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KEYWORDS Abstract Three biscoumarin dyes bridged by polycyclic aromatic bridges (anthracen, pyrene and

dibenzo[g,p]chrysene) were prepared as the emissive materials for the application of organic light-
emitting devices. The relationship between their structures, photophysical properties, electrochem-

Biscoumarin derivative;
Polycyclic aromatic bridge;

Dibenzo[g,p]chrysene; ical properties and performances of organic light-emitting devices are described. The multilayered
Photoluminescence; doped devices with a configuration of ITO/NPB (20 nm)/TBADN: biscoumarin compound (x wt%,
Electroluminescence 30 nm)/TPBi (30 nm)/Liq (2 nm)/Al (100 nm) have been successfully fabricated by vacuum-

deposition method. All the devices showed green emission with high electroluminescent efficiencies.

Especially, the device based on the compound containing pyrene as a bridge group at 7% doping

concentration showed the best performance with a maximum brightness of 10552 c¢d/m?, maximum

luminous efficiency of 5.39 cd/A and maximum external quantum efficiency (EQE) of 2.35%.

© 2019 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction widespreadly in molecular electronics, optoelectronics, energy
conversion devices and various other forms of nanotechnology
due to their chemical stabilities and photochemical properties
(Watson et al., 2001; Mishra and Buerle, 2012; Itoh, 2012;

Forrest and Thompson, 2007; van de Craats et al., 1999; van

Recently, polycyclic aromatic hydrocarbons (PAHs), such as
anthracen, pyrene, perylene and chrysene, have been used
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de Craats et al., 2003). Furthermore, PAHs are the representa-
tive building blocks for fluorescent materials because of their
excellent stability, strong photoluminescence (PL) and easy
chemical modification. Branched m-conjugated and dendritic
compounds with anthracene, pyrene, fluorene and chrysene
as cores have been prepared for possible application in organic
solar cells, light-emitting devices and non-linear optical devices
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(Kim et al., 2013; Heyer and Ziessel, 2013; Teng et al., 2010;
Lin et al., 2018; Detert et al., 2010; Kanibolotsky et al.,
2010). PAHs have planar n-conjugated skeleton, which could
increase the m-electron delocalization and charge transport of
the final materials, and could broaden absorption of the mate-
rials. However, the rigid and planar structure make PAHs
ready to form close n-wt stacking, leading to severe PL quench-
ing by aggregation, which reduce electroluminescence (EL)
efficiency and degrade color purity. How to control the molec-
ular packing of aromatic compounds in solid state is an essen-
tial issue for scientists. Many researchers attempted to resolve
these problems by grafting bulky groups to the PAHs skeleton.
For example, bulky substituents at 9,10-positions of anthra-
cene ring are often used to restrain the aggregation between
molecules in the solid state, yielding an amorphous com-
pounds with efficient blue electroluminescence (Shi and
Tang, 2002; Zhang et al., 2003; Liu et al., 2003; Kim et al.,
2009). So far, many blue emitters with anthracene and pyrene
as the single cores or side moieties have been investigated for
OLEDs since they have high PL efficiencies (Park et al.,
2012; Lai et al., 2011; Gong et al., 2010; Figueira-Duarte
et al., 2010). Dibenzochrysene (DBC), a twisted polycyclic aro-
matic hydrocarbon, and its derivatives have attracted tremen-
dous attention because of their outstanding photophysical
properties are similar to those of fluorene, pyrene and perylene
(Navale et al., 2011; Suzuki et al., 2015; Heyer and Ziessel,
2013; Zhang et al., 2017). Heyer el al. introduced a diketopy-
rrolopyrrole (DPP) or borondipyrromethene (Bodipy) unit
into the dibenzochrysene core to promote functionalization
and provided evidence of very efficient intramolecular cascade
energy transfer (Heyer and Ziessel, 2013). In order to weaken
the intermolecular interactions between molecules and prevent
the self-quenching of fluorescence in solid state resulted from
the planar structure of dibenzochrysene core, Jeong et al.
incorporated the bulky terz-butyl substituents and dipheny-
lamine moieties into the dibenzochrysene core to obtain blue
materials and the doped devices showed highly efficient blue
emission with an external quantum efficiency (EQE) of
4.72% at 20 mA/em? (Jeong et al., 2017). The double-layer
OLEDs based the dibenzochrysene derivatives with four aro-
matic amino substituents showed blue-green emission with a
high luminous efficiency of 3.2 Im/W and a high quantum effi-
ciency of 2% at a luminance of 300 cd/m? (Tokito et al., 2000).
Recently, Liu et al. used the dibenzochrysene derivatives with
four phenyls as the host materials in a red phosphorescent
OLEDs, and the device exhibited decent electroluminescence
with a maximum EQE of 14.4% (Liu et al., 2017).

Coumarin derivatives attracted tremendous attentions
because of their applications in laser dyes, fluorescent dyes
and so on (Haugland, 1994-1996.; Schwander et al., 1988;
Wolfbeis et al., 1985; Tripathy and Bisht, 2006; Gilat et al.,
1999; Kitamura et al., 2007; Hara et al., 2001). Their photo-
physical properties are strongly dependent on the nature and
the position of substituents and also on the rigidity of the
molecules (Ammar et al., 2003; Azuma et al., 2003; Yu et al.,
2007; Yu et al., 2006). The coumarin derivatives with electron
donating groups at the 7-position exhibit strong fluorescence
in blue-green region, but the coumarin derivatives as emissive
materials in OLEDs are easily self-quenched in solid state due
to intermolecular interaction and aggregation. Therefore, they
are always doped in a variety of host materials to fabricate
OLEDs with reasonable luminous efficiencies, and the doping

Fig. 1 Chemical structures of synthesized PAHs-based bis-
coumarin derivatives.

concentration is very low (Yu et al., 2010; Zhang et al., 2010;
Zhang et al., 2017; Yu et al., 2017).

As a part of our continuous researches in developing new
coumarin derivatives for OLEDs, in this study, three PAHs-
based biscoumarin derivatives were prepared for OLEDs in
order to investigate their photophysical features and electrolu-
minescence properties, and to find out possible structure—prop-
erty relationships, in which anthracen, pyrene and dibenzo[g,p]
chrysene cores are used as m-conjugations to space two 7-
diethylamino-coumarin luminophores (Fig. 1).

2. Experimental

2.1. Materials and methods

2-Bromo-9-fluorenone was obtained from Energy Chemical
(China). All the other chemicals were analytical grade reagent.

7-(Diethylamino)-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaboro
lan-2-yl)phenyl)coumarin and 9,10-dibromoanthracence were
prepared according to the literatures (Yu et al., 2017; Luo
et al., 2018). 3,3'-(Anthracene-9,10-diylbis(4,1-phenylene))bis
(7-(diethylamino)-2 H-chromen-2-one) (C-An-C) and 3,3'-
(pyrene-1,6-diylbis(4,1-phenylene))bis(7-(diethylamino)-2 H-
chromen-2-one) (C-Py-C) were synthesized according to the
literature (Zhang et al., 2018).

All instruments used to characterize the structures, photo-
physical and electrochemical properties of the compounds
were described in our previous paper (Li et al., 2019).

2.2. Synthesis and characterization of the compound C-DBC-C

2.2.1. 3,11-Dibromodibenzo[g,p | chrysene

2-bromo-9-fluorenone (2.0 g, 7.72 mmol), zinc powder (9.19 g,
140.5 mmol) and zinc chloride (1.89 g, 13.9 mmol) were
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dissolved in 50% aqueous THF (60 mL), and the reaction mix-
ture was stirred at 25 °C for 3 h. Then, 5 mL of 3 N HCI was
added in the reaction mixture, and the Zn powder was
removed by filtering. The filtrate was extracted with dichloro-
methane (3 x 50 mL). The combined organic phase was
washed with water (3 x 50 mL) and brine (3 x 50 mL), and
dried over anhydrous Na,SO,. After filtration and evaporation
of the solvent in vacuum, the crude pinacol was used in the
next step without further purification.

The foregoing pinacol was dissolved in AcOH (50 mL) and
concentrated HCl (5 mL), and the mixture was stirred over-
night at 110 °C. After cooling to room temperature, it was fil-
tered and washed with absolute ethyl alcohol and
dichloromethane. The crude was purified by chromatography
on silica gel using petroleum ether/dichloromethane (5:2, v/v)
as the eluent to give yellow powder (1.0 g, 53.3%). m.p. 205—
207 °C. '"H NMR (500 MHz, CDCls, §, ppm): 8.07 (m, 3H,
Ar-H), 7.90 (dd, J = 8.6 Hz, 1H, Ar-H), 7.76 (d, J = 7.6 Hz,
IH, Ar-H), 7.67 (d, J=8.1Hz 1H, Ar-H), 7.55 (dd,
J = 8.1 Hz, 1H, Ar-H), 7.39 (t, J = 7.6 Hz, 2H, Ar-H), 7.18
(m, 2H, Ar-H), 7.13 (t, J = 7.6 Hz, 1H, Ar-H), 6.96 (d,
J = 7.7Hz, 1H, Ar-H), 6.60 (d, J = 7.8 Hz, 1H, Ar-H).

2.2.2. 3,3'-(Dibenzo[g,p[chrysene-3,11-diylbis(4,1-phenylene) )
bis(7-(diethylamino ) coumarin (C-DBC-C)

The mixture of 3,11-dibromodibenzo[g,plchrysene (1.20 g,
2.47 mmol), 7-(diethylamino)-3-(4-(4,4,5,5-tetramethyl-1,3,2-d
ioxaborolan-2-yl)phenyl)coumarin (2.60 g, 6.20 mmol), Pd
(PPhj3)4 (0.0.30 g, 0.26 mmol), TBAB (0.08 g, 0.25 mmol) and
Na,CO5 (0.60 g, 15 mml) was dissolved in absolute toluene
(150 mL) under nitrogen atmosphere. The suspension was
heated up to 120 °C and stirred vigorously. After 10 min, dis-
tilled water 3.7 (mL) was added. The reaction solution was stir-
red at 110 °C for 20 h. After the reaction solution was cooled
to room temperature, the solvent was evaporated in vacuum,
and the mixture was dissolved in dichloromethane (150 mL)
and washed with water (3 x 100 mL). The organic phase was
dried over anhydrous Na,SO, and concentrated in vacuum.
The crude product was purified by column chromatography
using ethyl acetate/dichloromethane/petroleum ether (1/4/10,
v/v/v) as the eluent to afford C-DBC-C as yellow powder
(1.45 g, 64.5%). m.p. >250 °C. '"H NMR (500 MHz, CDCls,
8, ppm): 8.32-8.28 (m, 2H), 8.15 (d, J = 7.8 Hz, 1H), 8.09
(d, J = 84Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.85-7.80 (m,
3H), 7.77-7.28 (m, 3H), 7.69 (t, J = 8.5Hz, 4H), 7.49 (d,
J = 8.4 Hz, 2H), 7.44-7.37 (m, 2H), 7.35-7.28 (m, 3H), 7.20
(t, J=76Hz, 1H), 7.11 (t, J=71.5Hz, 2H), 6.70 (d,
J=79Hz, 1H), 6.59(t, J=9.0Hz, 2H), 653 (d,
J = 10.0 Hz, 2H), 3.47-3.37 (m, 8H), 1.22 (dd, J = 7.0,
7.0 Hz, 12H). *C NMR (151 MHz, CDCls, 3, ppm): 197.1,

g8
N
; 6o LAk

161.6, 156.2, 150.6, 141.3, 141.0, 140.6, 140.5, 140.4, 140.3,
140.1, 139.2, 138.5, 137.0, 135.5 (s), 134.8, 133.2, 130.4,
130.2, 129.3, 129.0 128.9, 128.7, 128.4, 128.2, 128.1, 127.9,
127.4, 126.9, 126.8, 126.6, 124.7, 124.1, 124.0, 123.4, 120.8,
120.6, 120.3, 120.1, 109.1, 109.0, 108.9, 97.1, 68.7 (s), 44.9,
12.4. HRMS: Calcd. for C64H50N204, 949.3408 [M+K],
Found: 949.3458. Anal.Caled. for CgHsoN,O4 (%): C,
84.37, H, 5.53, N, 3.07. Found: C, 84.45, H, 5.49, N, 3.09.

3. Results and discussion

3.1. Synthesis and characterization

Three compounds (C-An-C, C-Py-C and C-DBC-C) based on
the polycyclic aromatic (anthracen, pyrene and dibenzo[g,p]
chrysene) cores and 7-diethylamino-coumarin moiety were
designed and synthesized from the Suzuki cross-coupling reac-
tions of the corresponding dibrominated polycyclic aromatic
compounds with the coumarin arylboronic ester. The com-
pounds C-An-C and C-Py-C were prepared by methods
described in our previous article (Zhang et al., 2018). The
synthetic routes of the compound C-DBC-C are shown in
Scheme 1. The key step is the formation of the 3,11-
dibromodibenzo[g,p]chrysene as the twisted core, which
underwent the acid-catalyzed dehydration/cyclization to the
intermediate through a pinacol rearrangement, as reported
by Klumpp et al. (Klumpp et al., 1997) Then, the target com-
pound C-DBC-C was synthesized by the Suzuki cross-coupling
reaction of 3,11-dibromodibenzo[g,p]chrysene with the cou-
marin arylboronic ester as yellow solid with moderate yield
(64.5%) after purification by column chromatography and
characterized by 'H NMR, '3*C NMR, HRMS and elemental
analysis.

3.2. Photophysical, electrochemical and thermal properties of
the compounds

The measurements of UV-vis absorption and photolumines-
cence spectra of the compounds were done in the air at room
temperature. The UV—vis absorption and photoluminescence
spectra of the compounds in chloroform solutions are shown
in Fig. 2, and their photophysical data are summarized in
Table 1.

The absorption spectra of the compounds C-An-C and
C-Py-C in chloroform solutions are similar, exhibiting a
relatively weak absorption band at 275 nm for C-An-C and
282 nm for C-Py-C in high energy region and a strong
absorption band at 412 nm in low energy region. The former
absorption band is attributed to the © — m* transition of the

5

(1) Zn, ZnCl,, THF/H,0 L
oo S
(2) HOAc, HCI Br Q Q

Pd(PPh;),/Na,CO3/ TBAB
Toluene, 110 °C

Scheme 1

Synthetic route to the compound C-DBC-C.
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Fig. 2 UV-vis absorption and photoluminescence spectra of the
compounds in chloroform solutions (C = 1.0 x 107> mol/L,
Aex = 412 nm).

conjugative polycyclic aromatic cores, while the latter absorp-
tion band can be assigned to the m — 7* transition of the 7-
diethylamino-coumarin moieties. The absorption spectrum of
the compound C-DBC-C also exhibits two absorption bands
at 319 and 412 nm, which are attributed to the 1 — =n* transi-
tion of dibenzo[g,p]chrysene core and the T — 7* transition of
the 7-diethylamino-coumarin moieties, respectively. It can be
seen that the absorption band of the compounds in high energy
region is red-shifted from anthracene to dibenzo[g,p]chrysene
with the increase of conjugation degree of polycyclic aromatic
cores. As shown in Fig. 2, under excitation at the absorption
band maximum (410 nm), in chloroform solutions, the com-
pounds exhibit strong blue-green emissions with the maximum
peaks at 472, 475 and 482 nm, respectively. It was found that,
from anthracene to dibenzo[g,p]chrysene, the emission peak
was red-shifted due to the increase of conjugation degree of
the molecules and their Stokes shifts are ca. 3085, 3219 and
3525 ecm™!, respectively.

In addition, the fluorescence quantum yields (@) and decay
lifetimes (1) of the compounds in chloroform solutions were
measured at room temperature. The fluorescence quantum
yields of C-An-C, C-Py-C and C-DBC-C were measured to
be 86.32, 89.31 and 87.53%, and their fluorescence decay life-
times were measured to be 8.90, 8.46 and 12.50 ns. They all
belong to the fluorescence nature of the emission.

The electrochemical properties of C-An-C, C-Py-C and C-
DBC-C were investigated by cyclic voltammetry (CV). The
cyclic voltammograms and HOMO and LUMO energy levels
of C-An-C and C-Py-C were reported in our previous article
(Zhang et al., 2018). The cyclic voltammogram of C-DBC-C
is shown in Fig. 3. The first oxidation potential of C-DBC-C
was at ca. 0.53 V. At the same condition, the Fc/Fc™ potential
were measured to be 0.26 V. Thus, the HOMO energy level of

3x10°
—— C-DBC-C

Ferrocene

2x10°

1x107 1

Current (a.u.)
<

-1x107°

-2x107

Potential (V)

Fig. 3  Cyclic voltammograms of C-DBC-C and ferrocene (Scan
rate: 10 mV/s; solvent: chloroform).

C-DBC-C was calculated to be —5.07 eV regarding the energy
level of ferrocene/ferrocenium as —4.80 eV (Cardona et al.,
2011). From its UV—vis absorption spectrum, the optical band
edge of the compound was estimated to be ca. 471 nm, which
corresponds to 2.63 eV. Then, the LUMO energy level of
C-DBC-C was calculated to be —2.44 ¢V.

The thermal stabilities of C-An-C, C-Py-C and C-DBC-C
were investigated by thermal gravimetric analysis (TGA) mea-
surements under nitrogen atmosphere. The TGA curves and
the decomposition temperatures of C-An-C and C-Py-C were
reported in our previous article (Zhang et al., 2018). The
TGA curve of C-DBC-C is shown in Fig. 4. With increasing
temperature, the compound C-DBC-C exhibits good thermal
stability up to 436 °C (< 1% weight loss). At 436 °C, there is
a sharp weight loss in its TGA curve, indicating that the com-
pound C-DBC-C undergoes one large-stage decomposition
process.

100 - —— C-DBC-C

95 1

90

Weight (%)

851

0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 4 Thermogravimetric analysis (TGA) of C-DBC-C in
nitrogen atmosphere (heating rate: 10 °C/min).

Table 1 Photophysical, thermal and electrochemical properties of C-An-C, C-Py-C and C-DBC-C.

Compound UV-vis (nm) PL (nm) T4 (°C) D¢ (%) T (ns) HOMO (eV) LUMO(eV) E, (eV)
C-An-C 275, 412 472 450 86.32 8.90 —5.10 —2.35 2.75
C-Py-C 282, 412 475 460 89.31 8.46 —5.08 —2.37 2.71
C-DBC-C 319, 412 482 436 87.53 12.50 —5.07 —2.44 2.63
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Small organic luminescent materials used in OLEDs should
be thermally stable because they are generally deposited onto
the appropriate substrate by thermal vacuum deposition tech-
nique in the thin amorphous film form or used as blender into
a host material. The thermal stability of the luminescent mate-
rials has a great influence on the performance of OLEDs
because any given amorphous layer will recrystallize slowly
as its temperature reaches the glass transition temperature
(Ty). Once the material crystallizes, the amorphous film
appears pinholes, resulting in the OLEDs does not work
properly. Although the glass transition temperatures of
C-An-C, C-Py-C and C-DBC-C were not available due to no
the instrument of Differential Scanning Calorimeter in our
Lab, from their melting points (over than 250 °C) and decom-
position temperatures (over than 430 °C), these materials meet
with the thermal stability requirement for OLEDs.

In order to visually compare the properties of the com-
pounds, their photophysical, thermal and electrochemical data
are listed in Table 1.

Q
s

NPB

Fig. 5
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Fig. 6
different dopant concentrations.

3.3. Electroluminescence properties of the compounds

The multilayer OLEDs with a device structure of ITO/NPB
(20 nm)/TBADN:Dopant (x wt%, 30 nm)/TPBi (50 nm)/Liq
(2 nm)/Al (150 nm) were fabricated by vacuum-processed
method as previously described (Li et al., 2019), in which C-
An-C, C-Py-C and C-DBC-C were used as dopants. The device
structure and the energy diagrams of the materials used in the
work are shown in Fig. 5. The device performances (EL spec-
tra, J-V curves, EQE values) were recorded with a Spectra
Scan PR655 and a computer controlled Keithley 2400
Sourcemeter.

The characteristics of the OLEDs fabricated with use of C-
An-C, C-Py-C and C-DBC-C are shown in Figs. 6-8, and their
EL data are summarized in Table 2. The results showed that
the performances of the devices fabricated with C-Py-C were
better than that of C-An-C and C-DBC-C. As seen in Table 2,
the devices based on the compound C-Py-C at 7 wt% doping
concentration exhibited a maximum brightness of 10552 cd/

TBADN

236V 235V
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28eV. 28eV i
Al (100 nm) 2.94eV
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NPB [ 3 S
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TBADN: Dopant (x wt%, 30 nm) ITO | | e e
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v

SNl

N
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Schematic diagram of the OLED device configuration (a), the relative HOMO/LUMO energy levels of the materials investigated
in this work (b) and structures of NPB, TBADN and TPBi (bottom).
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Table 2 EL performances of C-An-C, C-Py-C and C-DBC-C.
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Complex Concentration Linax (cd/mz) LE ax (cd/A) PE .x (Im/W) EQE, .ax (%)
C-An-C 1 wt% 2761 1.57 0.67 1.28
4 wt% 5056 2.49 1.09 1.59
7 wt% 7796 3.24 1.37 2.17
10 wt% 6236 3.29 1.37 1.91
C-Py-C 1 wt% 8707 4.41 1.62 2.18
4 wt% 9878 441 1.62 2.17
7 wt% 10,552 5.39 1.94 2.35
10 wt% 7886 4.80 1.67 2.09
C-DBC-C 1 wt% 5658 3.44 1.63 1.65
4 wt% 7114 4.61 1.93 2.01
7 wt% 7865 4.73 1.95 2.07
10 wt% 8433 5.19 2.16 2.13

m?, maximum luminous efficiencies of 5.39 cd/A and maxi-
mum external quantum efficiency (EQE) of 2.35%. At the
same doping concentration (7 wt%), the maximum brightness
of 7796 cd/m?, maximum luminous efficiencies of 3.24 cd/A
and maximum external quantum efficiency of 2.17% were
observed from the devices based on C-An-C. As to the com-
pound C-DBC-C, the devices with 10 wt% doping concentra-
tion showed the maximum brightness of 8433 cd/m?
maximum luminous efficiencies of 5.19 cd/A and maximum

external quantum efficiency of 2.13%. In comparison with
the device performances of the three compounds, the
compound C-Py-C exhibited better EL performances than
C-An-C and C-DBC-C, which is consistent with their photolu-
minescence quantum yields.

It was found that the size of polycyclic aromatic core
has a great influence on the luminescent properties of the
biscoumarin dyes. From anthracene to pyrene, the conjuga-
tion degree of the polycyclic aromatic core increases, the
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Fig. 9 EL spectra of the devices based on the C-An-C, C-Py-C
and C-DBC-C with maximum luminous efficiencies.

photoluminescence quantum yield of the coumarin derivative
increases from 86.32% to 89.31%, and the EL performance
increases accordingly. When the spacer core is changed to be
dibenzo[g,p]chrysene, the conjugation degree of the coumarin
derivative increases, but the photoluminescence quantum yield
decreases to be 87.53% due to forming close n-m stacking
between adjacent molecules, which also reduces the electrolu-
minescence efficiency.

The EL spectra of C-An-C, C-Py-C and C-DBC-C with
maximum luminous efficiencies are shown in Fig. 9. Their
EL spectra were nearly in accordance with their PL spectra
in the solutions, and the devices displayed blue-green emission
with the maximum peak at 470, 474 and 481 nm, respectively.

4. Conclusions

In order to investigate the size of polycyclic aromatic hydro-
carbons (PAHs) on the luminescent properties of biscoumarin
derivatives, three PAHs-based biscoumarin derivatives (C-An-
C, C-Py-C and C-DBC-C) were synthesized as the emissive
materials for the application of organic light-emitting devices,
in which anthracen, pyrene and dibenzo[g,p]chrysene cores
were used as m-conjugations to space two 7-diethylamino-
coumarin luminophores. The results showed that the size of
polycyclic aromatic core has a great influence on the lumines-
cent properties of the biscoumarin dyes, and the compound
containing pyrene as bridge group (C-Py-C) exhibited better
photoluminescence and electroluminescence properties. The
vacuum-processed doped devices with a configuration of
ITO/NPB (20 nm)/TBADN: biscoumarin compound (x wt%,
30 nm)/TPBi (30 nm)/Liq (2 nm)/Al (100 nm) were fabricated,
and the overall performance of devices with C-Py-C was
higher than the devices with C-An-C and C-DBC-C. The
devices with C-Py-C (7 wt%) displayed the best performance
with the maximum brightness of 10552 cd/m?, maximum lumi-
nous efficiencies of 5.39 cd/A and maximum external quantum
efficiency (EQE) of 2.35%.
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