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1. Introduction

Isomeric thermally activated delayed fluorescence
emitters based on a quinolino[3,2,1-delacridine-
5,9-dione multiple resonance core and carbazole
substituenty

Jing-Feng Liu,i Sheng-Nan Zou,t Xing Chen, Sheng-Yi Yang, You-Jun Yu,
Man-Keung Fung, 2 * Zuo-Quan Jiang ‘2 * and Liang-Sheng Liao

The color purity of the pixels is an essential indicator in organic light-emitting diode (OLED) commercial
displays. Since the two important parameters of high color purity and efficiency can be achieved
simultaneously, multiple resonance thermally activated delayed fluorescence (MR-TADF) emitters have
achieved rapid development. Recently, there has been a lot of research work on connecting various
donor (D) moieties to the existing MR core, but few studies on how the linking moiety affects the
efficiency of MR-TADF emitters. To figure out the influence of substituents on the MR-TADF system, we
developed three isomers QAOCzl, QAOCz2, and QAOCz3, which are constructed with the same
moieties of 3,11-diphenylquinolino(3,2,1-delacridine-5,9-dione and 9-phenyl-9H-carbazole (PhCz) by
different site connections. Through reasonable adjustments of the substitution site, the donor—acceptor
(D—-A) interaction of the isomers gradually weakened and molecular rigidity gradually increased. As a
result, their singlet—triplet energy gap (AEst) gradually decreased and their photoluminescence quantum
yield (PLQY) gradually rose. QAOCz3 with the weakest D—A interaction successfully achieves a much
higher PLQY of 98.9% and a smaller AEst of 0.16 eV. The QAOCz3 based OLED not only realizes the
best maximum external quantum efficiency (EQE) of 21.1% but also has the narrowest full-width at half
maximum (FWHM) of 40 nm. This work shows that weakening the D—A interaction between the substi-
tuents and the MR core by a spacer group is of great significance for the construction of efficient MR-
TADF emitters.

high-performance TADF emitters, the common strategy is to
separate the highest occupied molecular orbital (HOMO) and

Since the organic light-emitting diodes (OLEDs) were invented
by Tang et al. in 1987, research on OLEDs has rapidly developed
in the past three decades.”™" In 2012, the thermally activated
delayed fluorescence (TADF) materials were proposed by Ada-
chi’s group as the third-generation emitters for OLEDs.'? In
TADF molecular systems, the lowest excited singlet (S;) and
triplet (T, ) states are very close in energy and the small singlet—
triplet energy gap (AEsy), typically less than 0.4 eV, provides a
pathway for non-emissive triplet excitons to emissive singlet
excitons via reverse intersystem crossing (RISC)."*">® To achieve
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the lowest unoccupied molecular orbital (LUMO) into different
segments to reduce the electron exchange between them.
Therefore, the donor-acceptor (D-A) type design strategy with
twisted conformation is formed for this purpose.'**°" How-
ever, due to the structural relaxation at S; as well as the vibronic
coupling between the ground state (S,) and S,, large full-width
at half maxima (FWHM) (70-100 nm) are usually observed in
these emitters, which is a hinderance to the application of
OLEDs in commercial displays.

In 2016, Hatakeyama et al. introduced a novel design of
DABNA series molecules that exhibit high color purity
(FWHM ~ 30 nm), in which HOMO/LUMO distributions were
realized by the multiple resonance (MR) effects from the
oppositely positioned boron and nitrogen atoms in a rigid
polycyclic aromatic framework. In this regard, not only the
energy gap between S; and T; but also the vibronic coupling
between S, and S; were minimized for constructing TADF
emitters.*> These kinds of TADF emitters with narrow FWHM
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were thus widely studied and more MR-TADF systems are worth
exploring.**™** In 2019, our group proposed another example,
quinolino[3,2,1-delacridine-5,9-dione (QAO) bearing MR-TADF
activity aside from the prevalent B/N system, which consisted of
a triphenylamine having two para-disposed carbonyl bridges,
and its electroluminescent device achieves the external quan-
tum efficiency (EQE) of 19.4% with the narrow FWHM of
39 nm.** From these cores, new MR-TADF emitters can thus
be designed by (i) varying the donor patterns, (ii) fusing the
conjugated system or (iii) substituting functional groups. Per-
ipheral substitution is the most facile tool to modify the
emissive property and deserves systematic study. There are
only a handful of examples of utilizing substituents to adjust
the QAO MR-TADF system, however.** ¢

In this work, we developed three cyan isomeric MR-TADF
emitters named 3,11-diphenyl-7-(9-phenyl-9H-carbazol-3-yl)
quinolino[3,2,1-de]acridine-5,9-dione (QAOCz1), 7-(4-(9H-
carbazol-9-yl)phenyl)-3,11-diphenylquinolino[3,2,1-de]acridine-
5,9-dione (QAOCz2), and 3,11-diphenyl-7-(9-phenyl-9H-
carbazol-3-yl)quinolino[3,2,1-de]acridine-5,9-dione  (QAOCz3),
which were constructed with the same moieties of acceptor
3,11-diphenylquinolino[3,2,1-de]acridine-5,9-dione and donor
9-phenyl-9H-carbazole (PhCz) by different site connections.
When the carbazole unit is directly connected to the QAO
skeleton, QAOCz1 has the strongest D-A interaction, and part
of its HOMO is delocalized on the QAO skeleton. By introducing
a phenylene bridge to separate the carbazole unit from the QAO
skeleton, the D-A interaction of QAOCz2 and QAOCz3 is
weakened in which the meta-linked QAOCz3 has completely
separated HOMO and LUMO. Despite the HOMO-LUMO gra-
dually separating, the FWHM of their electroluminescence (EL)
peaks still mainly maintain the nature of the QAO core. We
used QAOCzl-, QAOCz2- and QAOCz3-doped films as the
emission layers (EMLs), and cyan OLEDs with maximum EQEs
of 16.9%, 19.4%, and 21.1% at the EL peaks of 516 (FWHM of
44 nm), 504 (FWHM of 43 nm) and 500 (FWHM of 40 nm) nm
were achieved, respectively. The QAOCz3 based device not only
achieved the highest maximum EQE of 21.1% but also had the
narrowest FWHM of 40 nm. This work shows that the modifica-
tion of the connection pattern between the substituents and the
MR core can also adjust the performance of MR-TADF emitters.

2. Results and discussion
2.1 Synthesis

The synthetic routes for QAOCz1, QAOCz2, and QAOCz3 are
summarized in Scheme 1. All compounds were synthesized in
six steps from the commercially available starting material 2,5-
dibromo-1,3-dimethylbenzene. Above all, precursor dimethyl
2,5-dibromoisophthalate (1) was prepared using a previously
reported synthetic procedure.”> The second step involves
the copper-catalyzed C-N coupling between the precursor 1
and di([1,1’-biphenyl]-4-yl)amine, which proceeded smoothly
at 142 °C to afford dimethyl 5-bromo-2-(di([1,1’-biphenyl]-4-
yl)amino)isophthalate (2) in 84% yield. Furthermore,
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Scheme 1 The synthetic routes of QAOCz1, QAOCz2, and QAOCz3.

dimethyl 2-(di([1,1’-biphenyl]-4-yl)amino)-5-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)isophthalate (3) was prepared
from the intermediate 2 and bis(pinacolato)diboron in 89%
yield. Next, we introduced a 9-phenyl-9H-carbazole unit to
obtain the precursor 4, 6, and 8 by Suzuki-Miyaura coupling,
and they were smoothly converted into carboxylic acid in the
presence of NaOH. Gratifyingly, we obtained the final products
QAOCz1, QAOCz2, and QAOCz3 in the yields of 55%, 60%, and
61% by Friedel-Crafts acylation, respectively. In addition to the
NMR, mass spectra, and elemental analyses (Fig. S1-S19, ESIf),
the key evidence for the formation of the three final com-
pounds was obtained from the single-crystal X-ray diffraction
analysis (XRD).

2.2 Single crystals

The single crystals of QAOCz1, QAOCz2, and QAOCz3 were
formed by slow diffusion in a mixture of CHCl; and THF at
room temperature (Tables S1-S3, ESIt), then their exact geo-
metries were confirmed by XRD (Fig. 1). Generally, the crystal
systems of the three fluorophores are monoclinic lattices, and
the QAO skeleton presents helical and nonplanar structures in
the three compounds. The repulsion between two hydrogen
atoms results in the interplanar angle of 36.75°, 37.30°, and
36.08° between the two benzene rings under the QAO core. For
QAOCz1, the carbazole unit is directly connected to the QAO
skeleton which forms the strongest D-A interaction and makes
the emission wavelength of QAOCz1 longer than that of the
other two isomers. After inserting a benzene ring between the
carbazole moiety and the QAO skeleton to impede the direct
conjugation, the D-A interaction of QAOCz2 and QAOCz3 was
weakened. The resulting large dihedral angles of the phenylene
bridge and terminal carbazole (58.28° for QAOCz2 and 55.85°
for QAOCz3) are beneficial for forming the twisted confirma-
tion at the excited state and inducing effective charge transfer
(CT) along with the HOMO and LUMO separation. As compared
with QAOCz2, the D-A interaction of QAOCz3 is the weakest by
adjusting the substitution site to the meta-position.
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Fig. 1 The single crystals of QAOCz1 (a), QAOCz2 (b), and QAOCz3 (c)
obtained by X-ray crystallographic analysis.

The arrangement of the three molecules in the crystalline
structure exhibits a head-to-tail packing of the QAO skeleton
(Fig. S20, ESIt), and strong intermolecular n-rn stacking inter-
actions between the QAO skeletons have been observed (3.256 A
for QAOCz1, 3.314 A for QAOCz2, 3.365 A for QAOCz3). Inter-
estingly, the situation is further complicated by the J-aggregate
with some lateral slippage between the QAO skeleton, which is
ascribed to the intramolecular and intermolecular interactions,
resulting in the unification of high luminous efficiency and
high carrier mobility. Besides, multiple weaker interactions of
C-H---C-H, C-H:- -0, O---C-H, and C-H- - -t were found in the
unit cell, which were associated with different monomers
assembling into the 3D structure. Moreover, these weak inter-
actions can strengthen the molecular conformation and at the
same time restrict the intramolecular motions and vibrations,
which are advantageous to maintain high photoluminescence
quantum yields (PLQYS).

2.3 Theoretical simulations

The FMO distributions of the three molecules were calculated
based on the single-crystal geometry by density functional
theory (DFT) and time-dependent DFT (TD-DFT) calculations.
As shown in Fig. 2 and Table S4 (ESIt), due to different degrees
of D-A interaction, the three isomers achieve different FMO
distributions. The FMOs of QAOCz1 resemble the reported MR
effect induced HOMO-LUMO distribution though part of its
HOMO electron cloud extends to the carbazole unit. Then, the
interaction between D-A was weakened as the phenylene ring
was embedded, and the MR effect induced HOMO-LUMO
distribution disappeared following the HOMO being comple-
tely delocalized to the donor unit. QAOCz2 adopted a twisted
conformation of the D-A fragment; meanwhile, its FMO pre-
sents a pretty small overlap of HOMO-LUMO. For QAOCz3, its
HOMO was completely delocalized at the PhCz skeleton while
the LUMO was mainly distributed on the QAO scaffold as the
D-A interaction weakened further, which presents a perfect
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Fig. 2 The molecular structures and HOMO/LUMO distributions of the
compounds.

combination of twisted D-A structure and MR skeleton, reflect-
ing that QAOCz3 is allowed RISC at ambient temperatures and
the best utilization of triplet excitons. According to the esti-
mated S; and T; energy levels, the AEgrs of QAOCz1, QAOCz2,
and QAOCz3 are found to be 0.39, 0.26, and 0.16 €V, respec-
tively, which show a decreasing trend. The calculated HOMO
levels are higher than that of the parent molecule QAO, while
the LUMO energy level displays a slight change compared with
QAO, indicating that the emission will redshift relative to the
QAO core. Simulated oscillator strengths (f) progressively
decrease when the flatness of the isomers is gradually inter-
rupted, which reveals that the electron exchange energy of the
three molecules with negative correlation to the rate of radia-
tion transition, and this relationship requires us to balance the
two factors to achieve maximum efficiency.

2.4 Photophysical properties

UV-Vis absorption and photoluminescence (PL) spectra of
QAOCz1, QAOCz2, and QAOCz3 measured in dilute toluene
(107> mol L") solution are shown in Fig. 3 and Table 1. The
three isomers all show two major absorption bands; the strong
absorption band below 400 nm can be assigned to the n-n* and
n-n* transitions of the conjugated skeleton, and the longer
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Fig. 3 UV/Vis absorption, fluorescence (298 K), fluorescence (77 K) and
phosphorescence (77 K) spectra of QAOCz1, QAOCz2, and QAOCz3 in
toluene.
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Table 1 Photophysical properties of QAOCz1, QAOCz2, and QAOCz3

Jabs®  Aem® FWHM® Stokes shift? S, T, AE¢S

Compounds (nm) (nm) (nm) (em™! (ev) (ev) (ev)
QAOCz1 454 502 34 2106 2.56 2.30 0.26
QAOCz2 471 500 29 1231 2.56 2.38 0.18
QAOCz3 462 492 29 1319 2.55 2.39 0.16

“ In toluene (10> M) solution at 298 K. ? Calculated from the outset of
UV absorption and fluorescence spectra in toluene solution (10> M) at
298 K. ¢ Calculated from the outset of fluorescence and phosphores-
cence spectra in toluene solution (107> M) at 77 K.

wavelength absorption bands could be originated from the
HOMO-LUMO induced intramolecular charge transfer (ICT)
transitions. The Stokes shifts of the three emitters are small as
expected after the introduction of the PhCz unit, this reflecting
that singlet emission regulation and the rigidity enforced by the
QAO skeleton well hinder the non-radiative channeling of
excitation energy. All three compounds exhibit cyan emission
bands with fluorescence spectra peaked at 501, 500, and
495 nm for QAOCz1, QAOCz2, and QAOCz3, respectively, show-
ing a slight blue shift as the D-A interaction is weakened from
QAOCz 1 to QAOCz3. Notably, their FWHMs are all narrow:
34 nm for QAOCz1, 29 nm for QAOCz2, and 29 nm for QAOCz3,
respectively. We suppose that the wider spectrum of QAOCz1 is
associated with its spread FMO distribution. Based on the
onsets of fluorescence and phosphorescence spectra in 77 K
toluene, the AEgy values of the three emitters were calculated to
be 0.26, 0.18, and 0.16 eV, respectively. The diminishing trend
of the AEsr from QAOCz1 to QAOCz3 agrees well with the
theoretical results and confirms the feasibility of adjusting the
D-A interaction to achieve AEgr regulation of MR-TADF emit-
ters. To further figure out the excitation transition feature, we
have tested the PL spectra of the three compounds in different
solvents at room temperature. As shown in Fig. S21 (ESIt), an
obvious solvatochromic effect can be observed for the three
emitters with the polarity of the solvent increasing from non-
polar hexane to the highest polar acetone. In particular with the
increase of environmental polarity, the spectra gradually show
characterless variations. These results further confirm the three
emitters as strong transitions of ICT states.

The solid-state photoluminescence behaviors of QAOCz1,
QAOCz2, and QAOCz3 were also investigated in films (Table S5,
ESIYt). Fig. S22 (ESIt) shows the PL spectra of the films doped
with 5 wt% emitters in 4,4’-bis(9H-carbazol-9-yl)biphenyl (CBP),
and a low doping concentration was chosen to prevent the
aggregation of the emitters. Although the PhCz unit and the
QAO framework are connected through different modes,
the three emitters all show a narrow spectral shape in the
doped films as shown previously. Besides, the absolute PLQYs
of the three doped films with 5 wt% CBP were measured to be
86.1% for QAOCz1, 86.8% for QAOCz2, and 98.9% for QAOCz3,
respectively. Due to the increase in rigidity, the PLQYs of the
three isomers all showed an upward trend. To further verify the
TADF character of QAOCz1, QAOCz2, and QAOCz3, we explored
their transient photoluminescence (PL) decays in dopant films.
As shown in Fig. S23 (ESIt), the decay lifetimes of the three
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emitters were 115.7 ps for QAOCz1, 16.4 us for QAOCz2, and
21.5 ps for QAOCz3, respectively, indicative of obvious TADF
nature. Fig. S24 (ESIf) shows the PL spectra of the three
compounds in non-doped films, different from the QAO, they
retain their narrow spectral shape and avoid excimer
formation.

2.5 Thermal analysis and electrochemical behaviors

To explore the thermal stabilities of QAOCz1, QAOCz2, and
QAOCz3, the thermal decomposition temperature (Tyq) was
measured by thermogravimetric analysis (TGA) under a nitro-
gen atmosphere. The experimental results are shown in Fig. S25
(ESIT) and the detailed data are listed in Table S6 (ESIt). The T4
(5 wt% weight loss) was found to be 459, 460, and 469 °C for
QAOCz1, QAOCz2, and QAOCz3, respectively. In addition, to
select the suitable functional layer in the device, the electro-
chemical behaviors of three molecules were investigated by
cyclic voltammetry (CV) in dry N,N-dimethylformamide (DMF)
using the internal reference of ferrocene. As shown in Fig. S26
and Table S6 (ESIt), all isomers show similar HOMO energy
levels (—5.47, —5.54, and —5.47 eV), which are very close to the
HOMO energy level of parent PhCz (—5.51 eV) and significantly
higher than the original QAO backbone (—5.94 eV). On the
other hand, based on their HOMO energy levels and the optical
band gaps, the LUMO energy levels were calculated to be —3.02,
—3.06, and —2.96 eV for QAOCz1, QAOCz2, and QAOCz3,
respectively.

2.6 Electroluminescence properties

To investigate the electroluminescence (EL) properties of the
three emitters, the devices were fabricated with a structure of
indium tin oxide (ITO)/1,4,5,8,9,11-hexaazatriphenylene hexa-
carbonitrile (HAT-CN, 10 nm)/1,1-bis[4-[N, N-di(p-tolyl)amino]-
phenyl]-cyclohexane (TAPC, 40 nm)/tris(4-carbazolyl-9-
ylphenyl)amine (TCTA, 10 nm)/EML (20 nm)/4,6-bis(3,5-
di(4yridine-4-yl)phenyl)-2-phenylpyrimidine (TmPyPB, 50 nm)/
8-hydroxyquinolinolato lithium (Lig, 2 nm)/Al (100 nm). D1,
D2, and D3 represent QAOCz1, QAOCz2, and QAOCz3-based
devices, respectively. The EL spectra at the current density of
5 mA cm > (Fig. S27, ESIf), EL spectra at different applied
voltages (Fig. S28, ESIt), power efficiency (PE)-luminance (L)
characteristics (Fig. S29, ESIf), and current efficiency (CE)-
luminance (L) characteristics (Fig. S29, ESI{) of OLEDs are
shown in the supporting information. The EL spectral intensity
increases significantly with increasing voltage, but all spectra
are quite stable. Fig. 4a and c show the energy level diagram of
the devices and molecular structures of related functional
materials, respectively. TAPC and TmPyPB were selected as
the hole-transporting layer and the electron-transporting layer,
and TCTA was used as an exciton-blocking layer for confining
excitons due to its high triplet energy level. For the emitting
layer, CBP was chosen as the host and the optimized dopant
ratio was 5 wt% for the three emitters. Fig. 4b shows the current
density (J)-voltage (V)-luminance (L) characteristics of the
OLEDs, and the driving voltage of the emitter-based devices
at 6 cd m~? is 3.3 V, which may be attributed to the good carrier
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Fig. 4 (a) Energy level diagrams of the devices, (b) J-V-L characteristics
and (c) molecular structures of other materials used in these devices, and
(d) EQE-luminance characteristics of the QAOCzl, QAOCz2, and
QAOCz3-based devices.

Table2 Summary of the electroluminescence data of QAOCz1, QAOCz2,
and QAOCz3-based devices

Jer® FWHM? V¢ CEpa®  PEmax’ EQE/ CIES  IF
(nm) (nm) (V) (cdA™H) (Imw™) (%) (x,)) (cdm™?)

QAOCz1 516 44 3.3 60 56.5 16.9 (0.23, 11320
0.66)

QAOCz2 504 43 3.3 60 57.0 19.4 (0.18, 7679
0.62)

QAOCz3 500 40 3.3 60 56.7 21.1 (0.16, 6217
0.57)

“ EL peak wavelength. ? Full width at half maximum. ¢ Turn-on voltage.
¢ Maximum current efficiency. ¢ Maximum power efficiency. / Maxi-
mum external quantum efficiency. ¥ CIE measured at the current
density of 5 mA em™2. * Maximum luminance.

injection and transportation of the three emitters. Fig. 4b
shows the luminance (L)-EQE characteristics of the OLEDs.
The emission peaks of D1, D2, and D3 are 516, 504, and
500 nm, and the full width at half maximum (FWHM) of the
EL spectra are 44, 43, and 40 nm, and the corresponding color
coordinates are (0.23, 0.66), (0.18, 0.62) and (0.16, 0.57), respec-
tively (Table 2). And we further judged the color purity of the
three molecules using the range-separated hybrid (RSH) func-
tions previously proposed by our group.?” Based on the calcula-
tion equation, the RSHs of D1, D2, and D3 were calculated to be
1.98, 1.96, and 1.98, respectively, which are all close to 1.7,
further illustrating that these devices all exhibit good color
purity (Table S7, ESIt). The maximum EQE (EQEp.y) of D1
could reach 16.9%. Furthermore, D2 and D3 exhibit EQE,,,, of
19.4% and 21.1%, respectively. The best performance of
QAOCz3 in this series could be attributed to its smallest AEgy
and highest PLQY, corresponding to the meta-linkage between
the QAO core and carbazole substituent.

Conclusions

In summary, we have developed three narrowband isomers,
namely QAOCz1, QAOCz2, and QAOCz3 based on the QAO core
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and the PhCz unit. Combining theoretical calculations, photo-
electric behavior, and OLED performance, the influence of
weakening D-A interaction on these structural isomers was
systematically studied. As the D-A interaction of the isomers is
gradually weakened, their HOMO and LUMO energy levels are
gradually separated, so the AEgys are gradually decreased. And
the PLQYs of QAOCzl, QAOCz2, and QAOCz3 gradually
increased, which are 86.1%, 86.8%, and 98.9%, respectively.
Eventually, OLEDs based on QAOCz1, QAOCz2 and QAOCz3 as
the emitters exhibit EQE,,,s, emission peaks and CIEs (x, y) of
16.9%, 516 nm and (0.23, 0.66), 19.4%, 504 nm and (0.18, 0.62),
and 21.1%, 500 nm and (0.16, 0.57), respectively. In addition,
although the PhCz unit with weaker electron-donating ability
has little effect on color purity, and their EL spectra all exhibit
narrow emission, the FWHMSs of the three isomers still nar-
rowed slightly with the weakening of the D-A interaction. And
the FWHMSs of QAOCz1, QAOCz2, and QAOCz3 are 44, 43, and
40 nm respectively. The meta-linked QAOCz3 has the weakest
D-A interaction and successfully achieves a much higher PLQY
and a smaller AEgr, and the QAOCz3 based OLED displays the
highest maximum EQE and the narrowest FWHM. These
results show that the substituent with weak electron-donating
ability can well maintain the narrowband emission character-
istics of the MR framework. And the method of weakening the
D-A interaction between the substituents and the MR skeleton
by a spacer group can improve the efficiency while further
narrowing the FWHM. Therefore, we proposed an efficient
strategy for constructing a MR-TADF emitter with both high
efficiency and narrow FWHM.
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