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Blue-green OLEDs application ‘WOLEDs application

The new two t-APE-type derivatives are applied to OLEDs devices showing that t-APE-type
derivatives have the excellent properties for the emitting materials of OLEDs.
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ABSTRACT: 1-(9-Anthryl)-2-phenylethene t-APE) is a blue-green material with high
fluorescence quantum yield{ 0.44). However, it is easily crystallized. Herelyo asymmetric
blue-green emitting materials based on t-APE,
(E)-9-(4-(2-(anthracen-9-yl)vinyl)phenyl)-10-(naphkda: 1-yl)anthracene 6f and
(E)-9-(4-(2-(anthracen-9-yl)vinyl)phenyl)-10-(naphkia-2-yl)anthracene 7§  were  firstly
designed and synthesized. The two compounds possgissthermal stability, morphological
durability, and bipolar characteristics. The nompeld blue-green organic light-emitting diodes
(OLEDSs) usings and7 as emitting layers showed emission at 495 nmwfidth at half maximum

of 80 nm, maximum brightness of 13814, 10579 & maximum current efficiency of 3.62, 7.16
cd A' and Commission Internationale de L'Eclairage jCt®ordinate of (0.20, 0.43),
respectively. Furthermore, when employigand 7 as blue-green emitting layers and rubrene
doped in tris-(8-hydroxyquinolinato)aluminum (Alg@s the orange emitting layers to fabricate
white OLEDs (WOLEDs), the WOLEDs exhibit a maximummightness of 10984, 14652 cd’m
maximum current efficiency of 2.04, 2.70 cd fand CIE coordinate of (0.30, 0.40), (0.37, 0.47),
Color Rendering Index (CRI) of 65, 60, stable Eledpa, respectively. This study demonstrates
that thet-APE-type derivatives have the excellent propeftieshe emitting materials of OLEDSs.

KEWORDS: blue-green, asymmetric, bipolar, organic light#img diodes, white



1. Introduction

Blue-green emitter instead of standard blue emitan effective method to improve the color
rendering index (CRI) of white organic light-emigi diodes (WOLEDSs) with two-element colors
because its wavelength can complement the gap yelegth between blue and orange emitters.
However, there are still rare of reports on thentegficiency blue-green emitting materials [1]. In
2008, Moorthy et al. employed a blue emitting mateof anthracene-anchored-bimesityls and
fabricated non-doped blue-green OLEDs with CIE dowmte of (0.19, 0.38), maximum
brightness of 3199 cd frand maximum current efficiency (CE) of 0.64 cd [8]. In 2010, Qiu's
group recorded the CE of 10.6 cd And CIE coordinate of (0.18, 0.45) by doping tRCPF:
OXD-7 host with a blue-green phosphor [3]. In 20T8rksoy's group reported a blue-green
OLEDs with CIE coordinate of (0.23, 0.42), maximbnightness of 335 cd fnand maximum CE
of 1.1 cd A' by employing anthracene-pyridine derivatives @jimur's group proposed TCTA
host materials and fabricated phosphorescent bleergOLEDs with the power efficiency (PE) of
0.98 Im W and CIE coordinate of (0.21, 0.41) [5]. In 20148 and colleagues synthesized a
new DPA derivative and fabricated the non-dopecedgiteen OLEDs with CIE coordinate of
(0.22, 0.37), maximum brightness of 7891 c¢d amd maximum CE of 2.5 cdAl6]. In 2015,
Huang and his coworkers reported non-doped bluergf EDs and obtained CIE coordinate of
(0.17, 0.39), maximum brightness of 4490 c¢@and maximum CE of 1.43 cd by employing a
newly synthesized ADN derivative [7]. Park's grosynthesized a new hexaphenyl benzene
derivative and fabricated the non-doped blue-gi@eEDs with CIE coordinate of (0.23, 0.45),
and maximum CE of 2.48 cdA8]. Zhang and colleagues reported extremely igliormance

blue-green OLEDs with CIE coordinate of (0.19, ,48stablishing a new world record PE of
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11.8 Im W* and 5.3% by doping the CBP host with a blue-gngleasphor [9]. In 2016, Kim's
group utilizing DPA derivative fabricated the noop&d blue-green OLEDs with CIE coordinate
of (0.19, 0.45), maximum brightness of 1377 cd emd maximum CE of 1.75 cd~A[10].
Although achievements have been made, there #rsesteral problems in developing blue-green
OLEDs. Firstly, in some blue-green devices usint@mce derivatives as emitting materials, the
blue-green emission spectra are originated frometk@mer of materials which found at the
molecular interactions [2, 4, 6, 7, 10]. Secondie turn-on voltage (defined as the operation
voltage at brightness of 1 cd¥nof some blue-green OLEDs is higher than 7 V witho
explanation [4, 8]. Especially, there are a feworépon utilizing blue-green emitting materials to
fabricate  WOLEDs [3]. Thus, synthesis of blue-greemission (originating from excited
monomer rather than excimer) and suitable energgl lenaterials applying to WOLEDs is
becoming increasingly important. In general, theM{Dlevels of anthracene derivatives are near
5.5-5.6 eV [11-14]. And the excimer emission canrbstrained effectively by the bulky or
asymmetric substituents which inhibit intermolecuiateractions [15, 16]. In line with the
above-mentioned consideration and facts, the issuebe solved by constructing blue-green
anthracene derivatives with bulky or asymmetricssitients.

As we know, 1-(9-anthryl)-2-phenyletherteAPE, Scheme 1 ) is a blue-green material with
high fluorescence quantum yiel@{0.44) [17]. There is no report about ustryPE to construct
OLEDs because it is easily crystallized (see ERBl S2b). Herein, we firstly introduced the
naphthanthracene group into th&PE molecule to improve the thermal propertieslevkieeping
their advantageous electronic and optical charatitss. The asymmetric molecule structure

would suppress the aggregation ttAPE segments in the solid state which resultstable
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blue-green EL emission. For this purpose, two asgtrim blue-green material of
(E)-9-(4-(2-(anthracen-9-yl)vinyl)phenyl)-10-(naphkda: 1-yl)anthracene 6f and
(E)-9-(4-(2-(anthracen-9-yl)vinyl)phenyl)-10-(naphkia-2-yl)anthracene 7§  were  firstly
designed and synthesized. The thermal and eleenaichl properties, the bipolar characteristics,
and the device performance of the two materialevirrestigated. The non-doped OLEDs using
classical and simple structure based@mnd?7 show blue-green emission (The EL spectra of these
device emissions centered at 495 nm with full wakthalf maximum of 80 nm.), which originates
from excited monomer. Since the HOMO levels6oénd 7 are near 5.5 eV, using these two
materials as blue-green emitter and rubrene dope@llg3 as the orange emitter to fabricate
WOLEDSs exhibit a maximum brightness of 10984, 146821i°, CRI of 65, 60, respectively. The
EL spectra of these WOLEDs are stable under hidglag®e without any interlayer. We believe the
performance of WOLEDs could be improved by optimizthe structure of device and employing
other orange materials.

2. Experiment section
2.1. Materials

All materials were received from Tianjin Heowns &emical Technology Co., Ltd. and used
without further purification unless otherwise sthtéll solvents were purchased from Tianjin
Rianlon Corporation. 1,4-Dioxane was carefully drand distilled from a sodium benzophenone
mixture under argon (Ar) atmosphere before use.

2.2 General procedures
'H and **C NMR spectra were obtained on a Bruker ACF400 (¥04z) spectrometer in

chloroform-d (CDCJ) with tetramethylsilane as reference. Mass spegée carried out on an



Agilent MALDI-TOF. UV-Vis absorption and photolurmescence spectra of THF solution and
film were collected with Thermo Evolution 300 UVs/spectrophotometer and Hitachi F-4500
fluorescence spectrophotometer, respectively. Ekgance lifetime measurements were recorded
on the HORIBA Jobin-Yvon, NanoLog using time-coateld single photon counting (TCSPC).
Absolute photoluminescence quantum efficiency anraemperature was measured using an
absolute photoluminescence quantum yield measurtesgetem (Edinburg FLS-980 fluorescence
spectrometer) with a calibrated integrating sphBiéierential scanning calorimeter (DSC) was
undertaken using a TA Q20 instrument under nitrcatemosphere at a heating rate of 10 °Cmin
Thermo gravimetric analysis (TGA) was carried oataoTA Q500 thermo gravimetric analyzer
under nitrogen atmosphere at a heating rate ofCL@nfi*. Atomic force microscopes (AFM)
were measured using NTEGRA Spectra. Cyclic voltammg@V) was taken on a CHI-600C
electrochemical analyzer. The measurements wereermdieied using a conventional
three-electrode configuration consisting of a glasarbon working electrode, a platinum-disk
auxiliary electrode and an Hg/KCI reference elettroAnd the scan rate was 10 mV. FT
calculations were performed to characterize theg8bmetries and the frontier molecular orbital
energy levels ob and7 at the B3LYP/6-31G(d) level by using the Gaussi&@nprogram. All
measurements were conducted at room temperature.
2.3. Device fabrication and measurement

The EL devices were fabricated by vacuum thermaperation technology. Before the
deposition of an organic layer, the indium tin &xidTO) substrates were rinsed in an ultrasonic
bath by the following sequences: in acetone, mettoghol, distilled water and kept in isopropyl

alcohol for 48 h and dried by,Njas gun. The clear substrates treated by oxygesmal with the
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conditions of 1¢ Pa at 80 W for 3 min. The deposition rate of oig@empounds was 0.7-1.4 A
S'. Finally, a cathode composed of LiF (1 nm) andmawm (100 nm) were sequentially
deposited onto the substrate in the vacuum of 384 All of properties of the EL devices such
as J-V-B curves, current efficiency (CE), and CIE chrom#&fictoordinates of devices were
measured with a Keithley 2400 Source meter and i@anmeter CS-2000. All measurements were

carried out at room temperature under ambient ¢iondi

2.4. Synthesis

The designed compounds were synthesized asediilirscheme 1.
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Scheme 1. Synthetic routes and molecular structure§ ahd7
2.4.1. Diethyl benzylphosphonatB (

Diethyl benzylphosphonate as the basis compounthésynthesis of theAPE isomers was
prepared according to literature [18, 19]. Benzagrbide (1.50 g, 8.8 mmol) was suspended in 5
mL of toluene, containing triethylphosphite (6.003p mmol). The mixture was refluxed at
140 °C for 2 h. Excess triethylphosphite and totuerere removed by distillation to give the

required product as a yellow oil (1.80 g, 89.9%) NMR (400 MHz, DMSOds) & 7.53 — 7.25 (m,
7



5H),3.96 — 3.91 (m, 4H), 3.15 (@~ 21.6 Hz, 2H), 1.21 (1 = 7.1 Hz, 6H).
2.4.2 Diethyl-4-Bromobenzylphosphon&®

Compound2 was synthesized according to the method desciibsginthesis of compounil
with yield of 92.5%H NMR (400 MHz, DMSOdg) & 7.51 (dd,J = 8.4, 0.9 Hz, 2H), 7.25 (dd,
= 8.4, 2.5 Hz, 2H),3.96 — 3.91 (m, 4H), 3.25J¢; 21.6 Hz, 2H), 1.19 (] = 7.1 Hz, 6H).

2.4.3 E)-9-styrylanthracene3( t-APE)

Diethyl benzylphosphonate (1.10 g, 4.8 mmol) arah8waldehyde (1.00 g, 4.8 mmol) were
added into a 100 mL round-bottom flask with thetgction of N. N,N-Dimethylformamide (30
mL) was added to above flask, then cooled to 0TI N,N-Dimethylformamide solution of
t-BuOK (0.54 g, 4.8 mmol) was added dropwise to abfask, stirred for 30 min at 0 °C,
followed with stirring at room temperature untietl®-anthraldehyde was consumed completely
(monitored by thin-layer chromatography). The riggicivas terminated with ice water, and the
product was extracted with ethyl acetate 100 mlieAthe solvent was evaporated, the crude
product was purified by chromatography on a siied column (petroleum ether: ethyl acetate =
4:1 as eluent) to give the title compound as a [E&)e9-styrylanthracene (1.3 g, 86.9%):
Mp:132 °C."H NMR (400 MHz, CDC}) & 8.36 (dd,J = 12.3, 6.3 Hz, 3H), 8.06 — 7.96 (m, 2H),
7.90 (d,J = 16.5 Hz, 1H), 7.67 (dl = 7.6 Hz, 2H), 7.59 — 7.40 (m, 6H), 7.35J& 6.9 Hz, 1H),
6.94 (d,J = 16.5 Hz, 1H)**C NMR (101 MHz, CDG)) § 137.35, 132.81, 131.55, 129.78, 128.87,
128.73, 128.05, 126.64, 126.50, 126.07, 125.50,2128.24.93.

2.4.4. 6 E)-9-(4-bromostyryl)anthracend)(
Compound4 was synthesized according to the method desciibsginthesis of compoungl

with yield of 59.7%: Mp:167 °C:H NMR (400 MHz, CDCJ) § 8.44 (s, 1H), 8.37 — 8.28 (m, 2H),
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8.05 (ddJ =5.7, 3.9 Hz, 2H), 7.92 (d,= 16.5 Hz, 1H), 7.65 — 7.46 (m, 8H), 6.91Jd; 16.5 Hz,
1H). ®C NMR (101 MHz, CDGCJ) § 136.24, 136.08, 132.29, 131.96, 131.51, 129.68,7R?
128.10, 126.73, 125.85, 125.72, 125.64, 125.25.

2.4.5. E)-2-(4-(2-(anthracen-9-yl)vinyl)phenyl)-4,4,5,5+@methyl-1,3,2-dioxaborolané)(

A mixture of E)-9-(4-bromostyryl)anthracene (0.72 g, 2 mmol)(jizacolato)-diboron (0.65 g,
2.5 mmol), [1,1'-bis(diphenylphophino)ferrocenettdoro-palladium(ll) (0.05 g, 0.06 mmol),
potassium acetate (0.65 g, 6 mmol), and anhydrglgidxane (20 mL) was added into a 50 mL
round-bottom flask with the protection of Ar. Theaction system was refluxed for 24 h under
stirring. After cooling, the mixture was evaporatewier reduced pressure, treated with saturated
sodium chloride solution, extracted with ethyl atef and the organic layer was dried over
anhydrous MgS@Q After removal of the solvent, the residue was iffagr by column
chromatography on silica gel using ethyl acetatedfeum at 1:10 by volume as the eluent to give
a yellow powder (0.70 g, 86.0%H NMR (400 MHz, CDC}) & 8.44 (s, 1H), 8.40 — 8.33 (m, 2H),
8.03 (dd,J = 13.4, 9.0 Hz, 3H), 7.93 (d,= 7.9 Hz, 2H), 7.71 (d] = 8.0 Hz, 2H), 7.62 — 7.39 (m,
4H), 7.00 (d,J = 16.6 Hz, 1H), 1.42 (s, 12HYC NMR (101 MHz, CDG)) § 139.97, 137.33,
135.33, 132.62, 131.51, 129.73, 128.70, 126.59,982825.88, 125.55, 125.21, 83.87, 24.91.
2.4.6. E)-9-(4-(2-(anthracen-9-yl)vinyl)phenyl)-10-(naphlka:- 1-yl)anthracenes)

A mixture of 9-bromo-10-(naphthalen-1-yl)anthracené0.42 g, 1.1 mmol),
(E)-9-(4-(2-(anthracen-9-yl)vinyl)phenyl)-10-(naphkéa: 1-yl)anthracene (0.49 g, 1.2 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.03 f3dmmol), and 1 M sodium carbonate (2.7
mL) in 40 mL of 1,4-dioxane was stirred at 100 &€ 48 h under nitrogen atmosphere, cooled

down to room temperature. The title compound watgiobd by simple filtration from the
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reaction mixture. Yellow solid (0.40 g, 66.4%). MBITOF-TOF-MS (/2: [M + H]" calcd for
CugHso, 582.23; found, 582.3H NMR (400 MHz, CDC}) § 8.49 (dd,J = 13.6, 6.5 Hz, 3H),
8.23 — 7.81 (m, 9H), 7.77 — 7.33 (m, 13H), 7.332071m, 4H), 7.16 (dJ = 16.7 Hz, 1H)*C
NMR (101 MHz, CDC}) § 137.09, 136.78, 136.59, 135.21, 133.70, 133.59,9P3 131.60,
130.71, 129.97, 129.85, 129.24, 128.78, 128.26,162427.16, 127.01, 126.67, 126.57, 126.31,
126.12, 126.01, 125.64, 125.60, 125.27, 125.25,2B25
2.4.7. £)-9-(4-(2-(anthracen-9-yl)vinyl)phenyl)-10-(naphkia-2-yl)anthracenery
Compound7 was synthesized according to the method desciibsginthesis of compoun@l
with yellow solid (0.45 g, 74.7%). MALDITOF-TOF-M@n/2: [M + H]" calcd for GgH3o, 582.23;
found, 582.4'H NMR (400 MHz, CDC}) & 8.49 (dd,J = 13.6, 6.5 Hz, 3H), 8.23 — 7.81 (m, 9H),
7.77 = 7.33 (m, 13H), 7.33 — 7.20 (m, 4H), 7.16)(d,16.7 Hz, 1H)*C NMR (101 MHz, CDG))
8 137.09, 136.78, 136.59, 135.21, 133.70, 133.59,923 131.60, 130.71, 129.97, 129.85, 129.24,
128.78, 128.26, 128.16, 127.16, 127.01, 126.67,5726.26.31, 126.12, 126.01, 125.64, 125.60,
125.27, 125.25, 125.23.
3. Resault and discussion
3.1. Synthesis, thermal and Morphology propertie® and7
The synthesis 06 and7 is outlined in Scheme 1, involving a series of Wiizeactions (see
Experiment section). The thermal propertie$ ahd7 were investigated by TGA and DSC under
nitrogen atmosphere. And the related data aredlisieTable 1. As displayed inFig. 1, the
decomposition temperatur@y( 5% weight loss) values of the compowdnd7 were determined
to be 427 °C and 425 °C, respectively, which aghéi than the 223 °C determined feAPE

(See ESIFig. S1). Such highTy values suggest that these compounds are stabl&éasdthe
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potential to be fabricated into device by vacuurartial evaporation technique, which is a
prerequisite for high performance OLED applicatig#8]. As shown inFig. 1 (insert), DSC
analysis reveals that the glass transition tempezsit,) of both compounds amount to 105 °C.
The similarly thermal data may be attributed toirttsgmilar structures. Moreover, no distinct
crystallization was observed in this series upoatihg at a temperature beyofgl The highT
values implies that it is possible to get stablsgés from these materials and means good stability

of the amorphous film during fabrication and operaof OLEDs [21, 22].
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Fig. 1. TGA and DSC thermograms (insert)@fa) and7 (b).

To confirm the thermal stability and morphologidarability against thermal stress, the surface

morphologies of vacuum-deposited thin films wasl&d by atomic force microscopy (AFM).

The vacuum-deposited of the two new compounds siican wafer substrate were about 40 nm

thickness to match that used in the actual elestimlescent device. As illustrated in Fig. 2, the

thin films of 6 and7 exhibited a uniform surface morphology having atnmean-square (RMS)
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surface roughness of 0.236 nm and 0.239 nm, regplgctThese films did not undergo any
significant morphological change after annealing@t°C and 90 °C for 24 h suggesting their
excellent thermal and amorphous stability, whictligates that the asymmetric molecules with
number of conformers increased the energy needecrystallization and favors the stability of

amorphous films [23-25].

(a) (b) (c)

6 25°C, RMS 0.236 60 °C, RMS 0.235 90 °C, RMS 0.226

(a) (b) (©

b 25°C,RMS 0.239 60 °C, RMS 0.235 90 °C, RMS 0.231

Fig. 2. Atomic force microscope (AFM) topographic imagé®and7 with thermal treated
samples (a) 25 °C 24 h, (b) 60 °C 24 h, and (cX®@4 h).

3.2. Optical properties and energy levels

The normalized UV-Vis absorption and photoluminesee (PL) spectra 06 and7 in THF
solution (1x10 M) andvacuum-deposited thin films (quartz plate shown inFig. 3, relevant
data are summarized Trable 1. For a direct comparison, the UV-Vis absorptiod &b spectra of
t-APE in THF solution and in films was collected é3eSIFig. S2). In the THF solution, there are
three peaks located at around 350-406 nm in thevid\absorption spectra ¢fAPE, 6 and7
indicating that the characteristic absorption peafes caused by-n* transition of thet-APE
moiety [26]. Compare the UV-Vis absorption spedfd HF solution with that of thin films, the
shape and peak position @and7 are similar. No obvious red-shift of absorptiorke manifests
that no significant aggregation or crystallizatioccurs in the films [27]. However, the UV-Vis
absorption spectral shape and peak positiorAd?E show some difference in THF solution and

thin films due to crystallization in the films. Ahown in Fig.S2b, the crystallization of-APE in
12



the films probably attributed to the thermal ddia§].
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Fig. 3. UV-Vis absorption and PL spectra®fa) and7 (b) dilute solution (1x1®M) in THF and
neat thin films.

In the THF solutionf-APE, 6 and7 exhibit similar trends with similar maximum PL (B4)
values at blue-green wavelengths of 470 nm, 47%&mdn475 nm and full width at half maximum
(FWHM) values 76 nm, 80 nm and 80 nm respectivebmpared td-APE, the Pl values of6
and 7 are red-shifted by 5 nm and the FWHM valuessaind 7 are increased by 4 nm. This
implies that the conjugation lengths of these @aubine derivatives are enhanced by introducing a
naphthanthracene ®WAPE group. There were no differences in PL speofr&e APE between
solution and thin film which might be originateain crystallization-induced emission (See ESI
Fig. S2a) [29-31]. Nevertheless, the maximum emission pedkL spectra 06 and7 in thin film
state showed slight red-shift about 20 nm withdwinge of FWHM, comparing with their PL
spectra in THF solution. The red-shift of the emoisbserved in the film state is probably due to

the difference in relative permittivity or dieleictrconstant of the environment [32]. And this
13



red-shift emission also can suggest that the poesef weak intermolecular interactions or

aggregation in film states due to the twisted asginically bound aryl groups. Nonetheless, the

presence of molecular aggregates will also sugherenhancement of charge transport properties

due to specific restrictions on intramolecular tiotas [33]. In degassed THF solutions, the

photoluminescence quantum yields (PLQYs, 0.476fand 0.46 for7) are very similar with that

of t-APE. The excited-state lifetime)(is 2.0 ns for botl6 and 7, which is equal to those of

previously reported anthracene derivatives [34]weheer, the lifetime ob and7 is much short

thant-APE (3.3 ns, seEig. S3) indicating that thé; values of6 and7 increased [35].
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Fig. 4. Molecular structures (a) and electron densityrithgtions of the HOMO (b)/LUMO (c)

calculated with B3LYB/6-31G(d).

To obtain a better understanding on the optiodl #ermal properties in the molecular level,

density functional theory (DFT) calculations (B3U6F31G(d)) were carried out by using

Gaussian 03 software [36]. The optimized geometd,the electron distribution of compourgls

and7 are shown irFig. 4. The calculation results indicate that bétland7 have non-coplanar

molecular structures. The dihedral angles of twopaunds between anthrancene and 1-naphthyl,

and 2-naphthyl were calculated 89°, 103°, respelgtihand dihedral angles between anthrancene

and phenyl of-APE-moiety were calculated 103°, 102°, respecyiveehd dihedral angles between

anthrancene and double bond were calculated 49; ré&§pectively. The non-coplanar structures

would prevent the intermolecular interaction andf-aggregation from forming molecular
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recrystallization, which improves the morphologistdbility [37]. The shapes of the HOMO and

LUMO orbitals of6 and7 are almost the same. The LUMO is located ontthBE moiety. The

HOMO is dominated by the orbitals from th&PE-antrancene core. Thus it is suggest éretd

7 show more red-shifted emission in comparisonA®E.

Table 1. The optical, thermal properties and energy leveth® as-synthesized compound

6 7
TS (°C) 427 425
Ty (°C) 105 105
Aaps (NM) 362,380,398/364,384,406 363,381,398/366,386,406
PLY (nm) 475/495 475/49%
@&z [ns]|® 0.47[2.0] 0.46[2.0]
ES (eV) 2.85 2.85
HOMOQ® (eV) -5.48 -5.51
LUMO" (eV) -2.63 -2.66

@ Measured by TGA at a heating rate of 10 °C himder nitrogen atmosphefeMeasured by DSC according to
the heat-cool-heat procedufeAbsorption spectra were recorded in the 1.0 ¥ bl L THF solution.? PL
spectra were recorded in the (1.0 1ol L'Y) THF solution? In degassed THF solution'sOptical energy gaps
calculated from the absorption thresholds from US-&bsorption spectra of THF solutidhMeasured with CV.
"| LUMO | = | HOMO | -E,.' Absorption or PL peaks of thin films.

In order to measure the HOMO values of the comge® and7, cyclic voltammetry (CV)
measurements using a three-electrode cell wereucted (See ESFig. $4). The edge of the

UV-Vis spectra was used to calculate the band Egpof 6 and7. The band gaps and the HOMO
15



and LUMO levels are summarized Trable 1. The HOMO levels o6 and7 are -5.48 eV and
-5.51 eV which in agreement with the results ofvjes studies [11-14, 34]. The slight difference
of HOMO levels betweer6 and 7 may be caused by the different dihedral angleswaf t
compounds between anthrancene and naphthyl [38,T388 result implies thab is easier to
inject holes thai7 in the OLEDSs.
3.3. Electroluminescent properties
3.3.1. Non-doped blue-green OLEDs

To check the potential application of the compo@rahd7 as emitters, non-doped OLEDs with
the optimized structures of ITO/TPD (25 nédtr 7 (40 nm)/Alg3 (15 nm)/LiF (1 nm)/Al (100 nm)
were firstly fabricated. In these devicégN-DiphenylN,N-di(m-tolyl)benzidine (TPD)6 or 7,
and Alg3 were utilized as the hole-transport [ay€FL), emitting layer (EML) electron-transport
layer (ETL), respectively. LiF was employed as #bhectron-injecting layer (EIL) and Al metal
served as the cathode. The device structures andnigrgy level diagrams of used materials are
shown inFig. 5.

(b)

Al (1000m)

LiF (1nm)

EM (40nm)

TPD (25nm)
device 1: EM=6 ITO Anode

device 2: EM=7

(©)

CJ 7 a
o R0 S L onon
~ AR K Y aW e YA Y 8" )
Q.0 VEY g8

\
AW

@)
s

TPD 6 7 Alg3
Fig. 5. The device energy-level diagram (a), configurafimnand molecular structures of the
materials used in this study (c).

The electroluminescence (EL) spectra, currensitienoltage-brightnessl{V-B) characteristics,

16



CE, and PE of the devicésand?2 using compound8 and7 as the emitting materials are shown in
Fig. 6, respectively. Devices and2 show a main peak centered at the 495 nm with F\39Mm.
The corresponding CIE coordinates of the blue-gmentroluminescence are (0.20, 0.43). The
tendency of the EL spectra of devit@and?2 is similar to the film PL spectra of compour@iand

7. This implies that the emission of devitend?2 originates mainly from the excited monomer of
compounds and7. In some blue-green devices using anthrance demgaas emitting materials
the blue-green emission spectra are originated filoenexcimer of materials which found at
molecular interactions [2, 4, 6, 7, 10). considering these results, the absence of ewnissi
longer wavelength from the excimer in the EL speaf 1 and 2 should be attributed to the
suitable energy level and the non-coplanar moleaifactures o6 and7. As can be seen Fig.

6a and Fig. 6b, The devicesl and 2 exhibit a maximum brightness of 13814, 10579 c¢§ m
turn-on voltages (defined as the operation voltagebrightness of 1 cd iy of 4.2, 4.6V,
maximum current efficiency of 2.34, 2.22 cd Anaximum power efficiency of 0.82, 0.53 Im*W
respectively. What is more, when their current dgris increased to 500 mA ¢mthe CE value

is still remained at high levels (2.18 cd #or 6 and 2.22 cd A for 7), indicating a much slower
CE efficiency roll-off than most previous repor®s @, 10]. A comparison between these results
and performance data of recently reported bluergi@eEDs is list inTable 2. The HOMO
energy level of compound (-5.51 eV) in device is lower than that of compourtd(-5.48 eV) in
devicel indicating that the hole-injections into the emitlayer of devicel is more effective
than device2. The device performance df is superior in turn-on voltage and efficiency

supporting the effective hole-injection properidsompound.
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Fig. 6. (a) Electroluminescence spectra of devices. (beatidensity-voltage-brightnes-Y/-B)
characteristics. (c) current efficiencies and pogfécienciesversuscurrent density. (d) current
densityversusvoltage characteristics of hole-only and electrafy-alevices foi6 and7.

To best understand the different device perfocaathe hole and electron injection/transport
properties of the two emitting materials are idedi by single-carrier devices with the structures
of ITO/TPD (15 nm) or 7 (30 nm)/TPD (15 nm)/Al (100 nm) for hole only dess and
ITO/TPBI (15 nm)6 or 7 (30 nm)/TPBI (15 nm)/LiF (1 nm)/Al (100 nm) for ekeon-only
devices. TPD and 1,3,5-tris(1-phenyl-1H-benzimidi&zgl)benzene (TPBI) layer are used to
prevent electron and hole injection from the cathadd anode, respectively [9, 20, 40-42je
current densityersusvoltage (-V) curves of the four single-carrier devices arenshon Fig. 6d.
The J-V characteristics of single-carrier devices indidat 6 and7 are capable of transporting
both electron and hole carriers, suggesting thpolar transporting nature. The current density of
6 in electron-only curve is lower than that in thaeonly curve while it is opposite fat. This
indicates a better hole transporting characteriien electron transporting fd@ but better
electron transporting characteristic than holegpanting for7. Moreover, the current density 6f

is lower than that fof7 at same voltage level suggestifigis easier transporting carrier in
18



comparison with7. It is noteworthy thab and 7 have similar molecular structure, but show

different transporting behaviors. A possible explgon for this behavior is that a twist angle

(dihedral angles between anthrancene and naphgngBter than 100 fo¥ can suppress the

conjugation and therefore affects the carrier frarts[43-45]. As described above, the device

performance differences 6fand7 was attributed to the imparity energy level argpdrity carrier

balance.

Table 2. Key performance parameters of reported blue-grdeflD3

Von ELma Brightness CPE PEE  EQE! FWHM CIE®
Compound Ref
(V)  (nm) (cdinf)  (cdiA) (Im/W) (%) (nm) (x.y)

13814 234 082
6 42 495 - 80 0.20,0.43 Thiswork®
(31337 (3.62 (1.33)

10579 222 053
7 46 495 - 80 0.20,0.43 Thiswork®
(28687  (7.16) (2.65)

FA4PADN 4.1 486 4490 1.43 0.85 - 65 0.17,0.39 €
2 3.5 498 3199 0.64 0.31 0.28 82 0.19, 0.38 e
5¢c 7.7 505 335 11 0.33 0.43 - 0.23,0.42 €

5P-2An 7.37 496 - 2.48 1.16 1.06 - 0.23,0.45 e
2 - 484 1377 1.75 1.27 0.79 - 0.19,0.45 €
PPODPA 4.0 496 7891 2.5 11 0.7 96 0.22,0.37 €

"This work" is defined as the devices reported in this a@titIMaximum electroluminescence
Wavelength.ID Maximum current efficiency: Maximum power e]‘ficienc;ﬁj Maximum external

quantum efficiency. Non-doped device§Optimized device
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In order to further improve the performance afehfreen devices, the HTL (TPD) was replaced
with NPB and ETL (Alg3) was replaced with TPBi ugithe structures of ITO/NPB (25 ni@)/
(deviceA) or 7 (deviceB) (40 nm)/TPBi (15 nm)/LiF (1 nm)/Al (100 nm). Asi®ewvn inFig. S5
andTable 2, the deviced andB exhibit maximum CE of 3.62, 7.16 cd'Amaximum PE of 1.33,
2.65 Im W', respectively. The performances of the blue-grelemices were significantly
enhanced because of the hole-blocking propertieEP&i [47]. However, the devices andB
exhibit a maximum brightness of 3133, 2868 ctldue to the low current density comparing with
devicesl and2. But overall, the brightness of devicksindB reach 700, 1400 cdfrat a current
density of 20 mA ¢, respectively, indicating theAPE-type derivatives have the excellent
properties for the emitting materials of OLEDSs.

3.3.2. White OLEDs

To realize the application of the blue-green flgoent emitter in white OLEDs (WOLEDS),
device4 and5 with the optimized configuration of ITO/TPD (25 péor 7 (20 nm)/[Alq3:4 Wt%
rubrene] (20 nm)/Alg3 (15 nm)/LiF (1 nm)/Al (100 hwere fabricated. The compoubcand?
were used as the blue-green emitter, rubrene dapiAf3 (ETL) was used as the orange emitter,
respectively. All the devices data are listedable 3. The orange devicg with the configuration
of ITO/TPD (25 nm)/[Alg3:4 Wt% rubrene] (40 nm)/Aq15 nm)/LiF (1 nm)/Al (100 nm) was
constructed for comparison (See H3§. S6, Table S1). Fig. 7 schematically shows an energy

level diagram and the structure of the WOLEDSs.
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| Al100nm)
LiF(Inm)
Alg3(15nm)

Blue-green(20nm)

device 4: Blue-green=6 TPD (25nm)
device 5: Blue-green=7

Fig. 7. (a)The energy-level diagram of the WOLEDs. (byatinre of the WOLEDSs. (c) molecular
structures of the materials used in this study.

Fig. 8 reveals the EL spectra of the devices at 7, 9, Bb/can be seen, the spectra almost
cover the whole visible light region from 400 nm7%0 nm and shows two main peaks centered at
495 nm and 565 nm which match with the emissiorkp@&a monochromatic OLEDs usirgy 7
and rubrene. There is no other emission excepttfertwo characteristic emissions, which
indicates that there is no exciplex formation &t ititerface between charge transporting layer and
light emitting layer, and the energy transfer frima Alg3 to orange dopant can be efficient. The
CRI and the CIE coordinates of the device 4 andes6®, 60, (0.30, 0.40) and (0.37, 0.47),
respectively. It is well known that the spectralslity of WOLEDs is very significant for the
application in either displays or solid state liggt In the two WOLEDSs, the blue-green and
orange emissions are enhanced simultaneously atdriving voltage increase meaning that CIE
coordinates of the two WOLEDs do not change withdhving voltage increase. In other words,
the EL spectra of devicé and5 are stable under high voltage. In the EL procdsse exists
charge trapping effect due to the energy levehefrubrene [48]. However, the high concentration
of rubrene (4 Wt%) can accelerate the electrorsprarting of Alg3 [49]. In addition, both and7

process bipolar characteristics, which result iargh carrier transmission is balanced in the
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region of EML and finally carrier confined in theME under the high voltage [50]. This is
possible a reason for the stable EL spectra. Ansl nioteworthy that the deviekexhibits cool

white while devices is warm white.
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Fig. 8. The normalized EL spectra of the devicg) andb (b) at various voltages.

As can be seen Iaig. 9, the deviced and5 exhibit a maximum brightness of 10984, 14652 cd
m’?, turn-on voltages of 3.2 V, maximum current efinty of 2.04, 2.70 cd A maximum power
efficiency of 0.99, 0.82 Im W, respectively. Besides, devibavith compound” is more effective
than device4 with compound6 which is opposite to their monochromatic OLEDs jiou

threshold curve is very alike.
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Fig. 10. Schematic diagrams of the emission mechanismswte (a) andb (b).

To further comprehend the different performanichne two WOLEDSs, the emission mechanism
has been investigated. The hole injection baregwbens, and Alg3 is 0.32 eV while that faris
0.29 eV. For the devicé, due to the Alg3 ETL, the electron transport imtreely quick by it
while holes can easily pass through TPD to reaehbthe-green EML and then be blocked by
Alg3. As shown inFig. 10a, considering the thin blue-green EML, the mainitexcgeneration
zone is located at the blue-green EML and partiallythe orange EML, resulting in low
performance and cool white emission in devicAs can be seen ffig. 10b, for the device, due
to the smaller holes injection barrier betw&esnd Alg3 thar6, the holes can easily pass through
TPD to reach the orange EML. As a result, the neiaiton generation zone is located at the
orange EML and partially at the blue-green EML. iTheevice5 exhibits high performance with
warm white emission. As described above, the diffeperformance and CIE coordinates of the

two WOLEDSs were attributed to the different enelepel of 6 and?.
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Table 3. Key performance parameters of the WOLEDs

Von  Elmad Brightness CE PE® CRF CIE®
Device
) (nm) (cd ni?) (cdAY  (Imwh (x, y)
4 3.2 495565 10984 2.04 0.99 65 0.30, 0.40
5 3.2 495565 14652 2.70 0.82 60 0.37, 0.47

4 Maximum electrobrightness wavelengthMaximum current efficiency® Maximum power
efficiency.? Recorded at 7 V.

4. Conclusions

In conclusion, the new two blue-green materiélsand 7, were designed and synthesized by
incorporating naphthalene anthracene group int¢-&fRE molecule. The two compounds possess
high thermal stability and morphological due to #mymmetric molecule structure. These two
materials were employed as emitters to fabricatedaped blue-green OLEDs that exhibit CE of
3.62, 7.16 cd A. When using6é and 7 to construct the two-element WOLEDs, the WOLEDs
exhibit stable EL spectra at high voltage (7 to/)1Further optimizing the structure of WOLEDs

to improve the performance is currently in progressur laboratory.
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Two asymmetric blue-green emitting materials based on t-APE were firstly designed
and synthesized.

These two materials possess high thermal stability, morphological durability, and
bipolar characteristics.

The non-doped blue-green OLEDs based on these two materials show preferable
performance.

Furthermore, when applying these two materias to fabricate WOLEDs with ssimple
structure, the WOLEDs exhibit stable EL spectra.



