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Structural Characterization and Luminescent
Properties of Poly(p-phenylene vinylene) and
Poly(ethylene glycol) Blends
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Abstract: The luminescent properties of poly(p-phenylenevinylene) (PPV) blending with poly
(ethylene glycol) (PEG) were investigated in terms of their structural formation during sample
preparation. The blended systems were prepared from an aqueous solution of water-soluble poly
(xylylene tetrahydrothiophenium chloride) (PPV precursor) mixed with PEG, followed by heat
treatment to remove the tetrahydrothiophene groups from the PPV precursor. Structural analysis
showed that PEG could react with PPV precursor to form C-O-C linkage and carbonyl groups in
PPV chains, interrupting their conjugated length as suggested by their Infrared, Raman and UV/vis
spectroscopes. Wide angle X-ray scattering (WAXS) of blended systems also showed that PPV in
blends had less packing. As to luminescent properties, the UV/vis and photoluminescent (PL)
spectra show that the energy gap needed to produce the excitons increased along with the increase
of PL intensity when PPV was blended with PEG. Similar results were also found for the EL
properties of ITO/polyblends/Al devices. The EL light emission from blends was blue-shifted
(compared to PPV) with a rather low threshold electric field strength. The EL performance of
polyblends was better than that of pure PPV. Among them, the PPV-50PEG showed the highest
EL intensity. The improved EL efficiency was attributed to the dilution effect, interrupted conju-
gated length, and lower packing of PPV chains.
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properties.

Introduction

Conjugated polymers having electroluminescent
(EL) properties were first discovered by the Cam-
bridge research group [1] in 1990 and demonstrated
by using poly(p-phenylenevinylene) (PPV) as an ac-
tive emissive layer in polymeric light-emitting di-
odes (polymeric-LEDs). Because of easy processing,
polymeric-LEDs have the potential to be used in
large-area display applications [1,2]. In recent years,
many efforts have been made to improve their per-
formance with respect to tuning the color of emitted
light and increasing their luminescent quantum yield,
brightness, stability, and processibility. Other en-
deavors have been aimed at developing of efficient
ways of synthesizing the conjugated polymers [3-6].

One of the approaches to improve the perfor-
mance of polymeric-LEDs is to blend conjugated
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polymers with other polymers [7-18]. A number of
conjugated/ nonconjugated polyblend systems have
been studied with the aim of improving the atmo-
spheric stability, processibility, and electroactivity
[7-9]. It has been shown that their dilution of the
conjugated polymer by other polymers in blends
leads to an increase of the lifetime of luminescence
[10,11]. In our previous study [12], we prepared
the polymeric-LEDs by blending PPV with poly(N-
vinylpyrrolidone) (PVP), a water-soluble noncon-
jugated polymer, and found that the optimal content
of PVP in blends to provide the best EL perfor-
mance was 15~20 wt%. Similar to our studies,
Chang and Whang [13] prepared a series of PPV-
poly(vinyl alcohol) (PVA) based polymers from the
aqueous solutions of PPV precursor and PVA
mixtures. Their PPV-PVA based LEDs emitted light
from the green-yellow to the blue region by increas-
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Table 1. The compositions and energy gaps of PPV/PEG blends.

Sample Composition Energy gap®
denotation PPV precursor PEG V)
wt% Molar ratio% wt% Molar ratio%

PPV 100 100 0 0 2.37
PPV-20PEG 80 63.3 20 36.7 2.39
PPV-S0PEG 50 30.1 50 69.9 2.40
PPV-80PEG 20 9.7 80 90.3 2.41

PEG 0 0 100 100 -

(a) Energy gap was determined by the onset of UV/vis absorption spectra using Eq.(2).

ing the content of PVA. This result was attributed
to the fact that PPV precursor reacted with PVA to
form C-O-C linkages and interrupted the PPV con-
jugated length.

In this study, we blended PPV with poly
(ethylene glycol) (PEG), a water-soluble non-conju-
gated polymer. The blends have been used as an
active polymer medium in newly developed light-
emitting electrochemical cells, because PEG could
effectively form the complexes with ions [19-21].
In this study, the structural formation during prepa-
ration of PPV/PEG blends was investigated first and
the results were employed to interpret their photolu-
minescent properties and EL performance utilizing
aluminum as an electron-injection electrode and in-
dium-tin oxide (ITO) as a hole-injection electrode.

Experimental

1. Materials and sample preparation

The PPV precursor, poly(xylylene tetrahy-
drothiophenium chloride) (PXT) (polyelectrolyte)
was prepared by following the ref. [3,4] with some
modifications. The p-xylene-bis(tetrahydrothio-
phenium chloride) monomer (0.4 N) was dissolved
in aqueous solution (20 mL) and then mixed with 80
mL pentane (pre-cooled to 0 °C). An equimolar
quantity of sodium hydroxide (0.4 N, 20 mL) (pre-
cooled to 0 °C) was afterwards added to the solu-
tion and reacted at 0 °C for 1 hour under nitrogen.
The reaction was quenched by neutralization with
0.1 N HCI until the solution was slightly acidic,
yielding a highly viscous solution. After the pen-
tane was removed, the prepared PPV precursor so-
lution was dialyzed in a Spectra/Por regenerated
cellulose membrane tube with a molecular weight
cut-off of 3,500 against deionized water for at least
one week. The water surrounding the dialysis tube
was refreshed frequently. At this stage, its PPV
content measured from thermal gravimetric analysis
(TGA) was ~0.25 wt%.

In order to overcome the inherent problems in

determining the molecular weight of PPV precursor,
we replaced the ionic moieties with neutral
thiophenolate groups by following the ref. [22]. The
modified PXT compound had a M,, of 1.2x10° and
dispersity of 3.2 relative to the polystyrene standards,
measured by gel permeation chromatography
(Testhigh Series III pump and Model 500 UV detec-
tor with THF as a mobile phase).

Poly(ethylene glycol) (PEG), purchased from
the Jassen Co. and having a molecular weight of
4x10* was dried under a vacuum at 50 °C for 12
hours and used without further purification.

Blended solutions of PPV precursor with PEG
were prepared by adding various amounts of PEG to
the precursor aqueous solutions and mixed until
homogeneous. We designated the prepared solution
containing 20 wt% PEG as PPV-20PEG, and so on
as shown in Table I. Films were prepared by spin-
coating the solution onto glass plates. Transforma-
tion of the PPV precursor into PPV was achieved by
heating the films in a high vacuum oven (< 107
torr) at 220 °C for 2 hours. The final thickness of
the films on the glass plates prepared for PL mea-
surements was controlled at 1000~1300 A, measured
by using a surface profilometer (Dektek Co., Model
3030).

2. Fabrication of LEDs

LEDs were fabricated by spin-coating the poly-
mer solution onto indium-tin oxide (ITO)-deposited
glass plates and heat treating them at 220 °C for 2
hours, followed by Al metal evaporation (thermal
evaporator, JEOL Co. Model JEE-4C) to form the
electron injection electrode. The polymer films and
the coated Al electrode should be uniform, with
thicknesses ranging from 1000~1300 and 1500~2000
A, respectively, measured by using a surface
profilometer (Dektek Co., Model 3030). Active ar-
eas of each device were 3 mm®.

3. Characterization
Infrared spectra of polymer films (removed
from the coated glass plates) were recorded on a
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Jasco 300E model FTIR spectrometer. Their Raman
spectra excited by a He-Ne laser (632.8 nm) were
recorded on a Renishaw 127 model Raman spectro-
meter. Wide-angle X-ray spectroscopy (WAXS) of
polymer films was performed on a Philips model
PW1710 X-ray diffractometer using Cu-K, radia-
tion and a graphite monochromator. Thermogra-
vimetric analysis (TGA) of polymer films was
performed using a Du pont 9900-954 TGA system
under nitrogen at a heating rate of 10 °C/min from
30 to 550 °C. Their ultraviolet/visible (UV/vis) ab-
sorption spectra were recorded on a Jasco-555 model
spectrometer. Photoluminescent (PL) spectra of the
films on glass plates were measured by subjecting
the films to ultraviolet light with a wavelength of
365 nm and the results were recorded on a Jasco
FR-777 spectrofluorometer. The EL spectra of the
ITO/polymer/Al sandwich devices at a drive voltage
of 8 volts (V) were also recorded on the same
spectrofluorometer. The current density-electric field
strength (I-E) characteristic of the devices was mea-
sured by a Keithley 2400 model electrometer, where
the concurrent EL intensities were recorded by us-
ing a photodiode detector. All characterizations were
made at room temperature in a laboratory environ-
ment.

Results and Discussion

1. Structural analysis
1.1 Chemical structure

Figure 1 shows the IR spectra of the polymer
films of PPV, PEG and PPV/PEG blends. In Figure
1(a), the PPV shows a strong absorption at 965 and
3024 cm™, contributed by the trans-vinylene C-H
out-of-plane bending and trans-vinylene C-H stretch-
ing mode, respectively [23-25]. The bands near 555
and 837 cm™ are due to the phenylene out-of-plane
ring bending and para-phenylene ring C-H out-of-
plane bending, respectively. The absorption bands
near 1515 and 1423 cm™ are related to the p-phe-
nylene semi-ring stretching mode. These major ab-
sorption bands were also seen in PPV/PEG blends
(shown in Figures 1(b)~1(d)); however, in blends,
the absorption peaks at 965 and 3024 c¢cm™ drasti-
cally decreased with the content of PEG. The ab-
sorption bands of PPV/PEG blends near 2850 and
2930 cm™ are due to the aliphatic C-H stretching
mode and those at 1100 and 1060 cm™ are due to
the C-O-C bending of PEG units. In addition, a
new absorption band in the region 1650~1750 cm™
signals the presence of the carbonyl group (C=0) in
blends. These results indicate that the blended ma-
terials after heat treatment may not be viewed as a
pure physical mixture of PPV and PEG; instead, they
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Figure 1. FT-IR spectra of (a) PPV, (b) PPV-20PEG, (c) PPV-
S0PEG, (d) PPV-80PEG and (e) PEG.

undergo some side reactions. To estimate the frac-
tion of non-conjugated part of PPV in blends due to
chemical reactions with PEG, we compared the ab-
sorptions of trans-vinylene CH stretching peak (3024
cm™) of the blended sample with PPV by choosing
the p-phenylene semicircle stretching peak (1515
cm™') as a reference peak. The estimated fractions
of non-conjugated part of PPV in blends were 0.18,
0.46, and 0.74 for PPV-20PEG, PPV-50PEG, and
PPV-80PEG, respectively, if neat PPV was assumed
to have perfect conjugated sequence. Apparently,
the non-conjugated part of PPV increased with the
content of PEG.

The mutual reactions of polymers in blends
were further investigated by extraction experiments.
The fully transformed PPV in PPV/PEG blends is
insoluble in all common solvents [9] and only the
PEG component is extractable. The converted films
were extracted with chloroform because of its high
volatility and good solvating power for PEG. The
results of the extraction experiment are shown in
Figure 2. In Figure 2(a), the insoluble part shows
the major absorbances similar to the PPV (e.g. the
absorption peaks at 965 and 3024 cm™). The C-O-
C stretching mode (at 1060 and 1100 cm™) and the
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Figure 2. FT-IR spectra of (a) chloroform-insoluble portion and
(b) chloroform-extractable portion of PPV-50PEG.

aliphatic C-H stretching mode (at 2850 and 2930
cm™) from PEG are also seen, in addition to an ex-
tra peak at 1650~1730 cm™ assigned to the carbonyl
group. In Figure 2(b), the extracted part only shows
the absorbances from PEG and the carbonyl groups,
the molecular weight of which is about 1000~1500
measured by GPC, much smaller than the initial M,,
of PEG.

It should be noted that since the tetrahy-
drothiophene (THT) group in PPV precursor is a
good leaving group [26,27], a wilder range of poly-
mers may be blended successfully with PPV [7-9].
A previous study of PPV/poly(acrylamide) (PAcr)
blends showed evidence of reaction of the PAcr
component with HCI yielded during the conversion
reaction [7]. In another system, PPV/poly(vinyl me-
thyl ether) (PVME) blends, their IR spectra also
showed new bands at 1720 and 1690 cm™ contrib-
uted by the carbonyl groups as a result of thermal
degradation of PVME during the conversion reac-
tion [8]. Chang and Whang [13] prepared PPV-
PVA-based polymers through heat treatment of a
mixture of PPV precursor with PVA and showed
that PPV precursor could react with PVA to form
the C-O-C linkage and interrupt the PPV conjugated
length. Similarly, PEG was also involved in the
conversion reactions of PPV precursor. Consider-
ing the above results, we could presume that the
C-0-C groups of PEG could react with the PPV pre-
cursor during the elimination of THT groups of PPV
precursor along with the scission of PEG chains and
that they could form carbonyl groups. The chemi-
cal reactions are suggested as shown in Figure 3.
Apparently, introducing PEG into PPV reduces the
conjugated length of PPV chains.
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Figure 3. Schematic representation of possible chemical reac-
tions between PPV precursor and PEG.

1.2 Structural analysis by Raman spectroscopy

Raman spectroscopy has been proven to be an
effective method of probing the extent of delocal-
ization in conjugated materials through the change
in vibrational frequencies associated with changes
in the strength of bond-alternation.

Figure 4 shows the Raman spectra of PPV and
PPV/PEG blends excited by a wavelength of 632.8
nm. The Raman spectrum of PPV has been well
studied [23-25,28]. The main bands which peaked
at 1331 and 1629 cm™' were the results of vinylene
C=C stretching; those peaked at 1550 and 1587
cm™' were the results of phenylene C-C ring
stretching; the peak at 1173 cm™ was the results of
phenylene C-H ring in-plane bending. The appear-
ance of a very weak 967 cm™ band caused by the
vinylene C-H out-off-plane bending was indicated
as evidence of slight distortion of the vinylene group
from a planar trans form of PPV polymer chains
[25]. According to their studies, PPV conjugated
segments in a solid state have approximate Cj,
symmetry. In Figure 4, the Raman spectra of all the
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Figure 4. Raman spectra of (a) PPV, (b) PPV-20PEG. (c) PPV-
SOPEG and (d) PPV-80PEG.

samples were similar, except that the positions of
these bands were shifted to higher frequencies by
increasing the content of the PEG component in
blends. According to Tian et al. [24], the PPV chains
with shorter conjugated length have higher vibra-
tional frequencies in Raman spectra. Moreover, the
dilution of PPV by other polymers such as PVP with-
out any chemical reaction would not caused any
shifting of those bands [12]. As a result, it follows
that the conjugated length of PPV chains in blends
was reduced by reaction with PEG.

1.3 Structural analysis by WAXS

Figure 5 shows the WAXS patterns of PPV,
PEG, and PPV/PEG blends. In Figure 5(a), the dif-
fraction pattern of pure PPV is in agreement with
that reported in the literature [29,30], that is, the
corresponding unit cell is a rectangular P2gg two-
dimensional space group projection of a monoclinic
unit cell. The d-spacings of (110), (200), and
(210) are 4.29 (26 = 20.7°), 3.95 (20 = 22.5°), and
3.19 A (26 = 28°), respectively. According to the
assignment, the (110) and (200) reflections overlap.
In Figure 5(e), the WAXS pattern of PEG with two
pronounced peaks at 26 = 19° and 20 = 23° is typi-
cal for a highly crystallized PEG. The primary dif-
ference between the WAXS patterns of PPV/PEG
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Figure 5. WAXS partterns of (a) PPV, (b) PPV-20PEG, (c¢) PPV-
SOPEG, (d) PPV-80PEG and (e) PEG.

blends and pure PPV is the reduction of intensity of
the (110) and (200) reflections with increasing con-
tent of PEG. The WAXS pattern of PPV/PEG blends
shown in Figure 5(b)~(d) is similar to the reported
patterns of incompletely transformed PPV, which in-
dicates that the imperfect PPV crystalline co-existed
with the amorphous PPV precursor [31]. When the
precursor was transformed more, the crystalline do-
mains had better packing and their size increased.
Briefly speaking, PEG in the blend could impede
the packing of PPV chains; this phenomenon is re-
ferred to as the "dilution effect” [7,12].

2. Luminescent properties

2.1 Optical absorption

Figure 6 shows the UV/vis spectra of PPV and
its blends with PEG. The energy gap, E, of the
n-7* interband onset transition to yield the exciton
can be calculated by the following equation,

E=1240/A (1)

where A is the onset of the UV/vis absorption
wavelength. From Eq.(1), the calculated energy gap
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Figure 6. UV/vis spectra of (a) PPV, (b) PPV-20PEG, (c) PPV-
50PEG and (d) PPV-80PEG.

of PPV and of PPV/PEG blends is listed in Table I.
The onset of UV/vis absorption of PPV/PEG blends
shifted to a higher energy (blue shift) as the PEG
content was increased.

2.2 Photoluminescent spectra

Figure 7 shows the PL spectra of PPV and its
bilends with PEG excited by UV light at a wave-
length of 365 nm. The major peaks in the PL spec-
trum of PPV chromophore at 520 and 550 nm have
been referred to as the 0-0 and 0-1 vibronic emis-
sion [32]. However, by introducing PEG in blended
systems, there was a slight blue shift in the PL spec-
tra due to the shorter conjugated length of PPV
chains. Because only PPV conjugated chains emit
fluorescent light, to evaluate the effect of blending
on the luminescent properties of PPV we calculated
the relative intensities, RI, of 0-0 and 0-1 vibronic
peaks per mole of PPV conjugated unit by the fol-
lowing equation [12]

RI=1,/ (x,1,) 2)

where I, and I, are the peak intensity of blends and
of pristine PPV, respectively, and xp is the molar
fraction of PPV in blends. The results were plotted
in Figure 8, indicating that emission intensities of
PPV were increased by blending with PEG and that
the 0-0 vibronic peak was increased even more.

Intensity (a.u.)

400 500 600 700
Wavelength (nm)
Figure 7. Photoluminescent spectra of (a) PPV, (b) PPV-20PEG,

(¢) PPV-50PEG, and (d) PPV-80PEG, measured at 298 K by UV
excitation at 365 nm.

Relative intensity per mole of PPV unit

0 20 40 60 80
Content of PEG (wt%)

Figure 8. Relative intensities of (O) 0-0 (~520 nm) and (@) 0-1
(~550 nm) vibronic emissions per mole of PPV conjugated
units as a function of PEG content in PPV/PEG blends.

2.3 Electroluminescent spectra

Figure 9 shows the EL spectra of ITO/poly-
mer/Al LED devices incorporating PPV and its
blends with PEG respectively, at a drive voltage of
8 V (or at.an electric filed strength of 6x107 V/m).
ITO was used as a hole-injection electrode, whereas
Al was used as an electron-injection electrode. The
EL spectrum of PPV LEDs is basically the same as
the PL spectrum except that the intensity of the 0-0
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Figure 9. Electroluminescent spectra of ITO/Polymer/Al LEDs
incorporating (a) PPV, (b) PPV-20PEG, (c¢) PPV-50PEG, and (d)
PPV-80PEG.

vibronic peak is relatively higher. When PPV was
blended with 20 wt% or more PEG, the EL spec-
trum was broader with a remarkable blue shift and
had much higher intensity compared to the pristine
PPV. PPV-20PEG and PPV-50PEG emitted yellow-
green light with two emission peaks at 515 and 545
nm and at 505 and 538 nm, respectively. However,
with a further increase of the PEG content, the emis-
sion intensity decreased. The 0-1 vibronic peak re-
duced its intensity at a much higher rate than the 0-
0 vibronic peak. When the content of PEG was
increased to 80 wt%, the vibronic peaks were fur-
ther shifted to a smaller wavelength. The blue shift
found in UV/vis, PL, and EL spectra is consistent
with the observed shorter conjugation length of PPV
by increasing the PEG content in blends.

2.4 Other LED characteristics

Figure 10 illustrates the current density-elec-
tric field strength (/-E) characteristics of LED de-
vices incorporating PPV and its blends with PEG
respectively. When the forward E strength exceeded
the threshold E strength, a yellow-green light was
emitted. It can be seen from the figure that the
threshold E strength of PPV devices was decreased
from 5x107 to 3x107 V/m by blending with 20 wt%
PEG. Further increase of PEG content to 80 wt%
increased the threshold E strength of devices to 4.
5x107 V/m. Figure 11 illustrates the concurrent EL
intensities emitted by devices as a function of the
applied electric field strength. Since EL is emitted
by the singlet excitons generated by means of the
annihilation between the injected holes and electrons
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Figure 10. Current density-electric field strength characteristics
of LEDs incorporating (l) PPV, (1) PPV-20PEG, (@) PPV-
50PEG, and (O) PPV-80PEG.
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Figure 11. EL intensity-electric field strength curves of LEDs
incorporating (H) PPV, (1) PPV-20PEG, (@) PPV-50PEG, and
(O) PPV-80PEG.

from the electrodes, a higher current produces more
excitons and hence gives off higher EL intensity.
This phenomenon can be seen in Figure 12 illustrat-
ing the EL intensities per mole of PPV conjugated
units as a function of the current density in the
devices. The figure was plotted by rearrangement
of the data from Figures 10 and 11 based on the
uniform current density across the specimen. As
seen in the Figure, the PPV phase in PPV/PEG blends
emitted higher EL intensity than pure PPV based on
the same current density. The highest EL intensity
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Figure 12. EL intensity per mole of PPV units as a function of
current density in LEDs incorporating (B) PPV, (1) PPV-20PEG,
(@) PPV-50PEG, and (O) PPV-80PEG.

found in PPV-50PEG was about 80 times greater
than that of pure PPV under the same current den-
sity of ~25 mA/cm?.

The improvement of PL and EL efficiencies of
PPV by blending may be explained by the following
factors. First, the dilution effect that the generated
excitons had little tendency to undergo the non-ra-
diation decay through the interchain's quenching in-
creases the luminescent efficiencies. A similar
phenomenon was observed in PPV/PVP blends [12],
poly(2-methoxy-5-(2-ethylhexyloxy-1,4-phenylene-
vinylene) (MEH-PPV)/poly(methyl metacylate)
(PMMA) blends [10], and poly(phenyl-p-pheny-
lenevinylene)/polycarbonate blends [11]. Yan et al.
[33] have also indicated that PL efficiency could be
increased by separating the conjugated polymer
chains. Second, introducing disorders or non-con-
jugated segments into PPV chains by PEG played
an important role in enhancing the luminescence.
Staring et al. [34] suggested that the presence of
non-conjugated segments confines the excitons in
the conjugated segments of the chain and prevents
their non-radiative decay.

On the other hand, according to Papadimi-
trakopoulos et al. [35,36], the PL intensity of PPV
exhibits a dramatic reduction with increasing the con-
tent of carbonyl groups. Their data suggested that
carbonyl groups act as a quenching site and greatly
reduce the PL intensity. Although PPV/PEG blends
generated some carbonyl groups during sample
preparation, we did not observe a similar reduction
of PL and EL intensities.

Conclusion

A series of PPV/PEG polyblends as light emit-
ting materials were prepared through the heat treat-
ments of the mixtures of PPV precursors with PEG
in aqueous solutions. Structural analysis showed
that the PPV/PEG blends were not a pure physical
blend, rather that the PEG not only diluted (or
unpacked) the PPV crystallized chains but also dis-
rupted (or shortened) their conjugated length. As a
result, the energy gap of polyblends was increased
with the content of PEG. Their PL and EL spectra
also showed a detectable blue shift, with an emit-
ting color changing from yellow-green (550 and
520 nm) to near green (530 and 500 nm) by increas-
ing the content of PEG. The LED devices prepared
from PEG/PPV polyblends had lower threshold elec-
tric field strength, about 3~4x10” V/m lower than
that from pure PPV, and had better luminescent ef-
ficiency as well. Among blends, the PPV-S0PEG
showed the highest EL efficiency, with light inten-
sity per mole of PPV unit 80 times greater than that
of pure PPV under the same current density of ~25
mA/cm?.
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