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Liquid-crystalline polymers containing an oxadiazole moiety as an electron-
transporting unit and a carbazole moiety as a hole-transporting unit in the same
side chain were designed and synthesized to investigate electroluminescent (EL)
properties. The synthesized polymers showed high fluorescence quantum
efficiency. Furthermore, it was found that the luminescent polymers possessed
bipolar carrier-transporting property. The single-layer organic light-emitting
diode was fabricated to demonstrate EL emission. The device, ITO glass=the
polymer=MgAg, exhibited intense blue emission with a maximum brightness of
30 cd=m2 at 30V.

Keywords: bipolar carrier-transporting; carbazole; electroluminescence; liquid-crystalline
polymer; oxadiazole; single-layer organic light-emitting diode

INTRODUCTION

The strong anisotropy of liquid-crystalline polymers (LCPs) and their
self-organizing ability allow the preparation of well-oriented thin films
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emitting polarized electroluminescence (EL) [1,2]. Furthermore, liquid
crystals (LCs) possess high carrier-transporting ability [3–6]. By using
mechanically treated films, LC-aligned films can be prepared by
quenching from appropriate fluid phases into solid states [7]. Due to
these properties, LCs are well-known as prospective materials to be
used not only in display devices but also in various photonic applica-
tions [8,9].

Polymeric materials are generally expected to be suitable for
organic light-emitting diodes (OLEDs) because of good processability
and intrinsically high durability [10]. In general, light-emitting poly-
mers are rarely good conductors for both electrons and holes, whereas
LED devices require balanced injection and transport of them. To
achieve a high performance single-layer OLED (SLOLED), a chromo-
phore with both electron- and hole-transporting units would be appro-
priate [11–15]. In relation to the bipolar carrier-transporting LCP,
we already reported the carrier mobility of 2� 10�6cm2=Vs in an
LC-aligned film with an LCP containing an oxadizole (OXD) moiety
as an electron-transporting unit and an amine moiety as a hole-
transporting unit at 130�C. Furthermore, we observed polarized EL
emission in the SLOLED with a dichroic ratio of 1.6 [16].

In this study, we synthesized the polymers possessing a bipolar
carrier-transporting chromophore consisting of the OXD moiety as
an electron-transporting unit and a carbazole (Cz) moiety as a hole-
transporting unit in the same side chain and investigated their EL
properties. The Cz is an efficient photoconductive species transporting
carriers. Poly(N-vinnylcarbazole) (PVK) has an emission band in the
blue-violet region and transports holes effectively [17,18]. Therefore,
we expected that polymers must show bipolar carrier-transporting
ability and emit intense blue light by introducing OXD and Cz moi-
eties. Furthermore, we also predicted that when the polymers show
LC behavior, polarized emission could be obtained by SLOLEDs using
the polymers.

EXPERIMENTAL

Materials

Figure 1 shows the chemical structures of the luminescent polymers
containing OXD and Cz moieties in the same side chain.

Poly{2-[40-(6-methacryloyloxy-1-hexyloxy)biphenyl-4-yl]-5-(3-N-
methylcarbazolyl)-1,3,4-oxadiazole} (PM6-OXD-MCz) and poly{2-[40-
(6-methacryloyloxy-1-hexyloxy)biphenyl-4-yl]-5-(3-N-ethylhexylcarba-
zolyl)-1,3,4-oxadiazole} (PM6-OXD-EHCz) were prepared by radical
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polymerization of the corresponding monomers, 2-[40-(6-methacryloyl-
oxy-1-hexyloxy) biphenyl-4-yl]-5-(3-N-methylcarbazolyl)-1,3,4-oxa-
diazole (M6-OXD-MCz) and 2-[40-(6-methacryloyloxy-1-hexyloxy)
biphenyl-4-yl]-5-(3-N-ethylhexyl-carbazolyl)- 1,3,4-oxadiazole (M6-OXD-
EHCz). These monomers and poly{2-[40-(6-methacryloyloxy-1-hexyloxy)
biphenyl-4-yl]-5-(4-N,N-dimethylaminophenyl) 1,3,4-oxadiazole} (PM6-
OXD-MA) were synthesized according to the literature [16,19].

The number-average molecular weights (Mn) and molecular weight
distributions (Mw=Mn) were determined by gel permeation chromato-
graphy using polystyrenes as a standard. The Mn’s of PM6-OXD-MCz
and PM6-OXD-EHCz were 25,000 and 50,000 and Mw=Mn’s were 1.8
and 2.1, respectively.

RESULTS AND DISCUSSION

LC Behavior

Glass transition and phase transition temperatures were determined
with a differential scanning calorimeter (Seiko I & E SSC-5200) oper-
ated at a heating and cooling rate of 10, 5, and 1�C=min. At least, three
scans were performed for each sample to inspect its reproducibility.
Phase transition behavior was evaluated by a polarizing optical

FIGURE 1 Chemical structures of the polymers and their molecular
properties.
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microscope (POM; Olympus Model BHSP equipped with Mettler hot
stages Models FP-80 and FP-82) and X-ray diffractometry (MAC
Science MXP with a thermal controller, model 5301). The phase
transition temperatures of the synthesized compounds are given in
Table 1.

Comparing two monomers, M6-OXD-MCz showed a nematic phase
from 112�C and an isotropic phase at 157�C. It was found that the
monomer with an ethylhexyl group at the Cz moiety, M6-OXD-EHCz,
was a monotropic LC. Figure 2 shows textures of the LC monomers
observed by POM. X-ray diffraction patterns support these LC phase
structures as shown in Figure 3.

Even though both monomers were characterized by LC phase beha-
vior, only the polymer containing a methyl group at the Cz moiety,
PM6-OXD-MCz, showed LC behavior. The other polymer with an
ethylhexyl group, PM6-OXD-EHCz, did not exhibit any LC phase.

TABLE 1 Phase Transition Temperature of the Synthe-
sized Compounds

Compounds Phase transition temperatures (�C)a

M6-OXD-MCz K 112 N 157 I
M6-OXD-EHCz N 40 I (cooling)
PM6-OXD-MCz G 140 N 230 I
PM6-OXD-EHCz G 40 I

aG- glassy; I - isotropic; K - crystalline; N - nematic phase.

FIGURE 2 Polarizing optical micrographs of the LC textures of
M6-OXD-MCz at 120�C, (A) and M6-OXD-EHCz at 30�C on cooling (B).
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It can be assumed that PM6-OXD-EHCz has large irregularity or
high flexibility of end-groups in the side chain, so that this polymer
could not show LC behavior.

Optical Properties

Steady-state absorption and photoluminescence (PL) spectra were
measured at room temperature in a 1-cm quartz cell with a spectro-
photometer (Jasco, U-550) and a fluorescence spectrophotometer
(Hitachi, F-4000), respectively. The concentration of the sample was
on the order of 10�5mol=L.

FIGURE 3 X-ray diffraction patterns of the LC monomers: (A) and (B) are N
and K phases of M6-OXD-MCz at 30�C and 130�C, respectively, (C) and (D)
are N and K phases of M6-OXD-EHCz at 30�C on cooling and heating,
respectively.
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Figure 4 shows UV absorption and PL spectra of PM6-OXD-EHCz
in a dichloromethane solution at room temperature. It was found that
the polymer exhibited an absorption band with a maximum at 335nm.
Furthermore, PM6-OXD-EHCz showed an emission band at around
419nm when the excitation wavelength was 330nm. The maximum
wavelengths of the absorption and emission bands and the fluores-
cence quantum yields (Uf) of the synthesized polymers are summar-
ized in Table 2. These polymers showed high Uf over 0.7.

Electrochemical Properties

To investigate reduction and oxidation behavior of the synthesized
polymers, cyclic voltammetry was measured. It was performed on an
ALS=chi Model 600A electrochemical analyzer with tetraethylammo-
nium tetrafluoroborate (10�1mol=L) in an acetonitrile solution at a
scan rate of 0.1V=s. The measurement was carried out using a
platinum disk (1.6mm in diameter) as a working electrode. Platinum
wire was used as a counter electrode, and the Ag=AgNO3 solution
(10�2mol=L in acetonitrile) was used as an electrolyte. The redox

FIGURE 4 Absorption (A) and PL (B) spectra of PM6-OXD-EHCz in CH2Cl2
at an excitation wavelength of 330nm.

TABLE 2 Optical Properties of the Synthesized Polymers

Absmax (nm) PLmax (NM) Uf
a

PM6-OXD-MCz 335 430 0.72
PM6-OXD-EHCz 335 419 0.78

aPL spectra were measured in CH2Cl2 (10
�6M) at an excitation wavelength of 330nm.
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behavior was referenced to Ag=AgNO3 and ferrocene=ferrocenium.
Figure 5 shows the cyclic voltammogram (CV) of PM6-OXD-EHCz.
In the cathodic scan, the CV of the polymer exhibited the reduction
peak at �1.6V. The oxidation peak of PM6-OXD-EHCz appeared at
0.94V. This result indicates that PM6-OXD-EHCz possesses bipolar
carrier-transporting ability. In this study, the synthesized polymers
exhibited intense fluorescence emission and redox behavior. Further-
more, PM6-OXD-MCz showed LC behavior. With these results, we
expected that it is possible to fabricate SLOLEDs with these polymers.

Fabrication and Performance of the SLOLED

To fabricate a stable SLOLED, a polymer layer with thickness of
�100nm is needed. Since PM6-OXD-MCz showed poor solubility,
we used PM6-OXD-EHCz to fabricate SLOLED due to its excellent
solubility. The device of ITO glass=PM6-OXD-EHCz=MgAg was pre-
pared by the following method. The polymer film with thickness of
100nm was obtained by spin-coating at a rate of 2,500 rpm for 30 s
(2wt% solution in toluene). MgAg as an anode was deposited onto
the polymer layer by thermal vacuum evaporation at a vacuum press-
ure of less than 10�6 torr. It was found that the SLOLED with amorph-
ous PM6-OXD-EHCz emitted blue light at around 450nm as shown
in Figure 6.

FIGURE 5 CV of the PM6-OXD-EHCz coated on a platinum electrode in
acetonitrile.
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Figure 7 shows current-voltage and luminance-voltage curves for
the device at room temperature. The EL emission started at a driving
voltage of 5V. Similar turn-on voltages for both current density and
luminance indicate that charge injection from the cathode and the
anode is balanced. The SLOLED exhibited a maximum luminance of

FIGURE 6 EL spectrum of the SLOLED, ITO glass=PM6-OXD-EHCz=
MgAg.

FIGURE 7 Current-voltage (circle) and luminance-voltage (square) curves of
the device, ITO glass=PM6-OXD-EHCz=MgAg.
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30 cd=m2 at 30V. It is worth comparing the performance of PM6-OXD-
EHCz with that of a bipolar LCP with a similar structure, PM6-OXD-
MA (Fig. 1). The device of ITO glass=PM6-OXD-MA=MgAg exhibited
a maximum luminance of 13 cd=m2 at 26V [16].

The brightness of emission with PM6-OXD-EHCz was much
improved in comparison with that of PM6-OXD-MA. This is due to
the lower LUMO level of PM6-OXD-EHCz compared to that of
PM6-OXD-MA, which facilitates injection of electrons and increases
probability of hole-electron recombination.

CONCLUSION

We synthesized a novel class of the polymers, PM6-OXD-MCz and
PM6-OXD-EHCz, containing OXD and Cz moieties in the side chain
and investigated their intrinsic properties. Even though both mono-
mers showed LC behavior, only PM6-OXD-MCz exhibited a nematic
LC phase. Furthermore, these polymers showed high fluorescence
quantum efficiency. By measuring cyclic voltammetry, it was found
that the polymers possessed bipolar carrier-transporting ability. The
fabricated SLOED, ITO glass=PM6-OXD-EHCz=MgAg, exhibited
blue emission with a maximum brightness of 30 cd=m2.
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