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ARTICLE INFO ABSTRACT

Keywords: The deep-blue emitting material 2-(8-(benzyloxy)quinolin-2-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (QL-
Phenanthroimidazole PPI) which contains 8-(Benzyloxy)quinoline core and phenanthroimidazole moiety, has been designed and
Quinoline n ) synthesized. The non-doped OLED using QL-PPI as the emitting layer shows emission at 455 nm, full width at
lc))i;;;blue emitting material half maximum of 100 nm, maximum brightness of 250 cd m~2, maximum current efficiency of 0.47 cd A, and

Commission Internationale de L’Eclairage (CIE) coordinate of (0.20, 0.22). Furthermore, the QL-PPI with a slight
mass concentration in the silica gel is coated on the near ultraviolet (NUV) chip (380 nm) to prepare the hybrid
deep-blue LED device HB1 with a y coordinate = 0.0541. The hybrid WLED device HW1 based on QL-PPI mixed
with green phosphor [(Ba, Sr)»SiO4: Eu2+] and red phosphor [(Sr, Ca)2AlISiN3: Eu2+] is prepared. The hybrid
WLED exhibits luminance efficiency of 18.05 Im w! (at 19.90 mA), Correlated Color Temperature (CCT) of
4580 K, Color Rendering Index (CRI) of 80, and CIE chromaticity coordinate of (0.3571, 0.3562). These results
reveal that the QL-PPI can apply both in OLED and the hybrid LED simultaneously. The QL-PPI which used in the
hybrid WLED has the potential to reduce reliance on rare-earth metals and improve the CRI of the hybrid WLED.

Hybrid WLED

1. Introduction

Since the multilayered organic light emitting diode (OLED) was
firstly reported by Tang and VanSlyke in 1987, the OLED has received
extensive attention due to its features of solid-state lighting and flexible
and transparent displays [1]. In recent years, aryl substituted benz-
imidazole (PI) has attracted great attention in OLED field because of its
simple synthesis [2], excellent thermal properties [3], high photo-
luminescence quantum yields (PLQYs) [4], and bipolar properties [5].
There are many high performance of OLED applications based on PI
derivatives [6-9], and some of them can be used in preparing deep-blue
OLED with a y coordinate <0.064 [10]. Simultaneously, the quinoline
derivatives and its complexes have been extensively exploited. Some of
them are suitable to be used in different opto-electronic devices or po-
tential application in OLED device due to their photoluminescent
properties [1,11-14]. Inspired by these, it was deemed to be a poten-
tially viable strategy to connect the PI unit to the quinoline skeleton with
a view to obtaining a deep-blue/blue emitting material [15].

An organic emitting material can be coated on the blue InGaN light-
emitting diode (LED) to construct organic/inorganic hybrid white LED
(WLED) which can convert the part of blue light into yellow or red light

to realize white light emission [16]. This structure of the hybrid device
can avoid of the reliance on rare earth metal materials because the
phosphors were substituted by organic emitting materials [17]. Some
organic/inorganic hybrid WLED devices can obtain high luminance ef-
ficiency. And the CIE chromaticity coordinate of the organic/inorganic
hybrid WLED can approach to (0.33, 0.33) [18,19]. For instance, Cali
et al.,, constructed the organic/inorganic hybrid WLED device by
employing GaN/InGaN as the blue LED and using the organic yellow
emitting material as the under-conversion material. The device exhibits
luminance efficiency of 118 Im w1 [20]. Sivakumar Vaidyanathan’s
team synthesized six yellow-orange trianiline derivatives of D-A struc-
ture. The CIE chromaticity coordinate of the organic/inorganic hybrid
white light LED device is (0.32, 0.33). The CIE chromaticity coordinate
value is very close to the ideal white light (0.33, 0.33) [21]. Although
achievements have been made, the color rendering index (CRI) values of
these devices are not mentioned. This may be due to the lack of
blue-green/green light components in the emission spectra of WLED
devices using the complementary color mode (BO mode) resulting in a
low CRI which only higher values are acceptable for illumination ap-
plications. It is worth mentioning that, K.W. Cheah prepared RGB (three
primary colors) organic/inorganic hybrid WLED devices with CIE
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chromaticity coordinate of (0.321, 0.365) by using SrAl,04Eu®" as
green phosphor, Sr4A114025:Eu2+ as blue phosphor, and Eu(BTFA)3Phen
as organic red emitting material however, the CRI value of the device
was not reported [22].

However, there are few reports concerning the deep-blue/blue
emitting materials applied both in OLED and the organic/inorganic
hybrid LED simultaneously. In this work, in order to achieve this target,
the new organic deep-blue emitting material 2-(8-(benzyloxy)quinolin-
2-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (QL-PPI) was designed
and synthesized. The thermal, photophysical properties and the light-
emitting diodes application of the QL-PPI were investigated.

2. Experiment section
2.1. Materials

The main reagents are described here. Petroleum ether (PE), Ethyl
acetate (EtOAc), 1,4-Dioxane, Selenium dioxide (SeO-), Ammonium
acetate, Tetrahydrofuran (THF), Acetonitrile (MeCN) and Dichloro-
methane (DME) were received from Shanghai Titan Scientific Co., Ltd.
Benzyl chloride and 2-Methyl-8-quinolinol were acquired from
Shanghai Energy Chemical. All materials were used without further
purification unless otherwise stated. The green (BaSiaN2Os: Eu?") and
red (Sr, Ca),AlSiN3: Eu®* phosphors were purchased from Shenzhen
looking long technology co., Ltd. The near ultraviolet (NUV) LED chips
(380 nm) and organic silica gel were purchased from the same company.

2.2. General procedures

1Y and '3C NMR spectra were obtained on a Bruker ACF400 (400
MHz) spectrometer in chloroform-d (CDCl3) with tetramethylsilane as
reference. Elemental analysis was performed on a VarioMICROCHNOS
elemental analyzer. UV-Vis absorption and photoluminescence spectra
of THF solution and film were collected with Thermo Evolution 300
UV-Vis spectrophotometer and Hitachi F-7000 fluorescence spectro-
photometer, respectively. Differential scanning calorimeter (DSC) was
undertaken using a TA Q20 instrument under nitrogen atmosphere at a
heating rate of 10 °C min~'. Thermo gravimetric analysis (TGA) was
carried out on a TA Q500 thermo gravimetric analyzer under nitrogen
atmosphere at a heating rate of 10 °C min™". Cyclic voltammetry (CV)
was recorded on a CHI-600C electrochemical analyzer. The measure-
ments were determined using a conventional three-electrode configu-
ration consisting of a glassy carbon working electrode, a platinum-disk
auxiliary electrode and an Ag/AgCl reference electrode. And the scan
rate was 10 mV s~ !. DFT calculations were performed to characterize the
3D geometries and the frontier molecular orbital energy levels of QL-PPI
at the B3LYP/6-31G(d) level by using the Gaussian 03 program. All
measurements were conducted at room temperature.

2.3. Device fabrication and measurement

The OLED device was fabricated by vacuum thermal evaporation
technology. Before the deposition of an organic layer, the indium tin
oxide (ITO) substrate was rinsed in an ultrasonic bath by the following
sequences: in acetone, methyl alcohol, distilled water and kept in iso-
propyl alcohol for 48 h and dried by N2 gas gun. The clean substrate was
treated with oxygen plasma under the conditions of 102 Pa at 80 W for
3 min. The deposition rate of organic compounds was 0.7-1.4 A S7.
Finally, a cathode composed of LiF (1 nm) and aluminum (100 nm) were
sequentially deposited onto the substrate in the vacuum of 5 x 10~ Pa.
All of properties of the OLED device such as J-V-B curves, current effi-
ciency (CE), and CIE chromaticity coordinates of devices were measured
with a Keithley 2400 Source meter and Chroma meter CS-2000. The
hybrid organic/inorganic blue LED device was prepared with a structure
of “near ultraviolet LED chips + organic blue emitting materials”. The
organic/inorganic hybrid WLED device was fabricated with the similar
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structure. The commercial (Ba, Sr),Si04: Eu®tand (Sr, Ca),AlSiN3: Eu®t
were used as the green and red phosphors, respectively. The green/red
phosphors and organic blue emitting materials were weighted in a
certain proportion (For example, the emitting material mass concen-
tration of 0.4% in this work means that the compound weight is 0.4% of
the total mass of silica gel, and the total weight of silica gel in each
device involved in this work is 1.5 g), and then mixed with organic silica
gel thoroughly. In this step, the organic silica gel was composed of A glue
and B glue. A/B silica gel was mixed according to the weight ratio of 1
(0.3 g):4 (1.2 g). After stirring evenly, vacuum defoaming was con-
ducted for 30 min. The NUV LED chips (380 nm) were coated by the
mixture of organic silica gel to produce hybrid LED devices. After the
mixture of organic silica gel being solidified at 120 °C for 1.0 h, the
obtained hybrid LED devices were used for the subsequent test. All
properties of the hybrid LED devices such as spectra, luminance effi-
ciency, CCT, CRI and CIE chromaticity coordinate of devices were
measured with an Everfine WY power source and SC-CK-09 LED test
system. All measurements were carried out at room temperature under
ambient conditions.

2.4. Synthesis

The intermediate products and designed compound were synthe-
sized as outlined in Scheme 1.

2.4.1. 8-(Bengzyloxy)-2-methylquinoline (2)
8-(Benzyloxy)-2-methylquinoline was prepared according to litera-
ture [23]. White solid.

2.4.2. 8-(Benzyloxy)quinoline-2-carbaldehyde (3)

8-Benzyloxy-2-methylquinoline (5.0 g, 20.06 mmol) and selenium
oxide (2.67 g, 24.07 mmol) were added in 1,4-dioxane (400 mL) and the
mixture was stirred under nitrogen at 105 °C for 3 h. The 1,4-dioxane
solvent was removed under reduced pressure, the crude product was
purified by chromatography on asilica gel column (PE/EtOAc = 10/1 as
eluent) to give the title compound 3.7 g (70.7%). 'H NMR (400 MHz,
CDCl3) 610.34 (s, 1H), 8.28 (d, J = 8.4 Hz, 1H), 8.08 (d, J = 8.4 Hz, 1H),
7.56 (dd, J = 12.8, 7.6 Hz, 4H), 7.41 (ddd, J = 20.4, 14.8, 7.7 Hz, 7H),
7.17 (d, J = 7.7 Hz, 1H), 5.50 (s, 2H). 13C NMR (101 MHz, CDCl3) &
193.98, 155.14, 151.55, 140.27, 137.29, 136.51, 131.43, 129.67,
128.72, 128.55, 128.04, 127.62, 127.10, 126.98, 119.94, 117.87,
110.97, 71.07. Found C, 77.70; H, 4.88; N, 5.23%; molecular formula
C17H13NOy; requires C, 77.55; H, 4.98; N, 5.32%.

2.4.3. 2-(8-(Benzyloxy)quinolin-2-yl)-1-phenyl-1H-phenanthro[9,10-d]
imidazole (QL-PPI)

Compound QL-PPI was prepared according to the method reported
in the literature [7,10]. 9,10-Phenanthrenedione (0.42 g, 2.02 mmol),
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Scheme 1. Synthetic routes and molecular structure of QL-PPIL.
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aniline (0.28 g, 3.03 mmol), 8-(benzyloxy)quinoline-2-carbaldehyde
(0.53 g, 2.02 mmol), ammonium acetate (NH40Ac, 1.09 g, 14.12 mmol),
and acetic acid (HOAc, 10 mL) were added into flask, followed with
refluxed for 12 h under argon (Ar) environment. The reaction solution
was cooled down to room temperature, then deionized water was
poured into flask, then filtered. The residue was purified by column
chromatography on silica gel using ethyl PE/EtOAc at 10:1 by volume as
the eluent to give a white powder with yield of 75.0% (0.80 g): 'H NMR
(400 MHz, CDCl3) & 8.94 (dd, J = 8.4, 3.6 Hz, 1H), 8.72 (dd, J = 20.4,
8.3 Hz, 2H), 8.54 (d, J = 8.6 Hz, 1H), 8.16 (d, J = 8.6 Hz, 1H), 7.82-7.72
(m, 1H), 7.70-7.58 (m, 3H), 7.53-7.44 (m, 1H), 7.45-7.15 (m, 11H),
7.07 (dd, J = 8.3, 1.3 Hz, 1H), 6.85 (dd, J = 7.3, 1.6 Hz, 1H), 5.21 (s,
2H). 13C NMR (101 MHz, CDCl3) & 154.63, 149.48, 148.37, 139.75,
139.56, 137.56, 137.28, 136.20, 129.76, 129.54, 129.33, 129.23,
128.82, 128.74, 128.58, 128.52, 127.88, 127.36, 127.26, 127.05,
126.35, 125.78, 125.23, 124.05, 123.26, 123.20, 122.83, 122.52,
121.54, 119.57, 110.34, 70.28. Found C, 84.09; H, 4.56; N, 8.63%;
molecular formula C37Hy5N30; requires C, 84.23; H, 4.78; N, 7.96%.

3. Result and discussion
3.1. Synthesis and thermal properties of QL-PPI

The synthesis of QL-PPI is outlined in Scheme 1, involving a series of
hydroxyl protection reaction (benzylation), oxidation reaction and
Debus-Radziszewski reaction (see Experiment section). As described in
Fig. 1, the decomposition temperature (T4, 5% weight loss) value of the
compound QL-PPI was evaluated to be 407 °C. The DSC (Fig. 1 insert)
analysis uncovered that the glass transition temperature (Tg) of QL-PPI
was 92 °C. Moreover, no distinct crystalline peak was observed at a
temperature beyond Tg. The small molecular compound QL-PPI has
terrific thermodynamic stability due to molecular rigidity. The related
data are listed in Table 1.

3.2. Optical properties and energy levels

The normalized UV-Vis absorption and photoluminescence (PL)
spectra of QL-PPI in THF solution (1 x 107° M) and thin films (quartz
plate) are shown in Fig. 2, relevant data are summarized in Table 1. In
the THF solution, there are three peaks located at around 330-406 nm in
the UV-Vis absorption spectra of QL-PPI. The absorption peak in the
range of 345 nm can be assigned to the n-n* transition of the substituent
of 2-imidazole to the imidazole unit. A lower-energy band with peaks at
around 365 and 380 nm can be assigned as the n-n* transition and an
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Fig. 1. TGA and DSC thermogram (insert) of QL-PPI.
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intramolecular charge transfer (ICT) band from the phenanthro[9,10-d]
imidazole moiety to the 8-(benzyloxy)quinolin group [24]. The ab-
sorption bands are observed in the range of 300-325 nm approximately
match to the quinoline group n-1* transition [25]. Compare the UV-Vis
absorption spectra of THF solution with that of thin films, the shape and
peak position of QL-PPI are similar. No obvious red-shift of absorption
peaks manifests that no crystallization occurs in the films [26,27].
Notably, as shown in Fig. 2, three peaks located at around 330-406 nm
in absorption spectra are not obvious than that in thin films. The peak at
about 380 nm was redshift to 390 nm and enhanced greatly. This is
owing to the dispersed state of the QL-PPI in solution and the aggrega-
tion state of the QL-PPI in solid film [28]. In the aggregated state, there is
a large molecular interaction between skeleton of the 8-(benzyloxy)
quinolin group or the phenanthro[9,10-d]imidazole moiety, which
changes the absorption peak intensity.

In the THF solution, the QL-PPI exhibits maximum PL (PLy,ax) value
at deep-blue wavelengths of 421 nm. As shown in Fig. S3, its emission
wavelength red-shifted (429 nm in MeCN solution) with increasing
solvent polarity, implying the emission originating from the ICT state
[29]. The photoluminescence quantum yields (PLQYs) of compound
QL-PPI was tested by using trans-1-(9-anthryl)-2-phenylethene (t-APE,
PLQYs 0.46 in MeCN) as the reference substance, the PLQYs of com-
pound QL-PPI reached 0.77. The full width at half maximum (FWHM) of
the deep-blue spectrum is 58 nm. Nevertheless, the maximum emission
peak in PL spectrum of the QL-PPI in thin film state showed large
red-shift about 34 nm with FWHM of 82 nm, comparing with its PL
spectrum in THF solution. The red-shift of the emission observed in the
film state is probably due to the presence of strong intermolecular in-
teractions or aggregation in film states.

To obtain a good understanding on the optical properties in the
molecular level, density functional theory (DFT) calculations (B3LYP/6-
31G(d)) were carried out by using Gaussian 03 software [30]. The
optimized geometry and the electron distribution of the compound
QL-PPI are shown in Fig. 3. The calculation results indicate that the
QL-PPI is not a planar molecule structure. There exists a dihedral angle
of the QL-PPI between benzene ring and imidazole ring and dihedral
angle between benzyloxy and quinoline ring. However, quinoline ring is
coplanar with phenomidazole ring. The HOMO and LUMO orbitals of
the QL-PPI are located on quinoline ring and phenomidazole ring. Thus,
it is suggesting that the QL-PPI shows enhanced absorption peaks
locating at 330-406 nm and more red-shifted emission in the film
comparison to solution, which is consistent with our experimental
results.

In order to measure the HOMO values of the compound QL-PPI,
cyclic voltammetry (CV) measurements using a three-electrode cell
were conducted (See ESI Fig. S4). The edge of the UV-Vis spectra was
used to calculate the band gap (Eg) of the QL-PPL The band gaps and the
HOMO and LUMO levels are summarized in Table 1. The HOMO and
LUMO level of the QL-PPI is —5.9 eV and —2.9 eV, respectively. This
result implies that the QL-PPI is easy to inject an electron in the OLED.

3.3. Non-doped blue OLED

To investigate the potential application of the compound QL-PPI,
non-doped OLED with the configuration of ITO/NPB (25 nm)/QL-PPI
(40 nm)/TPBi (15 nm)/LiF (1 nm)/Al (100 nm) was fabricated. In this
device, N,N'-Di-1-naphthyl-N,N'-diphenylbenzidine (NPB), QL-PPI, and
1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi) were acted as
the hole-transport layer (HTL), emitting layer (EML) electron-transport
layer (ETL), respectively [31]. LiF was employed as the
electron-injecting layer (EIL) and Al metal served as the cathode [32].
The device configuration and the energy level diagrams of used mate-
rials are shown in Fig. 4.

The electroluminescence (EL) spectrum, current density-voltage-
brightness (J-V-B) characteristics, CE, and PE of the non-doped OLED
device using compound QL-PPI as the emitting materials are shown in
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Table 1

The optical, thermal properties and energy levels of the as-synthesized compound.
Compound T (cC) T (°C) A% (nm) PL (nm) E¥ (eV) HOMO (eV) LUMO'! (eV) & /a0% (nm)
QL-PPI 407 92 300,345,365,380 421/455M 3.0 -5.9 -2.9 0.77/56

/300,350,375,390M

[a] Measured by TGA at a heating rate of 10 °C min~! under nitrogen atmosphere. [b] Measured by DSC according to the heat-cool-heat procedure. [c] Absorption
spectra were recorded in the 1.0 x 10~ mol L~! THF solution. [d] PL spectra were recorded in the (1.0 x 10> mol L~ 1) THF solution. [e] Optical energy gaps calculated
from the absorption threshold from UV-Vis absorption spectrum of THF solution. [f] Measured with CV. [g]|[LUMO| = [HOMO|-E,. [h] Absorption or PL peaks of thin
films. [1] PLQYs of compound QL-PPI (relative value). [k] Stokes shift of compound QL-PPI (in THF solution).

Fig. 5. All the device data are listed in Table 2. As can be seen in Fig. 5a,
( a) the device shows a main peak centered at the 455 nm with FWHM 100

nm. The corresponding CIE coordinate of the OLED device is (0.20, 0.22)
which located at sky blue region. The main peak of the EL spectrum of
the OLED device is coincident with the film PL spectrum of compound
QL-PPI. However, there is shoulder peak generated at the 600 nm
making the FWHM of spectrum expanded to 100 nm. As can be seen
from Fig. 4a, the HOMO and LUMO level of QL-PPI is —5.9 eV and —2.9
eV, respectively. This implies that the QL-PPI is easy to inject an electron
and hard to inject hole from NPB to QL-PPI in the OLED, due to the large
energy barrier between NPB and QL-PPI and narrow energy barrier
between TPBi and QL-PPI. Then we suggest the shoulder peak at 600 nm
in spectrum of OLED device comes from electroplex that originates from
the direct optical transition across QL-PPI and NPB interface, which
result in the FWHM of spectrum expanded to 100 nm [33]. The
non-doped OLED device exhibits a maximum brightness of 250 cd m 2,

o
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Fig. 2. UV-Vis absorption and PL spectra of QL-PPI (a) dilute solution (1 x NPB QL_PP[ TPBi
10~° M) in THF and (b) neat thin films.

Fig. 4. The device energy-level diagram (a), configuration (b) and molecular
structures of the materials used in this study (c).

(a)Opt structrue (b)HOMO (c)LUMO

Fig. 3. Molecular structures (a) and electron density distributions of the HOMO (b)/LUMO (c) calculated with B3LYB/6-31G(d).



X. Shao et al.

Dyes and Pigments 188 (2021) 109198

10 (a)

0.8

Nomalized EL Intensity (a.u.)

§ I R B |

—=—PLin flim
0.8

—e—EL

0.6

0.4

0.2

Nomalized PL Intensity (a.u.)

0.0 - . ‘ .
300 350 400 450 500 550 600

Wavelength / nm

100
(b) :
o J10
£
< ol
g
= E
Z st I
= | Y
] 410 =
e =
= o
5 -
= &
E
A
0 e e : 10"
0 2 4 6 8 10 12 14 16

Voltage (V)

L ealand ) )
650 700 750
1 1
(c)
e -
2 =
g g
g {1z
) 1 2
= £
2 b
5 E
= =]
o] <
1 ] 1 1 1
0 20 40 60 80 100

Current Density (mA cm'z)

Fig. 5. (a) Electroluminescence spectra of devices. (b) current density-voltage-brightness (J-V-B) characteristics. (c) current efficiencies and power efficiencies versus

current density.

Table 2
Key performance parameters of the Non-doped blue OLED.

Coumpound Turn-on Brightness (cd m~2) CE” (cd A7) PE‘ Im W™ 1) EL%Amax/nm FWHM/nm CIE? 1931 (x,)
Voltage™/V
QL-PPI 8 250 0.47 0.14 455 100 0.20,0.22
2 Recorded at 1 cd m™2.
Y Max Current efficiency.
¢ Max Power efficiency.
4 Recorded at 10V.
m~?) of 8 V, maximum CE of 0.47 cd A}, maximum PE of 0.14 Im W™ ..
. . . . Table 3
Though the device manifests not overly impressive performance, we .
. . X . Key performance parameters of the hybrid deep-blue LED and WLED.
believe the device performance can be further improved by changing
different holes transport functional layer which can match the energy Device  Current CCT(K) CRI  CIE1931(x,y) Luminance
level with the QL-PPL (mA) Efficiency(Im
wh
. HB1 19.90 - - 0.1620, 2.94
3.4. Hybrid deep-blue LED and WLED 0.0541
HW1 19.90 4580 80 0.3571, 18.05
0.3562

As the QL-PPI shows deep-blue emission in the THF solution, the QL-
PPI with a mass concentration of 0.4% in the silica gel is coated on the
NUV chip (380 nm) to prepare the hybrid deep-blue LED device (HB1).
The device data are listed in Table 3. The EL spectrum and CIE chro-
maticity coordinate of device HB1 are shown in Fig. 6ab. The peak value
of the emission spectrum of device HB1 is located at 421 nm which is
consistent with the spectrum in THF solution. The device HB1 exhibits
deep-blue emission with CIE chromaticity coordinate of (0.1620,
0.0541). Moreover, device HB1 demonstrates performance with lumi-
nance efficiency of 2.94 Im W~ at 19.90 mA which is much better than
that of OLED device. It can be inferred that the concentration of QL-PPI

in silica gel is low, which can effectively inhibit its fluorescence
quenching in device.

In order to further expand the application of the QL-PPI in organic/
inorganic hybrid WLED devices, the inorganic WLED devices were
fabricated firstly. The inorganic WLED devices were constructed by
using the blue (BaMgAl;o017: Eu?h), green (Ba, Sr)SiO4: Eu?t and red
(Sr, Ca),AlSiN3: Eu®** phosphors. In order to obtain the equivalent
spectral intensity of blue, green and red light in the EL spectra of
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Fig. 6. (a) the EL spectrum and CIE chromaticity coordinate (b) of the device HB1. (c) the EL spectrum and CIE chromaticity coordinate (d) of the device HW1.

inorganic WLED devices (so that the CIE coordinates of the devices are
close to the ideal white light), we first studied the concentration formula
of the tri-phosphor in the devices. Considering the blue light that
emitting from blue phosphors can be absorbed by green and red phos-
phors [34,35], the WLED devices should be appropriate increase in the
concentration of the blue phosphors. In order to further verify the cor-
rectness of this conjecture, the concentration of green phosphor (3.2%)
and red phosphor (2.6%) are kept unchanged except the concentration
of blue phosphor was changed. The WLED devices properties are sum-
marized in Table S1. As shown in Figure. S5, when the concentration of
blue phosphor increases from 1.2% to 4% (devices W1, 2, 3, 4), the
intensity of blue light in the EL spectra of inorganic WLED devices is very
weak. The CIE coordinates of the four devices indicate that the WLED
devices emit warm white light although the CRI of the four WLED de-
vices can reach 83. This phenomenon is terminated in device W5 which
the concentration of blue phosphor is 14%. The emission intensity of
blue light is improved obviously in the device W5. The CIE coordinate
and CRI of the device W5 are (0.3941, 0.3774), 74.4, respectively.
However, the concentration of blue phosphor is high in the device W5
increasing an urgent need to reduce blue phosphor or replace blue
phosphor with organic blue emitting materials to reduce reliance on
rare-earth metals.

Inspired by these well-founded facts, we believe using the QL-PPI as

deep-blue emitting material to replace the blue phosphor to construct
hybrid WLED device can reduce the reliance on rare earth metals. The
WLED device HW1 based on the QL-PPI mixed with green phosphor
[(Ba, Sr)2SiOy4: Eu?*] and red phosphor [(Sr, Ca)2AlSiN3: Eu?*] is pre-
pared. In device HW1, the silica gel total mass concentration of the QL-
PPI, green phosphor and red phosphor are 0.4%, 3.2% and 2.6%,
respectively. The EL spectrum and CIE chromaticity coordinate of device
HW1 are illustrated in Fig. 6¢d. The device data are listed in Table 3. The
deep-blue region is very strong in the EL spectrum. The device HW1
exhibits luminance efficiency of 18.05 Im w! (at 19.90 mA), CCT of
4580 K, CRI of 80, and CIE chromaticity coordinate of (0.3571, 0.3562).
The CIE coordinate of device HW1 is very close to the ideal values of
white light and the CRI value of 80 is much better than that of inorganic
WLED device W5 which is 74.4.

4. Conclusion

In summary, the new deep-blue material, QL-PPI with 8-(benzyloxy)
quinoline containing PI moiety, was designed and synthesized. The QL-
PPI benefit from quinoline and PI skeleton, shows high thermal stability.
The QL-PPI was employed as emitter to fabricate non-doped OLED. The
OLED shows sky-blue emission due to the aggregation in the film and
electroplex that originates from the direct optical transition across QL-
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PPI and NPB interface. When using QL-PPI to construct a hybrid LED, the
LED exhibits deep-blue emission with CIE chromaticity coordinate of
(0.1620, 0.0541). In addition, the hybrid WLED device HW1 based on
QL-PPI slightly mixed with green phosphor [(Ba, Sr);SiO4: Eu?*] and red
phosphor [(Sr, Ca),AlSiN3: Eu?*] is prepared. The hybrid WLED shows
better performance than that inorganic WLED (W5). The research work
presented here provides a new emitting material to fabricate OLED and
hybrid LED devices simultaneously. Further optimizing the hybrid
WLED fabrication (improving the performance) and synthesizing quin-
oline complexes (based on QL-PPI) are currently in progress in our
laboratory.
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