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Organic electroluminescent (EL) devices, generally composed
of thin multilayers of hole transporting, emissive, and electron
transporting (ET) materials sandwiched between two elec-
trodes!2? are enjoying a great deal of interest because of their

possible application as large-area flat panel displays. One of

the major current subjects in this field is the development of
efficient ET material$. In principle, the efficiency of EL
depends on the quantities of injected carriers, holes, and
electrons as well as the quantum yield of the emissive material.
A balanced injection of holes and electrons is required to realize
an efficient EL. However, the efficiency of the electron
injection for the devices reported so far seems to be inferior to
that of the hole injection, due to the large differences between
the Fermi levels of cathode metals and the LUMO levels of the
ET materials. High electron affinity may thus be the first
requisite for the design of ET materidisAlthough the low-
lying LUMO levels would be readily achieved by the introduc-
tion of electron-withdrawing groups inte-conjugated systems,
these traditional structural modifications might often result in
the undesired formation of charge transfer complexes or
exciplexes with HT or emissive materials. Consequently, the
representative ET materials widely used so far are rather
restricted to only a few types of compounds, such a&sNC
double bond-containing heterocylespetal-quinolinol com-
plexes® and cyano-substituted pojyfphenylenevinylene)s.
Conceptually, new efficient ET materials are still being devel-
oped.

We now introducea silicon-containing cyclicr-electron
systemgsilole (silacyclopentadieng)® as a novel core compo-
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Figure 1. Comparison of HOMO and LUMO energy levels based on
ab initio calculations at RHF/631G* level of theory.

Chart 1

Me

TST (R=H) TTISTT
SiTSTSi (R = +-BuPh,Si)
X Me Me
| /
N
i 3~~C
vy O O
l =
Alq TPD

nent for efficient ET materials. The high electron accepting
ability of the silole ring has long been experimentally kno\®n.

It has recently been theoretically demonstrated that the low-
lying LUMO energy level of the silole ring is ascribed to the
o* —m* conjugation between the* orbital of the exocyclico
bonds on silicon and the* orbital of the butadiene moiety in
the ring112 This feature is conspicuous by comparison, as
shown in Figure 1, of the calculated HOMO and LUMO energy
levels of the silole ring with those of some nitrogen-containing
cyclic compound42 most of which have been used as core
components of conventional ET materiafé. The silole ring
has the lowest LUMO energy level among them. It was thus
anticipated that new efficient ET materials would be realized
by using the silole ring as a core component.
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Table 1. Performance of Organic EL Devices Containing Silole
Derivatives as ET Materizds

I (mAcm? L (cdm? LE emission
ET material at5\w at5\V¢  (ImwW=4  Anax(nm)
Alg 10 240 1.5 520
PYSPY/Algf 28 820 1.9 520
TTSTT 100 6.4 0.005 585, 602(sh)
SITSTSi 34 10 0.16 551
PSP 0.1 <0.1 0.17 488

a Configuration of the devices is ITO/TPD(500 A)/ET-material(500
A)Mg:Ag unless otherwise stated. Thickness of all devices were
arranged to be same for a meaningful comparison between different
devices having different numbers of layet<€urrent density when 5
V was applied®Luminance whe 5 V was applied? Luminous
efficiency at 100 cd m?. ¢ Electroluminescence from the Alq layer.
fITO/TPD(500 A)/Alg(150 A)/PYSPY(350 A)/Mg:Ag? These elec-
troluminescent peaks coincide with the photoluminescent peaks of the
thin deposited films of each compound: TTSTT, 585(sh), 604 nm;
SITSTSIi, 543 nm; PSP, 486 nm.
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Figure 2. Current-voltagelfV) characteristics of the EL devices as a
function of the ET materials.

To evaluate the performance of silole derivatives as ET
materials, we have examined four low-molecular weight 2,5-
di(aryl)silole derivatives ARSAR, i.e., 2,5-bis(3-methylphenyl)-
(PSP), 2,5-bis(2-pyridyl)- (PYSPY), 2,5-bistért-butyldiphen-
ylsilyl-2-thienyl)- (SiTSTSi)!® and 2,5-bis(bithienyl)silole
(TTSTT)22bthe structures being shown in Chart 1. Several
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@ Reagents and conditions: (a) LiNg4), THF, room temperature.
(b) t-BuPhSiCl (x2), 0°C, or PhRSIiCl (x2), —=78°C. (c) ZnCL,"-TMEDA
(x2), room temperature. (d) ArBix2.2), PdC}(PPh). (x0.05), THF,
reflux, 12 h. (e) LiTMP &2.3), THF, 0°C. (f) t-BuPhSiCl (x2.3),
CuCN (x0.05), THF, room temperature.

complexes) with TPD, three other silole derivatives can be used
as emissive ET materials in the ITO/TPD/ARSAR/Mg:Ag
devices. The device with TTSTT exhibits one order higher
efficiency (100 mA cm? at 5 V) than that with Alg and emits

a reddish-orange light, although the luminous efficiency is low.
Similar devices containing SiTSTSi and PSP, which exhibit
moderate current efficiencies and luminous efficiencies, emit a
yellowish-green light and a greenish-blue light, respectively. It
should be noted here that about a 100 nm bathochromic shift
of the emission wavelength is attained by merely changing the
2,5-aryl groups of the silole from 2-methylphenyl to bithienyl.
These results suggest an easy access to various colors of light,
blue to red colors required for application to the full-color
displays, by modification of only the 2,5-aryl groups on the
silole ring. Advantageously, these structural modifications could
be readily achieved by the newly developae-potsynthesis

of 2,5-di(aryl)silole as described below.

Thus, as shown in Scheme 1, the intramolecular reductive
cyclization of readily available diethynylsiladausing an excess
amount of lithium naphthalenide (LiNp) quantitatively afforded
2,5-dilithiosilole 2,6 which was successively treated with the
bulky tert-butyldiphenylchlorosilane (or triphenylchlorosilane)
for quenching the remaining LiNp and with Zn<€TMEDA.

devices were fabricated by using these silole derivatives as ETThe resulting 2,5-dizinc specie3 was coupled with aryl

materials, together with indium tin oxide (ITQY,N-diphenyl-
N,N-bis(3-methylphenyl)-1,1biphenyl-4,4-diamine (TPD), and
Mg:Ag (10:1) alloy which are employed as the anode, HT
material, and cathode, respectively. All layers were made by
vacuum deposition.

Indeed, these devices emitted lights at rather low applied
voltages. Thus, we compared the performance of the silole
derivatives with that of tris(8-hydroxyquinoline)aluminum (Alq),
one of the most efficient ET materials reported solftr. The
data are summarized in Table 1 and the current-volt&y8 (
characteristics are shown in Figure 2. Remarkably, PYSPY,
composed of silole andr-electron-deficient pyridine rings,
shows quite high performance; the device PYSPY/Alq (entry
2), consisting of PYSPY as the ET material and Alq as the
emissive material, exhibits nearly 3 times high#&f efficiency
(28 mA cnt2 at 5 V) than those obtained with the device using
only Alg (entry 1). Furthermore, the luminance of our device
reaches 820 cd n? at 5 V of applied voltage, while only 240
cd n2 of luminance is obtained without PYSPY. The luminous
efficiency of the present device (1.9 ImWat 100 cd m?) is
about 1.3 times higher than those obtained with the Alq device.

While this PYSPY could not be used as an emissive ET
material due to the undesired formation of exciplexes (or CT

(15) The silyl groups are introduced to improve the quality of the TST
thin film. For the preparation of SiITSTSI, see the supporting information.

bromides in the presence of a palladium complex catélyst
afford the corresponding silole derivatives in high vyields.
Obviously, the present procedure is applicable to the synthesis
of a variety of 2,5-di(aryl)silole derivatives by applying the
appropriate aryl halides during the final coupling step.

These findings demonstrate for the first time that the silole
ring is a promising candidate as a core component for efficient
ET materials. Finally, itis emphasized that the silole derivatives
may be regarded as only one cyclic diene containing an
electropositive atom which is readily available in quantity, can
be handled without special care, and has a low-lying LUMO
for high electron affinities.
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