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 Introduction

Conjugated organic molecules have attracted much
tention due to their potential applications as optoelec-
nic and photonic materials in a number of fields, such as

ganic light-emitting diodes (OLEDs) [1], organic solar cells
] and two-photon excited emitters [3]. Small p-con-
gated organic molecules provide remarkable advantages,
ch as readily synthetic accessibility, well-defined mole-
lar structures, facile purification by standard techniques,
d specific structure–property correlations [4]. However,
ost of p-conjugated organic molecules have a strong
ndency of aggregation in the solid state due to inter-
olecular interactions, which results easily in morpholo-
cal changes, excimer formation, red-shifted emission and

 well as low emission efficiency [5]. To overcome these
sadvantages, several strategies, such as spiro [6], dendritic

substituent protection [7], aggregation-induced emission
[8] and J-aggregation formation [9] have been adopted for
the design and construction of novel p-conjugated organic
molecules with high quantum efficiency and good stabi-
lities. In particular, functionalized bimesityls [10] and
biphenyls [11] in which the chromophores are connected
through the rotatable phenyl–phenyl or mesityl–mesityl
bond have been developed. It was reported that the twisted
configuration of these molecules suppresses intermolecular
interactions, and thus enhances their photoluminescence
(PL) and EL performance in the solid state.

It is well known that the chiral 1,10-binaphthyl
molecule possesses an inherent large dihedral angle,
which can efficiently regulate its aggregation state with
the binaphthyl. Pu et al. have reported the use of
binaphthyl as a building block for the construction of
p-conjugated polymers [12]. It was found that the
incorporation of the twisted non-planar binaphthyl moiety
into the conjugated polymer backbone could suppress the
packing of the polymer chains in the aggregated state,
which improved the fluorescent quantum efficiency. Up to
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Two stable blue-light-emitting molecular materials containing twisted binaphthyl and

peripheral triphenylamine groups were synthesized by Suzuki and Heck cross-coupling

reactions. Both compounds exhibit excellent thermal and morphologic stabilities, high

glass transition temperatures and good fluorescence quantum yield in films. They serve as

both hole-transporting and blue emission materials in organic light-emitting diodes with

good external quantum efficiencies.
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ow, however, small organic molecules based on
inaphthyl were less reported and showed relatively
w efficiency and luminescence [13]. From a synthetic

oint of view, the use of binaphthyl with an inherent twist
s a building block for the construction of the organic
olecules with high efficiency is also a simple and

ffective approach. We have now synthesized two simple
rganic molecules containing twisted binaphthyl and
iphenylamine groups, and both provide several key
atures. First, the twisted geometry introduced by the

inaphthyl hinders packing of molecules, leading to
morphous glass state, which is important for application
s materials in OLEDs. Second, the introduction of the
iphenylamine groups results in the fact that the

ompounds possess excellent hole-transport and injection
roperties. Third, the rigid connection makes that com-
ounds have high glass transition (Tg) and decomposition
mperatures. Here, we report the synthesis and char-

cterization of the two compounds containing binaphthyl
nd triphenylamine groups, their photophysical and
lectrochemical properties in solution, as well as their
L performance in OLEDs as either the emitter or the hole-
ansporting material.

. Experimental

.1. Materials and methods

Manipulations of air- and moisture-sensitive materials
ere carried out under high-purity nitrogen atmosphere
sing standard Schlenk line or glove-box techniques.
etrahydrofuran (THF) was dried under refluxing over
odium/benzophenone and distilled under nitrogen prior to
se. N,N-Dimethylformamide (DMF) was dried by distilling
ver calcium hydride before use. BuLi, Pd(OAC)2, Pd(PPh3)4,
,10-binaphthalene-2,20-diol (BINOL), Tri-(8-hydroxyquino-
no)aluminum (Alq3), 4,4-bis[N-(1-naphthyl)-N-phenyla-
ino]biphenyl (NPB) and 1,3,5-tris(2-N-phenylbenzimi-

azolyl)benzene (TPBI) were purchased from Aldrich or
cros and used as received. NMR spectra were measured on
ither a Bruker AVANCE-500 NMR spectrometer or a Varian
ercury-300 NMR spectrometer. The elemental analysis
as performed with a PerkinElmer 2400 microanalyzer.
V–vis absorption spectra were recorded on a Shimadzu
V-3600 spectrophotometer. Fluorescence measurements
ere carried out on a Shimadzu RF-5301PC spectro-

hotometer. Photoluminescent quantum yields for com-
ounds 4 and 5 in ethyl acetate were measured at room
mperature with an excitation wavelength of 360 nm,

eferenced to quinine sulfate in sulfuric acid aqueous
olution (K = 0.546) [14]. The solid state fluorescence
uantum yields for both compounds were measured from
eshly prepared films with Alq3 as the standard. DSC
easurements were performed on a NETZSCH DSC204
strument. TGA experiments were carried out on a TA Q500
ermogravimeter. P-XRD analysis was performed on a

igaku D/Max-2550 diffractometer using Cu Ka radiation,
perating at 50 kV and 200 mA, and the data were collected

 the 2u range from 0 to 408 with a scanning rate of 1 8C/min.
yclic voltammetry was performed on a CHI 660C instru-
ent with a scan rate of 100 mV/s. A three-electrode

configuration was used for the measurement: a platinum
electrode as the working electrode, a platinum wire as
the counter electrode, and an Ag/Ag+ electrode as the
reference electrode.

2.2. Synthesis

2.2.1. 6,60-Bis[40 0-(diphenylamino)phenyl]-2,20-dimethoxy-

1,1’-binaphthyl (4)

A mixture of 1 (0.501 g, 1.06 mmol), 2 (0.650 g,
2.23 mmol) and Pd(PPh3)4 (40 mg) in THF (30 mL), and a
K2CO3 aqueous solution (2 M, 10 mL) were heated to reflux
under N2 overnight. The reaction mixture was extracted
with dichloromethane (3 � 50 mL) and water (100 mL),
and the organic phase was separated, dried over anhydrous
MgSO4, filtered and evaporated to give the crude product.
Further purification by column chromatography gave the
pure product 4 as a white powder (0.461 g, 0.576 mmol,
54%). 1H NMR (CDCl3, 500 MHz, 298 K): d 8.02 (d, 4H, ArH),
7.55 (d, 4H, ArH), 7.48 (d, 4H, ArH), 7.29–7.12 (m, 22H,
ArH), 7.03 (t, 4H, ArH), 3.80 (s, 6H, CH3) ppm. 13C (CDCl3,
75 MHz, 298 K): d 56.8, 114.5, 119.7, 122.9, 123.7, 124.1,
124.4, 125.7, 127.3, 127.6, 129.2, 129.5, 131.9, 132.9, 133.5,
147.2, 147.6, 155.2 ppm. Ms m/z: 800.3 [M]+ (calcd:
800.34). Anal. calcd (%) for C58H44N2O2: C, 86.07; H,
5.54; N, 3.50. Found: C, 86.15; H, 5.60; N, 3.55.

2.2.2. 6,60-bis[40 0-(diphenylamino)phenylvinyl]-2,20-

dimethoxy-1,1’-binaphthyl (5)

A mixture of 1 (0.501 g, 1.06 mmol), 3 (0.610 g,
2.23 mmol), K2CO3 (1.46 g, 10.6 mmol), tBu4NBr (0.32 g,
0.10 mmol) and Pd(OAC)2 (25 mg, 0.11 mmol) in dry DMF
(5 mL) was heated at 110 8C under N2 for 36 h. The reaction
mixture was cooled to room temperature, quenched with
water (100 mL) and extracted with CH2Cl2 (3 � 50 mL). The
organic phase was dried over anhydrous MgSO4, filtered
and evaporated to give the crude product, which was
further purified by column chromatography to give the
pure product 5 as a white solid (0.375 g, 0.439 mmol, 41%).
1H NMR (CDCl3, 500 MHz, 298 K): d 7.96 (d, 2H, ArH), 7.86
(s, 2H, ArH) 7.48–7.38 (m, 8H, ArH), 7.28–7.23 (m, 4H, ArH),
7.12–7.00 (m, 22H, ArH), 6.70–6.90 (d, 4H, 5CH), 3.78 (s,
6H, CH3) ppm. 13C (CDCl3, 75 MHz, 298 K): d 56.9, 114.7,
119.6, 122.8, 124.0, 124.4, 125.8, 127.8, 129.2, 129.5, 129.6,
133.0, 135.1, 135.7, 146.9, 147.7, 155.0 ppm. Ms m/z:
853.3 [M]+ (calcd: 852.37). Anal. calcd (%) for C62H48N2O2:
C, 87.29; H, 5.67; N, 3.28. Found: C, 87.35; H, 5.80; N, 3.11.

2.3. Device fabrication

Indium–tin oxide (ITO)-coated glass was used as the
substrate, which was cleaned by sonication in a detergent
solution, acetone, methanol, and deionized water before
use. The devices were fabricated under a pressure of
5 � 10�6 Torr with the organic layers being deposited onto
the substrate at a rate of 1–2 Å/s. Compound 4 or 5 was
either used as an emitting layer material or a hole-
transporting layer material, respectively. Alq3 and TPBI
were used as the electron-transporting layer materials, and
NPB was used as the hole-transporting layer material. LiF
and aluminum were evaporated as the cathode layers of
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e device. The thicknesses of the organic materials and the
thode layers were controlled using a quartz crystal
ickness monitor. Alq3, NPB, TPBI, compounds 4 and 5
ere further purified by vacuum sublimation before use.

 Results and discussion

. Synthesis, morphologic character, photophysical and

ctrochemical properties

Two target compounds 4 and 5 were prepared as shown
 Scheme 1. The 1,10-binaphthyl derivatives 1 and the
phenylamine derivatives 2 and 3 were synthesized
cording to related literature procedures [15]. Compound
was finally obtained as a white solid in 55% yield by
zuki cross-coupling between 1 and 2 in the presence of
(PPh3)4 and K2CO3 in THF, while compound 5 was

synthesized as yellowish powders in 42% yield by Heck
cross-coupling between 1 and 3 in DMF using Pd(OAc)2 as
the catalyst. The structures of compounds 4 and 5 were
confirmed by elemental analyses, NMR and MALDI-TOF MS
spectroscopic techniques.

The morphologic character of compounds 4 and 5 was
investigated by thermal analysis and powder X-ray
diffraction measurements. Differential scanning calori-
metric (DSC) and thermogravimetric analysis (TGA)
measurements were performed under nitrogen atmo-
sphere, and the results were shown in Fig. 1. The DSC
curves show Tg at 117 8C for 4 and 139 8C for 5, and the TGA
profiles evidence their decomposition temperatures (with
a 5% weight loss) at 401 and 432 8C, respectively. No phase
change corresponding to melting or crystallization was
observed in the DSC curves for both compounds upon
heating from 30 to 300 8C. Upon cooling from the melts,
both compounds have been transformed to the glassy
state. The results reveal that the twisted binaphthyl moiety
can efficiently hinder the crystallization process. It is well
known that amorphous materials are necessary for
fabricating high-quality OLEDs. To further validate mor-
phologic properties in details, the powder X-ray diffraction
analysis for compounds 4 and 5 was determined on quartz
substrates (Fig. 2). As can be seen, two compounds
show comparatively broad and random scattered peaks,

Scheme 1. Synthetic route for compounds 4 and 5: (a) Pd(PPh3)4, K2CO3, THF, 90 8C; (b) Pd(OAc)2, K2CO3, Bu4NBr, DMF, 110 8C.

Fig. 2. Powder X-ray diffraction patterns of compounds 4 and 5 at room. 1. DSC (a) and TGA (b) curves of 4 and 5 under nitrogen atmosphere

temperature.a heating rate of 10 8C/min.
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dicating the non-crystalline amorphous feature in the
olid state. The film-forming ability of two compounds was
lso examined by vacuum-depositing them onto quartz
lass to fabricate their films. Atomic force microscopy
FM) was employed to explore the surface image of the

lms and revealed similar smooth and uniform topogra-
hies, free of pinholes, particle aggregation, or phase
eparation, with root-mean-square surface roughness
alues of about 0.60 nm (Fig. 3).

Fig. 4 shows the absorption and emission spectra of two
ompounds in ethyl acetate and in films, respectively.
ore details about their photophysical properties are

sted in Table 1. In solution, compound 4 shows an
bsorption peak around 335 nm, while compound 5
vidences absorption at 375 nm, with a red shift of

40 nm in comparison to that of 4 due to the incorporation
of the C5C bridging group between the triphenylamine
and binaphthyl chromophores. Upon irradiation with an
excited light, both compounds exhibit very strong blue
fluorescence in ethyl acetate solution, with emission peaks
at 405 nm for 4 and 439 nm for 5, respectively. In
comparison to 4, compound 5 possesses a longer
p-conjugated structure and thus greater electron deloca-
lization, which results in the red shift in both its absorption
and emission spectra. In addition, high fluorescence
quantum yields were obtained for both compounds 4
(71%) and 5 (80%) in ethyl acetate solution. In the different
solutions, two compounds show obvious solvatochromism
and their emission maxima shift to long wavelength with
the increase in solvent polarity, as seen from the results in
Fig. 5. For example, the emission maximum of the
compound 5 appears at 414 nm in n-hexane, 447 nm in
toluene, 462 nm in chloroform and 483 nm in CH3CN,
respectively. The insets in Fig. 5 show the photographs of
compounds 4 and 5 in different solvents under UV
irradiation at 365 nm. The strong solvent dependence of
emission frequency demonstrates the presence of a highly
polarized exited state, which is attributed to the charge
transfer between the triphenylamine and binaphthyl units
in both molecules [16]. The solid films of 4 and 5 were
fabricated by spin-coating from their dichloromethane
solutions. They display blue fluorescence with emission
peaks at 423 and 461 nm, respectively. The emission
maxima of 4 and 5 in the solid films show a red shift of
about 20 nm compared to those in ethyl acetate solution,
however, the spectra is still local in the blue-light region.
The red shift phenomenon can be attributed to the
p-stacking of the aromatic rings in molecules in the solid
state. In addition, the two compounds exhibit good PL
quantum yield (21% for 4 and 33% for 5) in films, which is
attributed to a reduction of the probability of intermole-
cular interactions and prevent close packing in the solid
state.

The electrochemical properties of compounds 4 and 5
were investigated by cyclic voltammetry (CV) measure-
ments and the results were listed in Table 1. The relevant
cyclic voltammograms are given in Fig. 6. Two compounds
show an irreversible reduction reaction with reduction

Fig. 3. (Color online.) AFM images of 4 (a) and 5 (b).

ig. 4. Absorption and emission spectra of 4 and 5 in ethyl acetate

 � 10�5 M) and films.
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tentials at about 1.9 V, which can be assigned to the
dox couple of the binaphthyl segment. In contrast,
versible oxidation reactions with potentials of –0.53 and
.52 V were observed for compounds 4 and 5, respec-
ely, which could be ascribed to the oxidation of the
phenylamine unit of the compounds. The HOMO energy
els of the compounds, estimated from their first
idation potential, are –5.32 eV for 4 and –5.33 eV for
respectively. These data reveal that the introduction of
e triphenylamine unit to the molecules lowers the
rrier height of these complexes for hole injection,
ereby, facilitating hole transfer.

. Electroluminescent properties

Further, we studied the electroluminescence properties
 4 and 5 with strong blue emission, high fluorescence

quantum yields, excellent thermal stability, and good hole-
transporting ability (Fig. 7). They were used to fabricate
two types of device to evaluate their EL performance. The
relevant data of the optimized devices were summarized in
Table 2. One type of devices has a double-layer structure
with the configuration of [ITO/compound (25 nm)/Alq3

(70 nm)/LiF (0.5 nm)/Al (200 nm)] in which 4 (device A1)
and 5 (device A2) are used as the hole-transporting
material, with Alq3 as both the emitter and electron-
transporting materials. It was found that the device have
an electroluminescent peak at 524 nm, which is attributed
to the emission of Alq3, and without emission with longer
wavelength from the exciplex species. The device A1
shows the maximum brightness of 16,070 cd/m2 at 20.5 V
and the maximum current efficiency of 3.99 cd/A at 18.5 V,
which is close to the reported results obtained with similar
compounds [13a]. The other type of device we fabricated
are the typical three-layer devices with the configuration
of [ITO/NPB (25 nm)/compound (1 nm)/TPBI (50 nm)/LiF
(0.5 nm)/Al (200 nm)] (device B1 and B2), in which an
additional NPB material is used as the hole-transporting
layer to characterize the emitting nature of compounds 4
(device B1) and 5 (device B2). These devices were found to
produce blue electroluminescence with peaks at 439 and
448 nm for B1 and B2, respectively. The emission maxima
of both compounds in the EL spectra of the three-layer
devices match well with their thin-film PL spectra,

. 5. (Color online.) Emission spectra of compounds 4 and 5 in different

ble 1

tical absorption, photoluminescence, quantum yield, electrochemical data and thermal properties of 4 and 5.

ompound labs

(nm)a

lem

(nm)b

lem

(nm)c

F
film

Eox
onset

(V)d

HOMO

(eV)e

LUMO

(eV)f

Tg

(8C)

Td

(8C)

 335 393 423 0.21 +0.53 –5.24 –2.04 117 401

 375 439 461 0.33 +0.52 –5.23 –2.31 139 432

Maximum absorption wavelength, measured in ethyl acetate.

Maximum emission wavelength, measured in ethyl acetate.

Maximum emission wavelength, measured in the solid state.

Estimated by CV using a glass carbon disk as working electrode, platinum wire as auxiliary electrode, Ag/Ag+ as a reference electrode, [nBu4N][PF6] as

pporting electrolyte in tetrahydrofuran.

Calculated from the Eox
onset.

Estimated from the HOMO and the optical bandgap.
vents (M = 1 � 10�5 mol/L). Fig. 6. Cyclic voltammograms of compounds 4 and 5.
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dicating that EL originates from the intrinsic emissions of
ompounds 4 and 5, respectively (Fig. 8). Device B1 with
ompound 5 as the emitter shows the maximum bright-
ess of 3302 cd/m2 at 11.5 V and the maximum current
fficiency of 1.16 cd/A at 7.5 V. Similar results were
btained from device B2. These results are close to
reviously reported performances for OLEDs based on
nthracene-containing binaphthol chromophores com-
ounds (0.7–1.5 cd/A) [13b], dispiro-Xanthene-indeno-
uorene (1.0 cd/A) [17], fluorine-based compounds
CPC-6 (1.35 cd/A) [18]. However, they are lower than
ith the anthracene derivative with a tetraphenylethylene

roup (3.1 cd/A) [19], the pyrene-functionalized carbazole
erivative (2.53 cd/A) [20] and device based on benzene-
nked tetraphenylethene compounds (2.3–5.0 cd/A)
1]. Both A and B types of device have the advantages

of low operating voltages and narrow EL luminance peaks.
These results demonstrate that compounds 4 and 5 are
potentially good hole-transporting and blue-emitter
materials.

Fig. 7. Luminance-voltage-current (L–V–J) characteristics of devices.

able 2

arameters of the EL devices based on compounds 4 and 5.

Device lmax

(nm)a

Vturn-on

(v)

Bmax

(cd/m2)b

hmax

(cd/A)c

CIE (x, y)

A1 524 7.4 16,070 3.99 0.34, 0.54

A2 524 8.5 12,640 4.19 0.32, 0.55

B1 439 4.7 3302 1.16 0.17, 0.13

B2 448 3.1 2909 1.01 0.18, 0.17

a Maximum EL emission wavelength.
b Maximum brightness. Fig. 8. PL spectra for films and EL spectra for device B of compound 4 (a)

c Maximum current efficiency. and 5 (b).
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 Conclusion

Two stable and amorphous light-emitting molecular
aterials containing twisted binaphthyl were synthesized

 Suzuki and Heck cross-coupling reactions. They show
cellent thermal and morphologic stabilities, high glass
nsition temperatures and good fluorescence quantum

eld in films. Both compounds serve as both hole-
nsporting and blue emission materials in organic
ht-emitting diodes, with high external quantum effi-
ncies and simple structures.
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