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The first direct-current electroluminescent material, anthra-
cene, has been the cornerstone molecule for organic elec-
tronics.[1] The first reports on the electroluminescence with
single crystals of anthracene demonstrated the potential use
of organic molecules as emission materials as well as hole- and
electron-transport materials.[2] Vacuum deposition of anthra-
cene also paved the way for thin-film devices functioning at a
low driving voltage (ca. 30 V) albeit at a low quantum
efficiency (ca. 0.05 %) and low substrate temperature (ca.
�50 8C).[3] However, the molecule was quickly replaced with
aryl amine derivatives for the hole-transport layer (HTL),
such as N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-
4,4’-diamine (a-NPD) and with tris(8-hydroxyquinoline)alu-
minum (Alq3) for the electron-transport layer (ETL) after the
discovery of layered organic light-emitting diodes (OLEDs)
with superior performance and stability.[4,5] Although several
derivatives for the emission layer (EML) were accumulated
by varying functional groups at the 9- and 10-positions,[6] the
further application of anthracene derivatives as carrier trans-
port materials in layered OLEDs has been rarely explored,[7]

despite the renewed interest in these materials for thin-film
organic field-effect transistors (OFETs).[8] We report herein
on the design and synthesis of an anthracene derivative,
disilanyl double-pillared bisanthracene (SiDPBA, 1,
Scheme 1), which effectively functions as a bipolar carrier
transport material in OLEDs. The device performance using
SiDPBA as both an HTL and ETL material is reasonably high
and highlights a new strategy for the molecular design of
organic electronic materials.

The anthracene derivative SiDPBA was designed without
importing structural motifs established for HTL and ETL
materials[7] and was synthesized in a one-pot procedure from
1,8-diiodoanthracene (2 ; Scheme 1). Thus, 2 was lithiated in
the lithium–halogen exchange reaction using tert-butyllithium
and was subsequently silylated using 1,2-dichlorotetramethyl-
disilane to give SiDPBA. Oligomeric byproducts were easily
removed by washing with diethyl ether, and the desired
compound was obtained in 50% yield as an analytically pure
material without recourse to column chromatography. The
product was a single isomer, and the anti geometry of the
anthracene units was revealed by X-ray crystallographic
analysis (see below). We did not detect the other possible
isomer with syn geometry. The synthesis method is feasible
for gram-scale preparation.[9]

The step-like structure of SiDPBA was established
unequivocally by X-ray diffraction analysis of a single
crystal.[10] As shown in Figure 1a, the antiperiplanar align-
ment of the Cipso-Si-Si-Cipso moiety positions two adjacent
anthracene planes in an antiparallel manner (see also
Tables S2 and S3 in the Supporting Information). The torsion
angles between the Si�Si single bond and the anthracene
plane are in the range 61–738, which results in a favorable
sSiSi–p conjugation (see below).[11] The molecules are packed
with face-to-edge intermolecular contacts similar to unsub-
stituted anthracene. The arrangement yields a two-dimen-
sional network of intermolecular contacts in the crystal,
although the unique step-like shape of the molecule distorts
the packing and hinders the formation of typical herringbone
motifs (Figure 1b).

Spectroscopic analysis of SiDPBA revealed favorable
properties for the carrier transport materials. The onset
absorption wavelength labs of SiDPBA was 401 nm in chloro-
form (Figure S2 and Table S4 in the Supporting Information),
assuring its transparency in most of the visible region. A
comparison of the spectrum with that of reference com-

Scheme 1. Synthesis of SiDPBA (1). a) tBuLi (4.0 equiv), THF, �78 8C,
10 min, and room temperature, 10 min. b) ClSiMe2SiMe2Cl (1.0 equiv),
THF, room temperature, 80 min, 50% (two steps).
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pounds, such as anthracene (labs = 379 nm) and 1,8-bis(trime-
thylsilyl)anthracene (labs = 387 nm), confirms the extension of
the conjugation through effective sSiSi–p overlap. The onset
emission of SiDPBA appeared at 406 nm. The Stokes shift of
SiDPBA (Dl = 5 nm) is comparable to that of anthracene
(Dl = 7 nm; Figure S3 and Table S4 in the Supporting Infor-
mation), which indicates the rigidity of the double-pillared
structure. We observed neither a p–p excimer nor a sSiSi–p*
charge-transfer (CT) emission, which have been observed at a
longer wavelength with flexible single-tethered bisanthra-
cenes.[12] The absence of such emissions for SiDPBA may also
be ascribed to its structural rigidity and eliminates the
possibility of decomposition through the CT process.[13]

The thermal properties of SiDPBA provide further
encouragement for its application in OLED devices. The
glass-transition temperature (Tg) was recorded at 153 8C using
differential scanning calorimetry (DSC). This temperature is
higher than those found for standard OLED materials such as
a-NPD (Tg = 100 8C).[14] The decomposition temperature (Td)
measured using thermogravimetric analysis (TGA) was also
high, at 360 8C, with a weight loss of less than 5%.

The device performance of SiDPBA as a carrier transport
material was evaluated by employing a standard phosphor-
escent OLED configuration of ITO (indium tin oxide;
100 nm)/PEDOT:PSS (poly(ethylenedioxy)thiophene:polys-
tyrene sulfonate; 20 nm)/HTL (20 nm)/CBP:[Ir(ppy)3] (4,4’-
N,N’-dicarbazole biphenyl:tris(2-phenylpyridine)iridium;
40 nm)/[hole/exciton blocking layer (HBL; 10 nm)]/ETL
(30 nm)/LiF (0.5 nm)/Al (110 nm).[15] We deposited SiDPBA
under vacuum in the HTL, ETL, or both and compared the
performance with reference devices containing a-NPD in the
HTL and Alq3 in the ETL. Detailed data of the device
evaluation are shown in the Supporting Information
(Tables S5 and S6 and Figure S5), and the representative
characteristics for the external quantum efficiency (EQE) and
the driving voltage are shown in Table 1 as the typical
measure of carrier balance and carrier transport ability of the

new material. A green emission from the phosphorescent
guest was observed in all the devices. To maximize the
performance, the standard device with a-NPD in HTL and
Alq3 in ETL required bathocuproine (BCP) as HBL (device
A and B), which confirms the hole/exciton leakage into the
Alq3 layer.[15, 16] By confining the hole/triplet in the EML with
HBL, device A achieved an EQE of 10.7% at a driving
voltage of 6.6 V.[17] When we replaced Alq3 with SiDPBA, a
marked improvement of EQE was achieved in the absence of
HBL without raising the driving voltage. Thus, device C with
SiDPBA in the ETL showed the highest performance, record-
ing the highest external quantum efficiency (EQE = 11.0% at
6.7 V), which is higher than that of the standard devices A or
B with Alq3 in the ETL (EQE = 10.7 and 3.4%, respectively).
Interestingly, device D containing SiDPBA in the HTL also
showed the green emission with an EQE of 3.1%, which was
slightly lower than that of device B with a-NPD in the HTL.
When we doped SiDPBA in the EML, however, the emission
was not detected, which indicates that the material may be
able to quench the triplet state of the guest emitter. In turn,
the results indicate that the high quantum efficiency of device
C with SiDPBA in the ETL resulted from an effective electron
transport ability that is balanced well with a-NPD. Taking
advantage of the bipolar character of SiDPBA, we fabricated
device E in which SiDPBA was deposited in both the HTL and
the ETL and observed the second highest performance
(EQE = 8.7% at 7.5 V) in the absence of a HBL.

Figure 1. Molecular structures of SiDPBA determined by X-ray crystallo-
graphic analysis. a) Ball-and-stick models of SiDPBA viewed perpendic-
ular to the anthracene plane (left) and along the anthracene plane
(right). Two inequivalent molecules with similar structures were found
in a unit cell, and a representative geometry is shown. C gray, Si yellow,
H white. b) Two-dimensional array of SiDPBA in a crystal with intermo-
lecular edge-to-face contacts between neighboring anthracene units.
Symmetrically inequivalent molecules are shown in blue and red,
respectively.

Table 1: Performance of OLEDs operated at a constant current density of
2.5 mAcm�2.

Device[a] HTL HBL ETL V[b] [V] EQE[c] [%]

A a-NPD BCP Alq3 6.6 10.7
B a-NPD – Alq3 7.5 3.4
C a-NPD – SiDPBA 6.7 11.0
D SiDPBA – Alq3 8.7 3.1
E SiDPBA – SiDPBA 7.5 8.7

[a] Device configuration: ITO (100 nm)/PEDOT:PSS (20 nm)/HTL
(20 nm)/CBP:[Ir(ppy)3] (40 nm)/(HBL; 10 nm)/ETL (30 nm)/LiF
(0.5 nm)/Al (110 nm). [b] Driving voltage. [c] External quantum effi-
ciency.
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Theoretical investigations using the DFT method at the
B3LYP/6-31G(d,p) level revealed a few key electronic
features of SiDPBA that may contribute to the carrier
transport properties.[18] First, owing to the dimeric anthracene
structure, SiDPBA has pseudo-degenerate frontier orbitals,
with neighboring orbitals within a few hundred milli electron
volts (HOMO =�5.10 eV, HOMO�1 =�5.28 eV; LUMO =

�1.75 eV, LUMO + 1 =�1.63 eV; Figure S7 in the Support-
ing Information). Second, owing to the participation of sSiSi

and s*SiSi orbitals,[11, 19] SiDPBA possesses a higher HOMO
energy and a lower LUMO energy than anthracene
(HOMO =�5.24 eV, LUMO =�1.65 eV). The degree of
the modulation is moderate to keep the energy gap
(3.35 eV) large enough for transparency in the visible-light
region.[20] Furthermore, such a large band gap and a moderate
HOMO level may increase the stability toward oxidation.[21]

Third, the combination of sSiSi–p conjugation and the rigid
structure results in minimization of the reorganization energy
associated with the carrier transport.[1b] The calculated
reorganization energy of SiDPBA was 105 meV for hole
transport and 132 meV for electron transport (Table S7 in the
Supporting Information). These values are smaller than those
of anthracene (136 meV for hole transport and 202 meV for
electron transport),[22] a-NPD (290 meV for hole trans-
port),[23] and Alq3 (260 meV for electron transport)[24] and
rival those of pentacene (100 meV for hole transport and
125 meV for electron transport).[22] The small reorganization
energy of SiDPBA originates from the delocalization of
charge and spin densities without any noticeable structural
change in the radical ion species. As shown in Figure 2, the
electrostatic surface potentials and spin density of SiDPBA
radical ions are distributed well over the two anthracene
units.[25]

In conclusion, we have designed and synthesized a new
anthracene derivative for OLED carrier transport materials.
A double-pillaring strategy with disilanyl linkers was success-
ful for the structural and electrical modulation for bipolar
materials, which demonstrates that a balanced combination of
key players of organic and inorganic (silicon) semiconduc-
tors,[26] a p system and a sSiSi system, allows delocalization of
charge and spin of radical ions over the molecule. A concise
route for the pillaring, comprising the substitution reaction of
metalated compounds with silylating reagents, should find
application in a wide range of aromatic compounds, which
may add a new structural repertoire for n-type organic
semiconductors in particular. Further details of the carrier
transport, such as energetics, molecular arrangement in thin
films, and the effects of orbital degeneracy, are also interest-
ing from the experimental and theoretical points of view of
organic materials.
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