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a  b  s  t  r  a  c  t

By  introducing  a triarylamino  and  three-coordinate  boron  groups  into  a  fluorene  bridge,  an  asym-
metric  and  bipolar  compound,  2-dimesitylboron-7-(N-phenyl-�-naphthyl-amino)-9,9-diethylfluorene
(BNPEF),  was  prepared.  Light  emissions  of BNPEF  were  different  in  solvents  of  different  polari-
ties.  A  series  of electroluminescent  devices  was  fabricated.  Device  A  ITO/BNPEF/LiF/Al,  Device  B
ITO/NPB/BNPEF/LiF/Al,  Devices  C  and  D  ITO/NPB/BNPEF/BCP/AlQ3/LiF/Al,  Device  E ITO/BNPEF/AlQ3/LiF/Al
eywords:
ulticolor emission
aphthylamino
imesitylboron
luorene bridge
ultifunctional

and  Device  F  ITO/NPB/BNPEF/AlQ3/LiF/Al,  were  fabricated.  Device  A exhibited  a blue  emission  at  456  nm.
Device  B  showed  a  green  emission  at 512  nm  with  current  efficiency  of  0.67  cd/A.  The  blue  EL  peaks  of
Devices  C and D  were  at 488  and  484 nm  with  current  efficiencies  of  2.92  and  5.03  cd/A,  respectively.
Devices  E  and  F emitted  green  lights  at 520  and  528  nm  with  current  efficiencies  of  4.03  and  2.35  cd/A,
respectively.  The  characteristics  of  the devices  demonstrated  that  BNPEF  was  a  multifunctional  molecule
acting as  a  blue  emitting,  or hole-  or electron-transporting  materials.
lectroluminescent device

. Introduction

Organic light-emitting devices (OLEDs) typically comprise an
lectron-transport layer, an emitter and a hole-transport layer [1].
o facilitate charge transport and charge recombination in order to
nhance the overall efficiency, a device with multi-layered struc-
ures or doped emitter layer is often used [2].  However, this often
esults in degradation, leading to poor stability of OLEDs. It is there-
ore desirable to fabricate devices with a single and/or undoped
ayer to simplify the fabrication process and minimize the prob-
ems due to interfacial diffusion. An effective way to reduce the
umber of layers in a device is to use a multi-functional molecule
s both emitter and charge-transport materials. AlQ3 is a typical
ifunctional compound which is a green emitter as well as an
lectron-transport materials in OLEDs [3,4]. Stable blue emitters
emain to be one of the greatest challenges in OLEDs due to the poor
tability of the devices, and thus has been the focus of researches
nd development [5–8]. A recent work has demonstrated a way  to
mprove color stability in a multilayered OLED for a blue primary
sing a multifunctional material (PAQ5). Its super light-emitting

nd electron-transporting properties played an important role [9].

Three-coordinate boron compounds have been reported as
lectron-transport/hole-blocking materials for OLEDs [10–13].

∗ Corresponding author. Tel.: +86 10 60261111; fax: +86 10 60261108.
E-mail address: wenguanzhang@sina.com (W.  Zhang).

379-6779/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.synthmet.2011.08.042
© 2011 Elsevier B.V. All rights reserved.

2,2′-Dipyridylamino or 7-azaindolyl functional groups are intro-
duced into three-coordinate boron compounds, which are
used as blue-emitter and electron-transport materials [14].
Devices based on Mes2B(p-4,4′-biphenyl-NPh(1-naphthyl))
(BNPB), a molecule which has having part of a 4,4′-bis(N-1-
naphthylphenylamino)biphenyl (NPB) molecule and a boron
centre, produce a bright blue electroluminescence (EL). A two-
layered structure with BNPB for blue and AlQ3 for green produces
white (or bluish white) emission due to dual emission from BNPB
and AlQ3. BNPB serves as a hole-transporting material, AlQ3 as
electron-transporting material and both as light emitting material
[15]. A fluorene-bridge compound with a fused-ring system greatly
enhanced the thermal stability and charge-transporting capability
of the material. Recently fluorene-bridge triarylamines have
been widely investigated as hole-transport materials or emitters
[16–18].

In this paper triarylamino and three-coordinate boron groups
were incorporated into a fluorene bridge in the preparation of
an asymmetric and bipolar compound, 2-dimesityl-boron-7-
(N-�-naphthylphenylamino)-9,9-diethylfluorene (BNPEF). The
solvent-dependent emission, thermally stability and electrochem-
ical properties of BNPEF were investigated. Electroluminescent
devices having different structures incorporating BNPEF, Device A

ITO/BNPEF/LiF/Al, Device B ITO/NPB/BNPEF/LiF/Al, Devices C and D
ITO/NPB/BNPEF/BCP/AlQ3/LiF/Al, Device E ITO/BNPEF/AlQ3/LiF/Al
and Device F ITO/NPB/BNPEF/AlQ3/LiF/Al were fabricated and
characterized.

dx.doi.org/10.1016/j.synthmet.2011.08.042
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
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Fig. 1. A schematic diagram for chemical structure and synthetic route of BNPEF.
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. Experimental

.1. Materials

Fluorene, N-phenyl-�-naphthylamine, n-butyllithium
n-BuLi, 1.6 M),  18-crown-6, dimesitylboron fluoride
(Mes)2BF), 4,4′-bis(N-1-naphthylphenylamino)biphenyl (NPB),
,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), tris(8-
ydroxy-quinoline)aluminum (AlQ3), LiF and Al wires were
urchased from Acros Organics. Chemicals and solvents were
sed as received in the highest commercially available grade
nless described otherwise. Diethyl ether (Et2O) was  refluxed with
odium and distilled. 1,2-Dichlorobenzene and dimethyl sulfoxide
DMSO) were distilled at reduced pressure.

.2. Synthetic procedures

.2.1. 9,9-Diethylfluorene (1) [19], 2,7-diiodo-9,9-diethylfluorene
2) [20],
-iodo-7-(N-˛-naphthylphenylamino)-9,9-diethylfluorene (3)
20,21]

These were synthesized using methods described in the litera-
ures with modifications.

.2.2. 2-Dimesitylboron-7-(N-phenyl-˛-naphthylamino)-9,9-
iethylfluorene (BNPEF) [15,21]

A mixture of 2-iodo-7-(N-phenyl-�-naphthylamino)-9,9-
iethylfluorene (0.28 g, 0.5 mmol) in Et2O (30 ml)  was purged
ith nitrogen, then n-BuLi (1.6 M,  0.55 mmol, 0.35 ml)  in hex-

ne was added at −78 ◦C in one portion. After stirring for 1.5 h,
 solution of dimesitylboron fluoride (0.17 g, 0.55 mmol) in
t2O (10 ml)  was added dropwise to the above reaction flask.
he mixture was stirring for another 1 h at −78 ◦C. It was
hen allowed to cool slowly to room temperature and kept
tirring overnight. The solvent was removed under reduced
ressure. The crude product was purified by column chromatog-
aphy on silica gel using light petroleum/dichloromethane (v/v,
0/1) as eluant, a green-yellow solid (0.22 g) was  obtained
yield, 63%).

IR (KBr pellet, cm−1): 2960, 2916, 1595, 1573, 1492, 1461, 1419,
392, 1376, 1338, 1288, 1271, 1240, 1213, 1193, 1168, 1079, 1027,
020, 962, 937, 910, 890, 881, 848, 820, 767, 744, 715, 694, 681,
54, 647.

1H NMR  (DCCl3, 400 MHz): ı = 0.24–0.27 (t, 6H), 1.74–1.77 (m,
H), 1.83–1.86 (m,  2H), 2.01 (s, 12H), 2.31 (s, 6H), 6.81 (s, 4H),
.89–6.98 (m,  2H), 6.99–7.03 (d, 1H), 7.04–7.09 (d, 2H), 7.17–7.24
t, 2H), 7.29–7.33 (t, 2H), 7.40–7.48 (m,  4H), 7.51–7.54 (m,  2H),
.75–7.77 (d, 1H), 7.86–7.91 (m,  2H).

MS  (CH3OH, molecular weight: 687.7) M/e  (%): 688.4 (M++1).
lemental analysis: calcd. for C51H50BN: C, 89.06; H, 7.33; N, 2.04;
ound C, 88.93; H, 7.21; N, 1.90.

.3. Instruments

The synthetic compounds were characterized by elemental
nalysis (Carlo Erba 1106), FT-IR (Shimadzu FT-IR 8400), and 1H
MR spectroscopy (Bruker DMX-300), respectively. Mass spec-

rometry analysis was performed on a Shimadzu LC-MS 2010A.
yclic voltammetry (CV) analyses were carried out by using

 Zahner Zennium. Differential scanning calorimetry (DSC) and

hermogravimetric analysis (TGA) were performed on a Netzsch
SC-200PC and a Netzsch TG-209. The UV-vis absorption spectrum
as measured by using a GBC Cintra 303 spectrometer. The photo-

uminescent (PL) spectrum was recorded with a Perkin Elmer LS-55
uminescence spectrometer.
Reagents and conditions are: (i) CH3CH2Br, KOH, DMSO. Cold water bath, over 2.5 h;
(ii) H2SO4, HIO3, I2, 85 ◦C; (iii) activated Cu powder, 18-crown-6, K2CO3,  N-phenyl-
�-naphthylamine, 200 ◦C; and (iv) n-BuLi, −78 ◦C, (Mes)2BF.

2.4. Device fabrication and testing

Indium tin oxide (ITO) glass substrate with a sheet resis-
tance of 25 �/square was (1) cleaned with detergents, deionized
water, ethanol, and isopropanol in an ultrasonic bath, (2) dried
under nitrogen flow, and (3) treated with oxygen plasma (Emitech
K1050X) for eight minutes before use. A series of devices were fabri-
cated by sequential vacuum deposition of organic materials, LiF and
Al on pre-treated ITO with device structures as follows: Device A
ITO/BNPEF/LiF/Al, Device B ITO/NPB/BNPEF/LiF/Al, Devices C and D
ITO/NPB/BNPEF/BCP/AlQ3/LiF/Al, Device E ITO/BNPEF/AlQ3/LiF/Al
and Device F ITO/NPB/BNPEF/AlQ3/LiF/Al, where NPB was used as
a hole-transporting and electron-blocking layer, and BCP as an
electron-transporting and hole-blocking layer. AlQ3 served as an
electron-transporting layer or emitter, and LiF/Al as a complex cath-
ode. BNPEF was used as a multifunctional material.

The luminance–current–voltage characteristics were measured
by a computer controlled Keithley 2420 source meter unit with
a Minolta LS 110 luminescence meter. EL spectra and Commision
Internationale de I’Eclairage (CIE) coordinates were recorded by
using a SpectraScan PR 655 photometer (Photo Research). The mea-
surements of the devices were performed at room temperature
under ambient atmosphere.

3. Results and discussion

3.1. Synthesis and characterization

A schematic diagram of the chemical structure and syn-
thetic route of BNPEF is outlined in Fig. 1. The intermediate
2,7-diiodo-9,9-diethylfluorene (2) was prepared by reacting of 9,
9-diethylfluorene (1) in the presence of H2SO4, HIO3 and I2 at
85 ◦C. Then 2 was  reacted with N-phenyl-�-naphthylamine in the
equivalent molar ratio to produce asymmetric 2-iodo-7-(N-phenyl-
�-naphthylamino)-9,9-diethylfluorene (3) via a copper-activated
Ullmann coupling. The target compound 2-dimesitylboron-7-
(N-phenyl-�-naphthylamino)-9, 9-diethylfluorene (BNPEF) was
synthesized by reacting 3 with n-BuLi and (Mes)2BF at −78 ◦C with
a high yield.

3.2. Thermal properties

The thermal properties of BNPEF were determined by differ-
ential scanning calorimetry (DSC) and thermogravimetric analysis

(TGA) under a nitrogen atmosphere, both at a heating rate of
10 ◦C/min as shown in Fig. 2. After a fast quenching process, a rela-
tively high glass transition temperature (Tg) at 126 ◦C and a melting
point at 226 ◦C were observed. From the TGA curve, it can be seen
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reversible oxidation potential of BNPEF in CH2Cl2 was  0.86 eV (vs
Ag/AgCl), while that of BNPB was 1.03 eV. EHOMO, ELUMO and Eg of
BNPB were reported at −5.30, −2.44 and 2.86 eV [15]. In compar-
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Fig. 2. DSC and TGA curves of BNPEF.

hat the BNPEF was stable up to 300 ◦C with a thermal decomposi-
ion temperature (Td) of around 332 ◦C.

In combination with its solubility, BNPEF was suitable for thin
lm preparation by either a solution casting or a vacuum evapora-
ion for OLED application.

.3. Photophysical properties

UV-vis absorption and photoluminescence (PL) spectra of BNPEF
n various solvents and solid film are shown in Fig. 3. It can be
bserved that the shapes of UV-vis absorption spectra are similar.
he main absorption at long wavelength range peaked at about
03 nm in solvents of relatively weak polarities, such as hexane,
ioxane, toluene, and tetrahydrofuran and at 397 nm in solvents of
elatively strong polarities (methanol and methyl cyanide). In the
hort wavelength range, absorption peaked at about 287 nm,  for a
ide range of solvents of different polarities.

Photoluminescence from BNPEF is bright and strongly solvent-
ependent. Emission peaks are found at 458 nm in solid film,
22 nm in non-polar hexane, 443 nm in toluene, 450 nm in diox-
ne, 470 nm in tetrahydrofuran, 480 nm in methanol and 507 nm
n methyl cyanide. As solvent polarities were increased, the PL
missions from BNPEF shifted to red, that is, from blue to green.
olvent-dependent emission had been frequently observed for
hree-coordinate organoboron compounds and attributed to the
resence of a highly polarized excited state [15].

.4. Electrochemical properties

The energy levels, that is, the highest occupied molecular
rbit (HOMO) and the lowest unoccupied molecular orbit (LUMO),
f BNPEF were estimated from redox properties measured by
yclic voltammetry (CV) (Fig. 4), using an Ag/AgCl electrode as
he reference electrode, a dichloromethane solution as a medium
n the presence of tetra-n-butylammonium hexafluorophosphate
TBAPF4) (0.1 M)  as the supporting electrolyte with a BNPEF con-
entration of 1 × 10−3 M and a scanning rate of 50 mV/s. The
nset oxidation potential (Eonset) of BNPEF was measured from
he first anodic oxidation wave at 0.81 eV. The HOMO energy
evel (E ) was calculated according to the following equa-
HOMO
ion: EHOMO = −(Eonset + 4.44) eV, to be −5.25 eV for BNPEF. From
he spectroscopy absorption edge (�a,edge, 446 nm)  the value of
he energy gap (Eg, eV) of BNPEF was found to be 2.78 eV. So
Wavelength (nm)

Fig. 3. (a) UV-vis absorption and (b) emission spectra of BNPEF in different solvents.

the LUMO energy level (ELUMO) was calculated from the equation:
ELUMO = EHOMO + Eg = −2.47 eV [22].

Under the same experimental conditions two reversible oxida-
tion peaks for NPB were found at 0.76 and 1.03 eV, which may  be
attributed to the sequential oxidation of two  triarylamino groups.
Having only one triarylamino group in the molecular structure, a
only single reversible oxidation peak was found for BNPB (Mes2B(p-
4,4′-biphenyl-NPh(1-naphthyl))) or BNPEF. The oxidation potential
of BNPB was higher than the first oxidation potential of NPB. The
1.61.20.80.40.0-0.4
Potential/V

Fig. 4. Cyclic voltammograms of BNPEF and NPB (ferrocene shown in the inset).
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Device B is a green emission centred at 512 nm with a CIE coor-
dinate of (0.283, 0.398). It was  unexpected that Device B emitted
a different EL spectrum from Device A, which may  arise from the
formation of an interface state of NPB/BNPEF. The luminance of
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tructure enhanced molecular conjugation and resulted in a red
hift in the absorption spectrum, which played an important role
n reducing Eg (2.78 eV). The LUMO energy levels of BNPB (−2.44 eV)
nd BNPEF (−2.47 eV) were higher than that of AlQ3 (−3.1 eV), but
hree-coordinate boron compounds were demonstrated to be good
lectron-transport materials, possibly due to the empty p-orbital on
he boron centre.

.5. Electroluminescent devices using BNPEF

In order to evaluate the use of BNPEF as a multifunctional
ompound in OLED application, a single-layer Device A, two  double-
ayer Devices B and E, a three-layer Device F, and two four-layer
evices C and D were fabricated. Configurations and energy level
iagrams of Devices A, B, C, D, E and F are shown in Fig. 5.
L spectra and CIE coordinates of the devices are presented in
ig. 6.

Current density–voltage and luminance–voltage characteristics
f the devices were measured as shown in Fig. 7. At a fixed current
ensity of 20 mA/cm2, the corresponding driving voltages of Device

 (13.5 V) and Device F (13.5 V) were obviously lower than those of
evice B (24.1 V), Device C (20.1 V) and Device D (21.9 V).

The current efficiency or luminance efficiency (LE) and power
fficiency (PE) vs current density characteristics of the devices are
resented in Fig. 8.

Device A ITO/BNPEF (90 nm)/LiF (0.5 nm)/Al (120 nm)  was fab-
icated by vacuum evaporation, which exhibited a blue emission
t 456 nm near to the PL emission (458 nm)  of BNPEF in solid
lm. Maximum luminance was measured as 11 cd/m2 (17 V), and
he CIE coordinate was located at (0.245, 0.256). These indicated
hat BNPEF was capable of being a multifunctional material act-
ng as an emitter, and hole-transporting or electron-transporting

aterials, which may  be attributed to the dimesitylboron group
cting as an electron acceptor and the triarylamino group as an
lectron donor in BNPEF. So BNPB and BNPEF can also be used as
lectron-transporting materials in OLEDs. Device A showed lower
uminance, instability and poor efficiency due to the poor matching

f energy levels and poor interfacial stability between BNPEF and
lectrodes (cathode and anode).

To improve the luminance and efficiency, two  double-layer
evices, Device B ITO/NPB (60 nm)/BNPEF (90 nm)/LiF (0.5 nm)/Al
ice E Device F

 level diagrams of the devices.

(120 nm)  and Device E ITO/BNPEF (60 nm)/AlQ3 (45 nm)/LiF
(0.5 nm)/Al (120 nm)  were fabricated, including either an addi-
tional hole injection layer (NPB) or an electron injection layer
(AlQ3), respectively. However, the electroluminescence from
0.70.60.50.40.30.20.10.0
0.0

CIE  1931 Chromaticity Diagram  X

0.0

Fig. 6. (a) EL spectra and (b) CIE coordinates of the devices.
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the emitting layer in a further optimization of the device. Device
ig. 7. (a) Current density–voltage and (b) luminance–voltage characteristics of the
evices.

he Device B was measured as 144 cd/m2 at 25 V and the current
fficiency was 0.67 cd/A.

Device E showed a green light at 520 nm and CIE coordinate
f (0.330, 0.490), which mainly originated from the emission of
lQ3. The luminance and current efficiency were measured to be
739 cd/m2 (18 V), and 4.03 cd/A, respectively. The turn-on volt-
ge (Vturn-on, 5.4 V) for Device E was the lowest one among these
evices. The efficient emission and low Vturn-on for Device E were
ainly due to the fact that BNPEF showed efficient hole injection

nd transport from the anode and that AlQ3 enhanced electron
njection and transport from the cathode compared to Devices A
nd B. But the current or power efficiency of Device E decreased
ramatically when the current density was increased from 20 to
00 mA/cm2.

Based on the above findings regarding Devices B and E, a
hree-layer device, Device F ITO/NPB (60 nm)/BNPEF (60 nm)/AlQ3
45 nm)/LiF (0.5 nm)/Al (120 nm)  was fabricated with both NPB as a
ole-transporting and electron-blocking layer and AlQ3 as an elec-
ron injection layer. Device F also exhibited a green emission from
lQ3 centred at 528 nm with a CIE coordinate of (0.316, 0.508). The

uminance and current efficiency were 5710 cd/m2 (at 18 V) and
.35 cd/A, respectively. Vturn-on was 7.5 V. The current or power effi-
iency remained relatively constant within a wide range of current
ensities of between 20 and 100 mA/cm2.

Considering that EHOMO of BNPEF (−5.25 eV) was much higher
han that of BCP (−6.7 eV) and that ELUMO of BNPEF (−2.47 eV) was
ocated between those of NPB (−1.9 eV) and BCP (−3.2 eV), it is
xpected that there will be barriers to the migration of holes from

NPEF to BCP and to the movement of electrons from BNPEF to
PB. This structure may  confine the electrons and holes within the
NPEF emitting layer and improve recombination [23]. A four-layer
Fig. 8. Current efficiency and power efficiency vs current density curves of Devices
B, C, D, E and F.

device, Device C ITO/NPB (60 nm)/BNPEF (60 nm)/BCP (10 nm)/AlQ3
(20 nm)/LiF (0.5 nm)/Al (120 nm), was  therefore designed. In this
device, a blue EL spectrum was  obtained which was  centred at
488 nm with a CIE coordinate of (0.221, 0.334). The maximum cur-
rent efficiency and power efficiency of Device C were 2.92 cd/A and
0.71 lm/W.  Luminance was  measured to be 712 cd/m2 at 21 V. The
Vturn-on was 10.3 V.

In this device, excellent hole injection was achieved due to a
close match of EHOMO of BNPEF with that of NPB. The thickness
of the AlQ3 layer was  reduced to promote electron mobility to
D ITO/NPB (60 nm)/BNPEF (60 nm)/BCP (10 nm)/AlQ3 (10 nm)/LiF
(0.5 nm)/Al (120 nm)  was prepared. Device D also showed a blue
emission centred at 484 nm with a CIE coordinate of (0.197, 0.305).
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Table  1
EL performances of Devices A, B, C, D, E and F.

Devices L (cd/m2) (V)a LE (cd/A)a PE (lm/W)a Vturn-on (V)b EL �em (nm) (V)a CIE (x,y)c

A 11 (17) 12.1 456 (19) 0.245, 0.256
B 144  (25) 0.67 0.13 13.4 512 (20) 0.283, 0.398
C 712  (21) 2.92 0.71 10.3 488 (16) 0.221, 0.334
D  1813 (23) 5.03 0.91 11.2 484 (20) 0.197, 0.305
E  1739 (18) 4.03 1.01 5.4 520 (13) 0.330, 0.490
F  5710 (18) 2.35 0.51 7.5 528 (15) 0.316, 0.508
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a The data for luminance (L), current efficiency (LE), power efficiency (PE) and ele
b Voltage needed for brightness of 1 cd/m2.
c The voltages for CIE coordinates were 19 V for Device A, 20 V for Device B, 16 V 

 current efficiency of 5.03 cd/A was measured with a luminance
f 1813 cd/m2 at 23 V. Device D showed an improved luminance
nd efficiency. The full width at half maximum (FWHM) of the EL
pectrum from Device D became narrower than that of Device C. In
oth Device C and Device D, the recombination of holes and elec-
rons was located in the BNPEF emitting layer. Therefore the EL
missions are similar to the singlet excited state of BNPEF. The EL
missions of Devices C (at 488 nm)  and D (at 480 nm)  appeared to
e red-shifted compared to that of Device A. The EL performances
f Devices A, B, C, D, E and F are summarized in Table 1.

. Conclusions

In this work, an asymmetric and bipolar compound 2-dime-
itylboron-7-(N-phenyl, �-naphthylamino)-9,9-diethylfluorene
BNPEF) was synthesized. The photoluminescence of BNPEF
epended strongly on the polarities of solvents. The single-layer
evice A, double-layer Devices B and E, three-layer Device F, and

our-layer Devices C and D were fabricated. Device A exhibited
 blue emission at 456 nm.  Device B showed a green emission at
12 nm with a current efficiency of 0.67 cd/A. The blue EL spectra of
evices C and D were centred at 488 and 484 nm and their current
fficiencies were 2.92 and 5.03 cd/A, respectively. Both Device E
nd Device F emitted in green at 520 and 528 nm with current
fficiencies of 4.03 and 2.35 cd/A, respectively. The characteristics
f the devices demonstrated that BNPEF is a multifunctional
ptoelectronic material and can be used as a blue emitter and
ole- or electron-transporting materials.
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