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ABSTRACT: A copolymer of dendronized poly(p-phen-
ylene vinylene) (PPV), poly{2-[30,50-bis (20-ethylhexyloxy)
bnenzyloxy]-1,4-phenylene vinylene}-co-poly[2-methoxy-5-
(20-ethylhexyloxy)-1,4-phenylene vinylene] (BE-co-MEH–
PPV), was synthesized with the Gilch route to improve the
electroluminescence and photovoltaic properties of the
dendronized PPV homopolymer. The polymer was charac-
terized by ultraviolet–visible absorption spectroscopy, pho-
toluminescence spectroscopy, and electrochemical cyclic vol-
tammetry and compared with the homopolymers poly{2-[30,
50-bis(2-ethylhexyloxy) benzyloxy-1,4-phenylene vinylene}
(BE–PPV) and poly[2-methoxy-5-(20-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH–PPV). Polymer light-emitting
diodes based on the polymers with the configuration of in-
dium tin oxide (ITO)/poly(3,4-ethylene dioxythiophene) :
poly(styrene sulfonate) (PEDOT : PSS)/polymer/Ca/Al were

fabricated. The electroluminescence efficiency of BE-co-MEH–
PPV reached 1.64 cd/A, which was much higher than that of
BE–PPV (0.68 cd/A) and a little higher than that of MEH–
PPV (1.59 cd/A). Photovoltaic properties of the polymer
were studied with the device configuration of ITO/PEDOT :
PSS/polymer : [6,6J-phenyl-C61-butyric acid methyl ester]
(PCBM)/Mg/Al. The power conversion efficiency of the de-
vice based on the blend of BE-co-MEH–PPV and PCBM with
a weight ratio of 1 : 3 reached 1.41% under the illumination of
air mass 1.5 (AM1.5) (80 mW/cm2), and this was an improve-
ment in comparison with 0.24% for BE–PPV and 1.32% for
MEH–PPV under the same experimental conditions. � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 107: 514–521, 2008
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INTRODUCTION

Solution-processable conjugated polymers have at-
tracted much attention because of their applications
in developing low-cost optoelectronic devices, such
as polymer light-emitting devices,1,2 polymer solar
cells (PSCs),3,4 and thin-film transistors.5 Conjugated
polymers are particularly versatile because of the
feasible design of the molecular structures and easy
modification of their physical properties (absorption
and photoluminescent properties).6 As one of the
most important conjugated polymers, poly(p-phenyl-
ene vinylene) (PPV) and its derivatives are widely

employed as active materials in polymer light-emit-
ting diodes (PLEDs) and photovoltaic cells.7,8 Gener-
ally, bulky substituents such as alkoxy, alkylsilyl,
phenyl, and fluorenyl groups are introduced into the
PPV backbone to modify the chemical structure and
fine-tune the luminescent properties.9–12

Recently, Tang and coworkers13,14 reported the
synthesis, electroluminescence (EL), and photovoltaic
properties of PPV homopolymers bearing various
dendritic side chains by the Gilch route.15 The intro-
duction of bulky dendritic pendants into PPVs could
effectively suppress intermolecular interactions such
as aggregation and excimer formation.16–18 However,
relatively low EL and photovoltaic efficiencies of the
dendronized polymers were observed,13 probably
because of the more twisted conformation of the poly-
mers with the large dendritic side groups. Copoly-
merization of different monomers is frequently used
to prepare functional polymers. For the PPV-based
PLEDs and PSCs, poly[2-methoxy-5-(20-ethylhexyl-
oxy)-1,4-phenylenevinylene] (MEH–PPV) has been
one of the most widely studied active materials
because of its better optoelectronic performance.2,19,20
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To improve the EL and photovoltaic performance of
the dendronized PPVs, we herein synthesized a
dendronized PPV copolymer with MEH–PPV by the
Gilch route, and its EL and photovoltaic properties
were improved obviously in comparison with those
of the homopolymers poly{2-[30,50-bis(2-ethylhexyloxy)
benzyloxy]-1,4-phenylene vinylene} (BE–PPV) and
MEH–PPV (the molecular structures of the poly-
mers are shown in Fig. 1).

EXPERIMENTAL

Measurements

1H-NMR spectra were recorded with a Bruker AM-
300 spectrometer (Karlsruhe, Germany), and chemi-
cal shifts were recorded in parts per million. The mo-
lecular weights and polydispersity index (PDI) of the
polymers were determined by gel permeation chro-
matography analysis [a Waters 515 high perform-
ance liquid chromatography pump, a Waters 2414
differential refractometer, and three Waters Styragel
columns (HT2, HT3, and HT4)] with tetrahydrofuran
(THF) as an eluent at a flow rate of 1.0 mL/min at
358C and with polystyrene as a standard. Thermog-
ravimetric analysis (TGA) was conducted on a Per-
kin Elmer 7 thermogravimetric analyzer at a heating
rate of 208C/min under a nitrogen atmosphere.
Ultraviolet–visible (UV–vis) spectra were recorded
on a Hitachi UV-3010 spectrometer (Japan). Photolu-
minescence (PL) and EL spectra were obtained with
a Hitachi F-4500 fluorescence spectrophotometer.
Electrochemical cyclic voltammetry was conducted
on a Zahner IM6e electrochemical workstation (Ger-
many) with a Pt disk, a Pt plate, and Ag/Ag1 as a
working electrode, a counter electrode, and a refer-
ence electrode, respectively, in a 0.1M tetrabutylam-
monium hexafluorophosphate (Bu4NPF6) acetonitrile
solution. Current–voltage and light intensity–voltage
characteristics of the polymer light-emitting devices
were recorded with a computer-controlled Keithley
(United States) 236 source measure unit and a Keith-
ley 2000 multimeter coupled with a Si photomulti-
plier tube. The current–voltage measurements of
PSCs were conducted on a computer-controlled
Keithley 236 source measure unit. A xenon lamp
simulated a white-light source; the optical power at
the sample was 80 mW/cm2. All the measurements

were performed under the ambient atmosphere at
room temperature.

Materials

THF was distilled over sodium and benzophenone.
All other solvents and reagents were analytical-grade
quality, were purchased commercially, and were
used without further purification.

Synthesis

The synthetic route of poly{2-[30,50-bis(20-ethylhexyl-
oxy)benzyloxy]-1,4-phenylene vinylene}-co-poly[2-
methoxy-5-(20-ethylhexyloxy)-1,4-phenylene vinylene]
(BE-co-MEH–PPV) is shown in Scheme 1. The prepa-
ration of 2-(30,50-bis(200-ethylhexyloxy)benzyloxy)-1,4-
bis(bromomethyl)benzene (1) was previously re-
ported.13,14 2-Methoxy-5-(20-ethylhexyloxy)-1,4-bis
(bromomethyl)benzene (2) was prepared according to
a literature procedure.21

BE-co-MEH–PPV

To a stirred solution of 1 (0.20 g, 0.32 mmol) and 2
(0.13 g, 0.32 mmol) in dry THF (40 mL) under argon
at room temperature was added dropwise potassium
tert-butoxide (3.8 mL, 1.0 mol/L in THF, 3.80 mmol).
The mixture was stirred overnight at room tempera-
ture. The viscous mixture was added dropwise to
stirred methanol. The crude polymer was collected
by filtration, washed with methanol, and stirred
with two portions of a mixture of methanol and
water (1/1) for 1 h. The polymer was filtered off,
washed with methanol, dried under a high vacuum,
and dissolved in chloroform. The solution was fil-
tered, and the polymer was precipitated by dropwise
addition to methanol. The precipitated polymer was

Figure 1 Molecular structures of MEH–PPV and PPV derivatives bearing dendritic pendants.

Scheme 1 Synthetic route of BE-co-MEH–PPV.
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collected, washed with methanol, and dried in vacuo.
Then, the polymer was again dissolved in chloro-
form, filtered, precipitated with methanol, and dried
in vacuo to yield 145 mg of a red solid.

Yield: 63%. Number-average molecular weight
5 110 K. PDI 5 1.64. TGA: 3458C. 1H-NMR (CDCl3,
400 MHz, d/ppm): 7.53(br, 4H, Ar��H), 7.24–7.00
(br, 5H, Ar��H, CH¼¼CH), 6.65 (s, 2H, Ar��H), 6.41
(s, 1H, Ar��H), 5.15 (br, 2H, Ar��CH2), 3.97–3.73 (br,
9H, OCH2, OCH3), 1.86–1.25 (br, 27H, CH, CH2),
0.90–0.84 (br, 18H, CH3). ANAL. CALCD. for (C31H44O3)0.5
(C17H24O2)0.5: C, 79.51%; H, 9.45%; O, 11.03%. Found:
C, 78.76%; H, 9.52%.

RESULTS AND DISCUSSION

Synthesis and structural characterization of
the two copolymers

BE-co-MEH–PPV was prepared with the Gilch poly-
merization method,15 as shown in Scheme 1. During
the polymerization, the reaction mixture remained
homogeneous without any formation of gel portions,
gradually became viscous, and showed strong fluo-
rescence. The synthesized copolymers were easily
dissolved in common organic solvents, such as chlo-
roform, toluene, and xylene, at room temperature.
The structure of the copolymer was identified by
1H-NMR spectroscopy. The benzyl proton peaks at
about 4.50 ppm for monomers disappeared after the
polymerization, and new vinyl proton peaks at
about 7.0–7.2 ppm together with phenyl protons
appeared, confirming the polymerization reaction.
The weight-average molecular weights of BE-co-
MEH–PPV, BE–PPV, and MEH–PPV were 1.81 3 105,
2.16 3 105, and 2.35 3 105 with PDIs of 1.64, 1.53, and
1.48, respectively.

The TGA curve of the polymer revealed a rela-
tively high thermal stability, and the initial weight

loss (5%) temperature of BE-co-MEH–PPV was found
to be about 3458C.

Optical properties

Figure 2 shows the optical absorption and PL spectra
of BE–PPV, MEH–PPV, and BE-co-MEH–PPV in
dilute chloroform solutions. BE–PPV has an absorp-
tion maximum at about 452 nm, and the maximum
absorption of MEH–PPV is at about 502 nm. As
expected, the absorption spectrum of the BE-co-
MEH–PPV copolymer, with maximum absorption at
about 479 nm, broadened and redshifted in compari-
son with that of BE–PPV, whereas it blueshifted in
comparison with that of MEH–PPV. The absorptions
are attributed to the p–p* transition of the main
chains of the conjugated polymers. The broadened
and redshifted absorption band indicates a lower p–
p* transition energy or a narrower band gap of the
copolymer in comparison with that of BE–PPV,
which could be attributed to the extended conjuga-
tion system of the polymer benefiting from the
coplanarity of the polymer main chains. In a dilute
chloroform solution, BE–PPV emits green light,
whereas BE-co-MEH–PPV emits orange light. As
shown in Figure 2, the maximum emissions of BE–
PPV, MEH–PPVs and BE-co-MEH–PPV in dilute
chloroform solutions were observed at about 506,
555, and 540 nm, respectively.

Figure 3 shows the absorption and PL spectra of
BE–PPV, MEH–PPV, and BE-co-MEH–PPV in solid
films. The absorption bands of the polymer films are
broadened and redshifted in comparison with the
solution spectra. The results suggest a significant
increase in the conjugation length in the solid state,
and this is mostly due to the more planar conforma-
tion resulting from p-stacking/aggregation in the
solid state. The maximum absorption of BE–PPV and
MEH–PPV films is at 470 and 515 nm, respectively,

Figure 2 Absorption and PL spectra of the polymer solu-
tions in chloroform.

Figure 3 UV–vis absorption and PL spectra of the poly-
mer films.
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Figure 4 Cyclic voltammograms of the polymer films in a
0.1mol/L Bu4NPF6 acetonitrile solution (scan rate5 20mV/s).

TABLE I
Cyclic Voltammetry Results for the Polymer Films

Polymer
Ered

(V)
Eox

(V)
LUMO
(eV)

HOMO
(eV)

Eec
g

(eV)

BE–PPV 22.04 0.57 22.68 25.28 2.61
MEH–PPV 21.90 0.30 22.80 25.01 2.21
BE-co-MEH–PPV 22.02 0.31 22.69 25.02 2.33

and the maximum absorption of the BE-co-MEH–
PPV film is at 494 nm. Compared with the solution
PL spectra, the PL spectra of the polymer films are
redshifted by about 30–40 nm. The PL peak of the
BE-co-MEH–PPV film is at about 586 nm. Interest-
ingly, the PL peak of the BE-co-MEH–PPV film is a
little redshifted from that of the MEH–PPV film,
whereas that of the copolymer solution is blueshifted
in comparison with that of the MEH–PPV solution.
The interplane interaction of the polymer main
chains in the copolymer is probably stronger than
that of MEH–PPV.

Electrochemical properties

Electrochemical cyclic voltammetry is often per-
formed for determining the energy levels of the
highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of con-
jugated polymers.22 Figure 4 shows the cyclic vol-
tammograms of the dendritic PPV films on a Pt elec-
trode in a 0.1 mol/L Bu4NPF6, acetonitrile solution.
It can be seen that there are electrochemically quasi-
reversible p-doping/dedoping processes in a positive
potential range and n-doping/dedoping processes in
a negative potential range for all the polymers. From
the onset oxidation potential (Eox) and onset reduc-
tion potential (Ered) values of the polymers, HOMO
and LUMO energy levels as well as the energy gap
(Eec

g ) of the polymers were calculated according to
the following equations:23

HOMO ðeVÞ ¼ �ðEox þ 4:71Þ

LUMO ðeVÞ ¼ �ðEred þ 4:71Þ

Eec
g ¼ eðEox � EredÞ

where the units of Eox and Ered are volts versus
Ag/Ag1. The obtained values are listed in Table I.
In comparison with BE–PPV, the onset p-doping (ox-
idation) potential (ca. 0.3 V vs Ag/Ag1) of BE-co-
MEH–PPV is more than 0.2 V lower, and the onset
n-doping (reduction) potential decreases only a little.
Obviously, the band-gap reduction (corresponding
to the redshift of the absorption) mainly resulted
from the increase in HOMO of the copolymer. The
results mean that the copolymer more easily yielded
electrons; that is, the donor ability increased for the
copolymer.

EL properties

Single-layer PLED devices based on dendronized
PPVs and MEH–PPV with the configuration of in-
dium tin oxide (ITO)/poly(3,4-ethylene dioxythio-
phene) : poly(styrene sulfonate) (PEDOT : PSS; 30
nm)/polymer (80 nm)/Ca (10 nm)/Al (150 nm)
were fabricated. A poly(3,4-ethylene dioxythiophene)
(PEDOT) layer was spin-cast onto a precleaned ITO
substrate and was dried subsequently at 808C in a
vacuum oven. The polymer film was spin-coated
from its toluene solution (10 mg/mL, 2500 rpm)
onto the ITO/PEDOT : PSS film and dried at 808C
for 30 min. After that, the Ca cathode was thermally
evaporated under a vacuum of less than 5 3 1025 Pa.
The cathode layer was coated with an Al layer by ther-
mal evaporation to improve the stability of the devices
in air.

The EL spectra of the devices are displayed in Fig-
ure 5. The PLED based on BE–PPV emitted yellow-
green light, and the device based on BE-co-MEH–
PPV and MEH–PPV emitted reddish-orange light.
The EL peaks of BE–PPV, MEH–PPV, and BE-co-
MEH–PPV were almost identical to those of their PL
spectra shown in Figure 3, and this indicated that
the PL and EL processes experienced the same
excited state.

Figure 6 shows current density–voltage and lumi-
nance–voltage characteristics of the PLED devices.
The turn-on voltages of the PLEDs based on BE–
PPV and BE-co-MEH–PPV were approximately 5
and 4.4 V, respectively, which were lower than those
of other PPV dendrimers.24,25 As shown in Figure
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6(b), the maximum luminance of the single-layer
PLEDs based on BE–PPV was about 523 cd/m2 at
13 V. The maximum luminance of BE-co-MEH–PPV

was about 3988 cd/m2 at 15 V, which was more
than 7 times higher than that of BE–PPV.

As shown in Figure 7, the maximum EL efficiency
of the devices based on BE-co-MEH–PPV was
1.64 cd/A, which was almost 3 times higher than
that of BE–PPV (0.68 cd/A). The maximum EL effi-
ciency of BE-co-MEH–PPV was slightly enhanced
compared with that (1.59 cd/A) of MEH–PPV. The
dramatically enhanced performance of BE-co-MEH–
PPV was probably attributable to the efficient intra-
molecular energy transfer in the copolymer system.
The EL properties and Commission Internationale de
l’Eclairage (CIE) chromaticity coordinates (x, y) at
maximum luminance of the PLEDs based on the
polymers are summarized in Table II.

The lower EL efficiency and maximum luminance
of BE–PPV are probably due to the poor charge car-
rier injection and transportation of the polymer
because of its larger side groups.13,14 Figure 8 shows
the electronic energy levels of the polymers and the
work function of the electrodes in the PLEDs. For
BE–PPV, there are about 0.2-eV electron injection
barriers at the Ca/polymer interface and about
0.3-eV hole injection barriers at the PEDOT/polymer
interface. As for BE-co-MEH–PPV, there is little hole
injection barrier at the anode interface, and there is
only a 0.1-eV electron injection barrier at the cathode
interface. Thus, the turn-on voltage of the PLED
based on BE-co-MEH–PPV is lower than that of BE–
PPV, and the overall performance of the copolymer
is expected to be better than that of the homopoly-
mer BE–PPV.

Photovoltaic properties

PSCs were fabricated with the configuration of ITO/
PEDOT : PSS (30 nm)/polymer:PCBM blend (80 nm)/

Figure 5 EL spectra of the ITO/PEDOT : PSS/polymer/
Ca/Al PLEDs.

Figure 6 (a) Current density–voltage and (b) luminance–
voltage curves of the PLEDs.

Figure 7 EL current efficiency of the single-layer PLEDs
based on the polymers.
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Mg (10 nm)/Al (150 nm) for investigating the photo-
voltaic properties of the polymers. The photosensi-
tive layer of the polymer/PCBM blend was prepared
by the spin coating of a mixed solution of the poly-
mer and PCBM in chlorobenzene and then dried at
808C for 30 min. Finally, a magnesium/aluminum
cathode was thermally deposited at a base pressure
of 1025 Pa. The blended film and the cathode were
prepared inside dry nitrogen glove boxes without air
exposure. Power conversion efficiency (h) values
were measured under an air mass 1.5 (AM1.5) solar
simulator with 80 mW/cm2.

Figure 9 shows the current–voltage characteris-
tics for the PSCs with various polymer/PCBM
weight ratios made from BE–PPV, BE-co-MEH–
PPV, and MEH–PPV. The relevant data for the
photovoltaic properties of the PSCs are summar-
ized in Table III.

As shown previously, the BE–PPV/PCBM (1 : 3
w/w) device had an open-circuit voltage (Voc) of
0.75 V, a short-circuit current density (Isc) of 0.63
mA/cm2, and a fill factor (FF) of 41%; h of the de-
vice was calculated to be 0.24%. The lower photovol-
taic performance of BE–PPV was probably due to
the larger band gap with poor harvesting of the solar
light. Figure 9 also shows the current–voltage char-
acteristics based on BE-co-MEH–PPV for various

PCBM concentrations. Obviously, with an increase in
the PCBM concentration (the polymer/PCBM weight
ratio changed from 1 : 2 to 1 : 3), Voc, Isc, FF, and h
all increased. When the PCBM concentration reached
75 wt % (with a weight ratio of 1 : 3), BE-co-MEH–
PPV exhibited the best photovoltaic property, and
Voc, Isc, FF, and h reached 0.81 V, 3.37 mA/cm2,
42%, and 1.41%, respectively. h was 5 times higher
than that of BE–PPV-based devices and a little
higher than that of the PSC based on MEH–PPV/
PCBM (1 : 3) under the identical experimental condi-
tions. The parameters of the PSC based on MEH–
PPV/PCBM (1 : 3) were as follows: Voc 5 0.81 V, Isc
5 3.33 mA/cm2, FF 5 39%, and h 5 1.32%. They
were in accordance with previously reported results
under the same conditions.26,27

When we further increased the concentration of
PCBM to the weight ratio of 1 : 4, Voc, Isc, and FF of
all the PSCs decreased, and consequently, h
decreased. This was confirmed by the input photon
to converted current efficiency (IPCE) of the device
based on BE-co-MEH–PPV with different PCBM con-
centrations, as shown in Figure 10. With the weight
ratios of the polymer to PCBM changing from 1 : 2
to 1 : 3 and then to 1 : 4, the IPCE value of BE-co-
MEH–PPV at a 500-nm wavelength increased from
0.32 to 0.38 and then dropped to 0.21.

TABLE II
Electroluminescent Properties of the PLEDs Based on the Polymers

Polymer

EL maximum
wavelength

(nm)

Turn-on
voltage
(V)

Luminance at
maximum bias

voltage (cd/m2)/
voltage (V)

Maximum
luminescence
efficiency
(cd/A) CIE (x, y)

BE–PPV 540 5 523/13 0.68 0.33, 0.64
MEH–PPV 588 2 3788/7 1.59 0.60, 0.40
BE-co-MEH–PPV 586 4.4 3988/15 1.64 0.60, 0.40

Figure 8 Electronic energy levels of the polymers and the
work functions of the electrodes.

Figure 9 Current–voltage curves of the PSCs based on
BE–PPV, MEH–PPV, and BE-co-MEH–PPV under the illu-
mination of AM1.5 (80 mW/cm2).
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The effect of the PCBM concentration in the blend
films on the photovoltaic properties could be
explained as follows. With the increase in the PCBM
concentration in the polymer/PCBM film from the
weight ratio of 1 : 2 to 1 : 3, Voc and Isc of the PSCs
increased obviously, and so h increased, as shown in
Table III. The positive effect of the PCBM concentra-
tion should have benefited from the larger interface
areas of the donor (conjugated polymer)/acceptor
(PCBM), and better acceptor networks formed in the
photosensitive films with the increase in the PCBM
concentration.28 With a further increase in the PCBM
concentration to the weight ratio of 1 : 4, Isc
decreased seriously, and Voc also decreased a little.
The phenomenon of Voc decreasing with an increase
in the PCBM concentration was also observed in
other donor–acceptor systems.29 The performance
decrease of the PSCs with too high a PCBM concen-
tration could be due to the aggregation of PCBM
and poorer hole mobility in the blend films.30

CONCLUSIONS

A copolymer of dendronized PPV, BE-co-MEH–PPV,
was synthesized with the Gilch route to improve the
EL and photovoltaic properties of the dendronized
PPV homopolymer. The polymer was characterized
with UV–vis absorption spectroscopy, PL spectros-
copy, and electrochemical cyclic voltammetry and
compared with the homopolymers BE–PPV and
MEH–PPV. PLEDs based on the polymers with the
configuration of ITO/PEDOT : PSS/polymer/Ca/Al
were fabricated. The EL efficiency of BE-co-MEH–
PPV reached 1.64 cd/A, which was much higher
than that of BE–PPV (0.68 cd/A) and a little higher
than that of MEH–PPV (1.59 cd/A). The maximum
luminance of BE-co-MEH–PPV reached 3988 cd/m2

at 15 V, which was nearly 10 times that of BE–PPV.
The photovoltaic properties of the polymer were
studied with the device configuration of ITO/
PEDOT : PSS/polymer : PCBM/Mg/Al. h of the de-
vice based on the blend of BE-co-MEH–PPV and
PCBM with a weight ratio of 1 : 3 reached 1.41%
under the illumination of AM1.5 (80 mW/cm2), and

this was also improved in comparison with 0.24%
for BE–PPV and 1.32% for MEH–PPV under the
same experimental conditions. These results indicate
that BE-co-MEH–PPV is a promising EL and photo-
voltaic material.
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