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A soluble PPV derivative (C-PPV) with high molecular weight, substituted with a crown ether in direct

p-conjugation at the 2,3-position, has been synthesized via a modified Gilch route in good yield. The double

layer LED based on C-PPV (ITO/C-PPV/Alq3/Al) exhibits a high luminance of 730 cdm22, and emits yellow–

green light with an external EL quantum efficiency of 0.04%. The fluorescence attenuation of the polymer

solution is found upon Kz, Naz, or Liz binding. The AFM provides high-resolution images of C-PPV in thin

films constructed from a very dilute solution in the absence and presence of metal ions. Worm-like images with

well-defined width and height are observed only in the presence of Kz, which is in striking contrast to the

individual ball shape of C-PPV molecules in the absence of Kz, or in the presence of Naz, or Liz. It was also

observed that the worm-like images grew longer and longer as the solution of C-PPV in the presence of Kz

stood longer. These unique self-assembling features of the C-PPV molecules may be attributed to the

complexation of Kz.

Introduction

Since the discovery of electroluminescence (EL) in poly(p-
phenylenevinylene) (PPV),1 conjugated polymers, such as
poly(fluorene)s (PFs), poly(p-phenylene)s (PPPs), poly(thio-
phene)s (PTs) and their derivatives, have been extensively
studied.2–7 Their applications are varied in light-emitting
diodes (LEDs), photovoltaic diodes, light-emitting electroche-
mical cells, and laser devices.2–7 In the last few years,
functionalized conjugated polymers have developed into a
class of materials capable of detecting a large variety of metal
ions, neutral and charged organic species which has potential
application for the design of chemical sensors.8 In particular,
conjugated polymers such as poly(thiophene)s and poly-
(phenyleneethynylene)s bearing molecular recognizing groups,
have been well exploited.8,9 Today, PPV and its derivatives
are still the most popular materials used in LEDs. The
most commonly used substituents in PPV derivatives are
alkoxy,10,11 silyl10,14,15 and phenyl12,13,16,17,18 groups, while
crown ether substituted groups are rarely found, except in the
recent contributions from Babudri et al.11 They reported the
synthesis of low molecular weight poly(2,5-dialkoxy-1,4-
phenylenevinylene) polymers with cyclic polyethereal alkoxy
chains by a Stille cross-coupling reaction. An ion-selective
crown ether is an excellent molecular sensory component.8,9

Attachment of this group to a PPV does not reduce its basic
function, but endows some new properties to the conjugated
polymer. Recently, the 2,3-disubstituted derivatives of PPV,
which exhibit considerably high performance, have attracted
much interest owing to their ability at controlling the electronic
properties of PPV via steric interaction of the side-substituted
groups.10,17,18 On the basis of all these studies, it is then
postulated that PPV with crown ether units in direct
p-conjugation at the 2,3-position is expected to exhibit new
functional properties based on the electrical conductivity of the
main chain and the cation-binding ability of the crown cavity.

In the present work we report the successful synthesis of a
soluble PPV substituted with crown ether units in direct
p-conjugation at the 2,3-position via a modified Gilch route
(C-PPV, as shown in Scheme 1). The LED fabricated with
C-PPV (ITO/C-PPV/Alq3/Al) has been investigated. Moreover,
the effects of metal cation binding on absorbance and
fluorescence spectra, and the morphological structure of the
polymer in thin films have also been depicted.

Experimental

General

THF, DMF and tert-butanol were dried before use. All other
reagents were used as supplied, without further purification. 1H
NMR spectra were recorded on a UNITY-200 spectrometer.
Elemental analyses were measured with a Heraeus CHN-
RAPID elemental analyzer. The molecular weight was detected
by laser light scattering on DLS-700 and RM-102 instruments
(l~632.8 nm, 25 uC in CHCl3). IR spectra were taken on a
Bruker EQUINOX55 spectrometer.
Light-emitting diodes (LEDs) were fabricated using C-PPV

as emissive material, Alq3 as an electron-transport layer, and
the aluminum as the cathode. C-PPV film was spin-coated onto
the ITO substrates (sheet resistance 30 V/%) from a chloro-
form solution (2.3 gml21). The emitting area of the EL devices
was 14 mm2. EL spectra were recorded on a Hitachi F-4500
Fluorescence Spectrophotometer with the LED devices for-
ward biased. The power of EL emission was measured using a
Newport 2835-C multifunction optical meter. Photometric
units (cd m22) were calculated using the forward output power.
Current–voltage characteristics were measured with a Hewlett
Packard 4140B semiconductor parameter analyzer. All the
measurements were performed under ambient atmosphere at
room temperature.
Absorption and PL were studied using a General TU-1201
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UV-vis Recording Spectrophotometer and a Hitachi F-4500
Fluorescence Spectrophotometer respectively. The concentra-
tion of C-PPV in CHCl3 is 5 mM, and of the cation is
1.561022 M in acetonitrile for KPF6, NaClO4, and LiClO4

(then 3 ml of the polymer solution and 1 mm of the cation
solution have an equimolar ratio of cation and crown ether
groups).
The surface morphology of the thin films was studied by

Tapping Mode Atomic Force Microscope (Nanoscope IIIa
AFM, Digital Instruments Inc., USA). C-PPV thin films were
fabricated by spin coating from a chloroform solution
(0.016 mgml21) in the absence and presence of KPF6

(1.561022 M in acetonitrile).

Synthesis

3,6-Bis(morpholin-4-ylmethyl)catechol (1). A mixture of
paraformaldehyde (6 g, 0.2 mol) and morpholine (17.4 g,
0.2 mol) in isopropyl alcohol (70 ml) was refluxed until it
was homogeneous. The resulting solution was cooled to room
temperature, and to this solution catechol (11 g, 0.1 mol) in
isopropyl alcohol (50 ml) was added. The mixture was stirred
for 72 h at room temperature, and then filtered. The solid was
recrystallized from ethanol to give the product as white crystals
(mp 177–178 uC, 14 g, 45%). 1H NMR (200 MHz, CDCl3): d
2.65 (t, 8H, CH2), 3.75–3.82 (m, 12H, CH2), 6.56 (s, 2H, ArH),
8.6 (br, 2H, OH).

3’,6’-Bis(morpholin-4-ylmethyl)benzo-18-crown-6 (2). To a
solution of 3,6-bis(morpholin-4-ylmethyl)catechol (1) (12.32 g,
40 mmol) in tetrahydrofuran (500 ml) under nitrogen was
added potassium tert-butoxide (10 g, 89 mmol). After the
solution had been stirred for 1 h at room temperature,
pentaethylene glycol ditosylate (23.36 g, 42.8 mmol) in tetra-
hydrofuran (100 ml) was added dropwise. The mixture was
stirred at room temperature for 18 h, and then refluxed for 6 h.
The reaction mixture was cooled, filtered, and concentrated
under reduced pressure to 50 ml. The resulting solution was
partitioned between chloroform and water. The organic layers
were separated and the aqueous phase was extracted with
chloroform. The combined organic layer was washed with
water, dried over anhydrous sodium sulfate, and concentrated.
The residue was purified by silica chromatography (eluent:
ethyl acetate). A white solid was obtained (mp 70–72 uC, 7.42 g,
36.2%). 1H NMR (200 MHz, CDCl3): d 2.48 (t, 8H, CH2), 3.52

(s, 4H, Ar-CH2), 3.68–3.74 (m, 20H, CH2), 3.87 (t, 4H, CH2),
4.19 (t, 4H, CH2), 7.03 (s, 2H, ArH); elemental anal. Calcd for
C26H42O8N2: C, 61.17; H, 8.23; N, 5.49. Found: C, 60.90; H,
8.05; N, 5.74%.

3’,6’-Bis(acetoxymethyl)benzo-18-crown-6 (3). A mixture of
(2) (7.4 g, 14.5 mmol) and acetic anhydride (200 ml) was
refluxed for 60 h, and then concentrated under reduced
pressure to 10 ml, and partitioned between chloroform and
water. The aqueous layer was extracted with chloroform, and
the combined organic layer was washed with water, dried and
concentrated. The residue was purified by silica chromato-
graphy (eluent: ethyl acetate–petroleum ether 1 : 1). A white
solid was obtained (mp, 57–59 uC, 5.4 g, 81.8%). 1H NMR
(200 MHz, CDCl3): d 2.08 (s, 6H, CH3), 3.64–3.74 (m, 12H,
CH2), 3.89 (t, 4H, CH2), 4.22 (t, 4H, CH2), 5.15 (s, 4H,
Ar-CH2), 7.09 (s, 2H, ArH); elemental anal. Calcd for
C26H32O10: C, 57.89; H, 7.02. Found: C, 57.84; H, 7.02%.

3’,6’-Bis(bromomethyl)benzo-18-crown-6 (4). A mixture of
(3) (2.78 g, 5 mmol), 33% hydrogen bromide–acetic acid
(10 ml) and acetic acid (10 ml) was stirred for 2 h at room
temperature, then poured into water, neutralized with a
solution of sodium hydrogen carbonate, and extracted three
times with chloroform. The combined organic layer was
washed with water, dried and concentrated. The residue was
purified by silica chromatography (eluent: ethyl acetate–
petroleum ether 1 : 2). A white solid was obtained (mp,
113–115 uC, 2.8 g, 92.2%). 1H NMR (200 MHz, CDCl3): d
3.69–3.76 (m, 12H, CH2), 3.95 (t, 4H, CH2), 4.32 (t, 4H, CH2),
4.54 (s, 4H, Ar-CH2), 7.09 (s, 2H, ArH); elemental anal. Calcd
for C18H26O6Br2: C, 43.37; H, 5.22. Found: C, 43.54; H, 5.49%.

Synthesis of the poly(2,5,8,11,14,17-hexaoxabicyclo[16.4.0]-
docosa-1(18),19,21-trien-19,22-ylenevinylene) (C-PPV). A solu-
tion of potassium tert-butoxide (1.02 g, 9 mmol) in tert-butanol
(6 ml) was added dropwise under nitrogen to a stirred
solution of (4) (600 mg, 1.2 mmol) in DMF (18 ml) over a
period of 30 min at room temperature. The mixture was stirred
for 24 h, and precipitated with methanol–water (1 : 1). The
precipitate was collected, washed with water, methanol, and
dried. The crude polymer was purified by dissolving in
chloroform and then precipitating from methanol. The process
was repeated twice. After drying under vacuum, the resulting
polymer was obtained as an orange–red solid (170 mg, 42%).

Scheme 1 Structure and synthesis of crown ether containing conjugated polymer C-PPV.
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1H NMR (200 MHz, CDCl3): d 3.65–4.16 (m, 20H, CH2),
7.36–7.56 (m, 4H); elemental anal. Calcd for (C18H24O6)n: C,
64.28; H, 7.14. Found: C, 63.83; H, 7.11%; IR (cm21): 2933,
2867, 1648, 1492, 1436, 1127, 1065, 945, 882, 819, 764.

Results and discussion

The synthesis of C-PPV was carried out according to Scheme 1.
The catechol was converted to 3,6-bis(morpholin-4-ylmethyl)-
catechol (1) by the Mannich reaction.19,20 3’,6’-Bis(morpholin-
4-ylmethyl)benzo-18-crown-6 (2) was synthesized from (1) and
pentaethylene glycol ditosylate in THF in the presence of
potassium tert-butoxide. Acetification of (2) with acetic
anhydride by reflux gave 3’,6’-bis(acetoxymethyl)benzo-18-
crown-6 (3). Instead of the conversion of the diol prepared
from saponification of the diacetate (3) into (4) with CBr4 and
PPh3, a convenient method was employed to obtain 3’,6’-
bis(bromomethyl)benzo-18-crown-6 (4), i.e., the monomer (4)
could be obtained in a high yield by treatment of compound (3)
with 33% hydrogen bromide–acetic acid in acetic acid at room
temperature. The polymerization of monomer (4) was carried
out via a modified Gilch route.21 The solvent used in the
polymerization is an important factor for the solubility of the
resultant polymers. When THF, dioxane and xylene or a
mixture of xylene and tert-butanol were used, the polymers
obtained always exhibited very poor solubility in common
organic solvents. However, when DMF was employed as the
solvent, the C-PPV afforded was soluble in CHCl3. The crude
polymer was purified by precipitation from methanol twice,
and then the C-PPV was obtained as an orange–red solid with a
yield of 42%. The purified polymer was confirmed by IR, 1H
NMR and elemental analysis. The element analysis data (C,
63.83; H, 7.11; Br, v0.3%) are in agreement with that (C,
64.28; H, 7.14%) calculated for (C18H24O6)n. The very low
content of bromide implies a high degree of conversion. In fact,
the laser light scattering reveals that the average molecular
weight (Mw) of C-PPV is 8.696104, which is much higher than
the crown ether containing PPV at the 2,5-position (Mw~1880)
prepared by Babudri et al.11 Thermogravimetric analysis
(TGA) shows that the polymer exhibits good thermal stability,
and the onset of thermal decomposition under nitrogen is
around 402 uC. The differential scanning calorimetry (DSC)
measurements show a glass transition at 76 uC.
The absorption and photoluminescence (PL) spectra of

C-PPV thin film prepared by spin coating from a chloroform
solution onto quartz substrates are shown in Fig. 1. The UV-vis
spectrum of the polymer shows a maximum absorption peak
around 458 nm that can be attributed to the p–p* electron

transition associated with the p-conjugated polymer back-
bones. The energy gap between the HOMO and the LUMO,
taken from the edge of the absorption spectrum (526 nm), is
estimated to be 2.36 eV. The polymer exhibits a strong yellow–
green emission around 534 nm when an excitation at 410 nm is
applied.
The double layer LED based on C-PPV (the thickness of the

polymer films about 70 nm) fabricated with a configuration of
ITO/C-PPV/Alq3/Al shows a yellow–green emission with a
maximum at 534 nm, which closely resembles the PL spectrum
of C-PPV thin film (Fig. 1). This means that the same
excitations are involved in both cases. Fig. 2 shows the
current–voltage and luminance–voltage characteristics of the
double layer LED. The LED shows that the turn-on voltage for
both current and emissive light is around 12 V, and the
luminance of the device reaches 730 cd m22 at 22.9 V and
9 mA. The external EL quantum efficiency of the device is
measured to be 0.04%, which is similar to that of 0.03%
fabricated with phenyl-substituted PPV16 when aluminium is
employed as the cathode (this is higher than that of 0.015%
reported by Babudri et al. based on alkoxy-substituted PPV).11

The conjugated crown ether containing polymer C-PPV has
the ability to bind metal ions (Kz, Naz, and Liz) in solution,
which can be demonstrated by the change of fluorescence
spectra. The measurements were carried out with a dilute
solution of C-PPV (561026 M) in chloroform and different
molar ratios (0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6) of cation to crown
ether unit were employed. It is observed that the solutions of
polymer C-PPV display unchanged absorbance spectra in the
presence of Kz, Naz, or Liz, relative to the maximum
absorption band at 442 nm in the absence of metal ions. While
in the case of fluorescence spectra, the fluorescent intensity
decreases as the molar ratio of Kz, Naz, or Liz increases
compared with the emission bands at 490 and 525 nm in the
absence of metal ions with the excitation at 440 nm. Fig. 3
shows the fluorescence spectra of C-PPV in chloroform in the
absence and presence of Kz. The emission of C-PPV has been
dramatically reduced to near background level when the molar
ratio of Kz to the crown ether unit is 6. At the same time, the
maximum emission appears at 525 nm, which may be
attributed to the formation of excimers.22 The fluorescence
attenuation is the result of electron-transfer from the excited
polymer to the analyte Kz.23 In addition, it is found that the
C-PPV does not have obvious selectivity to Kz, Naz or Liz.
Atomic Force Microscopy (AFM) is employed to reveal the

effect of the cation ion on the morphology of conjugated
polymer C-PPV since AFM is a powerful surface technique
that can be used to obtain high-resolution images of the surface

Fig. 1 Absorption, photoluminescence and electoluminescence spectra
of C-PPV thin film.

Fig. 2 Current–voltage and luminance–voltage curves of an ITO/
C-PPV/Alq3/Al LED.
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of organic films.24,25 Fig. 4(a)–(f) show AFM images of C-PPV
films on silicon substrate fabricated by spin coating from a very
diluted chloroform solution (0.016 mgml21) in the absence and
presence of 6 equiv. of Kz. Fig. 4(a) shows an image of C-PPV
molecules in the absence of Kz. The particles have apparent
diameters of 18–38 nm, and average height of 2 nm. Taking
into account the size and shape of the AFM tip, the vertical
resolution of AFM images is much better than the lateral
resolution. The obtained diameters usually need to be corrected
due to the AFM tip broadening effect.26 As a result, the true
diameter of these particles might be smaller than the apparent
diameters. It can be estimated that in such a very dilute solution

most of the small particles might be the single C-PPV
molecules, while some larger particles may consist of several
single C-PPV molecules which could be the result of molecule
aggregation.
On the contrary, worm-like morphological features are

observed when the films are in the presence of Kz as shown in
Fig. 4(b)–(f). Before the films were fabricated the solution of
C-PPV in the presence of 6 equiv. Kz had been left to stand
over different periods of time. It was observed that the worm-
like images grow longer and longer as the solution of C-PPV in
the presence of Kz stood longer. The apparent average width is
about 16 nm which becomes smaller than the average diameter
of the particles shown in Fig. 4(a), and the height is about
1.7 nm. This C-PPV molecule self-organization to form worm-
like structures is mainly considered to be owing to metal ions of
Kz inducing a conformational change of the polymer. The
binding of the metal ions in the crown ether rings make these
macrocycles and the polymer backbone more rigid, favoring
their p-stacking interaction with each other and advantaging
the elongation of worm-like structures. On the other hand, it is
worth mentioning that: the AFM images of the molecule of
C-PPV are mainly isolated from each other in the form of the
individual particles in the presence of Naz or Liz, similar to
that in the absence of Kz as shown in Fig. 4(a). Only in the
presence of Kz does the molecule of C-PPV have the evident
proclivity to self-assemble in definite extension forming chain-
like assemblies with well-defined width and height.

Conclusions

In conclusion, this work presents the synthesis of a novel PPV
derivative substituted with crown ether units, and the

Fig. 3 Fluorescence spectra of C-PPV in solution in the absence and
presence of Kz.

Fig. 4 AFM images of the C-PPV films made by spin-coating on silicon (a) in the absence of Kz, (b)–(f) in the presence of Kz. Before the films were
fabricated the solution of C-PPV in the presence of 6 equiv. Kz had been left to stand over different periods of time for (b) 0.5 h, (c) 6 h, (d) 24 h, (e)
12 days, and (f) 70 days.
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performance of the polymer as an emissive material for LEDs.
The crown ether containing PPV can bind metal ions in
solution. It is found that the fluorescent intensity decreases as
the molar ratio of Kz, Naz, or Liz increases compared with
that in the absence of metal ions with the excitation at 440 nm.
Moreover, the AFM provides the morphology of the polymer
thin films in the absence and presence of metal ions. Worm-like
images are observed only in the presence of Kz. Further
studies on the influence of different cation ions and conditions
on these systems are in progress in order to gain an insight into
the binding and self-assembly characteristics.
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