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Two novel 2-(4-(9,9-disubstitued-9H-fluoren-2-yl)phenyl)-9,9-diethyl-1-phenyl-1,9-dihydrofluoreno-
[2,3-d]imidazole derivatives 2a and 2b were synthesized and characterized. Their photophysical and
electrochemical properties, thermal stability property, and electroluminescence (EL) performance of 2b
were investigated. The fabricated device based on 2b doping into 4,40-N,N'-dicarbazole-biphenyl (5%) as
an emitter present a maximum brightness of 1272 cd/m2 at 4 V with the CIE coordinate of (0.1590,
0.0465).
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Since efficient organic light-emitting diodes (OLEDs) were
reported by Tang and Van Slyke [1], OLEDs have attractedmore and
more attention due to their potential applications in flat panel
displays [2–6]. Although numerous classes of light emitting
organic semiconductors have been designed and developed,
deep-blue emitters with high efficiency are still scarce and efforts
are still continuing in order tofind efficient pure blue light emitting
materials for OLEDs [7–12]. Blue light emitting materials play
important roles in energy-efficient solid-state lighting and smart
display devices. Energy-efficient OLEDs are considered one of the
most competitive candidates for next generation smart displays
and particularly for future energy-saving lighting sources [13,14].
Recently, much effort has been devoted to attempts to generate
white OLEDs comprising both fluorescent and phosphorescent
materials [15,16]. Efficient blue-emitting materials are also one of
the important key elements for fabricating white OLED devices
[17–21]. Among various blue light-emitting materials, fluorene-
based polymers or oligomers have attracted extensive interest due
to their excellent blue light-emitting ability, easily processing,
good thermal and electrochemical stabilities [22–28]. Although
many blue light-emitting materials based on fluorenes have been
reported, the EL efficiencies of these deep-blue OLEDs (Commis-
sion Internationale de L’Eclairage (CIE) y coordinate value < 0.15
along with an (x + y) value < 0.30) are rather poor compared to
), ymcui@shu.edu.cn (Y. Cui).
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those of sky-blue OLEDs (CIE coordinates of x = 0.15 and y > 0.15)
[7]. Therefore, the search for new efficient deep-blue fluorescent
materials with high performance remains a major challenge.

In the search of new luminophores for use in light-emitting
materials, we have successfully synthesized a series of new
fluorene derivatives based on 3,9-dihydro-9,9-dioctylfluoreno[3,2-
d]imidazole (DOFI), 10,10-dioctyl-3,6-dihydrofluoreno[2,3-d:6,7-
d']diimidazoles (DOFDIs) [29,30] and 9,9-diethyl-1,2-diaryl-1,9-
dihydrofluoreno[2,3-d]imidazoles [30], which emit blue fluores-
cence and have acceptable fluorescence quantum yields. In this
letter, we report the synthesis and blue light-emitting properties of
two new 9,9-diethyl-1,2-diaryl-1,9-dihydrofluoreno[2,3-d]imida-
zoles (2a, 2b) by introducing a fluorene group into the 9,9-diethyl-
1,2-diphenyl-1,9-dihydrofluoreno[2,3-d]imidazole (1a) core. The
synthesis and characterization of 2a-b, including their photo-
physical and electrochemical properties, thermal stability proper-
ty, and electroluminescence (EL) performance of 2b were well
performed. Compounds 2a-b were synthesized by palladium-
catalyzed Suzuki cross-coupling reaction of 2-(4-bromophenyl)-
9,9-diethyl-1-phenyl-1,9-dihydrofluoreno[2,3-d]imidazole (1b)
[31] and fluorene boric acid as outlined in Scheme 1. Fig. 1 and
Table 1 display the absorption and photoluminescence (PL) spectra
upon excitation at each excitation wavelength (lex) at room
temperature in CH2Cl2 and DMSO solutions. As shown in Fig. 1,
both compounds 2a-b display almost the same absorption
characteristics, showing two peaks at ca. 280, 351 nm and 289,
352 nm, respectively, which can be attributed to different [72_TD$DIFF]p–p*
transitions. The UV–vis absorption maxima of compounds 2a-b
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. The synthetic route of the compounds.
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were red-shifted by ca. 14 nm relative to that of 1a, due to the
elongation of conjugation length. It was observed that the
absorption spectra changed very little with the increase of solvent
polarity although there was a tendency of a longer lmax in DMSO,
indicating that there was no charge transfer in the ground state.
With the introduction of fluorene group, the peaks of the
fluorescent spectra shift from the near UV region to the blue
region. In CH2Cl2 solution, compound 2a showed emission peak at
428 nm (Fig. 1a) and the fluorescence quantumyield is 0.86, which
is higher than that of quinine sulfate (FFL = 0.55). It is interesting to
note that compound 2b shows strong blue fluorescence-emitting
ability with FFL value of 0.55, with PL emission peak at 430 nm
[(Fig._1)TD$FIG]

Fig. 1. UV–vis spectra (a, 5�10�5 mol/L) and fluorescence spectra (b, 5�10-7 mol/L) of c
(e) The hc-L–hp characteristics; (f) the EQE%-L.

Table 1
The absorption characteristics and optical properties of the three compounds.

Compound labs (nm)a lex (nm)b lem (n

CH2Cl2 DMSO CH2Cl2 DMSO CH2Cl2

1a 269,337 269,338 344 347 379
2a 280,351 282,353 360 362 428
2b 289,352 291,355 360 363 430

a UV-vis absorption wavelength in CH2Cl2 or in DMSO at room temperature.
b Excitation wavelength in CH2Cl2 or in DMSO at room temperature.
c Fluorescence wavelength in CH2Cl2 or in DMSO at room temperature.
d Fluorescence quantum yields, measured in CH2Cl2 solution using a 0.2mol/L H2SO
e HOMO energy levels derived from the oxidation potential using HOMO = - Eox - 4.
f LUMO energy levels were deduced using the formula LUMO =HOMO + Eg.
g Eox, the onset of oxidation potentials were measured with cyclic voltammetry syst
h Eg = 1240/UV(onset). UVs (onset) were estimated from the onset of the absorption
slightly red-shifted by 2 nm relative to 2a. Moreover, both
compounds were slightly red-shifted in DMSO relative to those
in CH2Cl2. Comparing the absorption and fluorescence spectra of
2a, 2b and 1a indicates that absorption and fluorescence are
determined by the whole conjugation system and substitutions at
the C-9 position of the fluorene have little influence on the optical
properties of the molecule.

TheHOMOand LUMOof 2a [67_TD$DIFF] and bwere determined by the cyclic
voltammetrical analysis and UV–vis absorption edge. The mea-
sured HOMO levels for 2a and 2b are �5.56 and �5.53 and their
LUMO levels are �2.38 and �2.42, respectively. Therefore,
substitutions at the C9 position have little impact on their frontier
energy levels. Apparently, these two compounds exhibit wide
bandgaps and this is suitable for their use as blue emitters. To
provide a better insight into the geometries and electron-state-
density distributions of the fluorophores, DFTcalculation at B3LYP/
6-31 G(d) level was performed, as provided in Fig. 2. In the
optimized ground state geometry, 2a and 2b show twisted
structures with a dihedral angle around 15� between the phenyl
spacer and plane of fluoreno[2,3-d]imidazole. The electron cloud
distribution of the two compounds is almost similar. The HOMO
state density of the two fluorophores mainly distributes on the
fluorenoimidazole skeleton and the bridging phenyl ring, spread-
ing on the phenyl ring of the terminal fluorene. On the other hand,
ompounds in CH2Cl2; (c) EL spectrum of compound 2b; (d) The J-V-L characteristics;

m)c FFL
d HOMOe LUMOf Eox

g Eg
h

DMSO

382 0.84 �5.52 �2.17 0.92 3.35
428 0.86 �5.56 �2.38 0.96 3.18
432 0.88 �5.53 �2.42 0.93 3.11

4 solution of quinine sulfate (FFL = 0.55) as a reference.
60.

em.
spectra.
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Fig. 2. Optimal structures and the distributions of the frontier levels (HOMO,
LUMO) for 2a[67_TD$DIFF] and b.
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the LUMO state electron density mainly locates on the benzoimi-
dazole ring, N-1 phenyl group and the interconnected phenyl ring
with a minor contribution from the phenyl ring of the fluorene
unit. The calculated HOMO levels were �5.19, �5.42 eV, while the
LUMO levels were �1.45, �1.76 eV for 2a and 2b, respectively. The
predicted HOMO and LUMO energies show good agreement with
the experimental results although there are some discrepancies.

Compound 2b exhibited good thermal stability with a high
decomposition temperature (Td: corresponding to 5wt%mass loss)
of 350 �C and a high glass transition temperature (Tg) of 490 �C,
which is suffice for application in OLEDs. To explore the potential of
2b as active ingredient, we fabricated blue fluorescence OLEDs by
multi-layer vacuum deposition with the device configuration of
ITO / HATCN (5 nm) / NPB (20 nm) / TCTA (10 nm) / CBP: 2b (5%)
(20 nm) / TMPYPB (40 nm) / LiQ (1 nm) / Al (80 nm), in which ITO
(indium tin oxide) was used as anode, HATCN (1,4,5,8,9,11-hexaaza
triphenylene-hexacarbonitrile) used as the hole injection layer
(HIL), NPB (N,N'-bis-(1-naphthyl)-l)-N,N'-diphenyl-[1,10-biphenyl]-
4,40-diamine) used as the hole blocking layer (HBL), TCTA (4,40,40'-
tris(carbazol-9-yl)-triphenylamine) used as the exciton blocking
layer (EBL), the 2b (5% concentration) doped in the CBP (4,40-N,N'-
dicarbazole-biphenyl) host material was used as the emitting layer
(EML), TmPYPB (3,30-(50-(3-(pyridin-3-yl)phenyl)-[1,10:30,10'-ter-
phenyl]-3,30'-diyl)dipyridine) used as the electron transporting
layer (ETL), LiQ (lithium 8-hydroxyquinolate) used as the electron
injecting layer (EIL), Al was used as the cathode. The EL spectrumof
this device shows blue emission maxima at around 428 nm, which
was almost the same as compared to that obtained from CH2Cl2
solution. This doped device is located in the deep-blue regionwith
CIE (x, y) values of (0.1590, 0.0465), exhibits a maximum
luminance of 1272 cd/m2 at 4 V, a maximum luminance efficiency
of 1.45 cd/A, a maximum power efficiency of 0.85 lm/W and a
maximum external quantum efficiency of 4.72%.

In summary, two 2-(4-(9,9-disubstitued-9H-fluoren-2-yl)phe-
nyl)-9,9-diethyl-1-phenyl-1,9-dihydrofluoreno[2,3-d]imidazole
derivatives 2a and 2b were designed and synthesized for
application in doped blue OLEDs. The fabricated device based on
2b doping into 4,40-N,N'-dicarbazole-biphenyl (5%) as an emitter
shows a good performance with maximum EL peak at 428 nm, a
maximum luminance of 1272 cd/m2 at 4 V, a maximum luminance
efficiency of 1.45 cd/A, a maximum power efficiency of 0.85 lm/W
and CIE coordinate (0.1590, 0.0465), approaching EBU deep blue
standard [32]. Further research regarding the incorporation of
these systems usable as organic light-emitting diodes will be
reported in due course.
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