Macromolecular Research, Vol. 13, No. 2, pp 114-119 (2005)

Synthesis and Characterization of Novel Light-Emitting Copolymers
with Electron-Withdrawing Substituents
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Abstract: We synthesized two new series of alternating copolymers, poly[bis(2-(4-phenylenevinylene)-2-cyano-
ethenyl)-9,9-dihexyl-9H-fluoren-2,7-yl-alt-1,4-phenylene] (Polymer-I) and poly[bis(2-(4-phenylenevinylene)-2-
cyanoethenyl)-9,9-dihexyl-9H-fluoren-2,7-yl-al/t-2,7-(9,9-dihexylfluorene)] (Polymer-I1), via the Suzuki coupling
reaction, for use in light-emitting diodes (LEDs). Defect-free uniformly thin films of these polymers were found to
be easily formed on indium-tin oxide (ITO) coated glass substrates. Multi-layer LEDs with ITO/PEDOT/Polymer/
LiF/Al configurations with or without an Alq; electron transport layer were fabricated with these polymers. The
maximum EL emissions of Polymer-I and Polymer-II with an Alqy/LiF/Al cathode were observed at 516 and 533
nm, respectively. The maximum brightness and external luminance efficiency of the devices fabricated with the EL
polymers were found to be 411 cd/m? and 0.16 cd/A, respectively.

Keywords: electroluminescence, light-emitting polymer, light-emitting diode, luminescence efficiency.

Introduction

The emission of light from organic and polymeric materials
in response to an applied field in organic light-emitting
diodes (OLEDs) is currently generating a great deal of inter-
est as a possible alternative to liquid crystal displays
(LCDs) for certain applications. OLEDs offer the possibility
of efficient low-voltage full-color displays. Since Tang and
Vanslyke fabricated high-efficiency OLEDs consisting of
light-emitting layers and carrier transport layers,"* various
kinds of electroluminescent (EL) polymers as well as
organic fluorescent dyes have been developed to obtain
materials with high efficiency, long lifetimes and even
white-color emission, which can be used as LCD back-

lights.’
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Since the first report by the Cambridge group of polymer
LEDs (PLEDs) based on poly(p-phenylenevinylene) (PPV),*
a great variety of polymers with different color emissions,*”’
electron affinities,*” ionization potentials,'™" and photolu-
minescence (PL) efficiencies have been synthesized, and
their EL properties have been extensively studied. Among
the various types of EL polymers, PPVs,'>"* poly(9,9-
dialkylfluorene)s (PFs)'*'* and their derivatives are consid-
ered to be promising candidate materials for use in PLEDs.

The advantage of EL polymers is the feasibility of the
design of their molecular structure to improve their solubility
and adjust their HOMO and LUMO energy levels. The
copolymerization method has been widely used in the pre-
paration of EL polymers to achieve easy tuning of emission
color through control of their intermolecular and intramo-
lecular energy transfer and their physical properties. A num-
ber of PF derivatives are suitable wide-band gap materials
because of facile substitution at the carbon 9 position of the
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fluorene unit, which can be used to improve their process-
ability and their PL and EL efficiencies. A variety of fluo-
rene-based alternating and random copolymers have been
synthesized using fluorenes and other aromatic compounds,
which fully cover the red, green, and blue emission color
regions of the visible spectrum.'®!

Greenham et al. first reported that an electron-transporting
polymer, poly(p-phenylenecyanovinylene) (CN-PPV), exhi-
bits a very high internal efficiency (4%) in PLEDs.” A variety
of CN-PPV derivatives have since been synthesized.'"®
These polymers have high electron affinities because of the
strong electron-withdrawing cyano groups on their polymer
backbones. The energy barrier between the cathode and the
emissive layer can then be reduced with a high work func-
tion aluminum cathode, and in turn the stability of such
devices can be improved. In our research into improving the
performance of PLEDs, we have synthesized and character-
ized novel EL polymers such as alkylsilylphenyl-, alkyloxy-
phenoxy-, and 1,3,4-oxadiazole-substituted PPVs, blending
systems with oxadiazole containing electron transfer poly-
mers, and alternating copolymers composed of PPV seg-
ments and aromatic amine blocks.'*2°

In this paper, we report the synthesis of novel EL copoly-
mers with electron-withdrawing cyano substituents on the
vinylene units in bis(cyanophenylenevinylene)fluorenyl moi-
eties and phenylene or fluorene repeating units along the
polymer backbone, and characterized their electro-optical
properties.

Experimental

Synthesis of 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)benzene (2). To a solution of 1,4-dibromobenzene
(5 g, 21 mmol) in THF (70 mL) at -78°C, n-butyllithium
(17.64 mL, 2.5M in hexane) was added by syringe. The
mixture was stirred at -78 °C, warmed to 0°C for 15 min, and
cooled again to -78°C for 15 min. 2-Isopropoxy-4,4,5,5-tet-
ramethyl-1,3,2-dioxaborolane (9.46 g, 51 mmol) was added
rapidly to the solution, and the resulting mixture was warmed
to room temperature and stirred for 24 h. The mixture was
poured into water and extracted with diethyl ether. The
organic extracts were washed with brine and dried over
magnesium sulfate. The solvent was removed by rotary eva-
porator, and the residue was purified by column chromatog-
raphy (eluent: n-hexane:ethyl acetate=10:1) to provide 3.0 g
(43%) of product as a white solid.

'H NMR (CDCl, ppm): 7.65 (d, 2H, ArH), 7.50 (d, 2H,
ArH), 1.35 (s, 24H, CH;). *C NMR (CDCl;, ppm): 136.1,
130.8, 84.1, 25.0.

Synthesis of 9,9-dihexylfluorenyl-2,7-diboronic Acid.
A mixture of 2,7-dibromo-9,9-dihexylfluorene (12.1 g, 24.6
mmol) in 200 mL of dry THF was added dropwise to mag-
nesium turnings (3 g, 0.12 mol). When the addition was
complete, the solution was refluxed for 1 h. This solution
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was added in drops over a period of 2 h into a solution of tri-
methyl borate (30.7 mL, 0.27 mol) in 200 mL of dry THF at
-78°C. The temperature was gradually raised overnight to
room temperature. The mixture was added to a stirred mix-
ture of crushed ice (500 g) and concentrated sulfuric acid
(30 mL). The aqueous layer was extracted with diethyl ether.
The combined organic layer was dried over MgSO, and
evaporated to dryness. The residue was purified by flash
column chromatography (eluent: n-hexane:ethyl acetate=
10:1) and by recrystallization from ethyl acetate to give a
white solid (5.0 g, 48%).

'H NMR (CDCl;, ppm): 7.85 (d, 2H, ArH), 7.65 (d, 4H,
ArH) 1.92 (m, 4H; «-CH, of hexyl group at 9-position of
fluorene), 1.06 (12H; #-&CH, ), 0.76-0.75 (10H, &CH, and
CH,).

Synthesis of 9,9-dihexylfluorenyl-2,7-bis(trimethylene
boronate) (3). 9,9-Dihexylfluorenyl-2,7-diboronic acid (3.0 g,
7.1 mmol), trimethylene glycol (1.03 mL, 14.9 mmol) and
toluene (100 mL) were placed in a three-neck flask and the
mixture was refluxed under nitrogen for 24 h. The solvent
was evaporated to dryness and the residue was purified by
flash column chromatography (eluent: n-hexane:ethyl
acetate =10:2) and by recrystallization from hexane to give
a white solid (1.6 g, 45 %).

"H NMR (CDCl;, ppm): 7.75 (d, 6H, ArH), 4.21 (s, 8H,
-CH,-), 2.1 (s, 4H, -CH;-), 1.96 (m, 4H; «-CH, of hexy!l
group at 9-position of fluorene), 1.06 (12H; f6-CH,), 0.76-
0.75 (10H, &CH, and CH;). *C NMR (CDCl;, ppm): 14.0,
22.6,23.7, 274, 30.0, 31.5, 40.3, 54.9, 62.0, 119.1, 127.8,
132.3, 143.5, 150.3. Anal. Caled for C;H44B,04: C 74.13,
H 8.83. Found: C 74.29, H 8.48.

Synthesis of Poly[bis(2-(4-phenylenevinylene)-2-cyano-
ethenyl)-9,9-dihexyl-9H-fluoren-2,7-yl-al#-1,4-phenylene]
(Polymer-I). This polymer was prepared by using the Suzuki
coupling reaction between 2,7-bis[2-(4-bromophenyl)-2-
cyanoethenyl]-9,9-dihexyl-9H-fluorene (1) and 1,4-bis-(4,4,
5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (2). A
mixture of 1.0 g (1.34 mmol) of compound 1, 0.44 g (1.34
mmol) of 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
benzene, and 9 mg (0.0078 mmol) of Pd(PPh;), in 15 mL
toluene was stirred at 90°C. To this flask, 5 mL of aqueous
2 M N2a,CO; was added, and the mixture was stirred for 2
days at 100°C. The hot reaction mixture was poured into
500 mL of methanol to precipitate the polymer. The col-
lected polymer was redissolved in 100 mL of chloroform
and then washed with 400 mL of deionized water. The water
layer was decanted carefully. The catalyst particles in the
polymer solution were removed by filtration, followed by
evaporation of the solvent using a rotary evaporator. The
polymer was dissolved in a small amount of chloroform and
then poured into methanol. The polymer was collected by
filtration and dried under vacuum (0.53 g, 47%).

'"H NMR (CDCl;, ppm): 8.0-7.4 (br, 20H, vinylic proton
and ArH), 2.1-1.8 (br, 4H; a-CH, of hexyl group at 9-posi-
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tion of fluorene), 1.2-0.9 (br, 12H; f&CH,-), 0.8-0.6 (10H,
&CH,- and CHj). Anal. Calcd for C,HgN,: C 88.77, H
7.00, N 4.23; Found: C 83.75,H 7.33, N, 4.34.

Poly([bis(2-(4-phenylenevinylene)-2-cyanoethenyl)-9,9-di-
hexyl-9H-fluoren-2,7-yl-alt-2,7-(9,9-dihexylfluorene)]

(Polymer-II) was synthesized with the same procedure
used for Polymer-1(0.37 g, 30 %).

'H NMR (CDCl,;, ppm): 8.0-7.3 (br, 22H, vinylic proton
and ArH), 2.1-1.8 (br, 8H; a-CH, of hexyl group at 9-posi-
tion of fluorene), 1.2-0.9 (br, 24H; 5CH,-), 0.8-0.6 (20H,
&CH,- and CH;). Anal. Calcd for C4HyN,: C 88.53, H
8.34, N 3.13; Found: C 83.42, H 8.64, N, 3.20.

Measurements. 'H and °C NMR spectra were recorded
using a Bruker AM-300 spectrometer; chemical shifts were
recorded in ppm. The UV-visible spectra were recorded on a
Shimadzu UV-3100 spectrophotometer with baseline cor-
rections and normalizations carried out using Microsoft Ori-
gin software. The molecular weights and polydispersities of
polymers were determined with gel permeation chromatog-
raphy (GPC) analysis relative to polystyrene calibration
(Agilent 1100 series GPC, Plgel 5 pm MIXED-C, refractive
index detector) in THF solution. Thermal analyses were
carried out on a Mettler Toledo TGA/SDTA 851° under a
nitrogen atmosphere at a heating rate of 10°C/min. Emis-
sion spectra of dilute (~10° M) solutions of the polymers
were recorded on a Perkin-Elmer LS-50 fluorometer utiliz-
ing a lock-in amplifier system with a chopping frequency of
150 Hz. Solid-state emission measurements were carried out
using films supported on glass substrates and mounted with
front-face excitation at an angle of <45°. Each polymer
film was excited with several portions of visible light from a
xenon lamp. To measure the EL of the polymers, the PLEDs
were constructed as follows. A glass substrate coated with a
transparent ITO electrode was thoroughly cleaned with suc-
cessive ultrasonic treatments in acetone, isopropyl alcohol,
and distilled water, and dried by heating under nitrogen gas.
The polymer film was then prepared by spin casting a poly-
mer chlorobenzene or 1,2-dichlorobenzene solution (0.5-
1.5 wt%). Uniform and pinhole-free films with a thickness
around 100 nm were easily obtained from the resulting poly-
mer solutions. Algs, LiF, and aluminum metal were depos-
ited on top of the polymer films through a mask by vacuum
evaporation at pressures below 1 X 10 torr, yielding active
areas of 4 mm?. To determine the device characteristics, the
current density-voltage-luminescence (J-V-L) changes were
measured using a current/voltage source (Keithley 238) and
an optical power meter (CS-1000, LS-100). All procedures
and measurements described above were carried out in the
open air at room temperature.

Results and Discussion

The monomers 2,7-bis[2-(4-bromophenyl)-2-cyanoethe-
nyl]-9,9-dihexyl-9H-fluorene (1), 1,4-bis(4,4,5,5-tetramethyl-
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1,3,2-dioxaborolan-2-yl)benzene (2), and 9,9-dihexylfluo-
renyl-2,7-bis(trimethylene boronate) (3) were synthesized
according to procedures from the literature with slight modi-
fications.”*”’ The statistical alternating EL copolymers were
synthesized from 2,7-bis[2-(4-bromophenyl)-2-cyanoethenyl]
-9,9-dihexyl-9H-fluorene (1) and aromatic diboronic deriv-
atives (2 or 3) as comonomers with Suzuki coupling reactions
as shown in Scheme 1. The Suzuki polymerizations were
carried out with Pd(PPh;), and aq. Na,CO; in toluene. The
resulting EL polymers were purified by successive Soxhlet
extraction with different solvents including methanol and
hexane, and finally dissolved in CHCl; and reprecipitated
into methanol.

The molecular structures and purities of the monomers and
the corresponding EL polymers were determined with 'H
and ">C NMR spectroscopy, and with elemental analysis. The
weight average molecular weights (M,,) and polydispersities
of Polymer-I and Polymer-II were found to be 10.1 X 10°
and 1.7, and 69.6 X 10° and 3.3, respectively. The thermal
stability of each polymer was investigated with TGA under
a nitrogen atmosphere. Polymer-I and Polymer-II exhibit a
high thermal stability, with their 5% weight losses occurring
at 358 and 290 °C respectively.

Figure 1 shows the "H NMR spectra of 2,7-bis[2-(4-bro-
mophenyl)-2-cyanoethenyl]-9,9-dihexyl-9H-fluorene  (a),
9,9-dihexylfluorenyl-2,7-bis(trimethylene boronate) (b) and
Polymer-II (c) in CDCl;. Because the polymerization method
used coupling reactions between two monomers, the "H NMR
spectrum of Polymer-II was found to be almost identical to

Macromol. Res., Vol. 13, No. 2, 2005
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Figure 1. '"H NMR spectra of 2,7-bis[2-(4-bromophenyl)-2-cya-
noethenyl]-9,9-dihexyl-9H-fluorene (a), 9,9-dihexylfluorenyl-
2,7-bis(trimethylene boronate) (b), and Polymer-11I (c) in CDCl,.

those of the corresponding monomers. High quality optical
thin films of the polymers without any defects could be
spun cast onto the ITO-coated glass substrates.

Figure 2 displays the optical absorption and emission spec-
tra of thin films of the polymers. The maximum absorption
peaks of Polymer-I and Polymer-II are at 400 and 419 nm
with onset absorption peaks at 462 and 484 nm respectively.
From the onsets of the absorption spectra, the band gaps of
Polymer-1 and Polymer-II were found to be 2.68 and 2.56 eV
respectively. The PL spectra of thin films of the polymers
were recorded with excitation wavelengths corresponding
to the wavelength of their absorption maxima. The maxi-
mum emission peaks of Polymer-I and Polymer-1I were
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Figure 2. UV-visible absorption and PL spectra of polymers in
film state.

found to be 483 and 496 nm with shoulder peaks at 460 and
518 nm respectively, which correspond to a greenish blue
color. Because of the rigid bipheny! structure of the polymer
backbone of Polymer-I, the maximum emission peak of
Polymer-I is blue-shifted by about 13 nm with respect to
that of Polymer-I1.

The energy band diagrams for Polymer-I and Polymer-1I
were obtained by using cyclic voltammetry to determined
the HOMO binding energies with respect ot ferrocene stan-
dard which were found to be almost the same, 6.05 eV. The
LUMO levels were calculated approximately by subtracting
the optical band gaps from the HOMO binding energies.
The replacement of the protons of the vinylene units with
electron-withdrawing cyano groups was found to lower the
LUMO levels of Polymer-1 and Polymer-11 (3.37 and 3.35 eV
respectively) with respect to those of MEH-PPV (3.0 eV) and
PPV (2.6 eV). Thus these new EL polymers are expected to
have improved electron injection ability. Furthermore, the
introduction of a 1 nm thick LiF electron injection layer
means that electrons can be more easily injected into Poly-
mer-I and Polymer-II than holes. The electro-optical proper-
ties of Polymer-1 and Polymer-II are summarized in Table L

We fabricated multi-layer PLEDs with the ITO/PEDOT/

Table 1. Electro-Optical Data and EL Characteristics of ITO/PEDOT/Polymer/LiF/Al and ITO/PEDOT/Polymer/Alq,/LiF/Al

Device
Amar (NM)* Turn-on Voltage
Sample Cathode - 8¢ 1. (cd/m®® e (CA/A)Y
p UV PL EL ™) ( ) ez ( )
LiF/Al 400 483, 4607 520 5.0 41 0.03
Polymer-1
Alqy/LiF/Al - 516 5.0 138 0.15
LiF/Al 419 496, 5184 515 5.0 32 0.02
Polymer-11
Alqy/LiF/Al - 533 7.0 411 0.16

“Measured in film state onto the fused silica substrate. "Maximum luminescence. “Maximum luminance efficiency. “Shoulder.
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structures. The cathodes were fabricated with a LiF (1 nm)/
Al (200 nm) bilayer (device 1) or a triple layer of Algs (20
nm)/LiF (1 nm)/Al (200 nm) (device 2).

Figure 3 shows the current density-voltage (J-¥) and
luminescence- voltage (L-¥) characteristics of devices 1 and
2. The current densities and luminescence intensities of the
two devices increase exponentially with increasing forward
bias voltage above the turn-on voltage, and the EL devices
exhibit excellent diode characteristics. Turn-on voltages of
the resulting EL polymers are about 5.0 V for current and
luminescence. The maximum brightnesses of the Polymer-I
and Polymer-1I devices were found to be 138 cd/m? at 18 V
and 411 cd/m® at 14 V, respectively.

Figure 4 shows the EL spectra of Polymer-I and Polymer-
II for the different device configurations. The EL spectra of
Polymer-I and Polymer-II are almost identical to their PL
spectra, which indicate that their emission mechanisms are
the same as for their excitation processes and that the Alg,
layer serves as an electron transport layer.

Figure 5 displays the plots luminous efficiency versus
current density for devices 1 and 2. The maximum luminous
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Figure 5. Current density-luminous efficiency curves of 1TO/
PEDOT/Polymer/LiF/Al and ITO/PEDOT/Polymer/Alg,/LiF/Al
device.

efficiencies of Polymer-I and Polymer-1I with a triple layer
Algy/LiF/Al cathode were found to be 0.15 and 0.16 cd/A
respectively, which are 7 times higher than those of the
devices with LiF/Al bilayer cathodes. The EL characteris-
tics and performances of the devices using EL. Polymer-I
and Polymer-II are also summarized in Table 1. Further opti-
mization of these EL devices by using a low work function
metal, such as calcium cathode, as the cathode is expected
to result in better EL performance.

Conclusions
We have tested the introduction of electron-withdrawing

cyano groups into the vinylene units of EL polymers to
increase their electron affinity and improve their electron

Macromol. Res., Vol. 13, No. 2, 2005
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injection properties. The resulting statistical alternating
copolymers were synthesized via Suzuki coupling reactions.
These EL polymers were found to be exhibit good solubility
in common organic solvents. The UV-visible absorption
spectra of the copolymers contain strong absorption bands
at 400 and 419 nm, which correspond to the 77* transitions
of their main chain structures. The turn-on voltages of
devices containing these EL polymers in the ITO/PEDOT/
Polymer/cathode configuration with different cathodes were
found to be 5.0 V. The emission colors of the statistical
alternating copolymers were found to be greenish blue. The
maximum brightnesses and luminous efficiencies of these
devices were 411 cd/m* at 14V and 0.16 cd/A at 13V
respectively.
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