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(Abstract: Aggregation-induced delayed fluorescence (AIDF)
can be regarded as a special case of aggregation-induced
emission (AIE). Luminogens with AIDF can simultaneously
emit strongly in solid state and fully utilize the singlet and
triplet excitons in organic light-emitting diodes (OLEDs). In
this work, two new AIDF luminogens, DMF-BP-DMAC and
DPF-BP-DMAC, with an asymmetric D-A-D’ structure, are de-
signed and synthesized. The characteristics of both lumino-
gens are systematically investigated, including single crystal

\J

structures, theoretical calculations, photophysical properties
and thermal stabilities. Inspired by their AIDF nature, the
green-emission non-doped OLEDs based on them are fabri-
cated, which afford good electroluminescence performances,
with low turn-on voltages of 2.8V, high luminance of
52560 cdm™, high efficiencies of up to 14.4%, 42.3 cdA™'
and 30.2 ImW™", and very small efficiency roll-off. The results
strongly indicate the bright future of non-doped OLEDs on
the basis of robust AIDF luminogens. )

Introduction

With the advantages of low cost, flexibility, self-luminescence
and so forth, organic light-emitting diodes (OLEDs) have been
considered as one of the most promising techniques for full-
color display and solid-state lighting."” To date, by reviewing
the development of OLEDs, there exists several kinds of light-
emitting materials according to their electroluminescence (EL)
mechanisms, including fluorescence,” phosphorescence,” trip-
let-triplet annihilation (TTA)," singlet fission (SF),”’ hybridized
local and charge-transfer (HLCT)® and thermally activated de-
layed fluorescence (TADF).”” Among them, the low-cost purely

organic TADF luminogens can theoretically harvest 100% of

the electrogenerated singlet (S;) and triplet (T,) excitons by
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rapid reverse intersystem crossing (RISC) owing to their small
energy gaps between S, and T, (usually <0.3 eV).** However,
in most cases, sophisticated doping technique is needed to
fabricate OLEDs based on TADF luminogens to avoid some de-
structive processes,"” such as aggregation-caused quenching
(ACQ), singlet-triplet annihilation (STA),"" triplet-polaron anni-
hilation (TPA)!'? and TTA.["™!

Creating luminogens with aggregation-induced emission
(AIE) property is an ideal way to solve the problem of concen-
tration quenching and simplify the manufacture of OLEDs.*'¥
Among the AIE luminogens (AlEgens) for the application in
OLEDs, silole and tetraphenylethene (TPE) derivatives are very
popular, and have been extensively investigated and adopted
to make efficient OLEDs with simplified configurations. For ex-
ample, highly efficient non-doped OLEDs were achieved based
on p-type TPE derivatives,"* which provided high maximum
EL efficiencies of 15.7 cdA™", 129 ImW™" and 5.12% for three-
layer devices, and 16.2 cdA™", 14.4Im W' and 5.35% for two-
layer devices, which is among the best results at that time.
However, most of these reported AlEgens are conventional flu-
orescent molecules, which can merely harvest 25% excitons
for light emission. To address this issue, recently, we developed
a new variety of luminogens with a charming property of ag-
gregation-induce delayed fluorescence (AIDF)."™™ AIDF lumino-
gens are free of ACQ problem and can theoretically utilize
100% of the electrically generated excitons, which have great
potential to be applied in non-doped OLEDs.™' To further
develop more efficient AIDF luminogens, herein, an asymmet-
ric donor-acceptor-donor’ (D-A-D’) electronic structure com-
posed of a carbonyl acceptor (A) and two different donors (D
and D’) is proposed. Although a symmetric D-A-D molecule
can also be an AIDF molecule, which takes the advantage of
simplicity,"® the asymmetric D-A-D’ structure can broaden
the diversity of the molecules with delayed fluorescence,
which is favored for facilely optimizing their photophysical
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property, carrier transporting ability, electronic structure and so
on, by adopting various donor groups in one molecule."*®
Based on this principle, in this work, the twisted electron-do-
nating 9,9-dimethyl-9,10-dihydro-acridine (DMAC) is used as a
donor to form a major D-A structure with electron-accepting
carbonyl group, which is responsible for the separation of
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO), and thus the small AE; for
delayed fluorescence. To further depress the intermolecular -
7t stacking, two donors of fluorene derivatives with different
degrees of steric hindrance, 9,9-dimethylfluorene (DMF) and
9,9-diphenylfluorene (DPF), are employed in the molecular
structure. Successfully, the generated new molecules, DMF-BP-
DMAC and DPF-BP-DMAC, exhibit prominent AIDF nature and
good EL efficiencies in non-doped OLEDs with very small effi-
ciency roll-off.

Results and Discussion
Synthesis

The synthetic routes and molecular structures of DMF-BP-
DMAC and DPF-BP-DMAC are depicted in Scheme 1. They are
easily synthesized in two steps in high yields via the Friedel-
Crafts acylations and Buchwald-Hartwig aminations. Expensive
catalysts are not employed in the synthetic routes, so that the
total costs of the material synthesis are decreased, which is fa-
vored for large-amount production. The final products are fur-
ther purified by temperature-gradient vacuum sublimation
after column chromatography before the measurements of
crystal structures, electrochemical properties, photophysical
properties, thermal stabilities and EL performances. In addition,
DMF-BP-DMAC and DPF-BP-DMAC are highly soluble in widely-
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Scheme 1. Synthetic routes and molecular structures of DMF-BP-DMAC and
DPF-BP-DMAC.

used solvents, such as tetrahydrofuran (THF), chloroform, di-
chloromethane and so forth, but not soluble in water.

Crystal structures

Single crystals of DMF-BP-DMAC and DPF-BP-DMAC are grown
from a mixed solution of dichloromethane/n-hexane by gradu-
ally evaporating the solvents at room temperature and then
analyzed by X-ray crystallography. As shown in Figure 1a, both
molecules exhibit highly twisted conformations. The torsion
angles between DMAC and the adjacent phenyl ring are 82°
and 85° for DMF-BP-DMAC and DPF-BP-DMAC, respectively,
which conduce to the effective separation of HOMO and
LUMO. What's more, the packing patterns of DMF-BP-DMAC
and DPF-BP-DMAC are shown in Figure 1c and 1d, respective-
ly. It can be seen that multiple C—H--t and C=0--H hydrogen

K

dy=2.559 A, d, =2.832 A, d, = 2.866 A
d.=2.587 A, dg = 2.726 A, d; = 2.795 A

AC=0-H"

d,=2.663A,d,=2.415A, dy=2.418 A,
d.=2.882 A, ds=2.893 A, d; =2.879 A

Figure 1. (a) Single crystal structures (CCDC 1572678 and CCDC 1572671 for DMF-BP-DMAC and DPF-BP-DMAC, respectively). (b) Frontier orbital amplitude
plots of DMF-BP-DMAC and DPF-BP-DMAC, calculated by the M06-2X hybrid functional at the basis set level of 6-31G(d). Packing patterns of (c) DMF-BP-

DMAC and (d) DPF-BP-DMAC in crystals.
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bonds are formed amongst molecules, while no mt-mt stacking
can be found due to their twisted conformations. Therefore,
nonradiative decay processes in the aggregated state are de-
pressed and, as a result, the luminogens can exhibit strong
emission in solid state without emission quenching.

Theoretical calculations

To investigate the electronic structures of both luminogens,
quantum-chemical calculations are conducted via density func-
tional theory (DFT) with the M06-2X hybrid functional at the
basis set level of 6-31G(d). The optimized structures are obvi-
ously twisted as we expected, similar to the single-crystal
structures. As shown in Figure 1b, the HOMOs are centered at
the DMAC moiety in both luminogens, while the LUMOs are
delocalized over the carbonyl core and part of the DMF/DPF
units. The HOMOs and LUMOs are essentially separated, ensur-
ing a small AEs;: On the other hand, the somewhat overlap be-
tween HOMO and LUMO is helpful for achieving both high
photoluminescence quantum vyields (@) and delayed fluores-
cence at the same time.

Photophysical properties

The basic photophysical properties of DMF-BP-DMAC and DPF-
BP-DMAC are analyzed by UV-vis absorption, steady photolu-
minescence (PL) spectra and transient decay PL spectra. As
shown in Figure 2a, DMF-BP-DMAC and DPF-BP-DMAC possess
similar absorption peaks at ~320 nm. Extended to =430 nm,
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Figure 2. (a) Absorption spectra of DMF-BP-DMAC and DPF-BP-DMAC in THF
solution (107° molL™"). (b) Normalized PL spectra of the luminogens in neat
films. PL spectra of (c) DMF-BP-DMAC and (d) DPF-BP-DMAC in THF/water
mixed solutions with various water fraction (f,); the concentrations of DMF-
BP-DMAC and DPF-BP-DMAC are 10~° molL™". Inset: photos of DMF-BP-
DMAC and DPF-BP-DMAC in THF/water mixtures (f, =0 and 99 %), taken
under a 365 nm UV lamp.

Chem. Asian J. 2019, 14, 828 - 835 www.chemasianj.org

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

weak and long absorption tails are observed in both lumino-
gens, which can be ascribed to intramolecular charge transfer
(ICT) effect between DMAC and carbonyl groups. In THF solu-
tions, DMF-BP-DMAC and DPF-BP-DMAC exhibit PL peaks at
534 nm and 541 nm with relatively low @, values of 21.9%
and 21.7%, while in neat films, DMF-BP-DMAC and DPF-BP-
DMAC show strong PL peaks at 509 nm and 515 nm (shown in
Figure 2b) with increased @, values of 31.9% and 62.3%, re-
spectively, indicating their AIE properties. Compared to DMF
unit, the DPF one is bulkier, which further depresses the s
interaction in neat film of DPF-BP-DMAC, resulting in a higher
@,,. Neat films of DMF-BP-DMAC and DPF-BP-DMAC are free of
ACQ problem and they are good candidates for non-doped
OLED:s.

To further validate the AIE property, the PL behaviors of
DMF-BP-DMAC and DPF-BP-DMAC in THF/water mixed systems
are then investigated (Figure 2c and 2d). Both luminogens
show similar behaviors with the increment of water fraction.
The luminogens do not emit strongly until the water fraction
(f,) is increased to 80% and higher. Actually, the PL intensity is
decreased as the water fraction increases at first (Figure S1),
which is attributed to ICT effect because of the high polarity of
water. But as f,, reaches a high value, the aggregates of the lu-
minogens are formed because they are insoluble in water. As a
result, the intramolecular motion of the luminogens are re-
stricted, which suppresses the nonradiative process and thus
increases PL intensity. Furthermore, owing to the decreased
polarity in aggregate,"™ blue shifted PL peaks are observed
when f,, increases.

To dig into the PL mechanisms of both luminogens, the AEg;
values of their neat films are then obtained from the onsets of
fluorescence and phosphorescence spectra at 77 K (Figure S2).
Table 1 concludes the key photophysical data of DMF-BP-
DMAC and DPF-BP-DMAC. The AEs; values of the neat films of
DMF-BP-DMAC and DPF-BP-DMAC are measured to be 0.14 eV
and 0.09 eV, which are small enough for effective thermally-
promoted exciton up-conversion from T, to S,. Therefore, the
luminogens are potential emitters with delayed fluorescence.
Hence, we measure their transient decay PL spectra at various
temperatures in order to verify the potential. Figure 3 shows
the temperature-dependent transient decay curves of the lumi-
nogens. Roughly, the curves can be split into two segments, a
nanosecond-scale prompt decay component and a microsec-
ond-scale delayed component, fitted by the double-exponen-
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Figure 3. Temperature-dependent transient decay PL spectra of neat films of
DMF-BP-DMAC and DPF-BP-DMAC under nitrogen atmosphere.

830 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemasianj.org

o

Asia emica
Editorial Society

CHEMISTRY

AN ASIAN JOURNAL

Full Paper
Table 1. Photophysical data of DMF-BP-DMAC and DPF-BP-DMAC in film.”
Emitter Dy Torompt Tdelayed Reelayed D rompt Dgelayed Disc Dpisc ke kic kisc kisc
[%] [ns] [us] [%] [%] [%] [%] [%] [x10°s71] [x10°s7'] [x10°s7'] [x10°s7']
DMF-BP-DMAC 31.9 29.7 4.9 66 1" 20.9 65.6 31.9 37 7.9 221 59
DPF-BP-DMAC 62.3 20.9 7.8 63 23 393 63.1 62.3 n 6.7 30.2 35

[a] Abbreviations: @, =absolute photoluminescence quantum yield; T,ompt aNd Tyeiayea = lifetimes calculated from the prompt and delayed fluorescence
decay, respectively; Rueiyeq = the ratio of delayed components; @ omo and Pyejayeq = PL quantum yields of fluorescent and delayed components, respective-
ly, determined from the total @, and the proportion of the integrated area of each of the components in the transient spectra to the total integrated
area; @i =the intersystem crossing quantum yield; k. =fluorescence decay rate; k= internal conversion decay rate from S, to Sy; kisc =intersystem cross-
ing decay rate from S, to T,; ®gsc =the reverse intersystem crossing quantum yield; kgsc = the rate constant of reverse intersystem crossing process. Ryejayeds
Dromptr Patelayear Piscr Priscr K Kics kisc and kysc are calculated according to the equation $1-510 in Supporting Information.

tial functions. Additionally, as temperature increases, the ratio
of delayed component increases, forcefully indicating their
TADF properties.

Inspired by the intriguing AIE nature, we wonder if the simi-
lar situation will occur in the aspect of delayed fluorescence.
Therefore, the transient PL decay curves of DMF-BP-DMAC and
DPF-BP-DMAC in solution and in neat films are depicted in
Figure 4 for comparison. Both luminogens show longer life-
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Figure 4. Transient decay PL spectra of DMF-BP-DMAC and DPF-BP-DMAC in
solutions (107> molL™") and in neat films; the data was collected at room
temperature and under N, atmosphere.

times in neat films than in solutions, as illustrated in Table S2.
Taking DPF-BP-DMAC as an instance, the lifetime of the de-
layed component in neat film (Tyeayeq=7.8 ps) is longer than
that in solution (Tyeayeq = 1.2 ps), which discloses its AIDF prop-
erty.">' The ratio of delayed components (Rygyeq) and the de-
layed PL quantum yield (Dyejayeq) Of DPF-BP-DMAC in neat film
(Ryelayea =63% and D, .q=39.3%) are also higher than those
in solution (Ryeiayed=31% and Py pyeq = 6.8 %), wWhich corrobo-
rates the AIDF characteristic. What is more, the intersystem
crossing rate constant (ko) the rate constant of fluorescence
(ke) and the rate constant of delayed fluorescence (Kgeayed) are
then estimated based on the PL quantum yields and lifetime
data. With regard to DMF-BP-DMAC, the results also validate
its AIDF property (Tyelayed =49 1S, Rielayed=66% and Dgejayeq =
20.9% in neat film; Tyeayeq=1.7 US, Ryelayed =27 % and Dyejayea =
5.9% in solution).

Electrochemical behaviors

For gaining deep insights into the electrochemical behaviors
of both luminogens, we investigated their experimental
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energy levels by cyclic voltammetry. As illustrated in Figure 5,
they show reversible oxidation processes, which is an indica-
tion of their good electrochemical stability. From the Figure, it
can be easily analyzed that the oxidation peaks of DMF-BP-

—— DMF-BP-DMAC
-----DPF-BP-DMAC

Current (A)

0.0 03 06 0.9 12
Potential (V)

Figure 5. Cyclic voltammograms of DMF-BP-DMAC and DPF-BP-DMAC, mea-
sured in dichloromethane containing 0.1 m tetrabutylammonium hexafluoro-
phosphate. Scan rate: 50 mVs™'.

DMAC and DPF-BP-DMAC are 1.06 eV and 1.05 eV, respectively,
while the initial oxidation potentials are 0.90 eV and 0.88 eV, re-
spectively. The energy levels of HOMOs and LUMOs are calcu-
lated to be —5.31eV and —2.61 eV for DMF-BP-DMAC, and
meanwhile, —5.29 eV and —2.51 eV for DPF-BP-DMAC, respec-
tively, according to the methods described in Supporting Infor-
mation.

Thermal stability

To further evaluate the thermal stability of DMF-BP-DMAC and
DPF-BP-DMAC, thermogravimetric analysis (TGA) and differen-
tial scanning calorimeter (DSC) are conducted. As can be seen
in Figure 6, thermal decomposition temperature (T,) and glass-
transition temperature (T,) of DMF-BP-DMAC are 322°C and
87°C, respectively. DPF-BP-DMAC possesses better thermal sta-
bility with higher T, and T, of 380°C and 125°C, respectively.
Generally speaking, both new luminogens are suitable for
OLED fabrication by thermal-deposition.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (A) Thermogravimetric analysis (TGA) and (B) differential scanning
calorimeter (DSC) curves of DMF-BP-DMAC and DPF-BP-DMAC.

Electroluminescence

Since DMF-BP-DMAC and DPF-BP-DMAC possess prominent
AIDF property and good thermal stability, it is inspiring to fab-
ricate non-doped OLEDs based on them. One thing should be
mentioned is that, to avoid triplet-energy loss, the T, of the ad-
jacent layers should be higher than the luminogens. So, two
types of OLED devices are carefully designed and fabricated,
device | and device Il (Figure 7). For device |, the configuration

LiF/Al

LiF/Al

ITO

[}
s

HATCN

Device | Device Il

»
o

Unit : eV

Figure 7. Configurations and energy level of non-doped OLEDs based on
DMF-BP-DMAC and DPF-BP-DMAC.

is ITO/HATCN (5 nm)/TAPC (20 nm)/TcTa (5 nm)/emitter
(35 nm)/TmPyPB (55 nm)/LiF (1 nm)/Al, and for device Il, the
configuration is ITO/HATCN (5 nm)/NPB (30 nm)/mCP (10 nm)/
emitter (30 nm)/TPBi (50 nm)/LiF (1 nm)/Al. Indium-tin oxide
(ITO) is a kind of transparent anode; hexaazatriphenylenehexa-
cabonitrile (HATCN) is a commonly used hole-injection materi-
al;  N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)benzidine (NPB)
and 4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)aniline]
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(TAPC) are used to transport holes in the devices; tris[4-(carba-
zol-9-yl)phenyllamine (TcTa) and 9,9'-(1,3-phenylene)bis-9H-car-
bazole (mCP) can transport holes and block triplet excitons si-
multaneously since both of them have high T, of 2.9 eV; Neat
films of DMF-BP-DMAC and DPF-BP-DMAC act as emitters in
the  devices;  1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene
(TPBi) and 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB) (T, =
2.7 eV and 2.9 eV, respectively) are utilized as electron-trans-
porting materials and LiF/Al works as cathode. The detailed
fabrication process can be seen in the Experimental Section.

The character curves are depicted in Figure 8, and key data
of the devices are illustrated in Table 2. The devices are turned
on at low voltages of 2.8-3.9 V and radiate stable and strong
green light, owing to the proper device structures. DPF-BP-
DMAC-based device | affords high maximum current efficiency,
power efficiency and external quantum efficiency of
438 cdA ', 40.2 ImW" and 13.2%, respectively, while DMF-BP-
DMAC-based device | only shows EL efficiencies of 19.9 cdA™",
16.4ImW™" and 5.7 %.

The huge difference between the efficiencies of the non-
doped OLED:s is probably due to the difference between neat-
film @, values of two luminogens. The devices Il afford maxi-
mum external quantum efficiencies of 6.4% and 14.4% for
DMF-BP-DMAC and DPF-BP-DMAC, respectively, which are a
little bit higher than those of devices I. To both DPF-BP-DMAC
and DMF-BP-DMAC, the turn-on voltages of devices |l are
slightly higher than device |, resulting in relatively lower power
efficiencies of device Il. This phenomenon may be attributed to
the larger hole-injection barrier of NPB/mCP interface (0.5 eV)
than NPB/TcTa interface (0.2 eV). Moreover, device | of DPF-BP-
DMAC retains high external quantum efficiency of 12.6% at
1000 cdm™?, revealing a very small efficiency roll-off. This indi-
cates that the high-concentration exciton annihilation at high
voltages has been suppressed effectively. The highly twisted
molecular conformation leads to a loose molecular packing in
neat films, and thus prevents the excitons from annihilating via
short-range Dexter energy transfer (DET).

To decipher the high performance of the OLEDs, the ratio of
total exciton utilization is discussed. For OLEDs, the maximum
external quantum efficiencies can be theoretically estimated
by Equation (1),

Next = Mint X Nour = Y X st X QPL X Nout (1)
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Figure 8. (a) Luminance-voltage-current density (b) external quantum efficiency-luminance, (c) current efficiency-luminance and (d) EL spectra curves of non-

doped electroluminescent devices based on DMF-BP-DMAC and DPF-BP-DMAC.
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Table 2. The performance of non-doped OLED devices utilizing DMF-BP-DMAC and DPF-BP-DMAC as light-emitting layers.”
Device Vo, V] maximum values values at 1000 cdm™ CIE (x,y) Ag [Inm]
e e Next L 4 S e Next
[cdA™] lmw™ [%] [cdm™ I\ [cdA™] Imw™ [%]
| 3.2 19.9 16.4 5.7 23270 52 16.8 10.1 4.8 (0.309, 0.595) 528
DMF-BP-DMAC l 3.9 21.6 14.6 6.4 32460 6.6 17.0 8.1 5.1 (0.297, 0.592) 526
| 2.8 43.8 40.2 13.2 50170 5.0 42.0 26.3 12.6 (0.346, 0.571) 534
DPF-8P-DMAC Il 3.1 42.3 30.2 14.4 52560 54 343 19.9 n.7 (0.304, 0.560) 524
[a] Abbreviations: V,, =turn-on voltage at 1 cdm™; 7, 7» 7ex and L stand for current efficiency, power efficiency, external quantum efficiency and lumi-
nance for the devices, respectively. Collected at the driving voltage of 4V, CIE and Ag represent Commission internationale de I'éclairage coordinates and
the electroluminescent wavelength of each device. Device configuration: ITO/HATCN (5 nm)/TAPC (20 nm)/TcTa (5 nm)/emitter (35 nm)/TmPyPB (55 nm)/LiF
(1 nm)/Al (device I); ITO/HATCN (5 nm)/NPB (30 nm)/mCP (10 nm)/emitter (30 nm)/TPBi (50 nm)/LiF (1 nm)/Al (device II).

where %oy Nouwr Vs Hst and @y stand for external quantum effi-
ciency, light outcoupling efficiency (generally 0.2-0.3 without
outcoupling enhancement methods), charge balance factor
(ideally equal to 1), utilization ratio of electrogenerated exci-
tons and PL efficiency of the emitting layer, respectively. Given
that the DPF-BP-DMAC-based device Il exhibits high 7., of
144% and @, of 623% and assuming an ideal y=1 and
Nowe=0.25, n¢r is calculated to be 92.7%, which is 3.7-fold of
the exciton utilization limit of conventional fluorescent lumino-
gens (25%). The result strongly indicates that neat films of
DPF-BP-DMAC can efficiently harvest both singlet and triplet
excitons for light emission in non-doped OLEDs owing to the
intrinsic AIDF property.

Conclusions

To summarize, two D-A-D’ type luminogens, DMF-BP-DMAC
and DPF-BP-DMAC, are successfully synthesized and fully char-
acterized. They show evident AIDF properties, and can fully
harvest the electrogenerated excitons in EL devices. Without
the problem of concentration quenching, the non-doped
OLEDs based on DPF-BP-DMAC exhibit high EL efficiencies
(43.8cdA™’, 402ImW™" and 132% for devicel, and
423 cdA™’, 302 ImW™" and 14.4% for device ll), along with
very small efficiency roll-off as luminance increases. With the
reasonable asymmetric design strategy, a great number of
AIDF luminogens with various functional substituents could be
developed to further improve the efficiency and stability of
non-doped OLEDs.

Experimental Section
Synthesis and Characterization

(4-Bromophenyl)(9,9-dimethylfluoren-2-yl)methanone (DMF-BP-
Br): 4-Bromobenzoyl chloride (0.78 g, 3.6 mmol), 9,9-dimethylfluor-
ene (0.58 g, 3 mmol) and 25 mL dry dichloromethane were mixed
together under stirring at ambient conditions. Then anhydrous
AICl; (0.48 g, 3.6 mmol) was added into the mixture slowly and fol-
lowed by stirring for 3 h at 40°C. Then, the reaction was quenched
by poured into 200 mL ice-HCI solution, and the aqueous layer was
separated from the organic layer. Then the aquatic phase was fur-
ther extracted with dichloromethane for several times. The com-
bined organic layers were washed twice with water (extracted the
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aquatic phases again if needed), and then dried over anhydrous
Na,SO,. After filtration and solvent evaporation under reduced
pressure, the residue was purified by silica-gel column chromatog-
raphy using dichloromethane/petroleum as eluent. DMF-BP-Br was
obtained as a white solid in 87% yield. '"H NMR (500 MHz, CDCl,):
0=791 (d, J=1.0Hz, 1H), 7.82-7.68 (m, 5H), 7.67-7.63 (m, 2H),
7.50-7.46 (m, 1H), 7.43-7.36 (m, 2H), 1.52 ppm (s, 6H); *C NMR
(125 MHz, CDCl,): 6 =195.63, 154.78, 153.83, 143.98, 137.83, 136.99,
135.82, 131.58, 131.51, 130.04, 128.70, 127.31, 127.18, 124.29,
122.88, 121.02, 119.57, 47.08, 26.96 ppm. HRMS (MALDI-TOF): m/z
[M*] caled C,,H,,BrO, 376.0463; found, 376.0608.

(4-Bromophenyl)(9,9-diphenylfluoren-2-yl)methanone (DPF-BP-
Br): The procedure was analogous to that described for DMF-BP-Br.
White solid, yield 91%. "H NMR (500 MHz, [Dg]DMSO): 6 =8.15-8.05
(m, 2H), 7.81-7.72 (m, 4H), 7.66-7.61 (m, 2H), 7.56-7.40 (m, 3H),
7.34-722 (m, 6H), 7.17-7.09 ppm (m, 4H); *CNMR (125 MHz,
CDCly): 6=195.05, 152.20, 151.43, 145.14, 144.79, 138.78, 136.56,
136.10, 131.59, 131.48, 130.17, 129.12, 128.39, 128.17, 128.03,
127.86, 127.30, 126.97, 126.51, 121.21, 120.03, 65.57 ppm. HRMS
(MALDI-TOF): m/z [M™] calcd C3,H,,BrO, 500.0776; found, 500.1129.

(9,9-Dimethyl-9H-fluoren-2-yl)(4-(9,9-dimethylacridin-10-yl)phe-
nyl)methanone (DMF-BP-DMAC): A mixture of DMF-BP-Br (0.74 g,
2 mmol), 9,9-dimethyl-9,10-dihydroacridine (1.00g, 4.8 mmol),
tBuONa (0.46 g, 6 mmol), P(tBu); (0.4 mL, 0.08 mmol), Pd(OAc),
(10 mg, 0.04 mmol) were dissolved in toluene (80 mL). The mixture
was stirred and refluxed at 120°C for 12 h under nitrogen atmos-
phere. After cooling to room temperature, the reaction mixture
was poured into water and extracted with dichloromethane for
three times. The combined organic layers were washed with water,
and dried over anhydrous Na,SO,. After filtration and solvent evap-
oration, the residue was purified by silica-gel column chromatogra-
phy using dichloromethane/petroleum ether as an eluent. The
product was obtained as a yellow solid in 82% vyield. 'HNMR
(500 MHz, [D¢]DMSO): 6 =8.12-8.02 (m, 4H), 8.01-7.95 (m, 1H),
7.85 (dd, J=7.9, 1.5 Hz, 1H), 7.67-7.63 (m, 1H), 7.60-7.56 (m, 2H),
7.53 (dd, J=7.8, 1.4 Hz, 2H), 7.46-7.40 (m, 2H), 7.06-7.01 (m, 2H),
6.99-6.93 (m, 2H), 6.31 (dd, J=8.2, 1.0Hz, 2H), 1.64 (s, 6H),
153 ppm (s, 6H); CNMR (125MHz, [DJDMSO): &=195.37,
154.99, 154.07, 144.99, 143.73, 140.46, 137.74, 137.51, 136.20,
132.95, 131.19, 130.72, 130.56, 129.28, 127.87, 127.05, 125.95,
124.27, 123.55, 121.78, 121.49, 120.49, 114.59, 47.24, 36.15, 31.54,
27.10 ppm. HRMS (MALDI-TOF): m/z [M*] calcd GC;H;NO,
505.2406; found, 505.2420.

(4-(9,9-Dimethylacridin-10-yl)phenyl)(9,9-diphenylfluoren-2-yl)-

methanone (DPF-BP-DMAC): The procedure was analogous to
that described for DMF-BP-DMAC. Yellow solid, yield 74%. 'H NMR
(500 MHz, DMSO): 6=28.17 (d, J=7.9 Hz, 1H), 8.09 (d, J=7.4Hz
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1H), 7.98 (d, J=8.3 Hz, 2H), 7.93-7.87 (m, 2H), 7.57-7.42 (m, 7H),
7.35-7.22 (m, 6H), 7.20-7.14 (m, 4H), 7.06-6.91 (m, 4H), 6.28-6.23
(m, 2H), 1.63 ppm (s, 6H); CNMR (125 MHz, [DJDMSO): &=
195.04, 152.11, 151.32, 145.40, 145.02, 144.65, 140.41, 138.80,
137.27, 136.48, 132.93, 131.09, 130.99, 130.67, 129.81, 129.06,
128.61, 128.07, 127.49, 127.03, 126.78, 126.00, 122.26, 121.49,
121.06, 114.52, 65.53, 36.13, 31.63 ppm. HRMS (MALDI-TOF): m/z
[M*] caled C,;H3NO, 629.2179; found, 629.2284.

X-Ray Crystallography

Crystal data for DMF-BP-DMAC (CCDC 1572678): C3;H;,NO, My,=
505.63, orthorhombic, Pbca, a=13.8892(10), b=11.2687(7), c=
34.863(3) A, V=54565(7) A, Z=8, pas=1231gcm> u=
0.073 mm~" (Moy,, 4=0.71073), F(000)=2144, T=173(2) K, 20459
measured reflections, 4935 independent reflections (R;,.=0.0760),

GOF on F*=1.059, R1=0.1047, wR2=0.1120 (all data).

Crystal data for DPF-BP-DMAC (CCDC 1572671): C,;H3sNO, My,=
629.76, triclinic,c P-1, a=12.1192(9), b=12.4238(8), «c=
12.7634(11) R, 0 =65.698(2)°, B=72.986(3)°, y=78.346(2)°, V=
1667.412) A, Z=2, peag=1.254 gcm™>, ©u=0.074 mm~" (Moy,, A=
0.71073), F(000)=664, T=173(2) K, 16508 measured reflections,
6052 independent reflections (R;,=0.0922), GOF on F*=1.030,
R7=0.1302, wR2=10.1290 (all data).

CCDC 1572671 and 1572678 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

Fabrication and Characterization of OLEDs

At the very beginning of the experiment, glass substrates precoat-
ed with a 90 nm indium tin oxide (ITO) with a sheet resistance of
15-20 Q per square were thoroughly cleaned in ultrasonic bath of
detergent and deionized water, respectively, taking 30 minutes for
each step. Then, the substrates were totally dried in a 65°C oven.
After that, in order to improving the hole injection ability of ITO,
the substrates were treated by O, plasma for 10 minutes. The
vacuum-deposited OLEDs were fabricated under a pressure of
<5x10* Pa. Organic materials, LiF and Al were deposited at rates
of 1-2As',0.1 As 'and 10 As ™', respectively.

The current density-voltage-luminance and external quantum effi-
ciency of the devices were characterized by a dual-channel Keithley
2614B source meter and a PIN-25D silicon photodiode. The EL
spectra of the devices were obtained in normal direction utilizing a
spectrometer (Ocean Optics USB 2000), according to the method
reported by S.R. Forrest."” The effective emitting area of the devi-
ces was 4 mm?. All the characterizations were conducted at room
temperature in ambient conditions without any encapsulation, as
soon as the devices were fabricated.
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