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ABSTRACT: Poly [[2-methoxy-5-(3-sulfonatopropoxy)-1,
4-phenylene]-1, 2-ethenediyl] (MPS-PPV) was an anionic
water-soluble conjugated polymer. A novel single-compo-
nent light-emitting electrochemical cell (LEC) with an in-
dium tin oxide/MPS-PPV/aluminum sandwich structure
has been successfully fabricated. MPS-PPV serves as both
luminescent material and ionic conductor in the active layer.
Electroluminescence can be observed under both forward
and reverse bias with emission maxima at about 520 nm

(green light). In particular, the device has a low turn-on
voltage of about �3V and �4V, and can sustain long-term
operations without much loss of efficiency at ambient con-
ditions. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 100:
2930–2936, 2006
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INTRODUCTION

Polymer light-emitting diodes (LEDs) have attracted
much attention for their application in large-area thin-
film displays.1 For a single-layer LED device formed
by sandwiching the semiconducting conjugated poly-
mers between two electrodes, the electroluminescence
(EL) originates from radiative decay of singlet excita-
tions generated through recombination of electronic
carriers within the active polymer layer. Luminescent
polymers such as poly(p-phenylene vinylene)s (PPVs)
and its derivatives have low electron affinity, which
indicates that the ability of electron injection from
cathodes is rather worse. Therefore, the emission un-
der reverse bias is usually much weaker than the one
under forward bias, and a high operation voltage is
required to overcome the carrier injection barrier.

Pei et al. reported a light-emitting electrochemical
cell (LEC)2,3 using a ternary mixture of conjugated
polymer, lithium salt, and poly(ethylene oxide) (PEO)
as the active layer. Involvement of ionic transport
species in the luminescent layer reduces the contact
barrier of electrode and polymer.4,5 LECs exhibit
many unique light-emitting behaviors different from

conventional LEDs, i.e., the low turn-on voltage close
to band gap of PPV, high electroluminescent effi-
ciency, and dual emission under both forward and
reverse bias.6–11 Nevertheless, LECs undergo several
shortcomings like poor compatibility between nonpo-
lar semiconducting polymer and polyelectrolyte (PEO
and salt), and slow response speed in the range of
second. Attempts to obtain a better performance of
LECs include usage of binary mixtures either by
chemical attachment of oligo(ethylene oxide) side
chains onto the backbone of conjugated polymer to
improve the phases miscibility of the blends 12–14 or
immobilizing anionic species onto polyurethane with
PEO as soft segments15. In the latter case, the response
time of device drastically reduces with respect to bi-
ionic transport-based LECs.

In the present study, we investigated a novel single-
component LEC with an active layer of poly [[2-me-
thoxy-5-(3-sulfonatopropoxy)-1,4-phenylene]-1,2-
ethenediyl] (MPS-PPV, Scheme 1) as both luminescent
material and ionic conductor. MPS-PPV is one of the
water-soluble conjugated polymers that is shown to be
promising candidates for biosensor applications.16–21

We will demonstrate that LEC with the indium tin
oxide (ITO)/MPS-PPV/aluminum structure realizes
the complete phase miscibility between the electronic
and ionic conductors by anchoring the anionic sulfo-
nate groups to conjugated chain. Since the active layer
is homogeneous and maintains its original morphol-
ogy over a long shelf life, which is unavailable for
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binary or ternary composite layer, the devices can be
fabricated in batches without obvious difference of
composition and keep their original properties to the
utmost extent. Meanwhile, the unique behavior of
MPS-PPV makes it more suitable in fabrication of
high-resolution planar displaying devices via inkjet
printing technology developed for water-based ink of
the conducting polymer.22,23 We will show that our
device is conspicuously stable under ambient condi-
tion and exhibits distinguishable electroluminescent
behavior.

EXPERIMENTAL

Materials

Anhydrous toluene and tetrahydrofuran (THF) were
obtained by distillation over sodium/diphenyl ke-
tone. Commercial tert-butyl alcohol was dried by re-
fluxing with sodium until about two-thirds of the
metal was dissolved, and then distilled. 1,3-Propane-
sultone and potassium tert-butoxide from Aldrich
were used as received. All other commercial reagent-
grade solvents and chemicals were used without fur-
ther purification.

Characterization

IR spectra were recorded on a Bruker IFS66V vacuum
Fourier-transfer spectrometer. 1H NMR spectra were
collected on a Bruker DPX300 spectrometer. Gel per-
meation chromatography (GPC) analysis was mea-
sured on an Agilent 1100 series HPLC system
equipped with Water’s analytical aqueous GPC col-
umns, using poly(ethylene oxide) as standard and
0.1M NaNO3 aqueous solution mixed with 20% meth-
anol as eluent. Thermogravimetric analysis (TGA) was
conducted on a TA Instrument 2100 system with a
TGA 2950 thermogravimetric analyzer under a heat-
ing rate of 20°C/min and a nitrogen flow rate of 60
mL/min. Ultraviolet-visible (UV–Vis) and fluores-
cence spectra were measured on a Shimadzu UV-3100

spectrophotometer and Shimadzu RF-5301PC flores-
cence spectrophotometer, respectively. Cyclic voltam-
metry (CV) was performed on an Autolab Electro-
chemical Analyzer (ECO Chemie, The Netherlands)
system with a three-microelectrode cell (using a plat-
inum working electrode, a Pt wire counter electrode,
and a Ag/AgCl reference electrode coated with a film
of MPS-PPV and solid electrolyte mixture) at a scan
rate of 20 mV/s. The solid electrolyte was a mixture of
LiClO4 (20 wt %) and PEO. Current density–voltage
(J–V) characteristics were tested on EG and PARC
M273 electrochemical analysis system. The two elec-
trodes were shorted together for 200 s before a mea-
surement to discharge the capacitor and ensure that
steady state had been reached. The morphology via
atomic force microscope (AFM) was obtained by Nano
Scope III a.

Fabrication and characterization of lec devices

Cleaning of the ITO includes ultrasonication and ex-
traction steps in CHCl3 and ethanol. The fabrication of
the SLEC was carried out as follows: MPS-PPV (0.10 g)
was dissolved in a mixture of acetone (2.0 mL) and
distilled water (3.0 mL). The filtered solution was
spin-coated (2000 rpm) onto the ITO substrate (sheet
resistance about 50 �/ �). The obtained film was
dried in a vacuum oven for 24 h. The aluminum
contact (about 500 nm in thickness) was deposited
onto the active luminescent polymer layer by vacuum
evaporation (1 � 10�6 Torr). The active area of the
electroluminescent devices was approximately 0.25
cm2.

Synthesis

5-Methoxy-2-(3-sulfonatopropoxy)-1,4-xylene �,��-
dichloride (2)

Potassium 3-(4-methoxyphenoxy)propanesulfonate(1)
was obtained by the reaction of potassium 4-methoxy
phenoxide with 1,3-propanesultone in anhydrous eth-
anol (yield, 90%). To a stirred solution of 1 (3.0 g, 7.86
mmol) in 22 mL of water and 9 mL of concentrated
hydrochloric acid, cooled to 2°C, 11 mL of 37% forma-
lin solution was added. A stream of hydrogen chloride
gas was bubbled through the mixture for 30 min, and
then the temperature was increased to 40°C. The mix-
ture was saturated with hydrogen chloride through-
out, and the reaction was stopped until white turbid
liquid was observed. After centrifugation, the solvents
were completely removed to give a gray-white resi-
due, and then washed by methanol for three times.
Elimination of the solvent and drying in a vacuum
oven afforded a gray-white solid compound 2 (3.1 g;
yield, 60%).1H NMR (d-DMSO) � (ppm): 1.9–2.1 (2H,
OCCH2CO, m), 2.5–2.7 (2H, OCH2OSO3, t), 3.6–3.8

Scheme 1 A brief synthetic route to the MPS-PPV.
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(3H, OOOCH3, s), 3.9–4.1 (2H, OOOCH2O, t), 4.5–
4.7 (OCH2OAr, 4H, d), 6.9–7.1 (2H,OC6H2O, m); IR
(KBr) �max (cm�1): 3420 (s), 2940 (m), 1640 (m), 1510
(m), 1470 (m), 1410 (m), 1210 (s), 1040 (s), 935 (w), 880
(w), 800 (w), 730 (w), 700 (w), 610 (m), 520 (m).

Poly{[2-methoxy-5-(3-sulfonatopropoxy)-1,4-
phenylene]-1,2-ethenediyl}(3)

MPS-PPV can be obtained by Wessling sulfomium
precursor.24,25 Here it was synthesized by Gilch dehy-
drohalogenation polymerization26–27 (Scheme 1). 0.8 g
(2.33 mmol) of compound 2 was dissolved in a mix-
ture of anhydrous tert-butanol (5 mL) and THF (20
mL) in a 100-mL dried round bottomed flask, which
was equipped with a magnetic stirring bar and capped
with a rubber septum. A solution of potassium tert-
butoxide (1.00 g, 8.92 mmol) in anhydrous tert-butanol
(5 mL) was added dropwise to the reaction flask via a
syringe at room temperature. The reaction mixture
turned from yellow to orange with the addition of
potassium tert-butoxide. The reaction mixture was
stirred for another 24 h at room temperature after the
completion of the addition. The resulting polymer was
precipitated from methanol and collected by centrifu-
gation. After drying under a vacuum oven for 24 h,
orange powder 3 (0.75 g) was obtained in 95% yield.
1H NMR (D2O) � (ppm): 1.7–2.2 (2H,OCCH2CO, m),
2.6–3.2 (2H,OCH2OSO3, m), 3.3–4.2 (5H,OOOCH3,
OOOCH2O, m), 5.4–7.4 (4H, OHCACHO,
OC6H2O, m); IR (KBr) �max (cm�1): 3448 (m), 3060
(w), 2936 (m), 1630 (w), 1577 (m), 1505 (m), 1465 (w),
1411 (m), 1206 (s), 1042 (s), 970 (w), 922 (w), 872 (w),
795 (w), 737 (w), 614 (m), 530 (m). Calcd. for
C12H13KO5S (Mol. Wt. monomeric unit: 308.39): C,
46.74; H, 4.25; S, 10.40; K, 12.68%. Found: C, 41.76; H,
4.62; S, 10.09; K, 12.90%. GPC analysis revealed that
the number average molecular weight (Mn) and
weight average molecular weight (Mw) of the polymer
are 13,700 and 24,000 with a polydispersity index of
1.75. The IR spectrum shows the presence of olefins.
The peak at 3060 cm�1 corresponds to the COH
stretching vibration mode of olefin, and the peaks at
970 and 737 cm�1 are attributed to the COH bending
vibrations of the trans- and cis-olefins, respectively.

RESULTS AND DISCUSSION

Optical absorption and emission spectra

UV–Vis absorption and photo-luminescent (PL) spec-
tra for MPS-PPV are depicted in Figure 1. MPS-PPV
shows optical absorption at 425 nm and 295 nm. These
peaks arise from �-electron transitions from delocal-
ized occupied molecular orbitals to delocalized unoc-
cupied ones.28 The magnitude of the energy gap in
PPV is approximately 2.5 eV. The edge absorption of

MPS-PPV in aqueous solution is at 540 nm, corre-
sponding to an optical band gap of 2.30 eV. MPS-PPV
show typical behavior of polyelectrolyte, that is, elec-
trostatic repulsion between anionic side-groups disso-
ciated in water results in a rod-like conformation with
a persistence length much larger than that of PPV in
organic solvent. It is notable that edge absorption of
MPS-PPV in the solid-state moves to 610 nm (band
gap of 2.04 eV), which implies that the conformation
in the membrane is in a rather ordered state. Once
MPS-PPV molecule in water is excited by the absorp-
tion of a photon with wavelength of 425 nm, it returns
to the ground state by emission of green light with
maximum wavelength of 535 nm (Fig. 1).

Band structure of MPS-PPV

Besides luminescent properties, electron and hole in-
jection ability of conjugated polymer sandwiched be-
tween two electrodes is also critical for performance of
electroluminescent devices. Figure 2 depicts the cyclic
voltammogram of MPS-PPV. The onset potentials of
the reduction and oxidation are �0.83 V and 1.04 V
versus Ag/AgCl reference electrode, respectively. Ac-
cording to the standard normal potential (0.24 V) of
ferrocene/ferrocenium in this system and its vacuum
energy level (4.8 eV)29, the highest occupied molecular
orbital and lowest unoccupied molecular orbital en-
ergy levels of the material are estimated to be 5.60 and
3.73 eV, respectively. The energy gap is 1.87 eV, which
is approximate to the band gap obtained by electronic
spectra. Hole and electron transport states of PPV are
located at 5.35 and 2.12 eV, respectively, (Fig. 3). The
work function of the ITO electrode amount to 4.8 eV
(and 4.2 eV for Al electrode). The contact barrier for
electron injection from Al electrode to MPS-PPV is
0.47 eV, much lower than that of PPV (2.08 eV), which

Figure 1 UV–vis absorption and PL spectra of the MPS-
PPV in solid state (dash line) or water (solid line).
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indicates that the electron injection ability of conju-
gated polymer can be greatly improved through in-
corporation of ionic species into the backbone. When
MPS-PPV is used as the active layer, a better perfor-
mance of the device would be expected owing to
reduced contact barrier and more balanced injection of
hole and electron.

Morphology

Figure 4 shows the atomic force microscopy (AFM)
image of the spin-coated film of MPS-PPV onto ITO
glass. The topographic image of the film that is vacu-
um-dried at room temperature exhibits very smooth
surface morphology with a root mean square (RMS)
value of 0.397 nm. Therefore, there is no obvious
phase separation in luminescent active layer, as ex-
pected.

Dual electroluminescent and J–V characteristics of
single-component LEC

The single-component LEC device that we fabricate
has a sandwich configuration of ITO/MPS-PPV/Al.
Dependence of current density (J) and EL intensity on
operation voltage (V) are displayed in Figure 5. Single-
layer light-emitting devices based on ordinary PPV
and its derivatives show typical characteristics of
semiconductor, i.e., a onset of current at high forward
(positive) bias and extremely weak current under re-
verse (negative) bias. The apparent threshold voltage
for detection of EL under forward bias is usually more
than 10 V. Moreover, no light emission is detectable
under reverse bias. Although the structure of our de-
vice is identical to traditional single-layer LEDs, it is
interesting that the electroluminescent and J–V char-
acteristic is quite similar to LECs consisting of a blend

of conjugated luminescent polymers and solid electro-
lyte along with lithium salt. Our device can be oper-
ated in both forward and reverse bias (Fig. 5). Dual EL
is observed under ambient conditions. Figure 6 de-
scribes the EL spectra recorded under forward and
reverse bias with the same magnitude (�8V). They all
display an emission band with the maximum around
520 nm, which corresponds to green light. The peak is
blue-shifted about 40 nm with respect to the PL spec-
trum of a solid film. It is also notable that the apparent
threshold voltage for the detection of light emission is
rather low (�4 V and �5 V). In addition, the forward
onset of the current is around �3 V (�4 V for reverse
operation).

The distinct behavior of current device can be ex-
plained as follows. In luminescent active layer, anions
(SO3

�) covalently attached to the conjugated chains
and cations (K�) disperse homogeneously over the
whole layer (Fig. 7(a)). With the aid of external electric
field, dissociated cations move toward and accumu-
late near the cathode to form Ohmic contact between
MPS-PPV and electrode (Fig. 7(b)). Low turn-on volt-
age arises from the reduction of the contact barrier to
electron carrier injection.

Slightly asymmetrical J–V can be observed in our
device (Fig. 5). Rectification ratio (ratio of forward to
reverse current at a certain applied voltage) ranges
between 1.3 and 1.9 (unity for symmetric LEC). Mean-
while the “reverse” emission is slightly weaker than
the “forward” emission (Fig. 6). All these behavior
may be associated with fact that the migration of
anionic toward anode (Al) under reverse bias is rather
difficult, which leads to larger barrier heights for hole

Figure 3 Schematic diagram indicating the band structure
of PPVs and the work function of the electrodes.

Figure 2 Cyclic voltammogram of MPS-PPV/PEO/LiClO4
at a scan rate of 20 mV/s; Ag wires were used as reference
electrode.
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injection and a mismatch in the injection rate of elec-
trons and holes that limits the EL efficiency.

Stability of electroluminescent material and
devices

Thermogravimetric analysis is shown in Figure 8.
MPS-PPV exhibits an onset of degradation at 330°C,
while the maximum rate of weight loss takes place at
temperature above 350°C. The result reveals that this
material shows favorable thermal stabilities in nitro-
gen atmosphere, which may be appropriate for long-
life operation of electroluminescent device.

Figure 9 displays the time response of current and
luminance for the device biased at �6.0 V. The stable
current and light-emission indicate that the single-
component device could sustain long-term operations
without much loss of efficiency (around 85% of its
original reading). Since the fabrication and character-
ization of the devices were conducted under ambient
conditions, better EL performance may be expected if
the processing is carried out in more strict conditions.

No breakdown of our device was found with oper-
ating voltage up to 16 V. This indicates the stability of
our device at high voltage.

Figure 4 Atomic force microscopy image of the MPS-PPV film spin-coated onto ITO glass.

Figure 5 The current density–voltage (-�-) and EL inten-
sity–voltage (-F-) characteristics of the ITO/MPS-PPV/Al
device.

Figure 6 Electroluminescent spectra of the ITO/MPS-
PPV/Al device under forward (solid line) and reverse (dash
line) bias of 8 V.
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CONCLUSIONS

We investigate an anionic water-soluble conjugated
polymer having “green” or environmentally benign
characteristics. MPS-PPV serves as both electronic
and ionic conductor and is an ideal material for

construction of single-component electrolumines-
cent devices with low turn-on voltage, dual light-
emission under both forward and reverse bias, and
stability when operated under ambient conditions.
Our research opens up a wide field for further in-
vestigation into water-soluble conjugated polymers
in EL application.

The authors thank Professor Mu Wang at National Labora-
tory of Solid State Microstructures, Nanjing University, for
providing AFM, used in this investigation.
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