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ABSTRACT: The fluorene-based poly(iminoarylene)s with triarylamine unit were simply synthesized
from palladium-catalyzed polycondensation of 2,7-dibromo-9,9-di-n-alkyllfluorene with primary amines
such as aniline and p-toluidine. The polymers with high molecular weight were obtained and were
thermally stable. The HOMO levels of the polymers (~—5.1 eV) were close to the work function of ITO.
Organic light-emitting diodes (OLEDS) of the form ITO/polymer/TPD/Alqgs/LiF/Al showed lower turn-on
voltage (V1 = 2.2 V), the enhanced efficiency, and the higher maximum luminance at the higher current
density (PFAL: 12 370 cd/m? at 427 mA/cm?) than those of the device without polymer (V+ = 3.6 V, 5790
cd/m? at 233 mA/cm?). It is expected that these polymers can be used as a buffer layer in OLEDs.

Introduction

For the past decade, organic light-emitting diodes
(OLEDSs) have attracted much attention from academia
and industry because of their applications in large area
flat-panel displays.»2 Generally, OLEDs are thin-film
multiplayer structures composed of a hole-transporting,
an emitting, and an electron-transporting material
sandwiched between two electrodes, which result in a
good charge balance of electrons and holes. The most
well-known hole-transporting material is N,N’'-di-
phenyl-N,N’'-bis(3-methylphenyl)-1,1'-biphenyl-4,4'-di-
amine (TPD), which is a triarylamine derivative.?
However, it has a low Ty (glass transition temperature)
value (60 °C)* and that causes crystallization and
thermal breakdown during the operation of OLEDs.5
For that reason, the development of hole-transporting
materials with high Ty is an important issue in OLED
material synthesis. For example, starburst compounds®
and spiro compounds’ with high T4 were reported, and
N,N'-diphenyl-N,N’-bis(a-naphthyl)benzidine (NPB) has
been widely used instead of TPD.8 The high-T4 polymers
containing a TPD unit were synthesized as well.®

To prevent the thermally morphological changes
within the TPD layer, there have been approaches to
enhance the interfacial stability between the anode and
the hole-transporting layer by forming covalent chemical
bonds to the indium—tin oxide (ITO) surface.1® A buffer
layer such as copper phthalocyanine (CuPc) affects the
stability of the interface.!’ Moreover, the buffer layer
was inserted between ITO and hole-transporting layer
(HTL) to lower the operating voltage, because its highest
occupied molecular orbital (HOMO) energy level is close
to the work function of ITO. Other buffer layers such
as the hole-transporting polymer layer mixed with a
strong acceptor or starburst amine layer doped with a
strong acceptor were reported.'?

The triarylamine-based hole-transporting materials
were usually synthesized by Ullmann coupling® or Pd-
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catalyzed amination.®®3 However, the polymerization
using these reactions is difficult. Alternatively, several
polymers containing an arylamine group were synthe-
sized by Suzuki coupling,* Wittig—Horner reaction,®
and condensation® with already synthesized arylamine
monomer. Among them, fluorene-based copolymers
prepared by using the Suzuki coupling reaction showed
high hole mobility'42 as well as good thermal stability
with high Tg4.14P Especially, they have great potential
to be applied as a hole-transporting layer or a hole
injection layer (buffer layer) in OLED because they have
a close work function to ITO.%¢

Through the development of the synthetic method of
triarylamine (reaction yield > 99%),%2 Kanbara et al.
succeeded in the Pd-catalyzed polycondensation using
the special reaction ligand.1®® This reaction easily gives
a triarylamine unit in the polymer main chain, and
therefore, it can provide facile and alternative route to
prepare new fluorene-based copolymers with aryl-
amine. In this paper, we present new fluorene-based
poly(iminoarylene)s with a triarylamine unit synthe-
sized by using Pd-catalyzed polycondensation and their
characteristics related to their structures. Moreover, we
have applied the synthesized polymers as a buffer layer
in OLED and achieved improved device performance.
The detailed explanation for improved device perfor-
mance is also discussed.

Experimental Section

Measurements. NMR spectra were recorded on a Bruker
AVANCE 400 spectrometer with tertramethylsilane as inter-
nal reference. The number- and weight-average molecular
weight of polymers were determined by gel permeation chro-
matography (GPC) on a Waters GPC-150C instrument, using
THF as eluent and polystyrene as standard. TGA and DSC of
polymers were performed under a nitrogen atmosphere at a
heating rate of 10 °C/min with a Dupont 9900 analyzer. UV—
Vis spectra were measured by using a Jasco V-530 UV/vis.
Spectrometer and photoluminescence spectra by using a
Spex Fluorolog-3 spectrofluorometer with spin-coated films at
room temperature. Cyclic voltammetry was performed on an
AUTOLAB/PGSTAT12 with a three-electrode cell in a solution
of BuyNBF, (0.10 M) in acetonitrile at a scan rate of 50 mV/s.
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lonization potentials (IP) of polymers were obtained using
atmospheric photoelectron spectroscopy (RIKEN Keiki AC-2).
Electroluminescence spectra were obtained with a Minolta CS-
1000. The current/voltage and luminescence/voltage charac-
teristics were taken with a current/voltage source (Keithley
238) and a Minolta LS-100.

Materials. Aniline, p-toluidine, a-naphthylamine, 2,7-di-
bromofluorene, toluene (99.8%, anhydrous), sodium tert-bu-
toxide (NaO-t-Bu), tris(dibenzylideneacetone)dipalladium(0)
(Pdz(dba)s), and tri-tert-butylphosphine (P(t-Bu)s) were pur-
chased from Aldrich. All chemicals were used without further
purification. The monomers 2,7-dibromo-9,9-di-n-hexylfluorene
and 2,7-dibromo-9,9-di-n-octyllfluorene were prepared by re-
acting 2,7-dibromofluorene with 1-bromohexane and 1-bromo-
octane according to a literature procedure.’

Polymerization. a. PFA 1. A mixture of 2,7-dibromo-9,9-
di-n-hexylfluorene (1.27 g, 2.58 mmol) and aniline (0.256 g,
2.58 mmol) was dissolved in toluene (25 mL). NaO-t-Bu (0.744
g, 7.74 mmol), Pd,(dba)s (0.060 g, 0.065 mmol), and P(t-Bu)3
(0.079 g, 0.39 mmol) were added to the solution at room
temperature. The reaction mixture was stirred at 100 °C for
36 h under N,. After cooling to room temperature, the mixture
was quenched by adding aqueous ammonia (50 mL) and the
product was extracted with CHCI;. The organic fraction was
concentrated and reprecipitated from CHCls/methanol several
times. After filtration and being vacuum-dried, dark yellow
PFAL (0.94 g 86% yield) was obtained. Anal. Found: C, 87.71,
H, 9.00; N, 3.29. Calcd for (Cs;H3a7N)n: C, 87.89; H, 8.80; N,
3.31. 'H NMR (400 MHz in CDCls, ppm): 7.58 (d, 2H), 7.21
(d, 2H), 7.12 (s, 4H), 6.68 (m, 3H), 1.75 (br, 4H), 1.26—0.59
(m, 22H). *C NMR (100 MHz in CDCls, ppm): 151.8, 148.3,
146.4, 136.0, 129.0, 123.3, 123.0, 121.9, 119.6, 118.9, 55.0, 40.2,
31.6, 29.6, 23.9, 22.5, 14.1.

b. PFA2. A mixture of 2,7-dibromo-9,9-di-n-hexylfluorene
(1.29 g, 2.62 mmol) and p-toluidine (0.281 g, 2.62 mmol) was
dissolved in toluene (25 mL). NaO-t-Bu (0.755 g, 7.86 mmol),
Pd,(dba); (0.060 g, 0.065 mmol), and P(t-Bu)z (0.079 g, 0.39
mmol) were added to the solution at room temperature. The
reaction and workup procedure were carried out as described
for PFAL. The greenish gray PFA2 (0.80 g, 70% yield) was
obtained. Anal. Found: C, 87.66; H, 9.24; N, 3.10. Calcd for
(Cx2H3z9N)n: C, 87.82; H, 8.98; N, 3.20. 'H NMR (400 MHz in
CDCls, ppm): 7.43 (d, 2H), 7.10 (s, 2H), 7.05 (s, 4H), 6.67 (d,
2H), 2.32 (s, 3H), 1.75 (br, 4H), 1.26—0.59 (m, 22H). 13C NMR
(100 MHz in CDCls, ppm): 151.7, 146.5, 145.8, 135.7, 131.8,
129.7, 123.8, 122.7, 119.4, 118.3, 54.9, 40.2, 31.7, 29.7, 23.9,
22.5,20.8, 14.1.

c. PF(Oct)A2. A mixture of 2,7-dibromo-9,9-di-n-octyllfluo-
rene (1.10 g, 2.03 mmol) and p-toluidine (0.218 g, 2.03 mmol)
was dissolved in toluene (25 mL). NaO-t-Bu (0.585 g, 6.09
mmol), Pdx(dba); (0.047 g, 0.051 mmol), and P(t-Bu);z (0.062 g,
0.30 mmol) were added to the solution at room temperature.
The reaction and workup procedure were carried out as
described for PFAL. The greenish gray PF(Oct)A2 (0.72 g, 72%
yield) was obtained. Anal. Found: C, 87.27; H, 9.84; N, 2.90.
Calcd for (C3sH47N)n: C, 87.57; H, 9.59; N, 2.84. *H NMR (400
MHz in CDCls, ppm): 7.50 (d, 2H), 7.10 (s, 2H), 7.03 (s, 4H),
6.66 (d, 2H), 2.32 (s, 3H), 1.76 (br, 4H), 1.26—0.59 (m, 30H).
13C NMR (100 MHz in CDCls, ppm): 151.7, 146.6, 145.8, 135.7,
131.8, 129.7, 123.8, 122.7, 119.5, 118.4, 55.0, 40.2, 31.9, 30.1,
29.5, 29.3, 24.0, 22.7, 20.8, 14.1.

Results and Discussion

Synthesis and Characterization of Polymers.
The simple synthesis of polymers shown in Scheme 1
proceeded via a Pd-catalyzed polycondensation of 2,7-
dibromo-9,9-di-n-hexyl(or octyl)fluorene with primary
amines such as aniline, p-toluidine, and a-naphthyl-
amine. The used ligand was P(t-Bu)s, which was re-
ported as an effective ligand in polycondensation.1® The
polymerization with aniline and p-toluidine was suc-
cessful, but the polymerization with a-naphthylamine
failed because of the steric hindrance. The polymers
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Scheme 1. Synthetic Route for Fluorene-Based
Poly(iminoarylene)s?
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Figure 1. TGA and DSC curves of PFA1, PFA2, and PF(Oct)-
A2.

(PFAL, PFA2, PF(Oct)A2) were obtained in good yields
(over 70%) and were well characterized by 1H NMR, 13C
NMR, and elemental analyses. The weight-average
molecular weights (My,) of PFAL, PFA2, and PF(Oct)A2,
determined by gel permeation chromatography (GPC)
based on polystyrene standards using THF as an eluent,
were 35800, 37 700, and 29 100 with polydispersity
index of 2.56, 3.02, and 2.37, respectively, which were
comparable to those (My, = 10 000—30 000) of the
flourene-based alternating copolymers synthesized via
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Figure 2. UV-vis absorption and photoluminescence spectra of PFA1, PFA2, and PF(Oct)A2.

Table 1. Physical Properties of the Polymers

polymer yield (%) M, Mw  PDI Tq(°C) T¢*2(°C)
PFAl 86 14000 35800 256 107 394
PFA2 70 12500 37700 3.02 120 413
PF(Oct)A2 72 12300 29100 2.37 65 401

a Temperature resulting in 5% weight loss based on initial
weight.

Suzuki coupling.t@ All polymers were very soluble in
common organic solvents such as chloroform, THF, and
1,2-dichloroethane and showed good film-forming qual-
ity. The alkyl chain substitutions at a remote Cg site of
fluorene improved the solubility of the polymers.18
Moreover, the substitution provides high molecular
weight and processability to the polymers.

The thermal properties of the polymers were deter-
mined by thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC). All polymers
showed good thermal stability (see Figure 1) as weight
loss was less than 5% on heating to about 400 °C under
a nitrogen atmosphere. PFA1 and PFA2 with a hexyl
group showed the glass transition temperatures (Tg) at
107 and 120 °C, respectively, but PF(Oct)A2 with the
octyl group at 65 °C. PF(Oct)A2 with longer alkyl chains
showed a lower Ty because of the expansion of free
volume. The Ty difference between PFAL and PFA2 was
caused by the steric hindrance of the methyl group.
Compared with the previous reported flourene-based
alternating copolymers with an octyl group,'4 PF-
(Oct)A2 shows a lower T4. However, a shorter alkyl
chain, the hexyl group, gives these fluorene-based poly-
(iminoarylene)s not only good solubility that enable to
obtain high molecular weight but also good thermal
stability comparable to those reported. The polymer
properties are summarized in Table 1.

Figure 2 shows the UV—vis absorption spectra and
the photoluminescence (PL) spectra of the polymers in
thin films on quartz plates. The maximum absorption
of PFAL appeared at 406 nm and the absorption edge
of PFA1 at 430 nm. For PFA2 and PF(Oct)A2, the
maximum absorptions appeared at 411 nm and the
absorption edges at 435 nm. With an excitation wave-
length of 390 nm, the PL spectra of PFAL, PFA2, and
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Figure 3. Cyclic voltammogram (oxidation) of polymers (0.10
M BusNBF,4 in CH3CN, scan 50 mV/s).

PF(Oct)A2 showed the maximum peaks at 429, 433, and
433 nm, respectively. The PL maximum peaks are well
matched to the absorption edges. UV and PL spectra of
PFA2 are nearly identical to those of PF(Oct)A2 and are
slightly red-shifted respect to those of PFAL. Owing to
the attachment the methyl group, which is an electron-
donating group, to the phenyl ring, the electronic state
of the polymers is changed. However, the alkyl chain
substitutions at the remote Cq site of fluorene seldom
gave any changes in the electronic states of these
polymers.

Figure 3 shows the cyclic voltammograms (CV) of the
polymers, which were obtained from the films prepared
by dip-coating the polymer solutions onto Pt wire. The
polymers showed reversible peak under oxidation proc-
ess, which indicates their electrochemical stability in
the hole-carrying process. The oxidation potentials of
PFA2 and PF(Oct)A2 (Ey, = 0.30 V vs Fc/Fct) were
slightly lower than that of PFAL (E1» = 0.33 V vs Fc/
Fc*), which may be rationalized by the electron-donat-
ing ability of arenes to the nitrogen.*64% The energy
levels of the polymers were calculated using the ferro-
cence (FOC) value of —4.8 eV as standard.’® The HOMO
levels, which were calculated from CV, are similar to
the ionization potentials (IP) which was measured by a
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Table 2. Optical and Electrochemical Properties of the
Polymers

band Eip
Aabs  ApL  gap® (Vvs HOMO LUMO IP
polymer (nm)2 (nm)2 (eV) Fc/Fct) (eV)® (eV)d (eV)e

PFA1 406 429 288 033 513 -225 -518
PFA2 411 433 285 030 510 —225 -5.08
PF(Oct)A2 411 433 285 030 —-510 -225 -5.07

a Wavelength of maximum of absorption and emission (spin-
coated film). P Calculated from the absortion edge of the UV—vis
spectrum. ¢ HOMO energy level was calculated by using ferrocence
value of 4.8 eV below the vacuum level. 9 Estimated from the
HOMO and band gap. ¢ Measured by a RIKEN Keiki AC-2.
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Figure 4. Schematic view of the device structures: (a) ITO/
polymer/TPD/Algs/LiF/Al (device 1, PFAL; device 2, PFA2; and
device 3, PF(Oct)A2); (b) ITO/TPD/Algs/LiF/Al (device 4).

RIKEN Keiki AC-2. The optical and electrochemical
properties of the polymers are listed in Table 2. The
polymers showed HOMO levels of ~—5.1 eV, which are
higher than those of TPD (~—5.5 eV) or NPB (~—5.7
eV) which are small organic hole-transporting materi-
als.“a Such energy levels may provide a closer match to
the work function of ITO when they are used as hole-
injection materials in OLEDs.

Performance of OLED Devices Using Polymers
as the Buffer Layer. OLEDs (devices 1—3) of the
configuration ITO/polymer (~10 nm)/TPD(50 nm)/
Algs(60 nm)/LiF(1 nm)/AI(100 nm) were fabricated,
where Algs, tris(8-quinolinolato)aluminum, was inserted
as an emitting material and electron-transfer material.
For comparison, a typical device (device 4) without the
polymer was fabricated at the same time (Figure 4). The
polymer layers were prepared by spin-coating the
polymer solutions (2 mg/mL) on ITO at 2000 rpm and
other material layers by evaporation. The devices
showed Alqgs emission of 525 nm. Figure 5 shows the
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Figure 5. Voltage—current density characteristics of the
devices. Inset: logarithmic voltage—current density charac-
teristics of the devices.

Table 3. Performance Characteristics of the Devices

current
photometric operating density
turn-on  effiency voltage max at max
voltage  [cd/A] at (V)at  brightness brightness
device (V) 20 mA/cm?2 300 cd/m2  [cd/m?] [mA/cm?]
1 2.2 3.70 8.3 12 370 472
2 2.2 3.89 8.4 11 930 446
3 2.2 3.98 7.8 10 800 323
4 3.6 3.56 10.3 5790 233

voltage—current density characteristics of the devices,
and Figure 6 shows the current density—luminance
characteristics of the devices. Table 3 summarizes the
device data. Clearly, the thin polymer buffer layer
significantly reduces the turn-on voltage (V1) from 3.6
to 2.2 V as CuPc does,**!! and devices 1—3 with the
polymers showed a much lower operating voltage (at 300
cd/m2) than device 4 without polymer. These behaviors
may be due to the low-energy barrier. The difference of
the operating voltage in devices 1—3 was caused by the
slight difference of the polymer layer thickness. In
addition, enhanced efficiencies were observed due to the
presence of polymers and the photometric efficiencies
slowly decreased in device 1—3 against to device 4 as
increasing the current density (see Figure 6). The
efficiency was not improved, when CuPc was used as
the buffer layer.*®1 The efficiency is a more complicated
problem, and not only energy level but also the inter-
faces between each layer must be considered. We guess
that the thin polymer layers enable to easily transport
carrier and improve the adhesion between ITO and
organic layer. The maximum luminance of the devices
1, 2, 3, and 4 were obtained as 12 370, 11 930, 10 800,
and 5790 cd/m?, respectively. Because each device 1 and
2 consists of PFAL and PFA2 with high T4 (109 and 120
°C, respectively), the devices showed the higher maxi-
mum luminance with higher efficiency and stable
operation at high current density. The thermally stable
fluorene-based poly(iminoarylene)s can supply the lack
of thermal stability of TPD with which the device
showed slightly higher efficiency*? than the device with
NPB. This hole-transporting system (fluorene-based
poly(iminoarylene)s/TPD) will be useful for red OLEDS,
which suffer from low efficiencies and high operating
voltages.2°

HTL Morphology. To investigate the effect of poly-
mer buffer layer on HTL interface morphology, TPD
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Figure 6. Current density—luminance and current density—photometric efficiency plots of the devices.

(b)

Figure 7. Scanning electron microscope photographs of TPD
films: (a) TPD film evaporated on bare ITO, followed by
heating at 80 °C for 1 h; (b) TPD film evaporated on ITO coated
with PFA1, followed by heating at 80 °C for 1 h.

films were vacuum-deposited on a bare ITO or PFA1-
coated ITO. The samples were heated at 80 °C under
N, for 1 h. The film surface morphology was imaged by
SEM (Figure 7). The TPD hemispherical islands formed
on a bare ITO, but the amorphorous and homogeneous
TPD film state was maintained on the PFAl-coated
ITO. These results definitely effect the current density—
luminance characteristics of the devices; we suppose
that the PFA1 and PFA2 polymers with high T4 improve

the durability of HTL on Joule heat, which arises in
OLED operations, and enable OLED to show better
performance.

Conclusions

We synthesized the fluorene-based poly(iminoarylene)s
with a triarylamine unit by the Pd-catalyzed poly-
condensation. The synthesized polymers were soluble
in common organic solvents and showed high molecular
weight and good film quality. The HOMO levels of the
polymers (~—5.1 eV) matched well with the ITO anode.
The OLEDs consisting of these polymers as a buffer
layer showed the lower V+, enhanced efficiency, and
higher maximum luminance because polymer layers
enhance the hole injection and improve the thermal
stability of HTL.
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