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Recently, polymeric light-emitting materials have
attracted much attention for their potential applications
in large-area displays.! Following the discovery of poly-
(p-phenylene vinylene) (PPV),2 a wide range of poly-
mers, for example, polythiophene,# poly(p-phenylene),’
poly(vinylcarbazole),b” and polyfluorene,® have been re-
ported in the literature as potential candidates for poly-
meric light-emitting diodes (LEDs). One of the greatest
advantages of these devices over molecular LEDs is the
ease of processing of the polymers into high-quality thin
films. In particular, organic-soluble conjugated poly-
mers, such as poly[2-(2'-ethylhexyloxy)-5-methoxy-1,4-
phenylenevinylene] (MEH-PPV), have received consid-
erable attention.®~12 Although MEH-PPV can be fabri-
cated into a LED possessing a high quantum efficiency
(mext = 1%), there are several deficiencies, such as the
polymer’s synthesis. The polymer uses the 2-(2'-ethyl-
hexyloxy)-5-methoxy-1,4-bis(chloromethyl)benzene mono-
mer, which often results in a significant amount of
insoluble polymer gel due to the cross-linking of the
polymer chains. In addition, an inherent thermal
property, its low glass-transition temperature (Tg = 65
°C), may prohibit the long-term use of the device. In
this paper, we report the synthesis and characterization
of a novel copolymer (TPD-MEH-PPV) consisting of
tetraphenyldiaminobiphenyl (TPD) and MEH-PPV moi-
eties. The design of the polymer was based on the
motivation (1) to improve both the hole-transporting
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property and oxidative stability of the MEH-PPV by
inserting into the polymer chain an easily p-dopable and
electrochemically reversible TPD moiety; (2) to raise the
Ty of the MEH-PPV by inserting the TPD moiety which
has more rigid biphenyl structure; and (3) to improve
simultaneously both the synthetic procedure and the
solublity of the polymer?3 by using the Wittig—Horner
condensation reaction to avoid potential cross-linking
problems and to enhance the solubility of the polymer
in common organic solvents by attaching two n-butyl
groups onto the benzene rings of the TPD.

The method for preparing the copolymer is outlined
in Scheme 1. Monomer 2 was synthesized from 4,4-
dibromobiphenyl by a three-step reaction4-1¢ (overall
yield, 33%). Alkylation of 4-methoxyphenol, followed by
chloromethylation of 3, gave 2-(2'-ethylhexyloxy)-5-
methoxy-1,4-bis(chloromethyl)benzene 4 in 60% vyield.
The condensation reaction between 4 and triethyl phos-
phite afforded the diphosphonate 5 in quantitative
yield.'” The TPD-MEH-PPV was prepared by the
Wittig—Horner condensation reaction!® between the
dialdehyde 2 and 2-(2'-ethylhexyloxy)-5-methoxy-1,4-
xylene tetraethyl diphosphonate 5 in tetrahydrofuran
(THF).2®* The chemical structure of the resulting poly-
mer was confirmed by 'H NMR and elemental analysis.
It is worth pointing out that polymer gels were not
formed during this polymerization process.

TPD-MEH-PPV was a yellow powder which dissolved
easily in common organic solvents such as chloroform,
tetrahydrofuran, and xylene. The molecular weight of
the polymer was determined using gel permeation
chromatography (GPC) with polystyrene as the calibra-
tion standard. The number average (My) and the weight
average (M,) molecular weight of the polymer was
15 000 and 37 000, respectively. A uniform and pinhole-
free thin film of the polymer was obtained by spin-
coating from its chloroform solution.

The thermal properties of TPD-MEH-PPV and MEH-
PPV were analyzed using thermal gravimetric analysis
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Scheme 1. Synthesis of TPD-MEH-PPV
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Figure 1. Thermal gravimetric analysis thermograms of
MEH-PPV and TPD-MEH-PPV.

(TGA) and differential scanning calometry (DSC) under
a nitrogen atmosphere. Both TGA thermograms for
TPD-MEH-PPV and for MEH-PPV are shown in Figure
1. The TPD-MEH-PPV started to show weight loss at
308 °C and had lost 22.8% of its original weight by 500
°C. In comparison, MEH-PPV began showing weight

Electrochemical measurements were performed using
cyclic voltammetry (CV) at room temperature in a
conventional three-electrode cell with a polymer thin
film spin-coated onto indium tin oxide (ITO) glass as
the working electrode (~ 3 cm?). Pt gauze was used as
the counter electrode and Ag/Ag™ was used as the
reference electrode, with 0.1 M tetrabutylammonium
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Table 1. Electronic Parameters for MEH-PPV and TPD-MEH-PPV

E™ vs Ag/Ag™ (V) Erdvs Ag/Agt (V) ECEg(eV) E®™2vsEroc (V) ErvsEroc (V) HOMO (eV) LUMO (eV)
MEH-PPV 0.36 —2.09 2.45 0.24 —2.21 —5.04 —2.59
TPD-MEH-PPV 0.47 -2.10 2.57 0.35 -2.22 ~5.15 ~2.58

a Epoc = 0.12 V vs Ag/Ag™.
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Figure 2. Cyclic voltammograms of MEH-PPV and TPD-
MEH-PPV films on ITO glass in an acetonitrile solution of
TBAP (0.1 M) at a scan rate of 40 mV/s. Solid line, TPD-MEH-
PPV film; dotted line, MEH-PPV film.
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Figure 3. Cyclic voltammogram of 10 cycles of repetitive
scans of TPD-MEH-PPV.

perchlorate (TBAP) in acetonitrile as the electrolyte.
Figure 3 shows the cyclic voltamogramms of both TPD-
MEH-PPV and MEH-PPV. The TPD-MEH-PPV exhib-
ited two reversible waves (formal potentials E';, = 0.57
V, E"y2 =0.72 V vs Ag/Ag™) under an anodic sweep. In
contrast, the MEH-PPV exhibited only two irreversible
waves (dotted line). Moreover, the anodic peak current,
Ipa, for TPD-MEH-PPV increased gradually with an
increase in the scan cycles, reaching a constant maxi-
mum after four cycles (Figure 3). In comparison, the
oxidation waves for MEH-PPV disappeared after a few
repetitive scans. This indicated that TPD-MEH-PPV
possessed excellent electrochemical reversibility and
stability. However, the reduction of this polymer was
shown to have an ireversible wave during the first cycle,
which indicated that TPD-MEH-PPV may have a very
high electron injection barrier. This may lead to the
imbalance of charge injection and transporting for single
layer LED made by this polymer.

The redox potentials obtained from CV measurements
for both TPD-MEH-PPV and MEH-PPV under the same
conditions are listed in Table 1. The HOMO and LUMO
values are calculated by assuming the energy level of
ferrocene/ferrocenium (Eroc) at —4.8 eV.1521 The band
gap (Eq= 2.57 eV) can be derived from the difference
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Figure 4. UV-vis absorption spectra of TPD-MEH-PPV.

Solid line, as a film; dotted line, in chloroform solution.
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Figure 5. Current—voltage characteristic for the ITO/CuPc/
TPD-MEH-PPV/AI light-emitting diodes.

Current (mA)

1.2 prerrrrereT L T ] 11
~ 4 | TPD-MEH-PPV & -
3 - 10 3
s osf (==l s
Zos6f 1° 2
0 1)
g 04F {s ¢
£ o2k £

_7 -
g of " m
-0.2 [ I N | I 6

200 300 400 500 600 700 800 2900
Wavelength (nm)

Figure 6. Photoluminescence and electroluminescence spec-
tra of TPD-MEH-PPV. Solid line with circles, PL, in chloroform
solution; dotted line, PL, as film; solid line, EL of the device.

between the onset of the first oxidation potential and
the onset of the first reduction potential. This value is
in good agreement with the E4 value obtained from the
absorption data (2.47 eV) (Figure 4).

A LED device (with 2 mm diameter dots) was fabri-
cated using a two-layer structure in this study. A layer
of copper phthalocyanine (CuPc), with a thickness of 50
nm, was evaporated onto an ITO glass substrate (anode)
in a vacuum (2 x 107% Torr), then a polymer film, with
a thickness of 50 nm, was spin-coated onto the CuPc
layer. The Al electrode (cathode) was finally evaporated
onto the polymer film under the same vacuum condition
used for CuPc.

The current—voltage (I-V) characteristics of the
device, illustrated in Figure 6, show a typical diode
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behavior with a high rectification ratio of 1.1 x 10° at
+3.75 V. When increasing the forward bias, both the
current and the intensity of the emitting light increased
superlinearly after the turn-on voltage of 4.5 V. No light
was observed under reversed bias up to —20 V. The
device emitted bright yellow light (Amax = 540 nm),
which could be seen clearly in daylight. The wavelength
of the emitted light had a significant blue-shift when
compared to that of MEH-PPV. This may be explained
by the shorter conjugation length of the copolymer
which introduces a larger gap between the HOMO and
the LUMO energy states. The EL spectrum was almost
identical with the photoluminescent (PL) spectra (solu-
tion and thin film) of the polymer (Figure 6), indicating
that the same excitation state was involved. However,
the shape of the EL spectrum was slightly different from
that of the PL spectra. The EL spectrum was much
steeper on the long-wavelength side. This was due to
the partial absorption caused by the CuPc layer, since
CuPc has a strong absorption band in the region
between 520 and 680 nm.
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In conclusion, we have synthesized a new electrolu-
minescent polymer by incorporating both a highly effi-
cient hole-transporting moiety, TPD, and a light-emit-
ting moiety, MEH-PPV, into the polymer chain. This
facile method provides the synthesis of light-emitting
polymers with a broad variation of polymer backbones.
The resulting polymer possesses high thermal stability,
good electrochemical reversibility and stability, an
excellent thin-film-forming property, and a bright light-
emitting property. Double-layer LED devices with
relatively air-stable aluminum electrodes based on the
TPD-MEH-PPV polymer show a rectification ratio greater
than 106 and a low turn-on voltage of 4.5 V.

Acknowledgment. The authors would like to thank
S. Liu for the molecular weight measurements. Finan-
cial support from Office of Naval Research (ONR)
through the MURI Center (CAMP) and Air Force Office
of Scientific Research (AFOSR) through the DURIP
program is gratefully acknowledged.

CM980498S



