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a b s t r a c t

Single layer white light emitting diodes were constructed with blends containing as
blue emitter and matrix host poly(9,9-dihexyl-2,7-fluorene) (LaPPS10), and the green
and red emitters poly[(9,9-dihexyl-9H-fluorene-2,7-diyl)-1,2-ethenediyl-1,4-phenylene-
1,2-ethenediyl] (LaPPS16) and poly[2-methoxy-5-(2-ethylhexoxy)-1,4-phenylene vinyl-
ene] (MEH-PPV), respectively, as guests components. Two blends were studied:
LaPPS10:LaPPS16:MEH-PPV = 100:0.01:0.20 (w/w) (JF14) and another with the same com-
ponents and a second blue emitter: a copolymer of poly(methyl methacrylate-co-methyl
antracenyl methacrylate), P(MMA-co-MMAnt), with the composition LaPPS10:P(MMA-co-
MMAnt):LaPPS16:MEH-PPV = 100:40:0.01:0.20 (w/w) (JF17). The PL spectra of JF14 and
JF17 in the higher energy edge are characteristic of the matrix (LaPPS 10). The morpholog-
ical characterization showed the formation of a biphasic structure with a matrix of LaPPS10
and segregated domains of MEH-PPV in the case of JF14 and of P(MMA-co-MMAnt) in the
case of JF17. Significant differences between EL and PL spectra were observed for the
blends indicating that the mechanism for the excited states or quenching processes are
very different in both cases. In addition, the EL emissions suggested that the cascade mech-
anism for the charge migration or charge recombination or energy transfer processes are
also incomplete allowing more than one type of emission. EL spectra were red-shifted in
relation to PL, which was partly attributed to the trapping of energy carriers that may occur
in EL, apart from energy transfer. The CIE coordinates for EL emission of JF14 blend the
coordinates are (0.30, 0.32) and for JF17 blend are (0.29, 0.38) corresponding to white light
emission. Spectroscopic data brought evidence of the formation of the b phase in the poly-
fluorene matrix, and due to differences in band gap, it was concluded that hole carriers
tend to be injected into that phase rather than into the disordered one, leading to the pro-
posal that EL emission was predominantly originated from the b phase.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

White organic light emitting diodes (WOLEDs) are one
of the most important developments in the field of

polymer emitting devices, mainly due to their applications
in solid-state lighting and flat-panel displays [1,2]. To
achieve white light emission two complementary colors
(blue and orange) or the three primary colors have to be
produced simultaneously [3]. In general, organic molecules
show broad emission spectra and the combination of not
exactly complementary colors can present a white light
output [4]. In this line of pursuit, several approaches have
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been reported, including the mixing of polymers with dif-
ferent emission colors in single or multilayer devices, or
the blending of small molecules in a appropriate ratio of
red, green and blue (RGB), host–guest systems, in single
or multiple layers [3,5–10]. The doping with phosphores-
cent complexes or fluorescent dyes in a polymer matrix
or small molecule host exciplexes in bilayer devices or still
a single polymer with different chromophores have also
been reported [5,11–13].

The main issue for achieving white light through the
blending of two or more chromophoric materials is the en-
ergy transfer among the various components. This energy
transfer has to be incomplete, since all the colors should
appear in the electroluminescence spectrum, requiring a
judicious control in the concentration balance and misci-
bility of the mixture materials [14,15]. The basic operating
mechanism involves the charge carriers injection, a partial
energy transfer in order to avoid cascade non-radiative de-
cays that will lead only to the lower-laying emission from
the excited state [16,17]. The selected color in the donor–
acceptor system is obtained by setting the appropriate
dopant concentration. The range of dopant variation is lim-
ited, usually less than 1% and 10% for fluorescent and phos-
phorescent materials, respectively [10]. The upper limit is
dictated by aggregate formation; since higher amounts
lead to non-radiative self-quenching or intermolecular en-
ergy transfer processes [3,17]. Electroluminescent polymer
blends are systems containing at least one active material
which generally presents a better performance as
compared to the material itself [18]. This effect can be
explained by the synergic contribution of several factors,
including the de-aggregation of associated species in the
active medium (as ground state dimmers or excimers),
the presence of heterojunctions between polymeric
phases, improvement of the interfacial adhesion and of
the optical properties, etc. These factors contribute to high-
er efficient exciton formation, charge transport and charge
recombination [18–21]. When two or more active materi-
als are blended, color tunability can also be obtained
[19,20].

In this work a single layer device was explored, in
which the blue emitter [poly(9,9-dihexyl-2,7-fluorene)]
(LaPPS10) is the matrix host, and the green and red emit-
ters poly[(9,9-dihexyl-9H-fluorene-2,7-diyl)-1,2-ethe-
nediyl-1,4-phenylene-1,2-ethenediyl] (LaPPS16) and poly
[2-methoxy-5-(2-ethylhexoxy)-1,4-phenylene vinylene]
(MEH-PPV), respectively, were the guest components.
The performance of this blend was compared with another
using a second blue component, a copolymer of poly
(methyl methacrylate-co-methyl antracenyl methacrylate),
P(MMA-co-MMAnt) that was responsible by the improve-
ment of the optical quality of the material [22]. The chemi-
cal structures are depicted in Fig. 1.

The choice of a polyfluorene for the main component was
based on the fact that this class of polymer has emerged
as an important class of blue emitter, with intense photolu-
minescence, good charge transport and thermal stability
properties [23–26]. The other components, all of them also
electroluminescent in a different spectral range, were cho-
sen as an attempt to achieve white light emission. White

light electroluminescent devices with organic materials
can be built in multi-layer configuration composed by sev-
eral different materials where each layer emits in a differ-
ent region of the visible spectrum, generating white light
output [27]. Here, single-layer devices were built, using
blends with emitting materials of different band gap ener-
gies, exploring partial energy transfer [28]. Single layer de-
vices are more attractive due to its ease of fabrication, large
scale production and cost effective features, and according
to published data they are more stable than those built with
emitters in separated layers [20,29–31]. Therefore, for a
system where the emission of one material spectrally over-
laps with the absorption of another, a separating material
had to be incorporated into the blend so as to prevent com-
plete energy transfer and to give white emission with a
wide spectral range [32]. To achieve this goal, morphology
control of the polymer film is a crucial step and plays a main
role on the device performance.

2. Experimental

2.1. Materials

The light emitting polymers poly(9,9-dihexyl-2,7-fluo-
rene) (LaPPS10) poly[(9,9-dihexyl-9H-fluorene-2,7-diyl)-
1,2-ethenediyl-1,4-phenylene-1,2-ethenediyl] (LaPPS16),
poly(methylmethacrylate-co-methyl-antracenyl methac-
rylate P(MMA-co-MMAnt) (molar composition of 35:1 of
MMA:MMAnt) were synthesized in our laboratory (LaPPS)
as described in previous papers [20,22,33]. MEH-PPV was
used as purchased from Sigma–Aldrich. Structures are in
Fig. 1. The solvent chloroform (Vetec) was used without
further purification. The solutions were mixed in different
ratios, according to the blend’s composition desired. LaPP-
S10:LaPPS16:MEH-PPV = 100:0.01:0.20 (w/w) (JF14) and
LaPPS10:P(MMA-co-MMAnt):LaPPS16:MEH-PPV = 100:40:
0.01:0.20 (w/w) (JF17). Blends were formed by casting
from chloroform solutions and dried at room temperature
for several days.

2.2. Samples for photophysical measurements

LaPPS10, LaPPS16, P(MMA-co-MMAnt) and MEH-PPV
were dissolved in chloroform separately, in 10�5 mol L�1

concentration. Films were obtained from the solutions fil-
tered through 0.2 lm Millex-FGS Filters (Millipore Co.),
deposited by casting on quartz plates and allowed to dry
slowly in a controlled solvent ambient. The film’s thickness
was adjusted in order to assure optical behavior according
to Beer’s Law.

2.3. Device preparation

The EL device fabrication with the configuration ITO/
PEDOT-PSS/emissive layer/Al followed the procedure: the
substrates were cleaned with detergent, acetone and iso-
propyl alcohol and subsequently underwent a process of
hydrophylization with plasma ozone. Next a layer of PED-
OT-PSS (Bayer) was deposited by spin coating at a speed of
4000 rpm, resulting in a 60 nm thick layer. The
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components of each material (polymer blend, JF14 and
JF17) were dissolved in chloroform, with 25 mg/mL con-
centration. Films were obtained from the solutions filtered
through 0.2 lm Millex-FGS Filters (Millipore Co.), depos-
ited by spin coating using a rotation of 3000 rpm, forming
films of 70 nm. The aluminum cathode was vacuum-
deposited onto the blend layer under a pressure of about
10�6 mbar resulting in a layer 100 nm thick, completing
the device preparation. The two devices are also named
JF14 and JF17, according to their blends.

2.4. Optical analyses

UV–vis spectra were recorded on a Shimadzu model UV
2401 PC spectrophotometer, single beam, in the range of
250–750 nm. Steady-state emission spectra were acquired
in a Shimadzu 5301 PC spectrofluorimeter, in the visible
range of 390–780 nm. A 1.0 cm quartz square cuvette
was used for solutions and a home-made optical support
for film samples.

Fluorescence decays were recorded using time corre-
lated single photon counting in an Edinburg Analytical
Instruments FL 900 spectrofluorimeter using a pulsed
hydrogen lamp, in a frequency rate of 40 kHz. Measure-
ments were performed with wavelength excitation of
kexc = 320 nm and the emission signals were collected in
kem = 440 nm, respectively for solutions and for films. The
sample cuvette was evacuated for 15 min and sealed under
vacuum. The sample decay signal was deconvoluted from
the lamp signal using the scattering from a Ludox� sample.
The experimental curves were fitted using the software
F900 provided by Edinburg. The analysis was performed
by fitting the decays with multiple exponential functions

using non-linear least-squares routines minimizing the
v2. Good fits were obtained when v2 is close to 1.

IðtÞ ¼ B1 exp
�t
s1

� �
þ B2 exp

�t
s2

� �
þ B3 exp

�t
s3

� �

þ . . . ð1Þ

si is the fluorescence lifetime, Bi is the corresponding pre-
exponential term and represents the contribution of each
decay time to the total curve.

Epifluorescence optical images were recorded in a Leica
DM IRB inverted microscope operating with a mercury
lamp for UV–vis excitation in the transmission configura-
tion. Pairs of optical filters for excitation and emission (di-
chroic mirrors) were selected in the range of kexc = 330–
380 nm and kem > 440 nm, respectively. Photomicrographs
were recorded using two microscope configurations: epi-
fluorescence using UV-excitation and epifluorescence com-
bined with lamp transmission to improve the image
contrast. In this last configuration small bright domains
could be visualized.

The CIE coordinates were calculated from data taken
from the EL or PL emission, using the software CIE 31
xyz.xls.

2.5. Electroluminescence spectra, JxV and LxV measurements

The current–voltage measurements were performed
using a 2400 Keithley Source. The EL spectra were acquired
using a Labsphere Diode Array Spectrometer 2100 con-
nected with Labsphere System Control 5500. The lumi-
nance–voltage was measured by 238 Keithley connected
with a sensible photodiode. The samples were kept in a
sealed Janis chamber with high vacuum.
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Fig. 1. Chemical structures of the emitting polymers: (a) LaPPS10 (blue), (b) P(MMA-co-MMAnt) (blue), (c) LaPPS16 (green) and (d) MEH-PPV (red). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Photoluminescence properties

3.1.1. Solution properties
Fig. 2 presents the absorption and emission spectra of

each polymer separately, recorded from the respective
chloroform solutions (10�5 mol L�1). Absorption of the
P(MMA-co-MMAnt) is composed by a well defined vibronic
structure in the range from 300 to 398 nm, characteristic of
the anthracenyl moieties with the 0–0 band centered at
kabs(0–0) = 387.8 nm, and emission with the 0–0 band cen-
tered at kem(0–0) = 393 nm [22,34,35]. Considering the 0–0
band for both absorption and emission, the Stokes shift is
341 cm�1.

The LaPPS10 absorption band is broad and centered at
kabs(0–0) = 378.2 nm, strongly overlapped with that of
P(MMA-co-MMAnt). Differently of the absorption, the
LaPPS10 emission has a well resolved vibronic structure,
with the 0–0 band at kem(0–0) = 415.8 nm. The Stokes-shift
taken as the difference between the absorption maximum
and the 0–0 band of the emission is 2391 cm�1. Absorption
and emission spectra were not mirror images, indicating
that the emission arises from a relaxed Franck–Condon

state and are provided by energy transfer or by energy
migration processes [37]. The LaPPS16 absorption band is
also broader, two maxima were observed in the vibronic
structure, at 430 nm and kabs(0–0) = 454 nm. Its fluores-
cence emission has a partially resolved vibronic structure
with the 0–0 band at kem(0–0) = 472 nm. The Stokes-shift
considering the 0–0 band in the absorption and emission
spectra is 840 cm�1. This smaller Stokes-shift suggests that
Franck–Condon states with similar geometry are involved
in the ground and electronic excited states due to the more
rigid structure composed by a sequence of fluorene–vinyl-
ene alternated groups.

The MEH-PPV absorption band is also broader and cen-
tered at kabs = 491.5 nm. Emission is centered at kem(0–0) =
554 nm, with a Stokes-shift of 2295 cm�1. Therefore,
taking this set of individual polymers, the absorption
bands range from 325 to 550 nm, and the photolumines-
cence bands in solution that appears in the 400–600 nm
range, cover almost the entire visible region.

3.1.2. Film properties
Fig. 3 presents the absorption and emission spectra of

each component in the solid state. The P(MMA-co-MMAnt)
absorption is composed by a well resolved vibronic
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Fig. 2. Electronic absorption (a) and fluorescence (b) spectra of the polymers in 10�5 mol L�1 chloroform solutions. All samples were excited at
kexc = 380 nm.
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structure in the range of 300–420 nm, characteristic of the
anthracenyl moieties, with the 0–0 band centered at kabs(0–

0) = 390.2 nm [22,34,35]. This spectrum is broader and red-
shifted by 2.5 nm compared to the dilute solution. The

lower energy peak at kabs(0–0) = 410.4 nm can be attrib-
uted to ground state aggregates. Its emission is also
broader with the 0–0 band centered at kem(0–0) =
421.8 nm with a maximum located around 442.8 nm and
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Fig. 3. Electronic absorption (a) and fluorescence (b) spectra of the polymers in film form. LaPPS10, LaPPS16 and P(MMA-co-MMAnt) were excited with
kexc = 380 nm and MEH-PPV was excited with kexc = 490 nm. (c) Progresses red shift MEH-PPV emission with concentration, chloroform solutions (A)
10�7 mol L�1, (B) 10�5 mol L�1 and (C) film.
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with a Stokes-shift of 1920.0 cm�1. The emission band has
a red-edge tail, due to the presence of anthracenyl aggre-
gates [22]. Generally, the presence of broad emission bands
can be attributed to conformational disorders of the
polymer chains where differences of microenvironment
around every lumophore modifies their state densities
[34]. Due to the large distance between two anthracenyl
groups bonded to the main chain (35 MMA units) no
excimer or aggregate emissions were observed in diluted
solutions, and thus we ascribed the red-edge emission tail
to aggregation of the lumophores in the solid state [34].
Emission of anthracenyl aggregates has been described
and their formation requires very specific orientation of
the polymer chains [37].

The LaPPS10 absorption band is broad and centered at
kabs = 394 nm, red-shifted by 16 nm compared to the dilute
solution. The presence of the low intensity band at
kabs = 432 nm is a strong evidence that during the film for-
mation some chains or chains segments are arranged in the
b-conformation, a more planar orientation of the backbone
[36,38–41]. The differences in the emission spectra of the
blue emitter LaPPS10 in solution and in film form give fur-
ther support for the presence of the b phase. The emission
has a well resolved vibronic structure, with the 0–0 band at
kem(0–0) = 442 nm, with a Stokes-shift of 2756 cm�1, red-
shifted compared with the spectrum in solution by
27 nm. The emission in films of polyfluorenes in the
440 nm region has been assigned to the b-phase, and since
its band gap is smaller than that of amorphous polymer, it
may act as acceptors of resonance energy transfer [42].
That could be in part responsible for the absence of the
higher energy bands seen in dilute conditions. The addi-
tional red-edge emission band at kem = 534 nm is charac-
teristic of the LaPPS10 aggregates [41].

The LaPPS16 absorption band is also broader, with a
poor resolved vibronic structure with two maxima at
kabs = 431 nm and kabs(0–0) = 456 nm. Its fluorescence emis-
sion is much broader than that in solution with the 0–0
band at kem(0–0) = 487 nm, red-shifted by 15 nm compared
to the dilute solution. In addition, two other strong bands
at 517.8 and 551.6 nm are observed, possibly originated
from aggregates [41]. Further, the LaPPS16 aggregate emis-
sion has a greater contribution to its total emission than
that observed for LaPPS10.

The MEH-PPV absorption band is also broader com-
pared to the solution and centered at kabs(0–0) = 490 nm.
Again, this spectral broadening can be ascribed to the inho-
mogeneous broadening in solid state produced by a larger
distribution of states of individual chains in addition to the
chain aggregation in more ordered regions. Its photolumi-
nescence spectrum is not as broader as the absorption and
centered at kem = 605.8 nm in the solid state, red-shifted by
52 nm compared to the solution spectra, with a larger
Stokes-shift of 3985 cm�1. Because of the relatively shar-
per and strongly red-shifted photoluminescence we sug-
gest that its emission is occurring in more aggregated
domains [43].

Putting all the individual absorption profiles together,
we can see that they cover practically the entire visible
spectral range (including part of the UV) whereas the
photoluminescence ones also cover the entire visible

spectrum, from the violet to the red (400–700 nm). Addi-
tionally, it can be seen from Fig. 3 that there is a strong
overlap between the absorption from LaPPS16 and the
photoluminescence from both LaPPS10 and P(MMA-co-
MMAnt), as well as the absorption from MEH-PPV and
the photoluminescence from LaPPS16. These spectral over-
laps among the absorption and emission of the blend com-
ponents play an important role on the photophysical
properties of their polymer blends, since this is an impor-
tant requirement for the resonant energy transfer process
[44].

Fig. 4 shows the absorption and emission spectra of the
blends: LaPPS10:LaPPS16:MEH-PPV = 100:0.01:0.20 (w/w)
(JF14) and LaPPS10:P(MMA-co-MMAnt):LaPPS16:MEH-
PPV = 100:40:0.01:0.20 (w/w) (JF17). The difference be-
tween the blends JF14 and JF17 is the presence of the
methacrylic copolymer in JF17 as the second major compo-
nent. The addition of this copolymer brings about at least
three important consequences: it greatly enhances the
optical quality of the films; there is an improvement of
the film adhesion on the substrate leading to more flat sur-
faces; and there is a relative decrease of the contribution of
the b-phase still present from the blue emitter LaPPS10
(absorption and emission bands at 432 and 442 nm,
respectively). Dilution effect in polymer blends has been
observed in several systems leading to a separation of
the polymer chains and to the decrease of interchain inter-
actions [33,45–47]. Moreover, the contribution of the
b-phase in the JF17 blend seems to be less important than
in the JF14, indicating that the improved optical quality
produced by the inclusion of the acrylic copolymer is asso-
ciated to the film morphology.

Fig. 4 also depicts the photoluminescence spectra of the
blends. Emission in the higher energy edge is characteristic
of the LaPPS10, where the 0–0 band occurs at 442 nm and a
second vibronic peak appears at 465 nm, the same ob-
served for this individual polymer in Fig. 3. However, the
vibronic ratio is not constant for the three systems in solid
state: LaPPS10, JF14 and JF17 blends. The lower vibronic
ratio I465=I442 observed for blend JF14 can be explained by
a dilution effect which reduces the homopolymer inter-
chain resonant energy transfer, whereas the higher vibron-
ic ratio I465=I442 and the spectral broadening observed for
the JF17 can be explained by the contribution to the emis-
sion of the P(MMA-co-MMAnt) acrylic copolymer. Finally,
the broad band at 540 nm present in both blends can be as-
signed to a contribution of the emission of LaPPS10 and
LaPPS16 aggregates, along with that of MEHPPV. It is
worthwhile to note that the emission of this polymer is
very sensitive to concentration. In diluted solution
(Fig. 2(b)) it peaks at 554 nm, whereas in the film the
emission redshifts to 605.8 nm (Fig. 3(b)). Literature data
reports r redshiftings of 100 nm for blends of MEHPPV with
PMMA from concentrations of 12.5% in relation to the pure
polymer film [48]. When diluted in polyfluorene, the emis-
sion around 600 nm which appears as a shoulder in the
blends containing 3% to 1%, is no longer detected when
MEHPPV is present in the concentration of 0.4% [20]. This
progressive MEH PPV redshifting with concentration is
illustrated in Fig. 3(c). Therefore, the broad band of the
PL emission extending from 520 to 600 nm (see inset in
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Fig. 4) can be attributed to the dopants LaPPS16 and MEH
PPV, which do not appear separately due to their low con-
centration. It should be noted that the intensity in the re-
gion of 540 nm is higher for the JF14 than for JF17,
characterizing a more efficient energy transfer in the
former.

The spectral overlap among the absorption and emis-
sion of the blended components is a necessary condition
for the resonant energy transfer from a donor polymer to
an acceptor, which, in addition, also requires a close prox-
imity between the components (distance within the För-
ster radium). Nevertheless, this condition must be
avoided to some extent if a white emission is desired in a
photoluminescent system. In other words, in a white emit-
ting device, the resonant energy transfer process should
not be completely efficient since the entire emission spec-
tral range of white color must have contributions of the
several chromatic components. Thus, from the photophys-
ical point of view, to achieve white emission, only partial
energy transfer processes and inner filter effects must be
allowed in a photoluminescent system. Polymer blended
systems with phase separation may undergo white emis-
sion because the domains are independent emissive sites,
and the inner filter effect may be controlled by the thick-
nesses. Fig. 4 shows that the photoemission has a strong
blue component, indicating that the energy transfer pro-
cesses from the higher energy donors (LaPPS10 and
P(MMA-co-MMAnt)) to the lower energy acceptors
(LaPPS16 and MEH-PPV), are not complete suggesting that
both blends underwent phase separation processes and the
emission from the lower energy components are prevented
by the inner filter, inhibiting their excitation.

In an attempt to explain the photoluminescence spec-
tra observed for the two blends, we analyzed the morphol-
ogy by epifluorescence optical microscopy. In Fig. 5a the
morphology of the JF14 film under UV excitation
(kexc = 330–380 nm, kem > 440 nm) is shown. A uniform
blue emission over the entire samples is observed which
is characteristic of LaPPS10, the major component, based
on the emission spectra in Fig. 4. Nevertheless, more de-
tailed images by combining the UV excitation with white

lamp revealed also some blue spots of the LaPPS16 compo-
nent (sizes smaller than 1 lm) (Fig. 5b) and under excita-
tion with visible light (kexc = 480–500 nm, kem > 550 nm)
red spots from the MEH-PPV component are the only
one observed (Fig. 5c). Thus, the morphology of the JF14
blend can be described as a dispersion of the LaPPS16
and MEH-PPV domains in a blue matrix of LaPPS10. A
phase separation is clearly seen. The morphology of the
JF17 blend is completely different and since the only
change is the addition of P(MMA-co-MMAnt), this is the
responsible by the change. In Fig. 5d using UV excitation
(kexc = 330–380 nm, kem > 440 nm), two types of blue do-
mains can be seen: dispersed interconnected blue darker
domains in a light blue matrix of LaPPS10. The dispersed
domains are better visualized when with the combination
of UV and white illumination (Fig. 5 – right side) and now,
in addition to the interconnected domains we also identity
dispersed spherical blue domains whose diameters are
around 20 lm, which were ascribed to the P(MMA-co-
MMAnt) (Fig. 5e). This combination also showed the pres-
ence of some interconnection of blue domains through a
interphase, probably due to the LaPPS16 or some non-seg-
regated P(MMA-co-MMAnt) components. Again the MEH-
PPV red domains can be seen using visible light
(kexc = 480–500 nm, kem > 550 nm) (Fig. 5f).

Therefore, from the morphological point of view, the
components of these blends have a very low (if some) mis-
cibility, forming a matrix of LaPPS10 and segregated do-
mains of LaPPS16 and MEH-PPV in the case of JF14, and
of LaPPS16, P(MMA-co-MMAnt) and MEH-PPV in the case
of JF17. Even with phase separation, the acrylic copolymer
played an important role on the film morphology, creating
the possibility of interconnected domains formation in the
JF17 blend. Nevertheless the changes of the photolumines-
cence spectra are not substantial. Because of this apparent
poor miscibility in both JF14 and JF17 blends, we would
not expect a complete energy transfer processes from the
donors to the acceptors even though their absorption and
emission are strongly overlapped. This result is an inter-
esting example of the interplay between photophysi-
cal behavior and morphology. However, steady-state
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Fig. 4. Electronic absorption and emission spectra of blends JF14 and JF17 (kexc = 380 nm) in film form.
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fluorescence spectroscopy is not the most useful tool to
evaluate the energy transfer processes when samples
depict complex or overlapped emission spectra.

In order to get additional insight about the possibility of
energy transfer processes from LaPPS10 and P(MMA-co-
MMAnt) to LaPPS16 and MEH-PPV, fluorescence decays
of the donors were measured in blends (in the presence
of the acceptors), and compared these values with
those of each isolated polymer in both solution and in film
form. The LaPPS10 photoluminescence decays in degassed
chloroform solution (10�5 mol L�1) (kexc = 320 nm, kem =
440 nm) is bi-exponential with s1 = 0.48 ns (54%) and
0.79 ns (46%) (Table 1) and becomes mono-exponential
in films with a lifetime of 0.31 ± 0.07 ns. This lifetime range
is in accordance with those reported for polyfluorenes in
diluted solution (from 0.08 to 5.0 ns) [36,49–52]. The de-
crease in lifetime in the solid state can be attributed to
the formation of aggregates as well as to several possibili-
ties of quenching processes in the solid state, apart from
resonant energy transfer from disordered to b phases.

For the JF14 polymer blend in solution (kexc = 320 nm,
kem = 440 nm), the decay is practically the same as the
LaPPS10 in solution (bi-exponential with s1 = 0.48 ns
(54%) and 0.76 ns (45%) (Table 1)), indicating that the pres-
ence of other components is not interfering with the
LaPPS10 photophysics, and that no resonant energy trans-
fer processes are occurring. Nevertheless, JF14 film exhibits
a bi-exponential decay with the faster component of
0.41 ± 0.07 ns (86%), practically the same of the isolated
LaPPS10 films and a longer component with s2 = 2.98 ±
0.01 ns with a smaller contribution (13%), that is absent
in solution. Apart from a possible assignment of this longer

decay to molecular aggregation in the ground state, as
shown by the absorption and emission spectra, the com-
plexity of the morphology makes the assignment of this
transition very difficult.

Decays in JF17 blend-films, on the other hand, are
mono-exponential, as also observed for solutions. Never-
theless, there is a pronounced decrease of the fluorescence
lifetime in solid state (not observed in JF14) compared
with the solution, which suggests that some non-radiative
resonant energy transfer processes from LaPPS10 to the
other components are occurring. It is very well docu-
mented in the literature that chain interpenetration
favors the resonant energy transfer processes because the

Table 1
Fluorescence decays of the pure blend components in several conditions,
using kexc = 320 nm, kem = 440 nm; B is the contribution of every lifetime to
the entire decay, v2 measures the quality of the exponential fitting.

Materials s1 (ns) B1

(%)
s2

(ns)
B2

(%)
v2

LaPPS10 (solution) 0.48 ± 0.08 54 0.79 ± 0.06 46 1.041
LaPPS10 (film) 0.31 ± 0.07 100 1.089
P(MMA-co-

MMAnt) (film)
[22]c

2.5 72 7.4 28

JF14 (solution) 0.48 ± 0.07 55 0.76 ± 0.08 45 1.135
JF14 (film)a 0.41 ± 0,08 86 2.98 ± 0.01 13 1.161
JF17 (solution)b 0.62 ± 0.03 97 1.097
JF17 (film) 0.28 ± 0.08 97 1.080

a kem = 465 nm.
b kem = 410 nm.
c kexc = 370 nm, kem = 415 nm.

Fig. 5. Epifluorescence images of (a–c) JF14 and (d–f) JF17 and (d) UV excitation (kexc = 330–380 nm, kem > 440 nm); b and e (combining UV and white light
to improve the contrast); c and f (kexc > 490 nm, kem > 550 nm). Amplification 22�.

1500 J.F. de Deus et al. / Organic Electronics 12 (2011) 1493–1504



donor–acceptor distances approaches of that equivalent to
the Förster radius [44]. This result can be correlated with
the epifluorescence micrographs which showed the pres-
ence of interconnected domains that would lead to chain
interpenetration. Based on this analysis we can conclude
that the presence of the P(MMA-co-MMAnt) induces a
better dispersion of the components, interferes with the
interface energy, improves the optical quality of the films
and facilitates the energy transfer from the donor to the
acceptors.

3.2. Electroluminescence

Fig. 6 shows the electroluminescence spectra of
LaPPS10 and of the JF14 and JF17 blends. The EL spectrum
of LaPPS10 shows a band emission with vibronic structure,
where the most intense band (0–0 band) is at 453.5 nm,
11 nm red-shifted as compared to the PL (Fig. 4). The vib-
ronic progression occurred at 478.7 and 515.3 nm with a
broad and less intense shoulder at 558 nm. It is particularly
interesting that the relative intensities of the vibronic
bands in the EL spectrum decrease at about half intensity
on going the 0–0 to 0–1, from 0–1 to 0–2 and from the
0–2 to 0–3 vibronic bands which is completely different
of the PL spectrum (Fig. 3), where systematic decrease of
the emission was not observed. The EL spectrum is also
sharper, showing, therefore, a better spectral resolution.
These differences indicates that the EL is originated from
other exciton species than those responsible for the PL.
PL is originated from a very broad distribution of different
species either by direct excitation or by several types of
possible energy transfer processes. Moreover, considering
the presence of the b-phase in the solid state identified
by the sharper absorption band at 432 nm, red-shifted
compared to the absorption of the amorphous disordered
chains, and the emission band at 442 nm, we suggest that
the EL is probably produced in the ordered b-phase of the
LaPPS10.

Significant differences between EL and PL spectra were
also observed for the JF14 and JF17 blends. The EL spec-
trum of the JF14 blend is similar to that of LaPPS10 in
terms of spectral range, but significant differences were

noted in the relative intensities of the red-edge peaks.
The blue peak at 453 nm is present in all EL spectra
(0–0 band of LaPPS10), but those at 514 nm (green) and
550–560 nm (yellow) were more intense, providing addi-
tional contribution to the visual color of the entire emis-
sion. The relative contributions of these red-edge peaks
are greater in the EL compared with the PL spectra
(Fig. 4). There are two possible explanations for the rela-
tively more intense red-edge emission in EL. First, is that
the excitation efficiency by photons in the PL is propor-
tional to the amount of each component in the blend, in
the absence of efficient energy transfer processes. Since
we are using excitation in the blue region, the efficiency
of the photoexcitation of the LaPPS16 and of the MEH-
PPV are lower and thus their emissions are also relatively
lower. This is not relevant for the EL spectrum. The second
explanation is that the EL emission is proportional to the
efficiency of the charge transport across each phase, to
the charge recombination and to the efficiency of the exci-
ton recombination. The first two processes are intrinsically
associated with properties of each material and cannot be
correlated with the PL. If they are more efficient for the
LaPPS16 and for the MEH-PPV, it will be expected that
the relative EL from these two components will be greater,
as we effectively observed. Moreover, the band around
550–560 nm was attributed to the emission from the
LaPPS16 aggregates, and again the EL seems to be more
efficient at the more ordered crystalline phase of this poly-
mer, as it does for LaPPS10. The EL is redshifted as com-
pared to the PL, and that can be accounted for the charge
trapping in the dopants domains, apart from energy trans-
fer. The dopants emission in both JF14 and JF17 are envel-
oped the 500–700 nm region. In the EL spectrum of the
JF14 blend a shoulder is seen at 590 nm which was attrib-
uted to the MEH-PPV domains, according to epifluores-
cence images. (See inset of Fig. 6). According to published
data, the work function of the b phase regions is ca.
5.3 eV, i. e. 0.3 eV lower than that (5.65 eV) of the polyflu-
orene matrix [40], suggesting that hole carriers tend to be
injected into the b phase rather than into the polyfluorene
disordered matrix. It has been demonstrated that the b
phase in poly(9,9-dioctylfluorene) is an energetically
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favorable environment for charge carriers, with an
enhanced charge carrier mobility [53]. Due to its smaller
band gap it can act also as traps for carriers, competing
with other species in excitonic energy transfer processes,
and more importantly, as carrier trapping/recombination
sites.

The addition of P(MMA-co-MMAnt) in JF17 resulted in
considerable differences in the EL profile as compared to
LaPPS10 and JF14. There is a pronounced relative increase
of the red-edge emission compared with the LaPPS10 and
compared with the JF14. As previously mentioned, the EL
emission is strongly correlated to the charge transport
and charge recombination that seems to be enhanced by
the addition of the acrylic copolymer. Taking into account
the morphological and the photophysical properties, we
can conclude that the formation of interconnected phases
in JF17 are favoring not only the energy transfer processes
(lifetime decreased) and the optical quality of the film but
also the charge transport as already indicated for systems

forming bulk heterojunctions [42]. Bulk heterojunctions
are in JF17 enhancing the emission of LaPPS16, as indicated
by the increase of the relative intensity of the bands at 515
and 554 nm. If the hypothesis of the heterojunction favor-
ing the charge transport is correct, we should also expect
changes on the electrical performance of these devices.

In the operation of an organic light-emitting diode
(OLED) either the operating voltage or the luminance effi-
ciency, depends firstly on the effective injection of carriers
from both electrodes. It also strongly depends on the charge
transport, the exciton generation and the recombination
process. To achieve the lowest possible threshold voltage,
the contact (cathode or anode) with the organic layer
should approximate to ohmic condition. In general, this
condition is easily reached with the anode, the transparent
contact, in which the work function is close to the HOMO of
the organic conjugated molecule. The injection of electrons,
on the other hand, requires a more sophisticated technol-
ogy to avoid the unbalance between electrons and holes.
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In the present devices we used a simple structure, with a
hole transport layer (PEDOT:PSS), and only one aluminum
layer in the cathode (without an electron transport layer).
Even so, both JF14 and JF17 devices showed a good perfor-
mance as white OLED, as shown in Fig. 7. Fig. 7a shows the
current–voltage curves for JF14 and JF17 devices, both
exhibiting a diode characteristic. JF17 operates with lower
voltage, having a threshold voltage below than 5 V and with
a luminance, while the threshold voltage for JF14 was at
about 10 V. Similar response was observed in the lumi-
nance vs. voltage curves. JF17 device reached 150 cd/m2

at 6 V (60 mA/cm2), while the JF14 presented the same
luminance at 14 V (140 mA/cm2). Therefore, the perfor-
mance of JF17 was superior, since it achieved a luminance
efficiency (cd/A) 2.5 higher, i.e. the same luminance at low-
er voltage and electric current. Fig. 8 exhibits the CIE coor-
dinates of both devices (JF14 and JF17), and, as it can be
seen in the CIE diagram, they emits in white region.

The HOMO and LUMO levels of the components used in
the blends of JF14 and JF17 are shown in Table 2. The work
functions of ITO and aluminum are about 4.8 and 4.1 eV,
respectively. The values corresponding to LaPPS16 and
MEHPPV were taken from Refs. [54,20], and those of
poly(methyl methacrylate-co-methyl antracenyl methac-
rylate) were determined by cyclic voltammetry and UV–
vis spectroscopy. The latter is in the same range of pub-
lished data for poly(methyl methacrylate) copolymers with
pendant chromophores: the reported HOMO and LUMO for
the polymer with pendant azodyes are �6.08 and
�3.21 eV, respectively [55].

Since the active layer of each luminescent diode is a
blend composed by several components, it is not possible
to sketch a sequence of energy barriers faced by the charge
carriers, either for injection or transport mechanisms. The
basic difference between JF17 and JF14 is that the blend
of the former includes P(MMA- co-MMAnt), whose HOMO
value is higher than the others. However, JF17 exhibited a
better electrical and optical performance, as can be seen by
the threshold voltage in the current and luminance curves
(Fig. 7). Most probably this improvement brought about by
P(MMA- co-MMAnt) to the blend is related to morpholog-
ical modifications bringing the molecules in closer interac-
tions one to another.

4. Conclusions

This study with the blends JF14 and JF17 showed that
due to several mechanisms of energy transfer processes,
an emission profile proportional the composition of every
component is not the outcome of the device. The perfor-
mance of the blends were compared, the segregated do-
mains of the green and red emitters in the blue matrix
brought about different behaviors. In the JF17 blend, the
methacrylic non-conjugated copolymer was the predomi-
nant component in the dispersed phase, whereas for JF14
the MEH-PPV (red emitter polymer) was the main compo-
nent of the domains. The differences in the EL and PL indi-
cated that the mechanisms involved in the dynamics of
excited states and/or in quenching processes are different
in both cases. The EL emissions suggested that the cascade
mechanism for the charge migration, charge recombina-
tion or energy transfer processes are incomplete, which
opens possibility for more than one type of mechanism,
resulting in emissions at different wavelengths. Spectro-
scopic data brought evidence of the formation of the b
phase in the polyfluorene matrix, and due to differences
in band gap, it was concluded that hole carriers tend to
be injected into that phase rather than into the disordered
one. The device with blend JF17 presented a better perfor-
mance when compared with device JF14. Its turn on volt-
age was 4 V whereas that of JF14 was 9 V. The maximum
luminance attained was 148 cd/m2 at 6 V with current
density maximum of 63 mA/cm2 for JF17, compared to
142 cd/m2 at 14 V for JF14.The behavior of the blue LED
built with the pure matrix is inferior to those of the blends:
turn on 13 V, maximum luminance 3.4 cd/m2 at 20 V at
7.6 mA/cm2. The CIE coordinates for EL emission of JF14
blend the coordinates are (0.30, 0.32) and for JF17 blend
are (0.29, 0.38) corresponding to white light emission. It
is worthwhile to note that these EL devices were not opti-
mized; they were built in a standard configuration for
comparison purposes, and focused in white light emission.
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