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Photoluminescent (PL) and electroluminescent (EL) efficiencies of poly(p-phenylenevinylene) (PPV) film were
found to be significantly increased by sandwiching an energy-transferable poly(2-carboxyphenylene-1,4-diyl)
(PCPD) layer. Energy transfer from PCPD to PPV in the prepared PPV/PCPD/PPYV trilayer film was detected
by photoluminescence excitation (PLE) spectroscopy and time-resolved fluorescence decay profiles, and was
attributed to the chemical-interlocking between two polymers in the interfacial regions. It resulted in a strong
increase of the PL intensity, a ~250-times increase of the maximum external EL quantum efficiency (up to
1.3% photon/electron), and a ~ 500-times increase of the maximum light output for the ITO/PPV/PCPD/PPV/
Al device compared to the neat PPV. The significant increase of EL was also attributed to the higher energy
bandgap of inserting PCPD layer that trap the holes and electrons in the interfacial regions, facilitating the

formation of excitons in situ and energy transfer.

Introduction

Polymeric light-emitting diodes (PLEDs) have become an
active research area since the discovery of the electrolumines-
cent (EL) properties of poly(p-phenylenevinylene) (PPV).! As
a result of low reflective index and easy processing, PLEDs
are considered as a potential candidate for large flat surface
display. Efforts to pursue a higher luminescent efficiency
through the innovation of emitting mechanisms have been one
of the major approaches for the development of PLEDs.
Recent research’® has shown that it is possible to obtain
an energy transfer of excitations in a host-guest (or donor—
acceptor) polymeric pair contributing to the enhancement of
both photoluminescent (PL) and EL efficiencies.

Poly(2-carboxyphenylene-1,4-diyl) (PCPD) is a conjugated
polymer with an emission spectrum within the optical absorp-
tion region of PPV.” A good spectral overlap between the
emission of PCPD and the absorption of PPV was believed
to have an efficient energy transfer if they were miscible.
Unfortunately, poly(xylylene tetrahydrothiophenium chloride)
(PXT, also dubbed as PPV-precursor) and PCPD can not be
mixed in solution because of formation of a polyion complex.
In our previous work, we have prepared the PPV/PCPD
bilayer films by sequentially spin-coating the PXT aqueous
solution and PCPD pyridine solution, followed by heat
treatment to transform the PXT to PPV. The resulting bilayer
films had an energy transfer efficiency of ~36%, measured by
the time-resolved PL decay profile.” The PL intensity was much
higher than that of the neat PPV and the maximum external
EL quantum yield of the prepared ITO/PPV/PCPD/AI device
was 8.3 x 1072% at 9.5 V, ~ 16 times that of the neat PPV
(5.3 x 1073% at 5.5 V). If PXT was transformed to PPV by
heat treatment before the PCPD layer was applied, the quality
of the bilayer film was poor, resulting in the inconsistent PL
and EL emissions.® The energy transfer efficiency was also
significantly reduced when detectable.

In this study, a PPV/PCPD/PPYV trilayer film was prepared
by alternately spin-coating the PPV-precursor aqueous solu-
tion and the PCPD pyridine solution, followed by heat
treatment. An arrangement of adjacent positive and negative
polyion layers in preparation of a trilayer film resulted in
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better contact between the two polymers in the interfacial
regions (see Fig. 1), where they were further chemically
interlocked by subsequent heat treatments. As a result, near
100% energy transfer from PCPD to PPV was obtained with a
stronger PL emission than the PPV/PCPD bilayer film.
The external EL quantum efficiency of the ITO/PPV/PCPD/
PPV/Al device was ~ 16 times that of the bilayer films and
~16% = 256 times that of the neat PPV.

Experimental
Materials

PXT, with a weight average molecular weight (M) of 1.2 x
10° and a dispersity of 3.2 relative to the polystyrene standards
(measured by GPC), was prepared via a modified sulfonium
precursor route.”!° The detailed description has been reported
elsewhere.!! PCPD with a M,, of ~1.3 x 10° and a dispersity
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Fig. 1 (a) Molecular structures of PPV-precursor, PPV, and PCPD. (b)
Schematic representation of the ITO/PPV/PCPD/PPV/AI device, where
the gradation of tone in the trilayer film indicates the expected mutual
interpenetrating between two polymers in the interfacial regions.
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of 1.75 was synthesized by the Chaturvedi method.'> The
prepared PCPD was only soluble in basic solvents such as
pyridine and quinoline.

Neat PPV film was prepared by spin-coating the PXT
aqueous solution (~0.25 wt%) onto an indium tin-oxide (ITO)-
coated glass plate (20 Q square ™!, Merck Co.) followed by heat
treatment at 180 °C for 2 h (under 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 was removed at 180 °C under high vacuum.
The PPV/PCPD/PPV trilayer film was fabricated by the
following procedure. At first, the PXT aqueous solution was
spin-coated onto an ITO glass substrate. After drying, the
PCPD pyridine solution was spin-coated on the top and then
the third layer of PXT was applied. The PXT/PCPD/PXT
trilayer film was then heat-treated under vacuum (< 10~ Torr)
at 180 °C for 2 h to give a final PPV/PCPD/PPV configuration.
After heat treatment, the trilayer film appeared to be homo-
geneous and transparent. The individual layer thickness of
the PPV/PCPD/PPV trilayer film sample was controlled at
~25, 50, and 25 nm, respectively; measured using a surface
profilometer (Dektek Co., Model 3030). Neat PPV and PCPD
film samples were also prepared in a thickness of 100 + 10 nm
for comparison.

The PLED devices used in this study typically consist of an
ITO on a glass substrate acting 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 was controlled at a thickness
of 1500-2000 A. The active areas of each device for emission
were 5 mm?.

Characterization

Infrared spectra of polymer films (removed from the coated
glass substrates) were recorded on a Jasco 300E model
FTIR spectrometer. The ultraviolet/visible (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 (I-V) characteristics of the devices were
measured by a Keithley 2400 model electrometer, where the
concurrent EL intensities were recorded by using a calibrated
photometer (International Light, Inc., model IL1400A). The
external quantum efficiency was measured using a calibrated
integrating sphere. The EL spectra of devices were recorded on
a Jasco FR-777 spectrofluorometer. Time-resolved fluores-
cence of the specimens in a closed cycle cryostat under vacuum
(<1073 Torr) at room temperature 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 less than 1 mW. Cyclic voltammograms of polymer
films coated on platinum (Pt) substrate were recorded against a
Ag/AgCl reference electrode at a scanning speed of 10 mV s~ !,
using a conventional 3-electrode cell in an acetonitrile-0.1 M
tetrabutylammonium tetrafluoroborate solution. A platinum
plate was used as a counter electrode. Each measurement was
calibrated with the internal standard ferrocene/ferrocenium
(Fc/Fc™), whose potential was measured as 0.47 V against a
Ag/AgCl reference electrode.

Results and discussion

Fig. 2 shows the infrared spectra of PPV, PCPD, and PPV/
PCPD/PPYV films respectively. The chemical reactions between
PPV and PCPD in the trilayer film to form the C—-O-C linkages
were resolved by the shift of asymmetrical and symmetrical
C-O stretching vibrations of PCPD from 1228 to 1237 cm ™ !. In
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Fig. 2 Infrared spectra of films of (a) PPV, (b) PCPD, and (c) PPV/
PCPD/PPV.

addition, the band at 965 cm ™' contributed by the bending
vibration of the trans-vinylene C-H out of plane mode of PPV
was shifted to a lower frequency (~959 cm™!). Similar shifting
was also reported for the PPV chains with shorter conjugated
length. >4

The absorption and PL spectra of PPV, PCPD, and PPV/
PCPD/PPV are shown in Fig. 3. The absorption of the trilayer
configuration is approximately the sum of those of the indivi-
dual layers. However, the bandgap (E,) estimated from the
onset of absorption of the trilayer film (2.40 eV) is slightly
larger than that of the neat PPV (2.36 V). The PL spectrum of
the trilayer film at 290 nm excitation is basically similar to that
of PPV but with much higher intensity. It should be noted that
no emission from the PCPD layer was observed, strongly
suggesting that an energy transfer from PCPD toward PPV
contributed to the strong emission of PPV.

The energy transfer phenomenon was further investigated
by photoluminescent excitation (PLE) spectroscopy as shown
in Fig. 4. For the trilayer film the PLE (in response to the
540 nm emission) is the sum of the individual PLEs, indicat-
ing that the energy absorbed by the PPV and PCPD in
excitation both contribute to the emission of PPV. Since the
energy transfer efficiency is dependent on the distance between
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Fig. 3 Optical absorption spectra and PL spectra (dexe = 290 nm) of
PPV (dashed line), PCPD (dotted line), and PPV/PCPD/PPV films
(solid line).
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Fig. 4 PLE spectra of PPV (4o, = 550 nm, dashed line), PCPD (1er, =
420 nm, dotted line), and PPV/PCPD/PPV films (J¢, = 540 nm, solid
line). Note that the spectra have arbitrary units and the curves have
been offset for clarity.

donor and acceptor,15 16 we believed that the interfaces where

the polymer chains of PPV and PCPD were chemically-
interlocked provided a specific region for the energy transfer.
The energy transfer efficiency from PCPD donor to PPV
acceptor in the trilayer film was close to 100% because we did
not observe any PCPD emission at 420 nm in the PL spectrum.
However, the possibility that PPV layers may absorb the PCPD
emission in bulk region and subsequently re-emit should not be
ruled out.

Fig. 5 shows the picosecond time-resolved PL decay profiles
of neat PPV and PPV/PCPD/PPV films, pumped by 290 nm
pulses at room temperature. The decay dynamics were moni-
tored at the maximum emission wavelength. The decay profiles
show that the decay cannot be described with exponential
decays, similar to the previous reports on PPV in the solid
state.'”?* For such non-exponential decays, it is not straight-
forward to determine the lifetime of the decay. For comparison
of the PL decay in different samples, the lifetime may be
considered to be the average time period a chromophore spends
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Fig. 5 Time-resolved PL of PPV (dashed line) and PPV/PCPD/PPV
(solid line) at a pump wavelength of 290 nm, collected at 01 transition
bands (as indicated by A.,) of PPV, respectively. The curves were
normalized to the same peak intensity.
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Fig. 6 EL spectrum (solid line) of the ITO/PPV/PCPD/PPV/AI device
along with the PL spectrum (dotted line) of the PPV/PCPD/PPV film
(at Aem = 290 nm) for comparison.

in the excited state. Thus, the average lifetime (t) determined
from the area under the decay curve is given by
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where I(¢) is the PL intensity at time ¢ following excitation. The
average lifetime of PPV emission in the trilayer film is
calculated as 414 ps, much longer than that of the PPV
single layer (249 ps), indicating that the energy transfer from
PCPD to PPV occurred during the time-resolved PL decay. A
longer lifetime (484 ps) of PPV emission in the PPV/PCPD
bilayer film has also been reported.” However, if PXT was
transformed to PPV by heat treatment before the PCPD
layer was applied in preparation of the PPV/PCPD film, the
measured lifetime was shorter and inconsistent if detectable.®

EL spectrum of the ITO/PPV/PCPD/PPV/Al device was
shown in Fig. 6. Compared to its PL spectrum, the EL
spectrum has only one emission peak at 530 nm, close to the
PL peak with the highest emission energy. A similar pheno-
menon has been found for the EL spectra of PPV blending with
poly(N-vinylpyrrolidone) (PVP), which is a non-conjugated
polymer and only provided the dilution effect on PPV in
polyblends.!! Recent arguments on PL and EL spectra of
poly(2-methoxy-5-(2"-ethylhexyloxy)-1,4-phenylene vinylene)
(MEH-PPV) in solution and in solid films indicated that the
peak with higher emission energy is contributed by the single-
chain or intrachain emission, whereas that with lower emission
energy is associated with the aggregated state of polymer
chains.?*? Thus, it is implied that multi emission peaks found
in the PL spectrum of PPV/PCPD/PPYV film as shown in Fig. 6
were contributed by both the intrachain and interchain
emissions of PPV, whereas the single peak found in the EL
spectrum was contributed primarily by the intrachain emission.

Fig. 7 shows the voltage dependence of current density
and radiance for ITO/PPV/Al and ITO/PPV/PCPD/PPV/Al
devices. Their radiance-current density characteristics are
shown in Fig. 8. The turn-on voltage (V,,) of the trilayer
film device (~ 14 V) is larger than that of the neat PPV (~4 V).
In the low current density region, the EL intensity of the
trilayer film device is lower than that of the neat PPV. However,
in the high current density region, the EL intensity of the
trilayer film device became stronger with increasing bias,
whereas that of the neat PPV leveled off at rather low radiance.
Surprisingly, the EL light output of the trilayer is about
500 times that of the single PPV layer under the same current
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Fig. 7 Current density-voltage (closed symbols) and radiance-voltage
(open symbols) characteristics of ITO/PPV/Al (squares) and ITO/PPV/
PCPD/PPV/AL (circles) devices.
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Fig. 8 Radiance-current density characteristics of the ITO/PPV/Al
(squares) and ITO/PPV/PCPD/PPV/ALI (circles) devices.

density of 280 mA cm > but different applied bias. The
maximum external EL quantum efficiency (photons/electron)
of the trilayer film device is 1.3% (at 24 V), about 16 times that
of the PPV/PCPD film device (8.3 x 1072% at 9.5 V)° and
about 16 x 16 = 256 times that of the conventional PPV
device (5.3 x 107% at 5.5 V). The reason behind this high EL
emission for the trilayer film device is not clear. However,
it might be attributed to the higher energy bandgap of the
PCPD layer compared to the PPV, trapping the holes and
electrons in the chemically-interlocked interfacial regions that
facilitate the formation of excitons in situ and energy transfer
from PCPD to PPV.

The cyclic voltammogram of PCPD against a Ag/Ag”
reference is shown in Fig. 9. The onset potentials of oxidation
(Eox = 1.47 V) and reduction (E.q = —2.02 V) can be used to
determine the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels
of PCPD.* Because the reported energy level of ferrocence
(Fc) was —4.8 eV below the vacuum level’! and its mea-
sured oxidation potential (Fc/Fc™) against Ag/Ag™ reference
was 0.47 V, we estimated the Egomo of pcpp = 5.8 €V and
ELUMO of PCPD = 2.31eV. Slmllarly, the HOMO and LUMO
energy levels of PPV were estimated as 5.1 and 2.6 eV, respec-
tively. Thus, the energy band diagram of the trilayer film device
was schematically shown in Fig. 10. The work functions of ITO
and Al were obtained from the literature.>* Accordingly, the
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Fig. 9 Cyclic voltammogram of PCPD film coated on Pt in an
acetonitrile-0.1 M tetrabutylammonium tetrafluoroborate solution.
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Fig. 10 Energy band diagram of the ITO/PPV/PCPD/PPV/ALI device.
The dashed lines indicate the undefined interfacial regions.

insertion of the PCPD layer was believed to lead to electron-
hole combinations, being concentrated in the interfacial regions
due to the energy barriers. Because of chemical interlocking of
the two polymers, PPV chains were surrounded by the PCPD
chains in the interfacial regions. This explained why the EL
spectrum of trilayer films showed the intrachain emission from
PPV (see Fig. 6). As a result, those of excitons formed in the
PCPD polymer chains had more chance to undergo the energy
transfer to PPV and those of excitons in the PPV polymer
chains have less chance to be quenched. We were also surprised
to find out that the maximum external EL quantum efficiency
of the PPV/PCPD/PPYV film device is about 16 times that of the
PPV/PCPD device and about 16 x 16 = 256 times that of the
conventional PPV device. Since double interfaces in the trilayer
film created double energy barriers, it implied that the number
of excitons formed in the interfaces was increased exponentially
with the energy barrier. However, before jumping to conclu-
sions, further experimental data and theoretical studies were
needed to interpret this phenomenon.

Conclusions

The interfaces in our designed PPV/PCPD/PPV film, where
the polymer chains were chemically-interlocked, provided a
specific region for the energy transfer from PCPD to PPV that
increased the PL and EL efficiencies of PPV. The single
emission peak found in the EL spectrum was contributed
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primarily by the intrachain emission from the interfacial
regions, in which the excitons formed in the PCPD polymer
chains had more chance to undergo the energy transfer to PPV
and those formed in the PPV chains had less chance to be
quenched. The maximum EL efficiency of the trilayer film was
~ 16 times that of the PPV/PCPD film and ~16 x 16 times
that of the neat PPV.
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