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Nesse trabalho se estudou sistematicamente o efeito de dois bons solventes sobre os espectros
de excitagdo e de fluorescéncia em condigdes fotoestaciondrias do MEH-PPV com trés massas
molares diferentes, Mﬂ =51 kg mol”, 1\7n = 86 kg mol " and M_= 125 kg mol", em solugdes com
vérias concentragdes, desde muito diluidas, e em estado sélido, na forma de filmes produzidos a
partir da evaporagdo de solventes. Dois bons solventes (cloroférmio e tolueno) foram escolhidos a
partir da comparac@o dos seus parametros de solubilidade com o do MEH-PPV estimado a partir dos
modelos de Small, de van Krevelen e de Hoy. Os espectros de fluorescéncia foram obtidos para
solugdes em virias concentragdes (10* mol L' — 10* mol L) e em filmes produzidos por espalhamento
de solucdes, mostrando diferengas que decorrem da diferente forma de solvatacio das cadeias pelos
diferentes solventes. Um deslocamento espectral para o vermelho foi observado em concentragdes
mais altas 10 mol L' e pode ser explicado pela regra de Kasha para uma orientagéo anti-paralela dos
momentos de transicdo dos dois croméforos. As conformacdes em solucdo sao parcialmente mantidas
no estado sélido alem do fato de que os espectros se deslocam para o vermelho e sdo atribuidos a
formacao de agregados. Recozimento dos filmes em temperaturas acima da transic@o vitrea elimina
as conformagdes mais tensionadas das cadeias, apaga o efeito de memoria e leva a espectros de
fluorescéncia mais finos.

Here we systematically studied the excitation and the fluorescence steady-state spectroscopy of
poly(2-methoxy-5(2’-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) with three molecular
weights, ﬁ“ =51 kg mol”, ﬁ“ =86 kg mol"! and ﬁn =125 kg mol, in two equally good solvents
and several concentrations, from dilute solutions to solid-state films produced by casting. The
appropriateness of the two solvents was established by comparing their solubility parameters and the
solubility parameter of the MEH-PPV estimated using the Small, the Van Krevelen and the Hoy
models. Thus, chloroform and toluene were chosen. Fluorescence spectra were recorded for solutions
in several concentrations (10 mol L' to 10 mol L) and films produced by casting, showing that
chloroform and toluene solvate the polymer chain differently. Diluted solutions (10 mol L") in
chloroform exhibit broader fluorescence spectra. A red-shift of the fluorescence spectra was observed
for concentrations higher than 10 mol L' that can be explained using Kasha’s rule for the sandwich
anti-parallel orientation of the transition moments of the two chromophores. The conformations
observed in solutions are partially retained in the solid films in addition to the broader red-shift
spectra attributed to aggregated forms of the macromolecular segments. Annealing of the polymer
films at the glass transition temperature eliminates the more stressed conformations, erases the
memory and leads to sharper fluorescence spectra.
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Introduction

Electroluminescent organic molecules are a new class
of compounds with very interesting properties since they
undergo emission over a wide spectral range, from the
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violet to the red.! They can also be combined in several
different forms to produce white light. One category of
organic material with electroluminescence properties is
conjugated organic polymers, in particular poly(1,4-
phenylvinylene), PPV.%3

Derivatization of PPV with long alkyl groups and/or
alkoxy ramifications was the first approach to obtain
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conjugated soluble electroluminescent polymers that
combine the wide spectral emission range common to the
organic molecular compounds, with easy processability
and good mechanical properties. Solubility after deriva-
tization is due to the lowering of the interchain
interactions. One of the first soluble PPV derivatives,
reported in 1991 was poly(2-methoxy-5(2’-ethyl-
hexyloxy)-1,4-phenylenevinylene) (MEH-PPV) (Scheme
1).45 Since then, this polymer has been extensively
explored regarding various aspects of its physical
properties.’ One important aspect of the emission properties
of MEH-PPV is the assignment of its emissive centers. Apart
from the intrinsic chemical composition and macro-
molecular architecture, the emission wavelength and
electroluminescence efficiency depend on two main
parameters: (i) the torsion angle of the conjugated
backbone, which determines the conjugation length;” (ii)
the occurrence of interchain interactions, leading to the
formation of excimers, aggregates, and/or polaron pairs
(here we adopt the same definitions proposed by T-Q
Nguyen et al.'® for excimers and aggregates in MEH-PPV
films: “a species in the electronic state, involving intra- or
inter-chains interactions, that modifies the fluorescence
spectrum and decrease true photoluminescence quantum
yield”). Electroluminescence efficiency of these species
is depleted since they generate alternative pathways for
light emission due to energy or charge migration to non-
radiative states.*?! In addition, films processed by different
techniques are also morphologically different*>** and
performance reproducibility requires further studies.

Scheme 1. Chemical structure of MEH-PPV.

Several studies with MEH-PPV are reported showing
the photoluminescence in solutions and in films prepared
by distinct techniques (spin coating and casting from
solutions) in an attempt to understand the morphology of
the films and to optimize the performance of the
electroluminescent device.**?® The role of the solvent
depends on its solvation power as a whole, as well as on its
selectivity: it has been shown that some solvents, like THF
and chloroform, have a preference for MEH-PPV
ramifications, while others, like chlorobenzene, xylene and
toluene, mainly solvate the polymer backbone, resulting
in different macromolecular conformations.®?*32 This way,
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the distribution of the effective conjugation length and,
consequently, the emission profile are changed. Moreover,
the conformations in solution are partially maintained in
the polymer films prepared from distinct solvents (memory
effect).?22333

Here we report the systematic study of the concentration
on the photophysical properties of MEH-PPV films with
three molecular weights in an attempt to describe the
evolution of the aggregation process. We have
systematically studied the photophysical properties of MEH-
PPV films produced by solutions of different concentrations
to follow the sequential aggregation and to explain the
memory effect in films. Using two equally good solvents,
we have attempted to explain why they were able to produce
morphologically different films and why the differences
found in solution persisted in the films of these MEH-PPV
samples. The criterion to select the solvents (chloroform
and toluene) was the solubility parameter for MEH-PPV,
which has been evaluated. Some physical characteristics of
the solid state were also compared in order to correlate with
the different molecular weights.

Experimental
Materials

Three MEH-PPV with different molar weights (and
polydispersities) were employed: Mn = 51 kg mol!
M /M, = 88)(M51), M =86kgmol' (M /M, = 4.9)
(M86), M = 125kgmol' (M /M = 5.2) (M125),all from
Sigma-Aldrich Chemical Co. They were used as received
(data from the supplier). Toluene and chloroform,
spectrophotometric grade from Acros, were also used as
received. Molecular weights (Mn) were employed for
calculation of the molar concentration of all of the polymer
solutions, in units of mol L.

Photoluminescence studies of solutions of the MEH-
PPV with three molecular weights in toluene and
chloroform were prepared in the concentration range from
10 mol L' to 10 mol L. Films were prepared by casting
of the solutions in both solvents on a Petri dish, with slow
evaporation under a saturated solvent atmosphere, at room
temperature, for 30 hours. Later, the films were dried in an
oven at a temperature of ca. 50 °C for 1 day. Film thicknesses
were ca. 30-40 mm.

Small pieces of these films were also annealed at 70 °C
for 5 min in an oven under dynamic vacuum to evaluate
possible morphological changes. This temperature is
roughly at the glass transition, previously determined by
DSC, but below the onset of the decomposition temperature
estimated by TGA under a non-oxidative atmosphere.
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Methods

We determined the crystallinity of the neat polymer
samples and of the films by X-ray diffraction using a model
XD-3A X-ray diffractrometer, with CuKa radiation, in the
range ca. 2° < 260 < 50°, operating at 20 mA and 30 kV.
Samples were supported on aluminum plates. The degree
of crystallinity was determined by deconvolution of the
diffraction peaks measured relative to the scattering band,
which defines the x,, value.

Decomposition temperatures were determined by
thermogravimetic analysis (TGA) under an argon
atmosphere (Thermogravimetric Analyzer Hi-Res, TA
Instruments, model 29500), performed at a heating rate of
10 °C/min.

We also determined the glass transition by differential
scanning calorimetry. DSC was performed using a DuPont
2910 differential scanning calorimeter (DSC) controlled
by module 2000, calibrated with indium as standard, with
a heating rate of 10 °C/min. Two runs were scanned: the
first from room temperature to 170 °C, then the sample was
cooled down at a rate of 20 °C/min to —150 °C and, heated
at the same rate to 170 °C. The glass transition temperatures
were determined using the data from the second heating
cycle.

Fluorescence measurements were performed ina PC1™
Photon Counting Spectrofluorimeter from ISS Inc.
Fluorescence spectra of polymer solutions and polymer
films were obtained. The polymer for these solutions was
dissolved under stirring, during several hours and then,
the solution was maintained in dark in a sealed flask. The
spectral range was from 360 to 500 nm for the excitation
spectra and from 500 to 700 nm for emission spectra. Slits
were selected for a spectral resolution of 0.5 nm.

MEH-PPYV solubility parameter

In order to select good solvents for MEH-PPV we
initially estimated its solubility parameter d (cal'?> cm*?)
since, to our knowledge, it has not been determined
experimentally. The method of group contribution® was
used, according to:

%
—_ 8(.‘(7 E

where: 0 is the solubility parameter, ¢ is the cohesive energy,
Fstands for the contribution of each group in the repeating
unit and V for the molar volume. Using the values tabulated,*
the following values were found for d of MEH-PPV,
respectively: 9.1 cal?cm®?, 9.4 cal’”>cm* and 8.9 cal’?> cm?2.
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The solvents with the closest delta values to these were
toluene (8.9 cal”?> cm*?) and chloroform (9.3 cal’? cm?*?).3
Although we employed here only these two solvents, several
others were tested allowing us to classify: good solvents
(nitrobenzene 10.0 cal”?cm??, o-xylene 8.8 cal'>cm??, carbon
tetrachloride 8.6 cal'> cm®?, tetrahydrofuran 9.1 cal? cm®?),
poor solvents (1,4-dioxane 10.0 cal> cm*?, ethyl acetate
9.1 cal? cm*?, tetrachloroethylene 9.3 cal’> cm*?) and non-
solvents (n-hexane 7.3 cal'?> cm*?, n-heptane 7.4 cal> cm*?,
methylcyclohexane 7.8 cal'? cm*?, dimehyl sufoxide
12.0 cal”?cm*?, acetronitrile 11.9 cal? cm*?, 2-ethyl hexanol
9.5 cal”?cm*?).:

Results and Discussion
Characterization of the polymers

X-ray diffraction of MEH-PPV shows some crystalline
peaks in pristine form that decrease in films (Figure 1a). The
value for a M 125 pristine sample was ca. 5% while those for
M51 and M86, as well as for all films cast from their
solutions, were lower and could not be precisely determined
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Figure 1. X-ray diffraction spetra of M51, M86 and M125. Arrows
indicate the decrease of the molecular weight. a. pristine samples, b.
polymer films cast from toluene (---) or chloroform (—).
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(Table 1). Although the crystallinity degrees for films
prepared by casting using both solvents are lower and can
not be precisely determined (they seem to be lower than
1%), the weak diffraction peaks are located in the same
diffraction angles in agreement with the orthorhombic
structure® (Figure 1b). Compared to other reports, the
crystallinity is lower, probably due to the lower molecular
weight employed here. In addition, films of MEH-PPV
produced from chloroform solutions seem to exhibit lower
crystallinity than films from toluene solutions.

Table 1. Some physical properties of MEH-PPV having three dif-
ferent molecular weights

M /(kg mol™) L (%) ° T,/°C"® T,/°C¢
51 <1% 217 and 401 53+5
86 <1% 227 and 422 485
125 5 425 54+5

Ypx 18 the crystallinity degree from the X-ray diffractogram; ® T is
the decomposition temperature from TGA at the peak maximum;
¢ data from a DCS trace.

Decomposition temperatures were determined by
thermogravimetric analysis (TGA) (Table 1). Samples M86
and M51 undergo thermal decomposition in two steps (at
250 °C and at 380-400 °C) with a 10% mass loss in the first
step (Figure 2). On the other hand, MEH-PPV M125
degraded in a single step peaking at 427 °C. Since O,
enhances efficiency of the decomposition,” to prevent or
at least minimize the thermal degradation, we performed
the annealing processes at mild conditions (near the glass
transition) and under a dynamic vacuum.

1.0+
— dm/dT
0.8

0.6

0.4+

Mass Loss / a.u.

0.2

0.0
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Figure 2. Normalized mass loss and dm/dt curves from
thermogravimetric analysis (TGA) for MEH-PPV M125 (---), M86
(—) and M51 (-A-A-).

The second DSC scan of MEH-PPV samples showed
the glass transition temperature (Figure 3) in the range of
ca. 60-70 °C. Although X-ray diffraction showed some
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Figure 3. DSC heating thermograms (10 °C/min) of MEH-PPV
M125 (---), M86 (—) and M51 (-A-A-) cast from chloroform (a)
and toluene (b).

crystallinity, no relevant transitions could be assigned to
melting in the DSC curves.

Photoluminescence in dilute solutions

UV-Vis electronic absorption spectra of MEH-PPV
solutions show an intense absorption band at 490 nm (2.51
eV) whose peak position is practically independent of the
solvent. Absorbances of solutions with several
concentrations show a deviation from Lambert-Beer’s law
for concentrations greater than 10 mol L', Samples with
higher molecular weights are less soluble undergoing
deviations of the Beer-Lambert law at lower concentrations.
On the other hand, for dilute samples, the excitation band
peaked at 470 nm, which differs from the maximum of the
absorption spectra.

Steady-state fluorescence spectroscopy using three
excitation wavelengths: at the blue-edge (4, = 390 nm),
at the peak (4__= 470 nm) and at the red-edge (4__= 540
nm) of the excitation band, was performed at several
concentrations (from 10® mol L' to 10* mol L), in
solutions of toluene and chloroform as well as with films
of MEH-PPV.
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Figure 4 shows the excitation and fluorescence
emission spectra of MEH-PPYV, at the lowest concentration,
10 mol L, in both solvents. As noted, the emission band
is virtually independent of the excitation wavelengths
characteristic of the emission from an isolated excited state
singlet intrachain exciton.'® Fluorescence peaks lie at 552
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nm and 555 nm for MEH-PPV solutions in chloroform and
toluene, respectively, independent of the molecular weights
and of the excitation wavelengths. The blue shift of
emission observed for the solvent with larger polarity
could, in principle, be interpreted by the larger
stabilization of the electronic ground state of the MEH-
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PPV in comparison with the stabilization of the electronic
excited state.’>%

In addition, the excitation/absorption and the
fluorescence spectra are only roughly mirror images, which
can be theoretically explained when the relative intensity
of the first vibronic band is significantly enhanced in the
fluorescence spectrum.* The corresponding Stokes’s shifts,
taken from the maxima of the excitation and of the
fluorescence spectra in toluene and chloroform are 3078
cm™ and 5401 cm’!, respectively. There are, some plausible
reasons for the difference of the Stokes’s shift in these two
solvents: (7) it is associated with the polymer/solvent
interaction through the solvent’s optical parameters
(refractive index and dielectric constant); (ii) it is related
to the magnitude of the change of dipole moment of the
electronic ground state and the excited state; (iii) there are
some conformational changes induced by the solvent that
modify the effective conjugation lengths of the emitting
chromophore, '0-23:40:41

Figure 4 also shows that the emission band is broader
for the chloroform solution, which can be explained by
greater conformational disorder. It can be deconvoluted in
three vibronic bands (Figure 5) using the software Origin
version 6.0 with the spectrum in wavenumber scale and
fitting the peak profile with gaussian functions. For
comparison, the full width at the half maximum (FWHM)
of the 0-0 vibronic band (at 556 nm) for MEH-PPV M51
was determined by deconvolution with values of 1110
cm” and 1126 cm™ for films spun from toluene and
chloroform, respectively. Although the deconvolution of
the spectra is always an arbitrary procedure because we
can choose the type of the functions (gaussian or
lorentizian or combined functions), we define the initial
values of FWHM and the maximum of the peaks, there is
no doubt that the relative intensities of the 0-0 and 0-1
bands are different for chloroform and toluene solutions.
Deconvolution results in three vibronic bands designated
as 0-0 (556 nm), 0-1 (599 nm) and 0-2 (634 nm), whose
differences are approximately coincident with the
vibrational stretching modes of the C=C bonds. The relative
intensities of the 0-0 and 0-1 vibronic bands are taken
form the experimental curves, the solution in toluene (I /
I, =2.37) being distinct from that for chloroform (I, /I, ,
= 2.09). Here 1, and I, are the intensities taken at A__
(0-0)=556nm and4_ (0-1) =594 nm, respectively. Taking
these values, the Huang-Rhys parameter, S, (equation 2)
and geometrical relaxation energy (equation 3) can be
determined.'®

-S n
=42 @

n!
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S=—* 3)

where: I is the intensity of the n manifold, E, is the
geometrical relaxation energy and v, is the vibrational
frequency (cm™).

The geometrical relaxation energies are, 136 meV and
121 meV for chloroform and toluene solutions,
respectively. These values are slightly larger than those
reported for MEH-PPV blended with polyethylene, ca. 86
meV, which can be associated with the larger possibility of
relaxation in fluid solvents.*
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Figure 5. Normalized fluorescence spectra of MEH-PPV MS86:
(—) experimental curve, deconvoluted curves (---). Concentration:
10®* mol L in a. chloroform and b. toluene, A, = 470 nm.

Thus the higher intensity ratio for chloroform is
attributed to the preferential solvation of the lateral groups
while toluene preferentially solvates the backbone.
Moreover, the solvation layer formed by chloroform
molecules surrounding the lateral groups tightens the
polymer chain to maximize the solvent-moiety
interactions. Since the lateral groups can display several
possible special orientations, several types of partially
folded conformations can take place and, as a consequence,
the fluorescence spectra are broadened. Differently, toluene
and other aromatic solvents undergo preferential
interaction with the conjugated polymer backbone
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(vinylene-phenylene groups), which adopt more planar
conformations.”:%:10:14.21-23.26.28.32.4344 Qpe unequivocal
experimental demonstration of the preferential solvation
of the lateral groups by non-aromatic solvents was the
orientation of these groups perpendicular to the
macromolecular back-bone making the film surface more
polar whereas the coplanar orientation were observed when
the film was spun using aromatic solvents.’ Consequently,
greater constraints are imposed on the backbone that limit
the possible number of conformations. More limited
distributions of conformers always lead to narrower
fluorescence bands because the number of emissive Franck-
Condon (FC) states is more limited.>

In general, preferential solvation is analyzed in terms
of planarity instead of the solubility parameters or other
representations of polymer/solvent interactions. The
solubility parameters for toluene and chloroform are
relatively similar, 8.9 and 9.3 cal'? cm*? * respectively,
and, in principle, they could be equally good solvents for
MEH-PPV. However, their components are quite distinct:
although the dispersive components are very similar (3, =
8.82 and 8.65 cal'? cm?*? for toluene and choroform,
respectively) the polar components are distinct ((3p =0.7
and 1.5 cal? cm?? for toluene and choroform,
respectively).*® In conclusion, although planarity can be
an important condition, specific interactions play an
important role for the preferential solvation, which is a
very complex phenomenon. The appropriateness of a
solvent can not be easily represented by a single solubility
parameter. Additional complexity is introduced when
solvents induce conformational changes of the conjugated
polymer chain that modify the effective lengths and the
size distribution of the conjugated emissive segments.
Consequently, the solvatochromism and the spectral profile
of the fluorescence and of the absorption band depend on
several factors: on the overlap of the vibronic progression,
on the configurational imperfections extrinsically imposed
by the solvent and intrinsically imposed by chemical
defects, on the configurational disorder, on the dynamics
of polymer relaxation and on the dynamics of
photophysical processes.

Photoluminescence in concentrated solutions

Fluorescence spectra of MEH-PPV in more
concentrated solutions, 107 mol L' (Figure 6), are slightly
red-shifted (2-3 nm) compared with the spectra of a 10
mol L' solution (Figure 5). This red-shift is independent
of the excitation wavelengths and is attributed to the inner-
filter effect, as often observed for concentrated solutions.**
The excitation spectra at the emission peak (557-560 nm)
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are also similar to those obtained at 10-® mol L' (data not
shown). However, some evidence of preliminary
aggregation of the polymer is revealed by the small change
of the relative intensity of vibronic bands 0-0 and 0-1,
I, /1,.,» compared with that for the 10* mol L' solutions.
For example, taking the experimental intensities at 556
nm and 599 nm for MEH-PPV MS86 in chloroform and
toluene solutions we obtained I /I, = 1.89 and 1.92,
respectively, which are lower than previously values (2.37
and 2.09). The aggregates of MEH-PPV emit at 600 nm in
coincidence with the vibronic 0-1 band of the intra-chain
isolated chromophore, which explains the relative increase

of the intensity at 600 nm,2630-334041
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Figure 6. Normalized fluorescence spectra of MEH-PPV M86 in a.
chloroform and b. toluene, with several concentrations: 10 mol L,
107 mol L', 10° mol L' and 10 mol L. Arrows indicate increase of
the concentration. /Im = 470 nm.

Figure 6 compares the fluorescence spectra of MEH-
PPV M86 in solutions of several concentrations, from 10
to 10 mol L', Similar results were obtained for samples
with other molecular weights and are omitted. Spectra of
toluene solutions are always sharper, the emissions of
aggregates (4= 600 nm) are relatively more intense,
shifting the spectra to the red. Aggregates increase the
relative intensity of the 0-1 band because their emission is
red-shift compared with the isolated lumiphore are
dimmers. If we assume that these aggregates are dimes and
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that this red-shift originates from a exciton splitting,* the
expected value of the Davidov coupling is 2B = 2500 cm’!,
which is in the range of the exciton splitting observed for
dimerization of small molecules*#’ and other conjugated
polymers.*

As noted in Figure 7, the fluorescence emissions for
solutions of 107 mol L' are also red-shifted compared
with the spectra of samples with lower concentration.
Larger red-shifts occur for chloroform solutions of M 125
(from 559 nm to 575 nm) compared to toluene (from 568
nm to 573 nm). Nevertheless, while for MEH-PPV in
chloroform the fluorescence emission is practically
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independent of the excitation wavelengths (4__ =390 nm,
A,.=470nmand A__= 540 nm), for toluene solutions the
lower intensity band at 598 nm has a higher intensity if
the excitation takes place at the red-edge of the excitation
band, ca. /lexc = 540 nm. In addition, there is a remarkable
decrease of the I /I, | ratio, compared with the 10* mol L
solutions. This effect is much more pronounced for toluene
solutions of M125.

As previously commented, the red-shift of the
fluorescence spectra resulted from: (i) inner-filter effect
produced by the higher optical density of the more

concentrated solutions; (ii) the conformational changes
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of the polymer chain that modify the effective size of the
intra-chain conjugation; (iii) the formation of aggregates
that increases the relative intensity of the red-edge 0-1
vibronic band (600 nm) and, (iv) interaction with the
solvent, producing solvatochromic effects. In principle,
the inner-filter effect depends only on the number of
chromophoric units present in solution, being independent
of the solvent (if differences of solubility are ignored).**
Nevertheless, the inner-filter effect can not explain the
simultaneous occurrence of: larger red-shift, higher
intensity of the red-edge band (600 nm), higher vibronic
resolution and stronger dependence of the spectral profile
on the excitation wavelengths for toluene solutions of
M125. The more plausible reason for the larger changes
for M 125 (compare Figure 7a,c, and e or 7b,d and f), is the
decrease of the solubility of longer chains.’” The
enhancement of the intensity at 600 nm can be attributed
to, at least, two major reasons: aggregation of the polymer
chains in more concentrated solutions, principally when
the molecular weight increases, and changes of the
conformational freedom. Nevertheless, there are several
reasons for our belief that aggregation predominates over
the conformational disorder: (i) there is a relative increase
of the band at 600 nm where the emission of aggregates
predominates; (ii) this relative intensity is more
pronounced for higher molecular weight samples, which
one expects to be less soluble; (iv) there is a remarkable
decrease of the entire intensity signal, which is compatible
with the decrease of the quantum yield of aggregates
compared to the isolated lumophores. On the other hand,
increase of the conformational disorder should produce
different types of changes of the spectral profile, such as: (7)
broadening of the emission band occurs when the
conformational disorder increases; (ii) more flexible
conformations produce shorter conjugation lengths leading
to the blue-shift of the emission spectrum. Thus, considering
that none of these two behaviors were observed and
considering that the solubility decreases with the increase
of the molecular weight, we conclude that the major reason
for the relative increase of the intensity at 600 nm is the
aggregation of the polymer in concentrated solutions.

Interaction with solvents with larger dipole moments
should shift the spectra to the blue or to the red, depending
on the stabilization of the electronic excited state.’®* In
particular some reports* showed that there is a decrease of
the dipole moment for excited state MEH-PPV that should
result, as observed, in a blue shift of the fluorescence
emission in more polar solvents.

Differences of the solvation abilities of chloroform and
toluene play an important role in controlling the shape of
the emission band. For toluene solution the excitation on
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the blue-edge of the excitation band (lexc = 370 nm) leads
to the emission of higher energy specie, the isolated form,
while excitation at the red-edge (4, = 540 nm)
preferentially excites the lower energy aggregates that emit
at the red-edge of the emission band. Although in toluene
we observe site-selective excitation, in chloroform
solutions the emission is independent of the excitation
wavelengths even though the higher relative intensity of
the band at 600 nm evidenced the presence of aggregates.
Because of the difference in solvation ability and similar
to other reports, we assume that toluene undergoes a
preferential solvation of the back-bone inducing a more
planar structure, which defines a sharper distribution of
conformations and sharper fluorescence emission bands.?
Under this condition, site-selective emission can be
observed. On the other hand, preferential solvation of
lateral groups by chloroform leads to a more flexible back-
bone, several conformations are possible emission bands
becomes broader and site-selective emission is not
observed. Although a precise explanation for these
observations requires additional data, for example time-
resolved spectra, we suggest that in less ordered systems
additional energy transfer or migration processes occur
and the relative quantum efficiencies of the emission of
isolated and aggregate forms are maintained constant. On
contrary, successive energy transfer or migration was
inhibited when a higher energy specie is preferentially
excited either because the radiative process is more
efficient or because the lower energy specie (aggregate) is
inaccessible. In any case this point requires further studies.

The red-shift of the absorption band is also observed in
addition to the fluorescence spectra. This result can be
interpreted according to the exciton theory developed by
Kasha et al.* According to this model, the relative
orientation of the transition moments of both interacting
molecules defines selection rules for electronic transitions
of the dimer. For example, in the case of the anti-parallel
orientation of the transition moments, the allowed electronic
transition is red-shifted compared to the isolated
chromophores, as are the absorption/excitation bands. Based
on this simple model from the experimental data, we
conclude that, in concentrated solutions, an inter-
chromophoric interaction takes place with anti-parallel
orientation relative to the backbone of the two
macromolecular segments.

Photoluminescence of films
Here we show the fluorescence spectra of polymer films

prepared by casting from dilute solutions (Figure 8). Film
thicknesses are very similar, ca. 30-40 um. As previously
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done for solutions, the analysis was carried out for both
peak positions and the relative intensities of the vibronic
bands. Fluorescence spectra of all films are red-shifted and
broader compared with concentrated solutions (Figure 7).
Better resolved vibronic bands are obtained for films cast
from toluene solutions, revealing a sharper distribution of
macromolecular conformations. As observed before for
toluene solutions the conformational disorder of the
conjugated polymers in solution is partially retained in
the solid state (memory effect).
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The site selective excitation of MEH-PPV films was
performed at room temperature, which is below the glass
transition (T, = 60-70 °C) (Figure 2 and Table 1). Assuming
that the pol);mer matrix is almost frozen below the glass
transition and that the excitation of Franck-Condon (FC)
states is a vertical process, preferential excitation and
emission take place when the decay is faster than the
polymer relaxation processes.**3*3! This assumption is
quite plausible for MEH-PPV since the fluorescence decays
occur in the range of hundreds of pico-seconds for the
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Figure 8. Normalized fluorescence emission of films from chloroform (—) and toluene (---) of MEH-PPV M51 (a, b), M86 (c, d) and M125

(e, ). Right side: annealed samples.
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isolated chromophore and of a few nanoseconds for the
aggregates.’! Under this assumption, the selective
excitation with higher energy photons (4, = 370 nm) of
smaller aggregates is responsible for the higher energy
emission (4 = 600 nm). On the contrary, photons with
lower energy (4__ = 570 nm) excite larger aggregates that
emit with lower energy (/1em =630 nm).

As noted in Figure 8, while the wavelength range of
the fluorescence emission (550-700 nm) is almost
independent of the excitation wavelengths regardless of
the molecular weights, the spectral profile depends on the
excitation wavelengths, on the molecular weight and on
the solvent, as well. For example, excitation with lower
energy photons increases the relative intensity of the
emission at lower energy only for films cast from toluene.
As pointed out, solvation in toluene induces a more planar
conformation of the backbone, which favors the
aggregation in m,m-stacked inter-chain orientations, and
this effect is enhanced for M125 due to its lower
solubility.*

Films cast from chloroform solutions exhibit a broader
spectrum (Figure 8), reflecting a broader distribution of
conformers. They are more strongly affected by the
annealing at T ~ T . Their spectra become sharper, shifting
to the red and acquiring the same profile as those cast from
toluene solutions. Topology of a sample of M86 was
recorded by fluorescence optical microscopy at several
temperatures. In Figure 9 some micrographs are shown (-
100 °C, -50 °C, 50 °C and 100 °C). From these micrographs
we observe that the corrugated topology at lower
temperatures becomes flattened and more uniform at
T~T,It is well known that annealing at T ~ T, erases the
thermal history of the samples, reduces the average free-

4|

Figure 9. Optical fluorescence microscopy of films of MEH-PPV
M86 at several temperatures: a. —100 °C, b. =50 °C, c¢. 50 °C and d.
100 °C. Magnification is 50 times. Dimensional area: 910 um x
910 um.

J. Braz. Chem. Soc.

volume,’>%* decreases the relative amount of larger free-
volumes, controls the polymer topology and produces
densification of the material.

Conclusions

We have shown that two good solvents for MEH-PPV
(toluene and chloroform) undergo different interactions
with the polymer, bringing about different conformations
in solution and cast films that are reflected in the
photoluminescence properties.

Both solvents and the polymer molecular weights play
important roles with respect to the photoluminescence
properties of MEH-PPV in solutions as well as in films.
Annealing is an additional parameter to be controlled for
films, since the conformational disorder in solutions is
transferred to the solid-state. Even though we employed
two good solvents with comparable solubility parameters,
their influences on film morphology and topology are
different.

A more extended conformation was maintained in films
cast from toluene, which enhances polymer aggregation.
Spectra of aggregates can be explained by the exciton
splitting of the electronic levels according to Kasha’s
model, where the orientation of the two chromophores is
similar to the sandwich conformation of the excimer of
aromatic molecules, leading to the formation of cofacial
p-p-stacked dimers.

The concept of good solvents for MEH-PPV samples is
not easily correlated with the solubility parameters.
However, even when good solvents are employed, the
observed micro-morphology of the solid state is not
necessarily the same. Molecular weights also play an
important role since the solubility decreases with the
increase of the molecular weight. Annealing at T = T,
stabilized the morphology of films prepared using different
solvents. This is a convenient temperature range to perform
the annealing process since it is enough to erase the thermal
history without significant polymer degradation.

Since the conformation in solution is partly retained
in the films, the solvent effects described can have an
important role in the electroluminescence properties of
this material, which is its most important application.
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