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Poly(1,4-phenylenevinylene) (PPV) derivatives have
attracted a great deal of attention because of their
potential application as electroluminescence (EL) ma-
terials for light-emitting diodes (LEDs).12 It is impor-
tant, for achievement of high efficiency and luminance
in an LED device, to prevent a self-quenching process
due to formations of excimers in a solid state. Recently,
various bulky substituents such as alkoxy, alkylsilyl,
phenyl, and fluorenyl groups have been substituted at
the 2- or 2,5-positions of the PPV backbone to suppress
the intermolecular interactions that lead to the forma-
tion of excimers.®~® These PPV derivatives showed not
only, of course, good solubility in common solvents but
also high photoluminescence (PL) efficiency even in a
solid state and high LED performance. On the other
hand, a balanced injection of the electrons from a
cathode and the holes from an anode is also essential
for a high efficient LED. With respect to a promotion of
electron transport, oxiadiazole derivatives have been
introduced to PPVs as a side chain or into the PPV main
chain because of their high electron affinity.”~1° To
enhance the hole-transport efficiency, there have been
recent papers on PPV derivatives involving hole-
transporting units such as a triphenylamine or carba-
zole group in the PPV main chain.19-14 But to the best
of our knowledge, there has been no report of PPV
derivatives substituted with a hole-transporting side
chain (except the paper on the synthesis of poly[2-(N,N-
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dimethylamino)-1,4-phenylenevinylene]).’> Triphenyl-
amine is characterized by a high hole-transporting
ability and a bulky volume, which is appropriate for a
side-chain substituent of the PPV backbone to realize
both high fluorescence efficiency in the solid state and
high hole mobility. We report here, for the first time,
the synthesis of a fully conjugated PPV derivative
substituted with triphenylamine, poly[5-(4'-(N,N-di-
phenylamino)-phenyl)-2-(2'-ethylhexyloxy)-1,4-phenyl-
enevinylene-alt-5-methoxy-2-(2'-ethylhexyloxy)-1,4-phen-
ylenevinylene] (DPAP—PPV), and its highly emissive EL
property over 29 000 cd/m? under a low driving voltage
(=8 V).

The DPAP—PPV polymer was synthesized as shown
in Scheme 1. We applied a Wittig—Horner reaction for
the polymerization, that is, polycondensation between
a terephthalaldehyde and xylene-bis(diethylphospho-
nate) derivative.1® The key step was the synthesis of the
terephthalaldehyde 37 by a Suzuki coupling reaction
between the pinacol borate 18 and 2-alkoxy-5-bromo-
terephthalaldehyde 2.° The polycondensation of 3 and
419 was carried out in a m-xylene solution in the
presence of potassium tert-butoxide at 100 °C.2° The
polymer was obtained as a bright orange powder, which
was soluble in common solvents such as dichloromethane,
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Figure 1. (1) UV—vis absorption spectrum; (2) excitation
spectrum at 552 nm emission; (3) PL spectrum under excita-
tion at 459 nm; (4) EL spectrum of the double-layer device of
DPAP—-PPV.

toluene, and tetrahydrofuran. Content of the trans-
vinylene-linked structure was estimated to be >99%
based on the 'H NMR and IR analysis. Number-average
molecular weight of the polymer was 19 000 (M\/M, =
1.57). Differential scanning calorimetry gave its rela-
tively high Ty (140 °C). Thermal gravimetric analysis
showed no weight loss up to 350 °C and 5% reduction
in the polymer weight at ~400 °C, indicating thermal
stability of the polymer and durability for its LED
usage.

UV—vis absorption, PL spectra of the polymer film
spin-coated on a quartz substrate are shown in Figure
1. The maximum absorption peaks of the 7—m1* transi-
tion derived from the PPV backbone and the n—m*
transition derived from the triphenylamine substitutent
are located at 459 and 309 nm, respectively. The band
gap of the polymer was estimated to be 2.26 eV from
the absorption edge of 542 nm. The polymer film emitted
a strong yellow PL emission under the irradiation
ascribed to the PPV backbone at 459 nm. Maximum and
shoulder peaks of the PL spectrum were at 552 and
around 600 nm, respectively. The PL efficiency as the
solid-state polymer was 31%,2! which was twice that of
the analogous and well-established poly[2-methoxy-5-
(2'-ethylhexyloxy)-1,4-phenylenevinylene] (MEH—-PPV)
(15%).2223 Interestingly, under irradiation of 309 nm
attributed to the triphenylamine moiety, the polymer
also showed a strong PL emission at the same wave-
length (552 nm), and its PL intensity was higher than
that under excitation of the PPV backbone (459 nm)
(Figure 1 (2)). This result suggests that a singlet exciton
at the triphenylamine moiety effectively transfers to the
PPV backbone through the fully conjugated structure
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Figure 2. Luminance—voltage characteristics of the double-
layer LED device. Inset: current density—voltage character-
istics. Cathode metal/Ca (closed circle) or Cs (open square).

and the triphenylamine side chains along PPV might
serve as a light-harvesting role of near-ultraviolet light.

Cyclic voltammetry of the polymer coated on indium
tin oxide (ITO) glass was measured in a conventional
three-electrode cell setup (0.1 M tetrabutylammonium
fluoroborate in acetonitrile; versus Ag/AgCl; 100 mV/s;
Eip(Fc/Fct) = 0.54 V). A reversible redox peak was
observed at 1.0 V (onset of oxidation peak potential at
0.86 V in the anodic scan), and the cathodic scan
exhibited the onset of the reduction peak at —1.1 V
without the corresponding oxidation peak. The highest
occupied and the lowest unoccupied molecular orbital
(HOMO and LUMO) energy were electrochemically
estimated to be —5.1 and —3.2 eV, respectively;?* this
HOMO level was as high as those of low-molecular hole-
transporting materials.?®

Double-layer LED devices with the configuration as
ITO/poly(3,4-ethylenedioxythiophene) (PEDOT):poly-
(styrene sulfonic acid) (PSS)/the DPAP—PPV polymer/
Ca or Cs/Al were fabricated.?® The DPAP—PPV devices
emitted bright yellow light; the EL spectrum showed a
maximum emission at 555 nm, which corresponded to
the PL spectrum (Figure 1). For the device sealed with
a calcium cathode, the turn-on voltage was 3 V with a
luminance of 100 cd/m?2, and the device showed a
maximum luminance of 29 500 cd/m? at only 8 V and a
luminous efficiency of 1.1 Im/W (Figure 2). The device
with a cesium cathode showed better performance in
the low driving voltages (3—6 V) than that with calcium,
and the luminance and the luminous efficiency at 3 V
were 510 cd/m? and 3.0 Im/W, respectively (Figure 2).
The maximum luminance of 29 500 cd/m? at 8 V with
the ITO/PEDOT:PSS/polymer/Ca/Al configuration is
almost 2—3 times higher than those of the previously
reported LEDs composed of MEH—PPV with the same
configuration.?” We considered that the triphenylamine
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moiety of the DPAP—PPV polymer is more easily doped
with the PSS in the buffer layer at the interface of
PEDOT:PSS in comparison with the simple MEH—PPV
and that more efficient hole injection has been estab-
lished in the anode interface of the polymer. This was
supported by the following experiment: The dichlo-
romethane solution of triphenylamine was vigorously
stirred with the aqueous solution of PSS; then, the
dichloromethane triphenylamine solution showed a
strong visible absorption at 695 nm assigned to a
triphenylaminium radical and an ESR signal at the field
of g = 2.003 ascribed to a nitrogen radical. These devices
were fabricated under open air conditions except for
vacuum deposition of the metals; we have still not
optimized the film thickness and the fabrication (coat-
ing) condition such as a solvent speicies and the solution
concentration. There remains room to improve the
performance, especially the luminous efficiency.

In summary, a novel triphenylamine-substituted and
fully conjugated poly(1,4-phenylenevinylene) was syn-
thesized by the Wittig—Horner-type polycondensation.
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The polymer shows high PL efficiency as a film (31%)
and high HOMO energy of —5.1 eV. The simple double-
layer devices of the polymer exhibited a very high
luminance of 29 500 cd/m? under a low driving voltage.
The synthetic route will be applicable to introduction
of various triphenylamine moieties to the PPV back-
bones.
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