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Sky-blue delayed fluorescence molecules based
on pyridine-substituted acridone for efficient
organic light-emitting diodes¥
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In comparison with green and red OLEDs, which have been well developed with satisfactory electro-
luminescence (EL) performances, high-efficiency blue OLEDs still need further exploration. Herein, by
reasonably strengthening the rigidity of molecules, three new sky-blue thermally activated delayed fluorescence
molecules based on electron-withdrawing acridone and electron-donating acridine derivatives are designed and
synthesized. Their crystal and electronic structures, thermal stabilities, electrochemical behaviors and
photophysical properties are systemically investigated. The results show that these molecules have high thermal

Received 20th August 2021, and electrochemical stabilities and exhibit aggregation-induced emission and eminent sky-blue delayed

Accepted 7th October 2021 fluorescence with emission peaks at 480-502 nm and high fluorescence quantum yields of 78-94% in doped
films. Their OLEDs exhibit sky-blue EL emissions with peaks at 482-492 nm, and achieve excellent external

quantum efficiencies of 21.8-26.8%. These results indicate that the new sky-blue delayed fluorescence
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Introduction

Organic light-emitting diodes (OLEDs) are regarded as the next
generation of display technology because of their various
advantages such as self-luminescence, high luminance, fast
response, and flexibility."® In comparison with green and red
OLEDs, which have been well developed with satisfactory
electroluminescence (EL) performances, high-efficiency blue
OLEDs still need further exploration.”™® In the EL process, the
holes and electrons recombine to generate singlet excitons and
triplet excitons with a ratio of 1:3. Traditional fluorescent
emitters can only utilize 25% singlet excitons for light emis-
sion, thus leading to inferior EL efficiencies.”® Phosphorescent
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molecules hold good potential as light-emitting materials for OLEDs.

emitters can harvest both 25% singlet excitons and 75% triplet
excitons, achieving theoretically 100% internal quantum effi-
ciency.'®"> However, the employment of nonrenewable noble
metals results in high manufacturing costs, and thus limits
widespread application. As the third generation of luminescent
materials, purely organic thermally activated delayed fluores-
cence (TADF) emitters hold advantages of high exciton utiliza-
tion and low cost, and thus have received considerable
attention in recent decades.’* ™

Generally, TADF emitters possess small singlet-triplet energy
splittings (AEsrs) to realize fast reverse intersystem crossing
(RISC) for triplet excitons. The common strategy to obtain small
AEgrs is separating the highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of
molecules, which can be achieved by connecting electron donor
and acceptor moieties in a highly twisted manner.'®*® However,
the highly separated molecular frontier orbitals will lead to low
fluorescence quantum yields (@gs), on account of the decreased
oscillator strength."' To achieve high-performance OLEDs, it is
highly favored to explore TADF emitters with small AEgrs and
high ®gs simultaneously. For this consideration, enhancing the
molecular rigidity to restrict the molecular motion is helpful in
molecular design.>*>*

In this work, by employing pyridine-substituted acridone as
an acceptor and 9,9-dimethyl-9,10-dihydroacridine (DMAC), 9,
9-diphenyl-9,10-dihydroacridine (DPAC) and 10H-spiro[acridine-
9,9'-fluorene] (SFAC) as donors, three new TADF emitters (PDAD-
DMAC, PDAD-DPAC and PDAD-SFAC) are created (Fig. 1A). The
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Fig.1 (A) Molecular and (B) single-crystal structures of PDAD-DMAC,
PDAD-DPAC and PDAD-SFAC.

rigid electron-withdrawing acridone is beneficial to decrease the
molecular motion thus suppressing the non-radiative energy loss.
Furthermore, the presence of the C—O0O group allows an n — n*
transition, which can effectively enhance spin-orbit coupling and
accelerate the RISC process.”*** The introduction of a pyridine
moiety can strengthen the rigidity of molecules via intra- and/or
intermolecular hydrogen bonding, which is favored for the increase
of emission efficiency. Besides, the presence of a pyridine moiety at
the 10 position of acridone can pose steric hindrance to the donor
groups, which is conducive to maintaining large torsion angles
between the acridone and donors, and is in favor of obtaining
small AEgrs. These molecules exhibit highly twisted conformations,
which lead to small AEgrs of 0.018-0.055 eV. High @gs of 78-94%
are also obtained in their doped films. By employing them as
emitting layers, efficient sky-blue OLEDs are fabricated with EL
performance values of 59.2 cd A%, 66.4 Im W " and 26.8%.

Results and discussion

Synthesis and characterization

Scheme S1 (ESIT) illustrates the synthetic routes of the target
molecules.”® Their single crystals are obtained in tetrahydro-
furan-hexane or chloroform-hexane mixtures through slow
solvent evaporation, and analyzed by X-ray crystallography. As
shown in Fig. 1B, these molecules adopt highly twisted con-
formations in crystals. The electron-withdrawing acridone core
is connected with different electron-donating DMAC, DPAC and
SFAC groups in a highly twisted manner, with large torsion
angles of 74.20-89.63° (Fig. 1B). The almost vertical connec-
tions between donors and acceptors are in favor of the separa-
tion of molecular frontier orbitals, and facilitate the generation
of small AEgys. On the other hand, the dihedral angles between
acridone and pyridine groups also reach 75.46-89.82°. Overall,
the highly distorted molecular structures are conducive to
suppressing intermolecular n-n stacking that often results in
decreased emission.’*® As displayed in Fig. S1 (ESIf), these
molecules exhibit incompact molecular packing in their crys-
tals. Owing to the existence of multiple heteroatoms, numerous
weak intermolecular interactions, such as C-N---H, C—=0- - -H
and C-H.: - -n hydrogen bonding with distances shorter than 3 A,
can be observed, which are helpful to restrict intramolecular
motion, rigidify the molecular structure, and thus alleviate non-
radiative decay of the molecules.?* '

15506 | J. Mater. Chem. C, 2021, 9, 15505-15510

View Article Online

Journal of Materials Chemistry C

Theoretical calculation

To depict the electric cloud distributions and energy levels of
these molecules, density functional theory (DFT) calculations
were carried out at the M06-2X/6-31G (d,p) level based on their
crystals (Fig. 2). Because of the highly twisted molecular con-
formations, these molecules exhibit molecular frontier orbitals
with obvious charge transfer (CT) characteristics. Taking PDAD-
SFAC as an example, the HOMO and LUMO are mainly located
at SFAC and acridone, respectively, with little overlap. The
separated distribution of HOMO and LUMO renders a small
theoretical AEgr of 0.04 eV for PDAD-SFAC. PDAD-DMAC also
has a small AEgr of 0.02 eV, but PDAD-DPAC shows a relatively
large AEsr of 0.21 eV, which is possibly attributed to the quasi-
axial conformation of PDAD-DPAC.**"*°

Photophysical property

In tetrahydrofuran (THF) solutions, these molecules show quite
similar absorption maxima at ~390 nm. The photolumines-
cence (PL) peak of PDAD-DMAC is located at 524 nm, which is
red-shifted in comparison with those of PDAD-DPAC (503 nm)
and PDAD-SFAC (508 nm), due to the stronger electron-
donating ability of the DMAC moiety.*” These molecules exhibit
low @gs of 19-31% in pure THF solution (Table 1). Their PL
behaviors in the aggregated state are studied by increasing the
water fraction (f,, vol%) in THF-water mixtures (Fig. 3C and
Fig. S2, ESIt). At low water fractions (f,, < 80 vol%), their
emissions are decreased and red-shifted with the increase of f,,,
due to the intramolecular charge transfer (ICT) effect.’® The
solvatochromism properties are tested in order to confirm
the ICT nature of these molecules (Fig. S3, ESIT). By enhancing
the polarity of the solvent, the PL peaks of the four molecules
are red-shifted evidently, verifying the ICT nature. At high water
fractions (f,, > 80%), these molecules form nanoaggre-
gates, and their emissions are enhanced and blue-shifted
apparently, revealing evident aggregation-induced emission
(AIE) properties.***' The enhanced emissions of these mole-
cules at high f,s can be ascribed to the suppressed intra-
molecular motion and weakened ICT effect in the aggregated
state.*>*?
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Fig. 2 Frontier orbital distributions and energy levels of PDAD-DMAC,
PIPD-DPAC, and PDAD-SFAC, calculated at the M06-2X/6-31G (d,p) level,
isovalue = 0.04. Ey and E| represent the HOMO and LUMO energy levels,
respectively.
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Table 1 Photophysical properties of the new molecules
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Solution® Doped film”
Compound  /ps° (nm) Jem? (nm) Dg° (%) Jem (nm) Pg (%) rpmmptf (nS) Tdelayed® (1S) @pmmpth (%) @delayedl (%) Frasd! (x 10° s AEg* (eV)
PDAD-DMAC 389 524 27 502 94 29.6 4.8 28.5 65.1 6.9 0.029
PDAD-DPAC 390 503 31 480 78 16.3 11.8 38.7 39.3 1.7 0.055
PDAD-SFAC 390 508 19 482 91 16.5 8.1 48.2 42.4 2.3 0.018

@ Measured in THF solution (10~° M). ? Vacuum-deposited on a quartz substrate using PPF as the host with doping concentrations of 20, 20 and
25 wt% for PDAD-DMAC, PDAD-DPAC and PDAD-SFAC, respectively. ¢ Absorption maximum. ¢ Emission peak. ¢ Fluorescence quantum yield
determined by an integrating sphere.’ Prompt lifetime. & Delayed lifetime. ” Fluorescence quantum yield from prompt component.
! Fluorescence quantum yield from delayed component./ Rate constant of RISC. * Singlet-triplet energy splitting, measured at 77 K.
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Fig. 3 (A) Absorption and (B) PL spectra of the molecules in THF solutions
(1075 M). (C) PL spectra of PDAD-SFAC in THF/water mixtures with
different water fractions (10> M). (D) Plots of //ly values versus water
fractions (f,,). Io represents the PL intensity in pure THF (107> M).

These molecules were further doped into a 2,8-bis
(diphenylphosphoryl)dibenzo[b,d|furan (PPF) host at concen-
trations of 20 wt% for PDAD-DMAC, 20 wt% for PDAD-DPAC
and 25 wt% for PDAD-SFAC, and the PL properties were
investigated. Compared with THF solutions, their doped films
show blue-shifted PL peaks at 502, 480 and 482 nm (Fig. 4A)
and higher ®gs of 94%, 78% and 91% for PDAD-DMAC, PDAD-
DPAC and PDAD-SFAC, respectively, which can be attributed to
the rigidified molecular structures and decreased polarity of
the matrix. Low temperature fluorescence and phosphores-
cence spectra of these molecules in doped films are collected
at 77 K in order to estimate their S; and T, energy levels (Fig. $4,
ESIt). The experimental AEgy values of PDAD-DMAC and PDAD-
SFAC in doped films are 0.029 and 0.018 eV, respectively, which
are very close to the theoretical calculation results (0.02 and
0.04 eV). However, the experimental AEg; value of PDAD-DPAC
(0.055 eV) is much smaller than that of the theoretical value
(0.21 eV). This is probably due to the conformational change
from the quasi-axial conformation in the gas phase to the

This journal is © The Royal Society of Chemistry 2021

quasi-equatorial one in the film state. In the quasi-axial
conformation, PDAD-DPAC has a relatively large AEgr, but in
the quasi-equatorial conformation, the AFEgr is greatly
decreased.***> As measured by transient PL decay spectra,
these molecules show distinct bi-exponential decay curves,
and along with the increase of temperature, the delayed com-
ponents are increased clearly, revealing their typical TADF
characteristics (Fig. 4B and C and Fig. S5, ESI{). The prompt
lifetimes (7prompt) and delayed lifetimes (tqeiayea) Of their doped
films are 16.3-29.6 ns and 4.8-11.8 us, respectively. The RISC
rate constants (kgiscs) are estimated as 1.7 x 10°-6.9 x 10° s~
for these molecules. In comparison with PDAD-DMAC and
PDAD-SFAC, PDAD-DPAC exhibits a longer tgejayeq and a slower
krisc, probably due to its comparatively large AEgr.

Thermal stability and electrochemical behavior

The thermal stabilities of these molecules are studied by
thermogravimetric analysis (Fig. S6A, ESIt). These molecules
exhibit satisfactory thermal stability with high decomposition
temperatures (Tys, 5% loss of original weight) of 368-446 °C.
The high T4s suggest that they can keep stable structures in
vacuum evaporation. The electrochemical behaviors of these
molecules are measured by cyclic voltammetry (Fig. S6B, ESIT).
According to the onset oxidation potentials (Egyse) and corres-
ponding ferrocene potentials, the HOMO energy levels of
PDAD-DMAC, PDAD-DPAC and PDAD-SFAC are calculated to
be —5.27, —5.42 and —5.40 eV, respectively (HOMO = —[E S —
E ¥per + 4.8] eV).*® The LUMO energy levels are calculated as
—2.71, —2.74 and —2.74 eV for PDAD-DMAC, PDAD-DPAC
and PDAD-SFAC, respectively, from onset reduction potentials
(Eonset) (LUMO = —[Efise — Ergpes + 4.8] €V).

Electroluminescence

Inspired by the excellent photophysical properties of these
molecules, their electroluminescence (EL) performances are
evaluated in multilayer OLEDs with their doped films in the
configuration of ITO/HATCN (5 nm)/TAPC (50 nm)/TcTa
(5 nm)/mCP (5 nm)/EML (20 nm)/PPF (5 nm)/TmPyPB
(30 nm)/LiF (1 nm)/Al. As shown in Fig. 5, indium tin
oxide (ITO) is used as the anode, and dipyrazino[2,3-f:2/,
3’-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN), 1,
1’-bis(di-4-tolylaminophenyl) cyclohexane (TAPC), 4,4’,4"-tris
(carbazol-9-yl)-triphenylamine (TcTa) and N,N-dicarbazolyl-3,
5-benzene (mCP) are employed as the hole-injecting layer,
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Fig. 4 (A) PL spectra of the molecules doped in the PPF host. (B) Transient PL decay spectra of the molecules in doped films, measured under nitrogen at
300 K. (C) Temperature-dependent transient PL decay spectra of PDAD-SFAC in doped film.

S 2
or 10 y—@— PDAD-DMAC (20 wt%) 400 10°—
| B |- PDAD-DPAC (20 wt%) c]
~9~ PDAD-SFAC (25 Wikl ga03239°29%0 =
23333 2 =5
2f 20 54-24 10°3 23385° » < = el e,
s 2.7 -2.7 f,):" 1000999009 S fso g T 10'4 e, S
o L M - 39 500° J G § 0,
° ] E 3.2 1 E 3‘:_,
A < LiFial E 105 EE
K] e — 3 = 2
> ~ = 0
3 ° t200 G 5 103
2 g ., s E —@— PDAD-DMAC (20 wt%)
w g -5.5 g 1075 s 3 —@— PDAD-DPAC (20 wt%)
-T H E 5 —@— PDAD-SFAC (25 wt%)
©
3 3 L100 5 E 1074
£ 10'5 o g
8l = =
400 500 600 700
9.0 Wavelength (nm)
i 10° : 0 102 - T T
2 4 8 10 10' 10° 10° 10

Voltage (V)

Luminance (cd m?)

Fig. 5 (A) Device configuration and energy level diagrams. Plots of (B) luminance—voltage—current density and (C) external quantum efficiency—
luminance of doped OLEDs based on the new molecules (inset in plane C: EL spectra).

Table 2 EL performances of the new molecules?

Emitter Von V) Lmax (€dm™)  fomax (€dA™)  fomax (MW ™) Hexomax (%) CIE (, ) /g, (nm)  FWHM (nm)
PDAD-DMAC 2.6 28020 60.0 72.6 24.1 (0.186, 0.461) 492 74
PDAD-DPAC 2.7 5100 42.1 47.3 21.8 (0.155,0.321) 482 74
PDAD-SFAC 2.7 17393 59.2 66.4 26.8 (0.181,0.386) 484 79

@ Abbreviation: V,, = turn on voltage at 1 ¢d m™>; Ly, = maximum luminance; fle,max = Maximum current efficiency; 7p max = maximum

power efficiency; fexemax =

maximum external quantum efficiency; CIE = Commission Internationale de I’Eclairage coordinates; Agy, = EL peak;

FWHM = full width at half maximum. Device configuration: ITO/HATCN (5 nm)/TAPC (50 nm)/TcTa (5 nm)/mCP (5 nm)/EML (20 nm)/PPF (5 nm)/
TmPyPB (30 nm)/LiF (1 nm)/Al, where EML represents PPF: PDAD-DMAC (20 wt%), PPF: PDAD-DPAC (20 wt%) or PPF: PDAD-SFAC (25 wt%).

hole-transporting layer, electron-blocking layer and exciton-
blocking layer, respectively.*’~*° EML represents emitting layers of
the doped films of these molecules in the PPF host at doping
concentrations of 20 wt% or 25 wt%. PPF and 1,3,5-tri(mpyrid-3-yl-
phenyl)benzene (TmPyPB) serve as the hole-blocking layer and
electron-transporting layer, respectively. Thanks to the well-
matched energy levels between EML and different functional layers,
these devices can be turned on at low voltages of 2.6-2.7 V (Table 2).
Under electrical excitation, PDAD-DMAC, PDAD-DPAC and
PDAD-SFAC show sky-blue EL emissions with peaks at 492 nm
(CIE,, = 0.186, 0.461), 482 nm (CIE,,, = 0.155, 0.321) and 484 nm

15508 | J Mater. Chem. C, 2021, 9, 15505-15510

(CIE,, = 0.181, 0.386), respectively, which are basically in good
agreement with the PL emissions in doped films. In addition,
because of the rigid molecular skeleton, the full width at half
maximum (FWHM) values for the EL emissions from these devices
are in the range of 74-79 nm, relatively narrower than those of
many TADF emitters.’® Owing to the high ®ps and fast RISC
processes, the OLEDs based on these molecules achieve excellent
EL performances, with maximum external quantum efficiencies
(Mext,maxs) exceeding 20%. For the devices of PDAD-DMAC and
PDAD-DPAC, the #exmaxs reach 24.1 and 21.8%, respectively.
Among these molecules, PDAD-SFAC exhibits the best EL

This journal is © The Royal Society of Chemistry 2021
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properties. At a low doping concentration of 15 wt%, PDAD-SFAC
shows the bluest EL peak at 476 nm (CIE,, = 0.169, 0.337), and the
Hext,max attains 25.3% (Fig. S7 and Table S1, ESIt). Moreover, the EL
efficiencies rise with the increase of doping concentration from
15 wt% to 25 wt%. This phenomenon is probably caused by more
complete energy transfer from the host to dopant.**>' The max-
imum current efficiency (cmax), Mmaximum power efficiency
(Mp,max) AN Fextmax Teach 59.2 cd A™! 66.4 Im W and 26.8% at
a doping concentration of 25 wt%.

Conclusions

In summary, three sky-blue luminescent molecules with an
acridone acceptor and DMAC, DPAC and SFAC donors are
designed and synthesized. These molecules show satisfactory
thermal and electrochemical stabilities. Their crystals exhibit
highly twisted conformations, which lead to separated HOMOs
and LUMOs and thus small AEgrs of only 0.018-0.055 eV. They
have AIE and TADF properties with high ®rs of 78-94% in
doped films. By employing these molecules as emitters, the
doped OLEDs exhibit sky-blue emission with peaks in the
range of 482-492 nm, as well as excellent EL efficiencies of
21.8-26.8%, demonstrating that they are promising candidates
for sky-blue OLEDs.
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