). Since the
pioneering work by Hatakeyama et al.,1 a number of high-
performance MR emitters with cutting-edge device perfor-
mances have been reported.2

Compared to the large number of well-established donor–
acceptor type thermally activated delayed uorescence (TADF)
emitters, the newly developed MR emitters demonstrated
a much more structural derivatization limit. And tailoring MR
n Display and Storage Materials, College

nzhen University, Shenzhen 518060, PR

(ESI) available: Experimental section,
curves, kinetic parameters and device
4020 and 2194021. For ESI and
ther electronic format see DOI:

31
emitters toward ideal properties such as high color-purity,3

regulated molecular packing4 and accelerated intersystem
crossing rate,5 has been a long-standing goal ever since their
discovery. High color-purity is associated with a suitable emis-
sion wavelength and narrow FWHM. Generally, the emission
wavelength of the emitters could be tuned by manipulating the
intramolecular charge transfer (ICT) state3 and the degree of
conjugation of the molecule, and the FWHM can be narrowed
by rigidifying the molecular skeleton.6 So far, based on this
molecular design principle, and by integrating MR molecules
with varies donors,7 acceptors8 or conventional polycyclic
hydrocarbon building blocks,9 MR emitters displaying blue,
green, yellow, red10 and even near infrared11 emission have been
reported.

From the monomolecular point of view, a planar and rigid
molecular framework is essential for BN-based MR emitters in
realizing high PLQY and narrowband emission, because it can
minimize the molecular structural deformation in the excited
state. On the other hand, from the supramolecular perspective,
most BN-based MR molecules that possess a planar and rigid
molecular framework exhibit a strong p–p stacking tendency to
form non-emissive aggregates at high concentrations owing to
their rigid and planar structure.3,8,12 Therefore, during device
fabrication, a low doping concentration (1%) was essential to
ensure good device performance. Until now, only a handful of
MR emitters free from p–p stacking have been reported by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The molecular design and the chemical structures of
2PyBN, 2PyBN and 2PyBN.
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constructing a sterically hindered molecular structure.4 And
thus, apart from the emission color tuning, exploring MR
molecules with unique self-assembly could be intriguing from
both material and supramolecular perspectives.

Dynamic bond interactions, such as p–p stacking, hydrogen
bonding (H-bonding),13 N/B dative bonding, etc., have played
an important role in regulating the material properties. For
example, inter- and intramolecular H-bonding can be used to
lock the molecular conformation, thereby enhancing the PLQY
of the material by minimizing the non-radiative decay.14 And
N/B dative bonding can be used to construct rigid mono-
molecular and supramolecular structures with intriguing
assembly and material processability.15 Compared to the
bottom-up strategies associated with precise synthesis and
possible solubility issues, the reversible dynamic bond inter-
actions offer a more versatile strategy to manipulate the
monomolecular conformation of the material as well as its
supramolecular aggregation behavior.

Pyridine derivatives, which represent one of the most
extensively investigated building blocks with electron accepting
nature, are particularly appealing to construct host,16 charge
transporting17 and light-emitting materials18 for OLEDs. In
addition, with the lone pair located on the nitrogen atom,
pyridine derivatives are well-known moieties that are widely
used in the elds of materials chemistry, and supramolecular
and coordination chemistry19 owing to their ability to form H-
bonding, N/B dative bonding, or metal-containing
complexes. In this context, we envisioned that the integration
of the pyridine building block into the conventional MR
framework could ne-tune the optical properties as well as the
packing behavior of the emitter, beneting from the electron
withdrawing nature and non-covalent bond forming ability of
the pyridine moiety. In this contribution, the pyridine moiety
was introduced into a typical BN-based MR molecular frame-
work for the rst time. The introduction of the pyridine moiety
not only allows for ne-tuning of the emission wavelength, the
FWHM, and the PLQY of the emitter, but also greatly changes
the supramolecular packing behavior, depending on the
substitution pattern. Eventually, green OLEDs with high
external quantum efficiency (EQE) up to 38% and a FWHM as
narrow as 26 nm were realized by incorporating these molecules
as emitters into devices. The role of pyridine rings, and the
impact of the substitution pattern on the structure–property
correlations of the materials were elucidated.

Results and discussion

The molecular design and the chemical structures of the emitters
are depicted in Scheme 1, and the synthetic route is provided in
Scheme S1 (see ESI†). All three emitters possess the same well-
known BNCz parent moiety, while the pyridine ring was graed
onto the para-position of the boron atom in the ortho-, meta-, or
para-substitution pattern, resulting in three emitters namely
2PyBN, 3PyBN and 4PyBN, respectively. Initially, the emitters were
synthesized based on the well-established approach (route A,
Scheme S1†), in which pyridine was connected to the substrate
and then subjected to lithiummediated borylation. However, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
reaction resulted in an unisolable mixture. The complexation of
the borylation was probably due to the coordination of the pyri-
dine ring with boron tribromide. Therefore, the optimized route
(route B, Scheme S1†) was proposed based on the post-
functionalization approach. In this route, the dibromo
compound 1was selectively borylated to give the key intermediate
BNCz-Br, and then subjected to CuCl assisted Suzuki–Miyaura
coupling20 to give the desired product. The optimized route
resulted in the clean product with high yield, and it required
a much less tedious purication technique. This post-
functionalization approach also allowed for mass production of
the MR emitters with varying functionalities with good functional
group tolerance. Chemical structures of the intermediates and
nal products were fully identied by nuclear magnetic reso-
nance (NMR) spectroscopy (Fig. S1–S8, see ESI†) and electron
spray ionization mass spectrometry (HR-ESI-MS). The high
decomposition temperatures (Tds) of over 400 °C acquired from
thermogravimetric analysis (TGA, Fig. S9†) indicated good
stability of the emitter, allowing them to be processed by the
vacuum deposition technique for device fabrication.

Single crystals of 2PyBN and 4PyBN were cultivated by evapo-
rating ethanol into their dichloromethane solution. As shown in
Fig. 1, despite the similar BNCz motif, the two molecules revealed
quite different monomolecular conformations and distinct
supramolecular packing patterns. 2PyBN displayed a more planar
conformation than 4PyBN. The small dihedral angle of 19°
between the BNCz core and the pyridyl substitute, and the short
distance of 2.47 Å between the nitrogen and the adjacent
hydrogen atom indicated intramolecular H-bonds in the 2PyBN
molecule. SuchH-bond promoted planarmolecular conformation
was benecial for realizing a high PLQY and small FWHM due to
the enhancement of molecular rigidity and minimization of
deformation in the excited state for the emitter. Surprisingly, the
tiny difference in the substitution pattern for 2PyBN and 4PyBN
showed profound impact on their packing behavior. Like most of
the BN-based MR emitters, 2PyBN revealed conventional p–p

stacking with a close distance shorter than 3.3 Å. In sharp
Chem. Sci., 2023, 14, 3326–3331 | 3327
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Fig. 1 Single-crystal X-ray structures of (a) 2PyBN (CCDC 2194020)
and (b) 4PyBN (CCDC 2194021) with thermal ellipsoids at the 50%
probability level. Solid-state packing of 2PyBN (c) and 4PyBN (d) in the
solid state (hydrogen atoms were omitted for clarity).
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contrast, the pyridine substituents in 4PyBN interacted with the
boron atom in the neighboring molecule by forming a N/B
dative bond, resulting in a novel zig–zag shaped head-to-tail
coordination polymer. It should be noted that such a coordina-
tion polymer existing in the solid state would dissociate in solu-
tion, as proved by the almost unchanged concentration
dependent UV-vis and slightly red-shied narrowband uores-
cence spectra in toluene solution (Fig. S11†). Although such
pyridine–triarylboron interactions had been reported and been
used for material design and processing, they were only realized
by adding pyridine externally to a triaryl boron compound.15a,15c

Thus, this is among the very few examples19d such unique
assembly had been realized by combining triaryl boron and
pyridine motifs in a single molecule.

The optimal structures acquired from computational simula-
tion were in good agreement with their crystal structures as well,
according to the density functional theory (DFT) calculations
using time dependent density function theory (TD-DFT). As
shown in Fig. 2, the BNCzmoiety in the three emitters all adopted
a semi-planar structure, and the pyridine ring was twisted to the
BNCz moiety for 3PyBN and 4PyBN, while 2PyBN revealed a more
Fig. 2 Optimal molecular structures, FMO distributions, and related
energies of the emitters.

3328 | Chem. Sci., 2023, 14, 3326–3331
planar structure. In addition, all three emitters demonstrated
typical MR-type FMO distributions with high oscillation strength,
and the lowest unoccupied molecular orbitals (LUMOs) were
extended to the pyridinemoiety. Because of the increased electron
inductive effect for ortho- than para- and meta-substitution
patterns, the energy gap (Eg) was gradually lowered from 3PyBN to
4PyBN, and then 2PyBN, indicating tunable emission.

Despite of the different substitution pattern of pyridinemoiety,
all three emitters showed typical MR-type photophysical behavior.
As shown in Fig. 3 and summarized in Table 1, in toluene solu-
tion, all three emitters displayed a local p–p* and n–p* transition
absorption band at 280–350 nm, along with an ICT band from
450–500 nm. Because the electron withdrawing ability of pyridine
varies with the substitution pattern,8 the absorptionmaxima (labs)
of ICT bands and the emissionmaxima were gradually red-shied
in the order of 3PyBN, 4PyBN and 2PyBN, which were highly
coincidental with the theoretical prediction. Notably, beneting
from the enhancedmolecular rigidity promoted by intramolecular
H-bonds, among the three emitters, 2PyBN showed the smallest
FWHM (21 nm, 0.1 eV) in solution, as well as the highest PLQY of
95% in the doped lm. When doped in the 1,3-dihydro-1,1-
dimethyl-3-(3-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)indeno-[2,1-b]
carbazole (DMIC-TRZ) host, the emitters showed similar emission
spectra compared to their toluene solution, except for a slight red-
shi and spectral broadening due to the interaction with the host.
And small DESTs of ∼0.02 eV were determined based on their
uorescence and phosphorescent spectra. The TADF nature of the
Fig. 3 (a) UV-vis spectra of the emitters in toluene (10−5 M), (b)
fluorescence and phosphorescence spectra of 1% emitters in DMIC-
TRZ.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal and physical data of the emitters

Emitter Td (°C) labs
a (nm) lem

a,b (nm) FWHMa (nm eV−1) PLQYb (%) HOMOc (eV) LUMOc (eV) S1
d (eV) T1

d (eV) DEST (eV) Q// (%)

2PyBN 432 481 499/507 21/0.10 94 −5.36 −2.94 2.57 2.55 0.02 95
3PyBN 429 471 490/497 23/0.11 90 −5.42 −2.95 2.62 2.59 0.03 96
4PyBN 424 474 495/506 24/0.12 86 −5.43 −2.99 2.60 2.58 0.02 96

a Measured in toluene solutions (10−5 M) at 298 K. b Measured for 1% emitter doped in the DMIC-TRZ host. c HOMOs were calculated from CV (see
Fig. S10); LUMO = HOMO + Eoptg . d Calculated from the onset of the uorescence spectra and phosphorescence at 77 K.
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emitters was further conrmed by the bi-exponential decay in
transient photoluminescence decay spectra (Fig. S12†), in which
the prompt and delayed component lifetimes were 9.4 ns/15.9 ms,
8.5 ns/13.6 ms and 8.2 ns/12.4 ms for 2PyBN, 3PyBN and 4PyBN,
respectively. Based on the calculation from photophysical data
(Table S1†), all three emitters exhibited a very fast radiative decay
rate (kr) of over 1× 108 s−1, while 2PyBN showed the smallest non-
radiative rate (knr) among the three emitters owing to its most
rigid molecular structure. Moreover, a high horizontal molecular
orientation ratio (Q//) was essential for boosting the EQEs of the
EL devices by increasing the optical out-coupling factor; the
pyridine substituent also boosted the horizontal molecular
orientation ratios (Q//s) by enlarging the plane of the molecular
framework, and all three emitters showed a high Q// of 96%,
which was much higher than that of the parent BNCz molecule
(74%),3 as proved by angle-dependent p-polarized photo-
luminescence (PL) spectra (Fig. S13†).

The excellent optical properties of themolecules including high
PLQYs, small DESTs and high Q//s indicated that they were ideal
emitters for OLEDs. To explore their electroluminescence (EL)
performances, EL devices were fabricated with the following device
conguration: ITO/HAT-CN (5 nm)/TAPC (30 nm)/TCTA (15 nm)/
mCBP (10 nm)/EML/POT2T (20 nm)/ANT-BIZ (30 nm)/Liq (2
nm)/Al (100 nm). In the device conguration, dipyrazino[2,3-f:2′,3′-
h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN) served as
a hole injection layer; 1,1-bis((di-4-tolylamino)phenyl)-cyclohexane
(TAPC) and (1-(4-(10-([1,1′-biphenyl]-4-yl)anthracen-9-yl)phenyl)-2-
ethyl-1H-benzo[d]-imidazole) (ANT-BIZ) were applied as hole- and
electron-transport layers, respectively; 1,3-di(9H-carbazol-9-yl)
benzene (mCBP) and 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-
1,3,5-triazine (POT2T) served as exciton-blocking layers; DMIC-
TRZ was used as the host due to its balanced charge trans-
porting properties.21 The emitter was doped into the host at the
Table 2 Summary of the EL device data

EML Von
a (V) Lmax (cd m−2) lEL (nm) FWHM (nm)

2PyBN 2.4 75 000 505 26
3PyBN 2.4 51 000 494 27
4PyBN 2.4 61 000 501 27
2PyBNc 2.4 89 800 501 26
3PyBNc 2.4 79 000 492 28
4PyBNc 2.4 83 900 498 29

a Turn-on voltage. b Maximum, at 1000 and 10 000 cd m−2. c With 20% 5T

© 2023 The Author(s). Published by the Royal Society of Chemistry
optimized doping concentrations of 1% or 5% to serve as the
emitting layer (EML). The detailed device structure and chemical
structures of the materials are shown in Fig. S14.†

As shown in Fig. S14† and summarized in Table 2, all devices
displayed characteristic narrowband EL spectra identical to the
emitters' PL spectra, indicating complete energy transfer from
the host to the emitters. The 2PyBN-based green OLEDs
exhibited the highest EQEmax of 37.1%, the narrowest emission,
and the highest brightness of 75 000 cd m−2, together with the
highest power and current efficiency among the three devices.
Further increasing the doping concentration of the emitter to
5% led to decreased device efficiency and spectral broadening
(Fig. S15 and Table S3†) due to unwanted aggregation caused
quenching. The good device performance correlated with the
superior photophysical properties of 2PyBN among the three
emitters, which unambiguously proved the advantages of the
intramolecular H-bond promoted rigidity in the material
design.

To further suppress the efficiency roll-off caused by the relative
slow reverse intersystem crossing rate of the emitters, sensitized
devices were also fabricated, in which 2,3,4,5,6-pentakis(3,6-di-
tert-butyl-9H-carbazol-9-yl)benzonitrile (5TCzBN) was introduced
into the EML with a doping concentration of 20% to serve as the
sensitizer.8 As shown in Fig. 4 and summarized in Table 2, with
the help of the sensitizer, all three devices demonstrated
improved performances with boosted efficiencies of EQE over
36% and higher brightness. The 2PyBN-based device, in partic-
ular, exhibited the best performances with a Lmax of 89 800 cd
m−2 and the smallest FWHM of 26 nm, and its EQEmax of 38%
was also among the highest values for greenOLEDs with a similar
device conguration (see Table S4† for comparison).4,9b,22 The
high EQEs were highly coincidental with theoretical efficiencies
as predicted by optical simulation. In addition, the sensitized
EQEb (%) PEmax (lm W−1) CEmax (cd A−1) CIE (x, y)

37.1/18.0/7.7 139.6 106.7 0.12, 0.65
33.0/15.3/6.5 90.3 69.0 0.10, 0.48
35.5/16.6/6.5 113.9 87.0 0.11, 0.57
38.0/29.4/17.2 108.8 96.9 0.12, 0.57
37.8/30.0/16.9 87.6 77.1 0.11, 0.45
36.8/27.5/15.8 98.6 86.5 0.11, 0.53

CzBN as the sensitizer.

Chem. Sci., 2023, 14, 3326–3331 | 3329
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Fig. 4 (a) Device configuration and the energy level diagrams, (b) EQE versus luminance curves, (c) the EL spectra recorded at 1000 cd m−2 and
the images of the devices, (d) luminescence and current density versus voltage characteristics, (e) CE/PE versus luminance curves, and (f)
theoretical device efficiency with respect to PLQY and horizontal orientation factor via optical simulation.
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device also showed low efficiency roll-off with the EQE main-
tained at∼30% and 17% at a high brightness of 1000 cdm−2 and
10 000 cd m−2, respectively.

Conclusions

In summary, three novel isomericMR emitters were designed and
synthesized by integrating the pyridine moiety with a conven-
tional BN-based MR framework. The introduction of the pyridine
moiety not only enabled ne-tuning of the emission wavelength
of the emitters based on the substitution pattern, but also
brought about a series of intriguing properties such as narrowed
emission, elevated PLQY, and unique supramolecular assembly,
realized by dynamic bond interactions including H-bonds and
N/B dative bonds. With the help of the intrinsic fast kr, the high
Q//, and the high PLQY brought by H-bond promoted molecular
rigidity, narrowband green OLEDs with a FWHM of 26 nm and
a high EQE of 38% were achieved. The facile synthesis, the
dynamic bond ne-tuned structure–property relationship, and
the excellent devices in this work would provide a new approach
for future structure derivatization ofMRmolecules in the elds of
both supramolecular and materials chemistry.
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