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Abstract

Luminescent properties of poly(p-phenylenevinylene) (PPV) in bilayer films were found significantly enhanced by energy transfer from
poly(2-carboxyphenylene-1,4-diyl) (PCPD) to PPV prepared by alternatively spin-coating the poly(xylylene tetrahydrothiophenium
chloride) (PXT, dubbed as PPV-precursor) aqueous solution and PCPD pyridine solution followed by heat treatments. The energy transfer
process, as verified by the photoluminescent excitation (PLE) spectroscopy and the analysis of time-resolved photoluminescence (PL)
decays, was attributed to the chemical interlocking between two polymers in the interfacial region. Accordingly, the efficiency of energy
transfer from PCPD to PPV was calculated. Consequently, the (glass)PPV/PCPD configuration exhibited higher energy transfer efficiency
than the (glass)PCPD/PPYV, resulting in higher PL and electroluminescent (EL) quantum efficiencies. Besides, the improved EL emission of
indium-tin-oxide (ITO)/PPV/PCPD/ALI device was attributed to the energy barrier in the PPV/PCPD interfacial region, which trapped the
majority carriers, holes, to form the excitons in situ, that decayed radiatively. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Polymeric light-emitting devices (PLEDs) have became
a very active research area since discovery of the electro-
luminescent (EL) properties of poly(p-phenylene vinylene)
(PPV) [1]. PPV is a yellowish-green emissive polymer,
which is insoluble and intractable but can be prepared
via a soluble precursor route to obtain a thin film [1].
However, the quantum efficiency of PPV in EL emission
is rather low. Efforts to achieve a higher luminescent
efficiency through innovation of emission mechanism have
been one of the approaches for the development of PLEDs
[2-7].

Energy transfer is an important photophysical process. A
spectral overlap between the absorption of the acceptor and
the emission of the donor and a proper host-guest spacing are
required for the efficient energy transfer [4,8]. Recent
researchers [4—7] have shown that it is possible to obtain a
complete internal transfer of excitations between host-guest
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(or donor-acceptor) polymeric pairs, enhancing the photo-
luminescence (PL) and EL emissions.

Poly(2-carboxyphenylene-1,4-diyl) (PCPD) is a conju-
gated polymer with blue emission peaked at 420 nm, which
is within the optical absorption region of PPV [9]. A good
spectral overlap between the emission of PCPD and the
absorption of PPV was believed to lead to an efficient energy
transfer if they were miscible. Unfortunately, a solution
mixing of PPV precursor (containing tetrahydrothiophe-
nium cationic groups) and PCPD (containing carboxylic
anionic groups) was not obtained because of the formation
of a polyion complex. Thus, in this study, the PPV/PCPD
and PCPD/PPV bilayer films were prepared by alternatively
spin-coating the PPV precursor aqueous solution and the
PCPD pyridine solution with following heat treatment. An
arrangement of adjacent positive and negative polyion layers
resulted in better interpenetrating between two polymers
(see Fig. 1). Consequently, significant energy transfer from
PCPD to PPV was observed, therefore enhancing the PL and
EL emissions from PPV. In this paper, we report the energy
transfer phenomenon from PCPD toward PPV and calculate
the energy transfer efficiency in terms of the sample con-
figurations. Besides, the effect of energy transfer on EL
emission of bilayer films will also be discussed.
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Fig. 1. Schematic representation of formation of PPV/PCPD bilayer film. The gradation of tone in the bilayer film indicates the expected mutual

interpenetrating between two polymers in the interfacial region.

2. Experimental
2.1. Materials

Poly(xylylene tetrahydrothiophenium chloride) (PXT,
also dubbed as PPV precursor) with a weight average
molecular weight (M,,) of 1.2 x 10° and a molecular weight
dispersity of 3.2 relative to the polystyrene standards (mea-
sured by gel permeation chromatography), was prepared via
a modified sulfonium precursor route [10,11]. The detailed
description has been reported elsewhere [12,13]. The PCPD
with a M,, of 1.3 x 10> and a dispersity of 1.75 was
synthesized by the Chaturvedi method [14]. The prepared
PCPD was insoluble in most of the hydrocarbon solvents,
but soluble in basic solvents such as pyridine and quinoline.

2.2. Fabrication of light-emitting films and devices

Neat PPV film was prepared by spin coating the PXT
aqueous solution (~0.25 wt.%) onto an indium-tin-oxide
(ITO)-coated glass plates (20 Q/sq, Merck Co.) followed by
heat treatment at 180°C for 2 h (in vacuum <10~ Torr).
Neat PCPD film was prepared by spin coating its pyridine
solution (~15 mg/ml) onto an ITO-coated glass plate and
the pyridine solvent removed at 180°C under high vacuum.
The two bilayer films, (glass/ITO)PPV/PCPD and (glass/
ITO)PCPD/PPV, were fabricated by the following proce-
dure: in the beginning, PXT in aqueous solution or PCPD in
pyridine solution was spin-coated onto the ITO-coated glass
plates; after drying, the second layer was spin-coated from
their corresponding solutions over the previous layer to
prepare the (glass/ITO)PXT/PCPD and (glass/ITO)PCPD/
PXT bilayer films; the bilayer films were then heat-treated at
180°C at vacuum <10~ Torr for 2 h to give the final (glass/

ITO)PPV/PCPD or (glass/ITO)PCPD/PPV configurations.
After heat treatment, the bilayer films appeared to be
homogeneous and transparent. The thickness of each layers
was controlled at ~50 £ 5 nm by adjusting the spin-coating
speed and solution concentrations. All samples have a
thickness of 100 £ 10 nm as measured by a surface profil-
ometer (Dektek Co., Model 3030).

The PLED devices used in this study, typically consisting
of an ITO on glass substrate as a hole-injecting electrode, a
polymer film, and an evaporated Al metal acting as an
electron-injecting electrode. Evaporation of the Al metal
electrode was performed by using a thermal evaporator
(JEOL Co., Model JEE-4C). The coated Al electrode should
be uniform with thickness ranging from 1500 to 2000 A.The
active areas of each device for emission were 3 mm?>.

2.3. Characterization

Infrared spectra of the polymer films (removed from the
coated glass substrates) were recorded on a Jasco 300E
model FTIR spectrometer. The UV-VIS absorption spectra
were recorded on a Jasco-555 model spectrometer. PL and
photoluminescence excitation (PLE) spectra of the films
were recorded on a Jasco FR-777 spectrofluorometer. The
current—voltage (/-V) characteristics of the devices were
measured by a Keithley 2400 model electrometer, where the
concurrent EL intensities were recorded by using a cali-
brated photometer (International Light, Inc., model
IL1400A). Thus, the external quantum yield (photons per
electron) was determined by using the measured EL inten-
sity under the applied current. EL spectra of devices were
recorded on a Jasco FR-777 spectrofluorometer. Time-
resolved fluorescence of the specimens in a closed cycle
cryostat under vacuum (<1075 Torr) at room temperature
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was recorded by a time-correlated single photon counting
apparatus with a time resolution of ~80 ps. The excitation
was from the triplet of Ti:Sapphire laser at a wavelength of
290 nm. The excitation power was <l mW. Cyclic voltam-
mograms of the polymer films cast on the ITO substrate were
recorded against a Ag/AgCl reference electrode by using a
conventional three-electrode cell in an acetonitrile/0.1 M
tetrabutylammonium tetrafluoroborate solution. A platinum
plate was used as a counter electrode.

3. Results

Fig. 2 shows the infrared spectra of PPV, PCPD, PPV/
PCPD, and PCPD/PPV films, respectively. The chemical
interlocking at the interface between two polymers in bilayer
films were suggested by the following: the band at 965 cm ™'
contributed by the bending vibration of trans-vinylene C—H
out of plane mode from PPV was shifted to lower frequen-
cies. Similar shifting was also reported for the PPV chains
with shorter conjugated length [13,15]. In addition, the band
at 1228 cm ™! contributed by the asymmetrical and symme-
trical C—O stretching vibrations from PCPD shifted to higher
frequencies owing to the formation of C—O-C linkage.

Fig. 3 shows the normalized absorption spectra of the
bilayer films in comparison with the neat PPV and PCPD
films. The absorptions of the PPV and PCPD films have the
onset wavelengths (Agnser) at 525 nm (2.36 eV) and 372 nm
(3.32 eV), respectively, and the maximum (/,,) at 422 and
322 nm, respectively. In general, the absorptions of the
bilayer films have a similar pattern as the sum of two
individual absorptions. However, by scrupulous examina-
tion, the bandgaps (Eg = hv /.onset) of PCPD/PPV and PPV/
PCPD are about 2.39 and 2.51 eV, respectively, larger than
that of the neat PPV (2.36 eV). The absorption of PPV in
bilayer films is blue-shifted compared to the neat PPV,
indicating that the PPV in bilayer films has less extent of
conjugations, which is in agreement with the results obtai-
ned from the infrared spectroscopy. The lower absorption
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Fig. 2. Infrared spectrum of (a) PPV, (b) PCPD, (c) PCPD/PPV, and (d)
PPV/PCPD films.
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Fig. 3. Absorption spectra of PPV, PCPD, PCPD/PPV, and PPV/PCPD
films. Note: spectra of the PCPD/PPV and PPV/PCPD bilayer films have
been normalized to the maximum absorption of neat PCPD.

intensity of PPV in bilayer films compared to the neat PPV
might also be due to the less extent of conjugation, since they
had been normalized to the same absorption intensity of neat
PCPD with a thickness of 100 nm (see Fig. 3).

Fig. 4 shows the PL spectra of PPV, PCPD, and the bilayer
films, respectively, upon excitation at a wavelength of
290 nm. The PL spectrum of neat PPV film has two major
emission peaks at 520 and 550 nm, which have been
assigned to the 0—0 and O-1 transition bands, respectively
[16,17]. The PL spectrum of PCPD film has a strong blue
emission peak at 420 nm. Interestingly, the PL spectra of
bilayer films exhibit a major emission from PPV and a weak
emission from PCPD. The major emission peaks of PCPD/
PPV and PPV/PCPD films have the intensities of 2.58 and
3.64 times that of the neat PPV film, respectively, with slight
blue shift. Again, the blue shift is owing to the less extent of
conjugation in PPV chains.

Fig. 5 shows the EL spectra of ITO/PPV/Al, ITO/PCPD/
PPV/Al, ITO/PPV/PCPD/AI light emitting diodes (LEDs)
devices, respectively, with ITO as an anode and Al as a
cathode. The EL spectra of PCPD/PPV and PPV/PCPD
bilayer films are basically similar to that of the PPV but
with blue shift by 20—40 nm. In contrast to PL counterparts,
we have not observed any emission from PCPD in the EL
spectra of bilayer films. The blue shifts in the PL and EL
are in agreement with the blue shifts in the absorption
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Fig. 4. PL spectra of PPV, PCPD, PCPD/PPV, and PPV/PCPD films
excited at 290 nm. Note: the PL intensity of neat PCPD is four times more
than shown.
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Fig. 5. EL spectra of ITO/PPV/Al, ITO/PCPD/PPV/AL, and ITO/PPV/
PCPD/ALI devices. Note: spectra have been normalized to the maximum.

(PPV/PCPD is bluer than PCPD/PPV, which in turn is bluer
than PPV).

Fig. 6a shows the current density of ITO/PPV/Al, ITO/
PCPD/PPV/Al and ITO/PPV/PCPD/Al LED devices,
respectively, as a function of the applied voltages. Their
concurrent EL intensities versus voltages were plotted in
Fig. 6b. As seen in the figure, the turn-on voltage (V,,,) of the
bilayer film devices is significantly higher than that of the
neat PPV.

Fig. 7 shows the plot of EL radiance versus the current
density obtained from the rearrangements of the data shown
in Fig. 6a and b. As seen in the figure, the radiance of the
bilayer film devices is stronger than that of the neat PPV
based on the same current density. The maximum EL light
outputs of ITO/PCPD/PPV/Al and ITO/PPV/PCPD/AI
devices were about 2.4 and 18.2 times that of the ITO/
PPV/AL, respectively. The maximal external quantum yields
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Fig. 6. (a) Current density—voltage and (b) radiance-voltage character-
istics of ITO/PPV/Al (), ITO/PCPD/PPV/Al (@), and ITO/PPV/PCPD/
Al (A) devices.
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Fig. 7. Current density—radiance characteristics of ITO/PPV/Al (), ITO/
PCPD/PPV/Al (@), and ITO/PPV/PCPD/AI (A) devices.

of EL (photons/electron) of ITO/PCPD/PPV/Al and ITO/
PPV/PCPD/Al devices were 1.4 x 1072% at 11V and
8.3 x 1072% at 9.5V, which are also higher than that of
PPV (5.3 x 1073% at 5.5 V).

4. Discussion
4.1. Energy transfer phenomenon

The increase of PL intensity of PPV in bilayer films
compared to the neat PPV shown in Fig. 4 was considered
to mostly result from the energy transfer from PCPD to PPV.
To obtain concrete evidence, we have looked into the PLE
and time-resolved PL spectroscopies. Fig. 8a shows the PLE
spectra of neat PPV and PCPD contributing to their emis-
sions at wavelengths of 550 and 420 nm, respectively. The
PLE spectrum of PPV is broadly flat after the onset of the
polymer absorption at 2.47 eV, as previously reported [18].
The PLE spectrum of PCPD is very similar to its UV-VIS
absorption spectrum shown in Fig. 3. Fig. 8b and c show the
PLE spectra of PCPD/PPV and PPV/PCPD bilayer films,
respectively contributing to their maximum emissions from
PPV at Ae;, = 542 nm and from PCPD at /., = 420 nm (see
Fig. 4). As shown in the figures, the PLE of bilayer films for
the PPV emissions at Aey, = 542 nm is not only from PPV
but also from PCPD. However, the intensity of PLE for the
PCPD emissions in bilayer films at Ae,, = 420 nm is much
smaller compared to that of the neat PCPD. Such behaviors
may be explained by the following. The absorption of light
(absorption energy > E;), promotes the m-electrons of
PCPD-chains to the singlet excited state, which rapidly
decay to the first singlet excited state by internal conversion.
In this stage, some of the excited m-electrons nonradiatively
transfer their energy to PPV chains by promoting the -
electrons of PPV to the singlet excited sate, which also
rapidly decay to the first singlet excited state by internal
conversion. Finally, some of the excited n-electrons in PPV
chains drop to the ground state with radiation.

Direct evidences of energy transfer from PCPD to PPV in
bilayer films are obtained by time-resolved PL measure-
ments. Fig. 9 shows the picosecond time-resolved PL decay
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Fig. 8. (a) PLE spectra of PPV and PCPD films contributing to the
maximum emission at e, = 550 and 420 nm, respectively; (b) PLE
spectra of PCPD/PPV bilayer film at A, = 542 and 420 nm; and (c) PLE
spectra of PPV/PCPD bilayer film at Aep = 525 and 420 nm.
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Fig. 9. Time-resolved PL of PPV (solid line), PCPD/PPV (— — —), and

PPV/PCPD (- - -) at a pump wavelength of 290 nm, collected at (a) 0-0 and
(b) 0-1 transition bands (as indicated by p,) of PPV, respectively. Note:
the curves have been normalized to the same peak intensity.

profiles of PPV in single layer and bilayer films pumped by
pulse at a wavelength of 290 nm at room temperature. The
decay dynamics were monitored at two wavelengths corre-
sponding to the 0-0 and O-1 transition bands of PPV,
respectively. The decay profiles cannot be described with
simple exponential decay, similar to previously reports for
the decay of PPV in solid state [19-24]. For such non-
exponential decays, it is not straightforward to measure the
lifetime of the decay. However, the lifetime may be con-
sidered to be the average time period a chromophore spends
in the excited state. Thus, the average lifetime (t) deter-
mined from the area under the decay curve is given by [25]"

_ Jo d(r) de
RO

where () is the PL intensity at time ¢ following excitation.
The results are shown in Table 1. The increase in lifetime for
PPV in the bilayer films is rather large. As the Forster
transfer process is fairly quick (10-20 ps), the increase in
the lifetimes of over 100 ps must have some other origin.
The process of absorption of the PCPD emission and sub-
sequent re-emission might be able to explain this increase in
lifetime.

The PL decays of PCPD in single layer and bilayer films
were also monitored at 420 nm as shown in Fig. 10, the
wavelength that corresponds to the PCPD emission max-
imum. Similar to the PPV emission decay, the decay
dynamics of PCPD represent a non-exponential decay so
that we used Eq. (1) to calculate the average lifetime. The
results were also included in Table 1. The decrease in
lifetime (t) of PCPD in bilayer films compared to the neat
PCPD (1) is the clearest evidence of a parallel decay
process, such as Forster transfer. The lifetimes of this
parallel process might be calculated using the equation
1 1 1

S 2)
T T T

(v) (D

where 1, is the lifetime of PCPD emission through the
Forster transfer process. The calculated 7, are quite long
(1365 and 912 ps for PCPD/PPV and PPV/PCPD bilayer
films, respectively). This could be due to the fact that Forster
transfer does not take place in the bulk of the material but is
possible only close to the interface.

The efficiency of energy transfer (¢gt) can be calculated
from the intensity of the donor (PCPD) in the presence (I4,)
and absence (1) of the acceptor (PPV) by using the follow-
ing equation [26]:

Lia fooo]da(l‘) dr
- 3

where I4,(¢) and I4(¢) are the PL decay functions of donor in
the presence and absence of acceptor, respectively. Accord-
ingly, the estimated @gr for PCPD/PPV and PPV/PCPD

"It should be noted that the time distribution of the pulse was ignored.
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Table 1

Average lifetimes (t) at the indicated emission wavelengths measured from the PL decay dynamics of PPV, PCPD, PCPD/PPV, and PPV/PCPD at a pump

wavelength of 290 nm

Samples (r) from PPV emission (ps) (t) from PCPD emission
iti : . at 420 nm (ps)
0-0 Transition band® 0-1 Transition band®
PPV 230 249 -
PCPD - - 517
PCPD/PPV 323 383 375
PPV/PCPD 399 484 330

? The wavelengths, A., have been indicated in Fig. 9a.
® The wavelengths, e have been indicated in Fig. 9b.

bilayer films are 27 and 36%, respectively. However, the
Forster transfer efficiency has been suggested to directly
relate to the distance (r) between the donors and acceptors
using [26]

R6
Per = Rg—jﬁ )
where R is the Forster distance defined as the distance at
which the transfer rate is equal to the decay rate of the donor
in the absence of acceptor. As a result, the effective distance
between the donors and acceptors for energy transfer was
usually reported up to 50 A [26]. Above that distance, the
transfer efficiency decreases rapidly as suggested by Eq. (4).
Thus, since the layer thickness in bilayer films is ~500 A
the majority of Forster energy transfer between PPV and
PCPD should occur in the chemically interlocked interfacial
region. The higher transfer efficiency of PPV/PCPD bilayer
over PCPD/PPV might be attributed to the higher extent of
chemical reaction between two polymers as indicated by
their FTIR results shown in Fig. 2. However, owing to the
fact that the layer thickness in bilayer films is much larger
than the Forster transfer range, the process that the emission
from PCPD is absorbed in PPV followed by emission from
PPV should also contribute to the higher energy transfer rate
between PCPD and PPV.
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Fig. 10. Time-resolved PL of PCPD (solid line), PCPD/PPV (— — —), and

PPV/PCPD (- - -) at a pump wavelength of 290 nm, collected at 420 nm,
the maximum emission wavelength of PCPD. Note: the curves have been
normalized to the same peak intensity.

4.2. Electroluminescence

In PLED, the luminescence is obtained from the recom-
bination of electrons (injected from the Al cathode) and
holes (injected from the ITO anode) in the polymer thin films
to form the singlet excitons, that lose energy by radiation.
The energy band diagrams of the bilayer devices are sche-
matically shown in Fig. 11. The lowest unoccupied mole-
cular orbital levels (LUMO) and highest occupied molecular
orbital levels (HOMO) of PPV and PCPD were determined
from the onset potentials for the reduction and oxidation
processes in their cyclic voltammetry data plus 4.4 eV for
correction [27,28]. The work functions of ITO and Al are
obtained from the literature [29]. Because the Schottky
energy barriers in the ITO/PPV and ITO/PCPD contacts
of anode are much smaller than those in the AI/PPV and Al/
PCPD contacts of cathode, the energy barriers to inject holes
from ITO should control the /-V characteristics according to

(2)
ITO PCPD PPV Al

LUMO 231eV
2.6 eV
4.3eV
48eV
— 5.1eV
586V | m==Zilli0MO

(b)
ITO PPV PCPD Al

LUMO 231 CV‘
2.6 eV
43eV
48¢eV 516V
= 58¢V | HoMO

Fig. 11. Energy band diagrams of (a) ITO/PCPD/PPV/AI and (b) ITO/
PCPD/PPV/AI devices. The dashed line indicates the undefined interfacial
region.
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Parker [29]. It explains why the ITO/PCPD/PPV/AI device
has higher operating voltage than the ITO/PPV/PCPD/ALI as
shown in Fig. 6 and holes should be the majority carrier in
the PLEDs under study.

For the ITO/PPV/PCPD/Al device, the electrons are
trapped by the holes accumulated at the interface of the
bilayer due to the energy barrier between PPV and PCPD.
This trapping takes place close to the interface as the
mobility lifetime product (given by ut as defined by Anto-
niadis et al. [30]) for the electrons is rather small (~1 nm).
Thus, all the excitons are formed near the interface and are
mostly limited to PPV due to the hole trapping at the barrier.
Besides, since the interfacial region consists of the chemi-
cally interlocked PPV/PCPD chains as indicated by the
FTIR spectra shown in Fig. 2, if the formed excitons resided
in the PCPD chains, they would have more chances to
undergo the energy transfer to PPV. Conversely, if the
excitons resided in the PPV chains, they would have less
chance to be quenched by energy transfer because of the
higher energy bandgaps of surrounding PCPD polymer
chains. As a result, only emission from PPV with high
EL quantum efficiency was observed.

As to the ITO/PCPD/PPV/AI device, the electrons face a
barrier at the interface. The holes have a much larger
mobility lifetime product so that the excitons can be formed
farther away from the interface (leading to less efficient
Forster transfer). The excitons are predominantly formed in
PPV due to the energy barrier faced by the electrons. As a
result, their formed excitons have much less concentration
than those of the ITO/PPV/PCPD/AI device. Nevertheless,
its EL quantum efficiency is still higher than that of the neat
PPV.

5. Conclusions

The mutual interpenetrating and chemical interlocked
interfaces in the designed PPV/PCPD and PCPD/PPV
bilayer films provided the specific region for the energy
transfer from PCPD to PPV that increased the PL and EL
emissions of PPV. The significantly higher EL quantum
yield for the ITO/PPV/PCPD/AIl device compared to the
ITO/PCPD/PPV/AI was attributed to the energy barrier in
the PPV/PCPD interfacial region that trapped the majority
carriers, holes. The trapped holes caught the electrons to
form the excitons in situ. If the formed excitons resided in
the PCPD chains, they have more chances to transfer their
energy to PPV. If they resided in the PPV chains, they had
less chance to be quenched. As a result, only EL emission
from PPV was observed.
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