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Abstract

Highly efficient blue fluorescent materials have recently attracted great interest for organic light-emitting diode (OLED)
application. Here, two new pyrene based organic molecules consisting of a highly rigid skeleton, namely SPy and DPy, are
developed. These two blue light emitters exhibit excellent thermal stability. The experiment reveals that the full-width at
half-maximum (FWHM) of the emission spectrum can be tuned by introducing different amounts of 9,9-diphenyl-N-phenyl-
9H-fluoren-2-amine on pyrene units. The FWHM of the emission spectrum is only 37 nm in diluted toluene solution for DPy.
Furthermore, highly efficient blue OLEDs are obtained by thermally activated delayed fluorescence (TADF) sensitization
strategy. The blue fluorescent OLEDs utilizing DPy as emitters achieve a maximum external quantum efficiency (EQE) of
10.4% with the electroluminescence (EL) peak/FWHM of 480 nm/49 nm. Particularly, the EQE of DPy-based device is
boosted from 2.6% in non-doped device to 10.4% in DMAc-DPS TADF sensitized fluorescence (TSF) device, which is a
400% enhancement. Therefore, this work demonstrates that the TSF strategy is promising for highly efficient fluorescent

OLED:s application in wide-color-gamut display field.
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1 Introduction

Organic light-emitting diodes (OLEDs) have attracted enor-
mous attention in the last decade and play an important role
in new-generation flat-panel displays and solid-state light-
ing [1-13]. According to the spin statistics under electrical
excitation, the recombination of holes and electrons injected
into OLED active layers is expected to produce singlet and
triplet excitons in a 25%:75% (1:3) ratio [10, 14—16]. Unfor-
tunately, only the 25% singlet excitons are luminescent in
fluorescent organic light-emitting diodes (FOLEDs) [17]. In
contrast, thermally activated delayed fluorescence (TADF)
emitters can obtain internal quantum efficiency (IQE) of
nearly 100% via reverse intersystem crossing (RISC) based
on an efficient triplet-to-singlet process, and has emerged as
a promising alternative to the more traditional phosphores-
cence and conventional fluorescence [16, 18, 19]. However,
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the TADF emitters generally have a broad emission spec-
trum with a large FWHM, typically up to 70-100 nm, pri-
marily owing to structural relaxations in the excited state and
distinct intramolecular charge transfer (ICT) nature of the
emissive S, states [20-25]. Such a broadening of the emis-
sion spectrum greatly affects color purity of OLED devices
[26].

Recently, several approaches to obtain high IQE in fluo-
rescent molecules and high external quantum efficiency
(EQE) of electroluminescence (EL) have been put forward.
An exceptional solution for this problem is “hyperfluores-
cence”, which is aimed at obtaining OLED emitters with
high EQE and good color purity simutaneously [27]. Typi-
cally, the TADF, exhibiting IQEs of 100%, has been chosen
as a sensitizer in a three-component emissive layer [28].
With such a system, the fluorescent emitters can obtian an
IQE higher than 25%, due to the Forster resonance energy
transfer (FRET) taking place from the excited singlet state
of the TADF molecule to the excited singlet state of the fluo-
rescent molecule [29]. The fluorophores that exhibit narrow
emission spectra can improve color purity and also obtain
high EQE in hyperfluorescence. On the other hand, pyrene,
a member of polycyclic aromatic hydrocarbon (PAH) class
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of material, has attracted considerable attention because
of its good luminescent properties [30-33]. Some pyrene
derivatives decorated by specific groups have exihibited nar-
rowband emission, and provide the possibility to explore
conventional narrowband fluorescent materials [34-37]. For
example, Kang et al. developed a blue emitter 2CN, and
achieved an EQE of 4.1% in OLEDs, with FWHM of 46 nm
[38]. Later, Kim et al. reported a blue non-doped emit-
ter BDPP with EQE of 3.69% and FWHM of 50 nm [39].
Although those emitters demonstrated excellent FWHM,
the device performance was limited by the low maximum
internal efficiency (25%) of traditional fluorescence. Inter-
estingly, the emitter could achieve a higher EQE of 13.0%
in TADF sensitized fluorescence (TSF) device, as reported
by Kwon et al. [34]. Therefore, a sensitization strategy is an
effective approach to improve the device efficiency while
maintaining narrowband emission.

With the aim of developing fluorescent materials suitable
for TSF OLEDs, we designed and synthesized two fluores-
cent emitters, namely N-(9,9-diphenyl-9H-fluoren-2-yl)-N-
phenylpyren-1-amine (SPy) and N',N°-bis(9,9-diphenyl-
9H-fluoren-2-yl)-N' , N-diphenylpyrene-1,6-diamine (DPy).
With a highly twisted structure and the increase of molecular
distance in the film state, the self-quenching of DPy, sym-
metrically embellished by 9,9-diphenyl-N-phenyl-9H-flu-
oren-2-amine, resulted in suppression of a larger spatial
highest occupied molecular orbital (HOMO) [40-44]. Fur-
thermore, due to conjugated structure interrupted by the N
atom with SP3 hybridized orbital, DPy could obtain a short-
range charge density shift with narrow band emission. Con-
sequently, DPy showed narrowband emission with FWHM
value of 37 nm in diluted toluene solution. In particular,
when DPy was utilized for the fabrication of non-doped
OLED, the maximum EQE of the device is only 2.6%, but
when adopting a TADF emitter of 10,10’-(sulfonylbis(4,1-
phenylene))bis(9,9-dimethyl-9,10-dihydroacridine)
(DMAC-DPS) in the TSF system, the maximum EQE could
reach a record level of 10.4%, while maintaining a narrow-
band emission. Therefore, this paper offers a reference strat-
egy to improve the color purity of OLEDs.

2 Experimental section
2.1 Materials and reagents
All the solvents and reagents used for target compounds

were purchased from commercial suppliers without further
purification.
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2.2 Synthesis

2.2.1 9, 9-diphenyl-N-phenyl-9H-fluoren-2-amine
(compound D1)

The mixture of 2-bromo-9,9-diphenylfluorene (5.0 g,
12.6 mmol), aniline (1.3 g, 13.8 mmol), Pd,(dba),
(0.12 g, 0.13 mmol), P(+~-Bu);HBF, (0.11 g, 0.38 mmol)
and ~-BuONa (3.6 g, 37.8 mmol) was suspended in tolu-
ene (80 mL) and refluxed for 10 h under N, atmosphere
at 120 °C. The reaction mixture was cooled to room tem-
perature, and the toluene was removed by vacuum distilla-
tion. Then the crude product was purified by column chro-
matography (elution solvent: petroleum ether) to obtain a
white solid (4.7 g), yield, 93%. Nuclear magnetic resonance
(NMR) data were as follows: '"H NMR (400 MHz, DMSO)
o [ppm]: 8.36 (s, 1H), 7.76 (d, J=8.4 Hz, 2H), 7.40-7.16
(m, 11H), 7.12 (dd, /=9.4, 4.5 Hz, 5H), 7.02 (dd, /=124,
4.8 Hz, 3H), 6.81 (t, J="7.3 Hz, 1H). Fourier transform high
resolution mass spectrometer (FTMS) with Atmospheric
Pressure Chemical Ionization (APCI) Source: calculated
for C5,H,;N, 409.1830; found, 410.1902.

2.2.2 N-(9,9-diphenyl-9H-fluoren-2-yl)-N-phe-
nylpyren-1-amine (SPy)

The mixture of 1-bromopyrene (1.45 g, 5.45 mmol),
9,9-diphenyl-N-phenyl-9H-fluoren-2-amine (compound D1)
(2.0 g, 4.89 mmol), Pd,(dba); (0.04 g, 0.05 mmol), S-phos
(0.06 g, 0.15 mmol) and t-BuONa (1.4 g, 14.7 mmol) was
suspended in toluene (50 mL) and refluxed for 16 h under N,
atmosphere at 120 °C. The reaction mixture was cooled to
room temperature, and the toluene was removed by vacuum
distillation. Then the crude product was purified by column
chromatography (elution solvent: petroleum ether) to obtain
a virescent solid (2.9 g), yield, 96%. 'H NMR (400 MHz,
DMSO) 6 [ppm]: 8.36-8.30 (m, 2H), 8.26 (d, /J=7.1 Hz,
1H), 8.20 (s, 2H), 8.13-8.04 (m, 2H), 7.99 (d, /J=9.3 Hz,
1H), 7.85 (d, /=8.2 Hz, 1H), 7.79 (d, /=8.2 Hz, 2H), 7.36
(dd, J=9.6, 8.0 Hz, 2H), 7.23 (dd, /J=10.8, 5.1 Hz, 3H),
7.08 (d, J=5.3 Hz, 6H), 6.99 (dd, J=9.2, 5.8 Hz, 4H),
6.94-6.87 (m, 5H). '3C NMR (101 MHz, CDCl,) & [ppm]:
152.21, 150.34, 148.15, 148.05, 145.48, 140.48, 139.76,
133.55, 130.72, 128.76, 127.68, 127.37, 127.05, 126.70,
126.09, 125.85, 125.60, 124.74, 122.99, 121.55, 120.43,
119.11, 65.07. FTMS (APCI): calculated for C,;H;;N,
609.2457; found, 610.2529, [M]™.
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Scheme 1 Synthetic route of SPy and DPy: a Pd,(dba);, P(t-Bu);HBF,, +~-BuONa, toluene, 120 °C, 10 h. b Pd,(dba);, S-phos, ~-BuONa, toluene,

120°C, 16 h

2.2.3 N',N®-bis(9,9-diphenyl-9H-fluoren-2-yl)-N",NS-diphe-
nylpyrene-1,6-diamine (DPy)

The synthetic procedure was similar to that of SPy. Yellow
solid was obtained (3.5 g), yield, 78%. 'H NMR (600 MHz,
C¢Dg) 6 [ppml]: 8.15 (d, J=9.2 Hz, 2H), 7.66 (d, J=8.2 Hz,
2H), 7.61 (d, J=8.1 Hz, 2H), 7.52-7.46 (m,7H), 7.44 (d,
J=2.0Hz, 2H), 7.31 (t, J=10.6 Hz, 3H), 7.14 (s, 3H), 7.10
(dd, J=8.3, 2.1 Hz, 3H), 7.05-6.99 (m, 12H), 6.84 (m,
J=12.5,11.7, 5.3 Hz, 16H). '3C NMR (151 MHz, C,Dy)
6 [ppm]: 6 153.36, 151.48, 149.24, 148.94, 146.39, 141.52,
140.58, 134.58, 129.86, 129.57, 128.52, 128.46, 127.18,
126.73, 126.65, 126.43, 123.42, 122.83, 122.45, 121.89,
121.39, 120.40, 119.82. FTMS (APCI): calculated for
C.4sHs,N,, 1016.4130; found, 1017.4197, [M]*.

3 Results and discussion
3.1 Synthesis and characterization

The synthetic routes and chemical structures of SPy and
DPy are presented in Scheme 1. The intermediate compound
9,9-diphenyl-N-phenyl-9H-fluoren-2-amine (D1) was syn-
thesized using the Buchwald-Hartwig reaction. SPy and
DPy were obtained via the Buchwald-Hartwig reaction of
D1 and 1-bromopyrene or 1,6-dibromopyrene, respectively
[45, 46]. The specific synthesis processes, the related char-
acterization as determined by NMR spectroscopy and mass
spectroscopy analysis are given in the experimental section.
Before measurements and device fabrication procedure,
purification of the target compounds via temperature-gra-
dient sublimation under vacuum conditions was carried out.

3.2 Theoretical calculations

The frontier orbital distributions of the SPy and DPy were
investigated by using density functional theory (DFT) with

B3LYP/6-31G(d) levels to understand the effect of the two
materials. The optimized geometries, the frontier molecu-
lar orbital (FMO) distributions of the compounds, and the
energy band gaps are depicted in Fig. 1. The lowest unoccu-
pied molecular orbitals (LUMO) of these compounds were
similar and showed significant contributions to the pyrene
units, and distributed on the nitrogen atoms mildly. Mean-
while, the highest occupied molecular orbitals (HOMO)
were mainly localized on the pyrene skeleton as well as on
the extended the phenyl-rings linked with nitrogen atoms.
In contrast, the HOMO and LUMO were not distributed
on the phenyl-rings linked with fluorenyl due to the phenyl
being separated by the large steric hindrance. The calculated
HOMO energies of SPy and DPy were —4.81 and —4.71 eV,
respectively. And the energies of LUMO were — 1.58
and — 1.65 eV, respectively. To further explore the excited
state properties of these compounds, the S; and T, excited
energies were calculated next using time-dependent density
functional theory (TD-DFT) with B3LYP/6-31G(d) level
based on the ground state geometries presented in Fig. 1.
The calculated singlet/triplet energies were 2.78/1.97 eV
for SPy, and 2.62/1.86 eV for DPy, respectively. The large
theoretical energy gap between the lowest singlet and triplet
states (0.76 eV for DPy and 0.81 eV for SPy) demonstrated
that these emitters were not potential TADF materials.

3.3 Thermal and electrochemical properties

The thermal stabilities of SPy and DPy were measured by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under a nitrogen atmosphere at a heating
rate of 10 °C min™'. As presented in Fig. 2 and Table 1, these
compounds were found to have excellent thermal stabilities
with very high decomposition temperatures (7, correspond-
ing to 5% weight loss) of 375 °C and 452 °C for SPy and
DPy, respectively. The glass transition temperature (7,) of
SPy was 133 °C; however, the Tg of DPy was not detected.
Such good thermal stability can be ascribed to their highly
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Fig. 1 Optimized geometric structures and HOMO/LUMO analysis of SPy and DPy (the excited state energy levels S,/T are extra labeled)

rigid structures and huge molecular weights, indicating their The electrochemical properties were investigated by
excellent film formation and making fabrication of OLED  cyclic voltammetry (CV) measurement using a traditional
devices feasible through vacuum evaporation. three-electrode system to better understand the HOMO/
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Fig.2 a TGA and b DSC curves of SPy and DPy
Table 1 Thermal, photophysical and energy properties of SPy and DPy
Emitter T/TC Aaps/nm Aep”/nm HOMOYLUMO%/eV Eg/E;i/eV PLQY%% FWHM" 78
/nm /ns
SPy 133/375 413 462/475 —5.18/-2.40 2.81/2.01 393 49 4.3
DPy ND/452 443 472/483 —5.10/—2.43 2.72/1.94 66.5 37 39

* Ty was measured by TGA (corresponding to 5% weight loss) and 7, was measured by DSC. ND stands for not detected. b Measured in dilute
toluene at 298K. © Absolute fluorescence quantum yield obtained in PMMA films (1 wt%). ¢ HOMO was estimated from the CV. ¢ LUMO =

HOMO + E%

opt*
films (doping consentration: 1 wt%)

LUMO of these compounds. As shown in Fig. 3, from the
onsets of oxidation potentials, the HOMO energy levels of
SPy and DPy were calculated to be —5.18 and —5.10 eV,
respectively. Based on the HOMO values and the
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Fig.3 CV curves of a ferrocene (Fc) and b SPy and Dpy

f Calculated from the onsets of fluorescence (FL, 77 K) and the phosphorescence (Phos, 77 K) spectra. ® Measured in PMMA

optical gap (E,,®) obtained from the absorption spec-
trum, the LUMO energy levels were estimated to be —2.40
and —2.43 eV, respectively (Table 1), using the equation
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Fig.4 UV-vis absorption and PL measurement results. a, b are UV—vis absorption (Abs, room temperature) and fluorescence (Fl, room tem-
perature) in dilute toluene (Tol), as well as fluorescence (Fl, room temperature) in film. ¢, d are fluorescence (Fl, room temperature) spectra in
different solvents (cyclohexane, Tol, dichloromethane (DCM), and N,N-dimethylformamide (DMF)). a, ¢ are for SPy, b, d are for DPy

3.4 Photophysical properties

The ultraviolet—visible (UV-vis) absorption, photolumines-
cence (PL) in dilute solutions and pure thin films of SPy
and DPy were investigated. The results are shown in Fig. 4.
Detailed photophysical parameters are listed in Table 1. The
UV-vis absorption and PL were all measured at room tem-
perature. For SPy and DPy, two prominent absorption bands
were observed between 330 — 350 nm and 410 —450 nm, and
the absorption bands of DPy has a slight red-shift relative to
that of SPy. This was in agreement with previous theoreti-
cal calculation. The optical band gaps were estimated to be
2.78 and 2.67 eV from the absorption onset. The emission
peaks of SPy and DPy in diluted toluene solutions were
located at 462 and 472 nm with small FWHM of 49 and
37 nm, respectively. As the geometrical relaxation between
the ground state and the excited state can be restrained due
to the introduction of 9,9-diphenyl-N-phenyl-9H-fluoren-
2-amine bilaterally, the Stokes shift of DPy was as small as
29 nm. In addition, the films exhibited a bathochromic shift
of the emission peak of 13 nm for SPy and 11 nm for DPy,
which could be attributed to the enhanced intermolecular
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n-w interaction [30]. Figures 4c, d show the PL emission of
SPy and DPy in different solvents at room temperature. The
fluorescence of DPy showed a smaller red-shift than that of
SPy with the increase of the solvent polarity. SPy and DPy
exhibited a total red-shift of 56 and 32 nm, respectively, with
environmental polarity increasing from nonpolar cyclohex-
ane to the most polar N,N-dimethylformamide. Notably,
Such a small red-shift of DPy (32 nm) demonstrated a weak
intramolecular charge transfer (ICT) in the excited state,
restraining the dissipation of energy. The emission proper-
ties were strongly affected by the nature of singlet excited
states (S;) and the polarity of the local environment, as seen
from the PL spectra in different solvents. Emission spectral
profiles of DPy presented fine vibration features of locally
excited (LE) states in low-polarity solvent of cyclohexane,
and the emission spectral profiles evolved into Gaussian-
type band shape gradually with the increase of the polarity
of solvent. The emission spectral profiles of DPy in tolu-
ene were derived from the transition of Gaussian-type band
shape of charge transfer (CT) states, featuring a narrower
emission band than that in cyclohexane.
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The low-temperature fluorescence (FI) and phospho-
rescence (Phos) spectra of the two compounds at 77 K in
toluene are shown in Additional file 1: Fig. S1. The Phos
emission peaks of these compounds were 642 and 670 nm
for SPy and DPy, respectively. The lowest singlet (S;)/low-
est triplet state (T,) energies estimated from the onsets of
the emission spectra were calculated to be 2.81/2.01 eV and
2.72/1.94 eV for SPy and DPy, respectively. Furthermore,
the low-temperature fluorescence spectrum of SPy exhib-
ited a sharp narrowband emission with a small FWHM of
37 nm, which presents a striking difference from that of
PL emission at room temperature, demonstrating the geo-
metrical relaxation between the ground state and the excited
state [34]. The absolute photoluminescence quantum yield
(PLQY) in PMMA films obtained using the calibrated inte-
grating sphere system were 39.3% for SPy and 66.5% for
DPy. As depicted in Fig. 5, the transient PL decay curves of
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Fig.6 a J-V-L curves; b EQE versus luminance curves; ¢ CE-L-PE curves and d normalized EL spectrum at 6 V. (In devices A and B, the EMLs

of SPy and DPEPO: DMAC-DPS: SPy are used, respectively)
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Fig.7 a J-V-L curves; b EQE versus luminance curves; ¢ CE-L-PE curves and d normalized EL spectrum at 6 V. (In devices C and D, EMLs of

DPy and DPEPO:DMAC-DPS:DPy are used, respectively)

Table 2 EL Performance of the SPy and DPy-based devices

Device V.UV L,..%(cdm2) CE,, /(cd-A™Y PE,, Y(Im-W™1) EQE®/% Ag /TFWHM nm CIE&(x, y)

A 5.4 2342 3.5/2.8/3.3 0.8/1.0/0.8 1.9/1.5/1.8 472/50 (0.23,0.27)
B 42 1053 14.7/11.3/5.3 10.1/3.9/1.1 8.7/6.6/3.0 472/65 (0.15,0.24)
C 4.0 2436 5.2/4.4/2.7 3.4/1.9/0.8 2.6/2.2/1.3 480/41 (0.17,0.36)
D 3.0 7997 20.1/18.6/16.0 17.5/10.8/6.1 10.4/9.7/8.5 480749 (0.14,0.32)

aTurn on voltage at 1 cd/m? °Luminance: maximum values at 100, 1000 cd/m2. “Current efficiency: maximum values at 100, 1000 cd/m?2.
dPower efficiency: maximum values at 100, 1000 cd/m?. °External quantum efficiency (%): maximum values at 100, 1000 cd/m%. ‘The peak of
EL spectrum and the full width at half maximum of EL spectrum. Commission Internationale de 1’Eclairage coordinates. EML: A (SPy), B

(DPEPO:DMACc-DPS:SPy), C (DPy), D (DPEPO:DMAc-DPS:DPy)

the oxygen-free doped film (1 wt%-doped in PMMA) were
measured. SPy and DPy merely showed single-exponential
attenuation in a nanosecond time scale with lifetimes (z,)
of 4.3 and 3.9 ns, respectively. This demonstrated the emis-
sion only originated from transient radiation of S, state and
was not TADF type emission, which was consistent with the
theoretical calculation.
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3.5 OLED device performance

To evaluate the EL performance of SPy and DPy, the opti-
mized non-doped OLEDs devices were firstly fabricated with
the architecture of indium tin oxide (ITO) /MoO; (10 nm)/
TAPC (60 nm)/mCP (10 nm)/emitter (20 nm)/DPEPO (5 nm)/
TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm), and SPy for
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Fig. 8 a UV-vis absorption spectrum of SPy, DPy and PL spectra of DMAC-DPS and b energy transfer process for device B and D

Device A, DPy for Device C. The energy level diagram and
related molecular structures are shown in Additional file 1:
Fig. S2, where 1,1-bis[(di-4-tolylamino)phenyl] cyclohexane
(TAPC), 5-tri(mpyrid-3-yl-phenyl)benzene (TmPyPB) and
mCP, bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO)
were used as the hole transporting layer, the electron trans-
porting layer and electron blocking layer, respectively.

The EL spectrum and other device characteristics related
to efficiencies, luminance (L), voltages (V), and current den-
sities (J) are presented in Fig. 6 for the devices based on
SPy and in Fig. 7 for the devices based on DPy. Detailed
device parameters are summarized in Table 2. These results
illustrated that the maximum EQEs of devices A and C were
1.9% and 2.6%, respectively. Spy- and DPy-based OLEDs
exhibited sky-blue emission with peaks at 472 and 480 nm,
respectively. In addition, the EL spectrum of the device A
exhibited a new peak, where the red-shifted band centered at
600 nm appears to have arisen from the exciplex emission.
This can be confirmed with the EL spectrum at different
voltages as shown in Additional file 1: Fig. S4. The exciplex
emission is enhanced with increasing voltage [47]. In addi-
tion, the phenomenon in device C is alleviated, demonstrat-
ing the symmetrical molecule structure of DPy has a certain
inhibitory effect on concentration quenching.

To further improve the performance of our emitters,
highly efficient TSF devices are proposed. The well-known
TADF material DMAC-DPS was chosen because of the
highly efficient energy transfer between DMAC-DPS and
our emitters (shown in Fig. 8) [48]. In order to obtain bet-
ter energy transfer, the emitting material layer (EML) com-
posed of DPEPO: DMAC-DPS: emitters were designed.
The TSF device was constructed in the following order:
ITO /MoOj; (10 nm)/TAPC (50 nm)/mCP (10 nm)/DPEPO:
40 wt% DMAC-DPS: 1 wt% emitters (20 nm)/ TmPyPB
(40 nm)/LiF (1 nm)/Al (100 nm), SPy for Device B, DPy for
Device D. The energy diagram of the device and structure

of materials are shown in Additional file 1: Fig. S3. Herein,
bis[2- (diphenylphosphino)phenyl]ether oxide (DPEPO)
(T, =3.3 eV) acted as host. Predictably, the maximum EQE
of DMAC-DPS TSF devices were 8.7% for device B and
10.4% for device D. Device D based on DPy exhibited
higher EQE owing to its larger spectral overlap and higher
PLQY. Although both TSF devices had broader spectra than
those of fluorescent devices influenced by high host polar-
ity, the FWHM of device D maintained a satisfactory level
(49 nm). The maximum luminance (L,,,,), current efficiency
(CE,.) and power efficiency (PE,,,,) of device D were
7997 cd/m?, 20.1 cd/A, and 17.5 Im/W, respectively. From
the non-doped OLEDs devices to the TSF devices, L,,,, of
DPy was improved, while the L, of SPy was reduced. In a
TSF system, the absorption spectrum of fluorescent dopant
overlaps well with the emission spectrum of TADF-sensi-
tizer, thus more efficient energy transfer can be anticipated.
Figure 8a shows that the absorption spectrum of SPy dopant
overlaps to a small extent with the emission spectrum of
DMAC-DPS, resulting in an inadequate energy transfer.
Therefore, L, of SPy was reduced from the non-doped
OLED:s devices to the TSF devices. The turn-on voltages of
the three types devices C and D were 4.0 and 3.0 V, respec-
tively. The complicated EML system was well matched
with the adjacent layer in terms of HOMO/LUMO levels,
which demonstrated the smallest energy barrier favour of
easy injection of electrons and holes. The blue index was
calculated with the values of 61.0 and 62.8 for Device B
and D, respectively. The higher blue index and narrowband
emission for DPy-based TSF device was in accordance with
the adequate energy transfer between the TADF-sensitizer
and the emitter of DPy. More impressively, the efficiency
roll-off characteristics were considerably improved. These
results demonstrated that TADF-sensitized narrowband fluo-
rescence is important for the improvement of fluorescence
device performance.
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4 Conclusions

In summary, two new narrowband fluorescent emitters con-
sisting of a pyrene unit, namely SPy and DPy were designed
and synthesized. Accordingly, DPy exhibited narrowband
blue emission with 4., of 472 nm and a small FWHM
of 37 nm. It also exhibited a small Stokes shift of 29 nm
demonstrating that the geometrical relaxation between the
ground state and the excited state can be restrained due to the
introduction of 9,9-diphenyl-N-phenyl-9H-fluoren-2-amine
bilaterally. Consequently, with an efficient spectral overlap
between DPy and DMAC-DPS, highly efficient OLEDs were
obtained by a sensitization strategy. The blue fluorescent
OLEDs utilizing SPy and DPy as emitters achieved a maxi-
mum EQEs of 8.7% and 10.4%, respectively, with the EL
peak of 472 and 480 nm, respectively. In particular, the EQE
of DPy-based device was boosted from 2.6% in non-doped
device to 10.4% after using DMAc-DPS as sensitizer. We
believe that our molecular design strategy will be benefical
for the exploration of highly efficient fluorescent emitters.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12200-022-00046-z.

Acknowledgements This work was supported by the National
Natural Science Foundation of China (Grant Nos. 62004074 and
51727809), Science and Technology Department of Hubei Province
(Nos. 2021AAA008, 2020BAA016, and 2019AAA063), and Wuhan
Science and Technology Bureau (Nos. 2019010701011406 and
2020010602012057). Thanks to SCTS/CGCL HPCC of HUST for
providing computing resources and technical support. The Analytical
and Testing Center at Huazhong University of Science and Technology
is acknowledged for the characterization of new compounds.

Author contributions YD and YW conceived the idea, synthesized
the materials. RG fabricated the devices. YD, YW and KD carried out
the experiments to test absorption spectra, PL spectra, transient PL
spectra, DSC, TGA and CV, theoretical calculation, and data analyses.
LW supervised the entire project. All authors read and approved the
final manuscript.

Declarations

Competing interests The authors declare that they have no competing
interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

10.

12.

13.

Pu, Y.J., Satake, R., Koyama, Y., Otomo, T., Hayashi, R., Haruta,
N., Katagiri, H., Otsuki, D., Kim, D.G., Sato, T.: Absence of
delayed fluorescence and triplet-triplet annihilation in organic
light emitting diodes with spatially orthogonal bianthracenes. J.
Mater. Chem. C Mater. Opt. Electron. Devices 7(9), 2541-2547
(2019)

Cai, M., Auffray, M., Zhang, D., Zhang, Y., Nagata, R., Lin, Z.,
Tang, X., Chan, C.Y., Lee, Y.T., Huang, T., Song, X., Tsuchiya,
Y., Adachi, C., Duan, L.: Enhancing spin-orbital coupling in deep-
blue/blue TADF emitters by minimizing the distance from the
heteroatoms in donors to acceptors. Chem. Eng. J. 420, 127591
(2021)

Zhao, C., Duan, L.: Review on photo-and electrical aging mecha-
nisms for neutral excitons and ions in organic light-emitting
diodes. J. Mater. Chem. C Mater. Opt. Electron. Devices 8(3),
803-820 (2020)

Song, X., Zhang, D., Zhang, Y., Lu, Y., Duan, L.: Strategically
modulating carriers and excitons for efficient and stable ultrapure-
green fluorescent OLEDs with a sterically hindered bodipy
dopant. Adv. Opt. Mater. (2020)

Li, M., Wang, Y.F., Zhang, D., Duan, L., Chen, C.F.: Axially
chiral TADF-active enantiomers designed for efficient blue circu-
larly polarized electroluminescence. Angew. Chem. Int. Ed. Engl.
59(9), 3500-3504 (2020)

Yu, L., Wu, Z., Xie, G., Zeng, W., Ma, D., Yang, C.: Molecular
design to regulate the photophysical properties of multifunctional
TADF emitters towards high-performance TADF-based OLEDs
with EQEs up to 22.4% and small efficiency roll-offs. Chem. Sci.
(Camb.) 9(5), 1385-1391 (2018)

Gong, X., Li, P., Huang, Y.H., Wang, C.Y., Lu, C.H.,, Lee, W.K.,
Zhong, C., Chen, Z., Ning, W., Wu, C.C., Gong, S., Yang, C.:
A red thermally activated delayed fluorescence emitter simulta-
neously having high photoluminescence quantum efficiency and
preferentially horizontal emitting dipole orientation. Adv. Funct.
Mater. (2020)

Wang, Y.K., Huang, C.C., Ye, H., Zhong, C., Khan, A., Yang,
S.Y., Fung, M.K., Jiang, Z.Q., Adachi, C., Liao, L.S.: Through
space charge transfer for efficient sky-blue thermally activated
delayed fluorescence (TADF) emitter with unconjugated connec-
tion. Adv. Opt. Mater. (2020)

Yang, C.Y., Kang, S., Jeong, H., Jang, HJ., Lee, Y., Lee, J.Y.: Key
host parameters for long lifetimes in phosphorescent organic light-
emitting diodes: Bond dissociation energy in triplet excited state.
J. Mater. Chem. C Mater. Opt. Electron. Devices 8(5), 1697-1703
(2020)

Byeon, S.Y., Lee, D.R., Yook, K.S., Lee, J.Y.: Recent progress
of singlet-exciton-harvesting fluorescent organic light-emitting
diodes by energy transfer processes. Adv. Mater. (2019)

. Kothavale, S., Lee, K.H., Lee, J.Y.: Isomeric quinoxalinedicarbo-

nitrile as color-managing acceptors of thermally activated delayed
fluorescent emitters. ACS Appl. Mater. Interfaces 11(19), 17583—
17591 (2019)

Jeon, S.K., Lee, H.L., Yook, K.S., Lee, J.Y.: Recent progress of
the lifetime of organic light-emitting diodes based on thermally
activated delayed fluorescent material. Adv. Mater. (2019)

Guo, R., Zhang, W., Zhang, Q., Lv, X., Wang, L.: Efficient deep
red phosphorescent oleds using 1,2,4-thiadiazole core-based novel
bipolar host with low efficiency roll-off. Front Optoelectron.
11(4), 375-384 (2018)

14. Baldo, M.A., O’brien, D.F., Thompson, M.E., Forrest, S.R.: Exci-

tonic singlet-triplet ratio in a semiconducting organic thin film.
Phys. Rev. B Condens. Matter (1999)


https://doi.org/10.1007/s12200-022-00046-z
http://creativecommons.org/licenses/by/4.0/

Frontiers of Optoelectronics

(2022) 15:44

Page110f12 44

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Liu, Y, Li, C, Ren, Z., Yan, S., Bryce, M.R.: All-organic ther-
mally activated delayed fluorescence materials for organic light-
emitting diodes. Nat. Rev. Mater. 3(4), 18020-18039 (2018)
Cai, X., Su, S.J.: Marching toward highly efficient, pure-blue,
and stable thermally activated delayed fluorescent organic light-
emitting diodes. Adv. Funct. Mater. (2018)

Wu, Y., Zhu, Y., Zhang, Z., Zhao, C., He, J., Yan, C., Meng, H.:
Narrowband deep-blue multi-resonance induced thermally acti-
vated delayed fluorescence: Insights from the theoretical molecu-
lar design. Molecules (2022)

Yang, Z., Mao, Z., Xie, Z., Zhang, Y., Liu, S., Zhao, J., Xu, J., Chi,
Z., Aldred, M.: Recent advances in organic thermally activated
delayed fluorescence materials. Chem. Soc. Rev. 46(3), 915-1016
(2017)

Wong, M.Y., Zysman-Colman, E.: Purely organic thermally acti-
vated delayed fluorescence materials for organic light-emitting
diodes. Adv. Mater. 29(22), 1605444-1605497 (2017)
Konidena, R.K., Lee, K.H., Lee, J.Y.: Two-channel emission con-
trolled by a conjugation valve for the color switching of thermally
activated delayed fluorescence emission. J. Mater. Chem. C Mater.
Opt. Electron. Devices 7(32), 9908-9916 (2019)

Im, Y., Han, S.H., Lee, J.Y.: Deep blue thermally activated delayed
fluorescent emitters using CN-modified indolocarbazole as an
acceptor and carbazole-derived donors. J. Mater. Chem. C Mater.
Opt. Electron. Devices 6(18), 5012-5017 (2018)

Zhang, D., Cai, M., Zhang, Y., Zhang, D., Duan, L.: Sterically
shielded blue thermally activated delayed fluorescence emitters
with improved efficiency and stability. Mater. Horiz. 3(2), 145—
151 (2016)

Cai, M., Zhang, D., Xu, J., Hong, X., Zhao, C., Song, X., Qiu, Y.,
Kaji, H., Duan, L.: Unveiling the role of langevin and trap-assisted
recombination in long lifespan OLEDs employing thermally acti-
vated delayed fluorophores. ACS Appl. Mater. Interfaces 11(1),
1096-1108 (2019)

Song, X., Zhang, D., Lu, Y., Yin, C., Duan, L.: Understanding and
manipulating the interplay of wide-energy-gap host and TADF
sensitizer in high-performance fluorescence OLEDs. Adv. Mater.
(2019)

Gan, L., Xu, Z., Wang, Z., Li, B, Li, W,, Cai, X., Liu, K., Liang,
Q., Su, S.J.: Utilizing a spiro TADF moiety as a functional elec-
tron donor in TADF molecular design toward efficient “multichan-
nel” reverse intersystem crossing. Adv. Funct. Mater. (2019)
Wang, Y., Di, K., Duan, Y., Guo, R., Lian, L., Zhang, W., Wang,
L.: The selective regulation of borylation site based on one-shot
electrophilic C-H borylation reaction, achieving highly efficient
narrowband organic light-emitting diodes. Chem. Eng. J. 431,
133221 (2022)

Zhang, D., Duan, L., Li, C, Li, Y., Li, H., Zhang, D., Qiu, Y.: High-
efficiency fluorescent organic light-emitting devices using sensitiz-
ing hosts with a small singlet-triplet exchange energy. Adv. Mater.
26(29), 5050-5055 (2014)

Abroshan, H., Zhang, Y., Zhang, X., Fuentes-Hernandez, C., Bar-
low, S., Coropceanu, V., Marder, S.R., Kippelen, B., Brédas, J.L.:
Thermally activated delayed fluorescence sensitization for highly
efficient blue fluorescent emitters. Adv. Funct. Mater. (2020)
Zhang, D., Duan, L.: TADF sensitization targets deep-blue. Nat.
Photonics 15(3), 169-173 (2021)

Zou, S.N., Chen, X., Yang, S.Y., Kumar, S., Qu, Y.K,, Yu, Y.J.,
Fung, M.K., Jiang, Z.Q., Liao, L.S.: Efficient violet organic light-
emitting diodes with CIEy of 0.02 based on spiro skeleton. Adv.
Opt. Mater. (2020)

Geng, T.M., Zhang, C., Hu, C., Liu, M., Fei, Y.T., Xia, H.Y.: Syn-
thesis of 1,6-disubstituted pyrene-based conjugated microporous
polymers for reversible adsorption and fluorescence sensing of
iodine. New J. Chem. 44(6), 2312-2320 (2020)

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Yang, T., Liang, B., Cheng, Z., Li, C., Lu, G., Wang, Y.: Con-
struction of efficient deep-red/near-infrared emitter based on a
large m-conjugated acceptor and delayed fluorescence OLEDs
with external quantum efficiency of over 20%. J. Phys. Chem. C
123(30), 18585-18592 (2019)

Yin, X., Peng, Y., Luo, J., Zhou, X., Gao, C., Wang, L., Yang,
C.: Tailoring the framework of organic small molecule semicon-
ductors towards high-performance thermoelectric composites via
conglutinated carbon nanotube webs. J. Mater. Chem. A Mater.
Energy Sustain. 6(18), 8323-8330 (2018)

Ahn, D.H., Jeong, J.H., Song, J., Lee, J.Y., Kwon, J.H.: Highly
efficient deep blue fluorescent organic light-emitting diodes
boosted by thermally activated delayed fluorescence sensitization.
ACS Appl. Mater. Interfaces 10(12), 10246-10253 (2018)
Wang, Z., Zheng, C., Fu, W., Xu, C., Wu, J., Ji, B.: Efficient non-
doped deep-blue electroluminescence devices based on unsym-
metrical and highly twisted pyrene derivatives. New J. Chem.
41(23), 1415214160 (2017)

Feng, X., Hu, J.Y., Yi, L., Seto, N., Tao, Z., Redshaw, C., Else-
good, M.R., Yamato, T.: Pyrene-based Y-shaped solid-state blue
emitters: synthesis, characterization, and photoluminescence.
Chem. Asian J. 7(12), 2854-2863 (2012)

Figueira-Duarte, T.M., Miillen, K.: Pyrene-based materials for
organic electronics. Chem. Rev. 111(11), 7260-7314 (2011)
Wee, K.R., Ahn, H.C., Son, H.J., Han, W.S., Kim, J.E., Cho, D.W.,
Kang, S.0.: Emission color tuning and deep blue dopant materi-
als based on 1,6-bis(N-phenyl-p-(R)-phenylamino)pyrene. J. Org.
Chem. 74(21), 8472-8475 (2009)

Lee, S.B., Park, K.H., Joo, C.W., Lee, J.1., Lee, J., Kim, Y.H.:
Highly twisted pyrene derivatives for non-doped blue oleds. Dyes
Pigments 128, 19-25 (2016)

Zhang, Q., Xiang, S., Huang, Z., Sun, S., Ye, S., Lv, X., Liu, W.,
Guo, R., Wang, L.: Molecular engineering of pyrimidine-contain-
ing thermally activated delayed fluorescence emitters for highly
efficient deep-blue (CIE y<0.06) organic light-emitting diodes.
Dyes Pigments 155, 51-58 (2018)

Lv, X., Huang, R., Sun, S., Zhang, Q., Xiang, S., Ye, S., Leng,
P., Dias, F.B., Wang, L.: Blue TADF emitters based on indeno-
carbazole derivatives with high photoluminescence and electro-
luminescence efficiencies. ACS Appl. Mater. Interfaces 11(11),
10758-10767 (2019)

Lv, X., Zhang, W., Ding, D., Han, C., Huang, Z., Xiang, S., Zhang,
Q., Xu, H., Wang, L.: Integrating the emitter and host character-
istics of donor-acceptor systems through edge-spiro effect toward
100% exciton harvesting in blue and white fluorescence diodes.
Adyv. Opt. Mater. 6(12), 1800165-1800176 (2018)

Zhang, Q., Sun, S., Chung, W.J., Yoon, S.J., Wang, Y., Guo, R.,
Ye, S., Lee, J.Y., Wang, L.: Highly efficient TADF OLEDs with
low efficiency roll-off based on novel acridine-carbazole hybrid
donor-substituted pyrimidine derivatives. J. Mater. Chem. C
Mater. Opt. Electron. Devices 7(39), 12248-12255 (2019)

Ahn, D.H,, Lee, H., Kim, S.W,, Karthik, D., Lee, J., Jeong, H.,
Lee, J.Y., Kwon, J.H.: Highly twisted donor-acceptor boron emit-
ter and high triplet host material for highly efficient blue thermally
activated delayed fluorescent device. ACS Appl. Mater. Interfaces
11(16), 14909-14916 (2019)

Zhang, Q., Wang, Y., Yoon, S.J., Chung, W.J., Ye, S., Guo, R.,
Leng, P, Sun, S., Lee, J.Y., Wang, L.: Fusing acridine and ben-
zofuran/benzothiophene as a novel hybrid donor for high-perfor-
mance and low efficiency roll-off TADF oleds. J. Mater. Chem. C
Mater. Opt. Electron. Devices 8(5), 1864—1870 (2020)

Lv, X., Sun, S., Zhang, Q., Ye, S., Liu, W., Wang, Y., Guo, R.,
Wang, L.: A strategy to construct multifunctional TADF materials
for deep blue and high efficiency yellow fluorescent devices. J.
Mater. Chem. C Mater. Opt. Electron. Devices 8(14), 48184826
(2020)

@ Springer



44 Page 12 of 12

Frontiers of Optoelectronics (2022) 15:44

47. Oh, H.Y, Lee, C., Lee, S.: Efficient blue organic light-emitting
diodes using newly-developed pyrene-based electron transport
materials. Org. Electron. 10(1), 163—-169 (2009)

48. Zhang, Q., Tsang, D., Kuwabara, H., Hatae, Y., Li, B., Takahashi,
T., Lee, S.Y., Yasuda, T., Adachi, C.: Nearly 100% internal quan-
tum efficiency in undoped electroluminescent devices employing
pure organic emitters. Adv. Mater. 27(12), 2096-2100 (2015)

@ Springer

Yalei Duan received his Bache-
lor’s degree from Zhengzhou
University, China in 2019. He is
now a M.S. candidate at Wuhan
National Laboratory for Optoe-
lectronics, Huazhong University
of Science and Technology,
China under the supervision of
Prof. Lei Wang. His main
research topics are the synthesis
and the device application of
fluorescent and TADF materials
for high efficiency and long-
lifetime organic light-emitting
diodes.

Runda Guo received his
Ph.D. degree from Jilin
University, China. He works
as a postdoc-toral research
fellow at Wuhan National
Laboratory for Optoelectronics,
Huazhong University of Sci-
ence and Technology,
China, associated with Prof. Lei
Wang. His research in-
volves organic micro-dis-
plays and organic
electroluminescent mate-
rials and devices.

Yaxiong Wang  received his
Bach-elor’s degree in Chemical
Engi-neering and Technology
from Nanchang University,
China in 2018. He is now a
Ph.D. candi-date at Wuhan
National Laboratory for
Optoelectronics, Hua-
zhong University of Science
and Technology, China under
the supervision of Prof. Lei
Wang. His main research
topics are the synthesis and the
device applica-tion of host and
TADF materials for high
efficiency and long-lifetime
organic light-emitting diodes.

Kaiyuan Di received his Bache-
lor’s degree from China Univer-
sity of Geosciences (Wuhan),
China in 2020. He is now a M.S.
candidate at Wuhan National
Laboratory for Optoelectronics,
Huazhong University of Science
and Technology, China under the
supervision of Prof. Lei Wang.
His main research topics are the
synthesis and the device applica-
tion of fluorescent and TADF
materials for high efficiency and
long-lifetime organic light-emit-
ting diodes.

Lei Wang received his Ph.D.
degree from Department of
Chemistry, Wuhan University,
China in 2005. He was an associ-
ate researcher at Hongkong Bap-
tist University, China during
2005-2008, and then joined
Wuhan National Laboratory for
Optoelectronics, China as an
associate professor and was pro-
moted to professor in 2015. He
devoted his research interest to
organic/quantum light-emitting
materials and devices, including
anthracene derivatives, bipolar
phosphorescent host materials,

thermally activated delayed fluorescence materials, perovskite
nanocrystals light-emitting diodes.



	A sensitization strategy for highly efficient blue fluorescent organic light-emitting diodes
	Abstract
	1 Introduction
	2 Experimental section
	2.1 Materials and reagents
	2.2 Synthesis
	2.2.1 9, 9-diphenyl-N-phenyl-9H-fluoren-2-amine (compound D1)
	2.2.2 N-(9,9-diphenyl-9H-fluoren-2-yl)-N-phenylpyren-1-amine (SPy)
	2.2.3 N1,N6-bis(9,9-diphenyl-9H-fluoren-2-yl)-N1,N6-diphenylpyrene-1,6-diamine (DPy)


	3 Results and discussion
	3.1 Synthesis and characterization
	3.2 Theoretical calculations
	3.3 Thermal and electrochemical properties
	3.4 Photophysical properties
	3.5 OLED device performance

	4 Conclusions
	Acknowledgements 
	References




