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Optical absorption, photoluminescence, and Raman scattering spectra of poly(para-phenylene vinylene) (PPV)
and single-walled carbon nanotube (SWNT) composite films are investigated at room temperature. Samples
have been prepared at different precursor conversion temperatures,Tc, (300, 180,and 120°C) and with SWNT
mass concentrations fromx ) 0% up to 64%. In each sample, we observe drastic changes in all optical
absorption spectra of PPV and composite films. In particular, after conversion atTc ) 120°C, PPV samples
exhibit photoluminescence (PL) with a new feature at about 2.55 eV together with less-intense ones at about
2.37 and 2.20 eV, respectively. The most-intense at 2.55 eV is due to a radiative recombination on the shorter
conjugated segments and interpreted from a theoretical model based on a distribution of conjugated lengths.
This distribution, which allows an assignment of all PL peaks, is also able to explain all experimental data
including Raman scattering and optical absorption spectra in a given sample. Also, further changes in PL and
optical absorption spectra are observed by increasing the SWNT concentration in composite films converted
at the same temperature. We have also investigated the effect of the dilution of the precursor polymer solution.
From the theoretical analysis of the optical absorption, PL, and resonance Raman spectra, we show that PPV
samples are characterized by a decrease of the effective conjugation lengths when the precursor dilution
increases. All experimental data are explained well with a bimodal distribution model reflecting an effective
inhomogeneity in the polymer as suggested already from morphological pictures issued in particular from
X-ray data.

1. Introduction

Conjugated polymers are of large interest in novel optical
and electro-optical devices. In particular, poly(para-phenylene
vinylene) (PPV) and its derivatives are among the most-
promising organic materials for flat displays and a great deal
of efforts have been directed toward the improvement of their
performances through chemical processes.1 PPV is the prototype
of electroluminescent conjugated polymers that has been studied
extensively.2,3 It is insoluble, and it is usually prepared from a
precursor polyelectrolyte polymer converted either thermally
and/or by UV irradiation.4 The optical properties of PPV samples
depend not only on the choice of the chemical group attached
to the precursor polymer5-7 but also on the nature of the
solvent,8 solvent concentration,9 and the storage conditions. Then
it has been shown that the conversion temperature (Tc) of the
precursor polymer solution is 300°C leading to the so-called
standardPPV with optimized optical properties. Furthermore,
the photoluminescence intensity of PPV has been reported to
depend on the heating rate and the environment gas.10 In
addition, when the conversion temperature is lowered typically
between 180 and 120°C, the precursor polymer is not

completely converted into standard PPV, but few studies11-13

were carried out on the optical property changes as a conse-
quence of the differentTc values. The absorption data show
that the decrease of the conversion temperature leads to PPV
samples characterized by shorter effective conjugation lengths
because of a partial conversion of the polyelectrolyte polymer
precursor. Alternatively, in composite samples,14 the increase
of concentrationx of single-walled carbon nanotubes (SWNTs)
in the precursor solution yields samples with shorter conjugated
segments with respect to standard PPV. This has been proven
by investigating the optical properties (optical absorption,
photoluminescence, and Raman scattering) of such systems.14,15

In this paper, we report an experimental and theoretical
investigation of the optical properties of both PPV and SWNT-
PPV composite films obtained from conversion temperatures
at 120, 180, and 300°C, respectively, and for different
concentrationsx of SWNTs. We show that dramatic changes
in the PPV optical properties occur when the preparation
conditions are varied.

We have also prepared thin PPV films converted atTc )
300°C with different polymer precursor dilutions. We find that
Raman scattering and photoluminescence (PL) spectra recorded
from these samples present changes in the relative intensities
of the main features. These modifications are similar to those
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already recorded in samples prepared by increasing the SWNT
concentrationx and/or decreasing the conversion temperature.
In addition, transient PL experiments in the picosecond time
range are shown for all samples. Experimental data are
interpreted in the frame of the model based on the bimodal
distribution of PPV conjugation effective lengths. This model,
which is able to reproduce the different experimental spectra
by using the same set of parameters, is also supported by
morphological pictures deduced from PL (see ref 16) and X-ray
data.17,18

2. Experimental Details

Composite films are prepared from a mixture of the precursor
polymer diluted in ethanol and SWNTs at different mass
concentrations dispersed by sonication. The obtained solutions
are deposited onto silica or silicium substrates under a nitrogen
flow. Beforehand, all substrates were cleaned in ultrasonical
bath with deionized water and ethanol.

The PPV precursor polymer with tetra-hydrothiophenium
groups is synthesized in our laboratory via a standard procedure
as described elsewhere.19 The powder of SWNTs used to prepare
homogeneous and stable solutions was provided by Aldrich.
Then, composite films obtained after evaporation of the polar
solvent are introduced in an oven and converted at different
temperatures (120, 180, and 300°C) under dynamic secondary
vacuum for a duration of 6 h. The thickness of the composite
films is typically ∼200 nm as determined by profilometry. To
study the influence of the precursor dilution, we have prepared
PPV films starting from a solution in which the polymer mass
concentration is 2.5 mg/mL. We have obtained three different
precursor polymer diluted solutions, respectively, 0.625, 0.25,
and 0.125 mg/mL, which correspond to a precursor solution
mass ratio of 1:4, 1:10, and 1:20 with respect to the starting
solution. We have deposited by drop casting the same volume
of each solution on different substrates and films have been
heated at 300°C under vacuum.

Optical absorption spectra are recorded by using a Varian
Cary 5 UV-visible-near-infrared spectrometer in the 1.8 eV-
3.6 eV range. Steady-state photoluminescence spectra are
collected from the front-face geometry of the samples with a
Jobin-Yvon Fluorolog spectrometer using a Xenon lamp (500
W) as an excitation source. For time-resolved PL experiments,
we use a laser system generating 30-fs pulses at 1 kHz. Emission
spectra are collected for the excitation energyEexc ) 3.1 eV
(400 nm). The pump energy density is set at 3.75 nJ/pulse. The
transient signals are sent to a monochromator and detected with
a streak camera of temporal resolution<20 ps. Raman scattering
spectra are recorded by using an excitation laser wavelength of
1064 nm on a Fourier-transform Raman spectrometer Brucker
RFS 100. Otherwise, resonant Raman scattering spectra are
recorded for a 90° scattering geometry with the 363-nm laser
wavelength issued from an Ar+ laser, on a multichannel Jobin-
Yvon T64000 spectrometer connected to a CCD detector. In
both cases, the spectral resolution of the scattered light was 4
cm-1. Infrared absorption measurements are recorded by using
a Nicolet FTIR interferometer 20 SXC with an energy resolution
of 4 cm-1. X-ray diffraction patterns are measured with a
diffractometer equipped with a curved position-sensitive detector
INEL CPS120 allowing to us to collect simultaneously the signal
in the 120° 2θ range. The wavelength of the incident beam is
1.542 Å. The diffraction plane is vertical and the sample film
area is horizontal. Because of the very small thickness of the
film, a grazing incidence is used to increase the amount of matter
for the incident beam. This last configuration may introduce

some errors in the peak positions of the diffracted pattern, which,
nevertheless, remain negligible with respect to the very broad
peaks recorded in PPV. Another consequence of the very small
sample volume is that parasitic signals are relatively large. They
arise from air surrounding the sample and from the silicon
substrate. All data are corrected for these effects.

All of our experimental data were obtained in ambient air at
room temperature and at 87 K under vacuum when indicated.

3. Results

3.1. Effect of Conversion Temperature and of SWNT
Concentration on Absorption and PL Spectra.Figures 1a-d
and 2a-d show optical absorption and PL spectra of composite
films with different SWNTx concentration as indicated and at
two conversion temperaturesTc ) 300 and 120°C, respectively.
This choice ofTc is relevant because it corresponds to different
stages of the thermal conversion process identified previously
by thermal measurements.20,21

On the right side of Figures 1a-d and 2a-d, we show the
optical absorption spectra of composite films, at the conversion

Figure 1. Room-temperature optical absorption and photoluminescence
spectra of PPV-SWNT composites converted atTc ) 300 °C for an
exciting energyΕexc ) 3.1 eV for different SWNT mass percentages
x. (a)x ) 0%, (b)x ) 2%, (c)x ) 32%, and (d)x ) 64%. Absorption
curves have been normalized to the maximum intensity of peak at 2.7
eV of curve a. PL curves have been normalized to the intensity of peak
2 (at ∼2.4 eV), respectively.

Figure 2. Room-temperature optical absorption and photoluminescence
spectra recorded on PPV-SWNT composites composites converted at
Tc ) 120 °C for an exciting energyΕexc ) 3.1 eV and for different
SWNT mass percentagesx. (a)x ) 0%, (b)x ) 2%, (c)x ) 32%, and
(d) x ) 64%. Absorption curves have been normalized to the maximum
intensity of peak at 3.2 eV of curve a. PL curves have been normalized
to the intensity of peak 2 (at∼2.4 eV), respectively.
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temperaturesTc as indicated. They are characterized by broad
bands that exhibit dramatic changes as function of the SWNT
concentrationx in the precursor solution, as well as of the
conversion temperature. This is consistent with results found
in the literature.13,14,22-24 In Figure 1a, the main band, attributed
to the π f π* electronic transition, is structureless and red-
shifted compared to that of Figure 2a. In Figure 1b-d, the
relative intensity of the absorption above 2.9 eV increases, as
discussed already in ref 14. For the PPV film partially converted
at 120°C (x ) 0%), in Figure 2a the absorption curve is well-
structured and exhibits several peaks at 2.9, 3.11, 3.28, 3.65
eV. They are attributed to the electronic transitions of short
conjugated segments. In Figure 2c and d, the relative intensity
of all the peaks above 3.2 eV increase forx increasing.

From the experimental data presented above, the conversion
temperature dependence clearly suggests that the effective
conjugation length in PPV films increases whenTc increases.
Alternatively, the SWNT concentration variation may indicate
that the complete conversion of PPV in the composite films is
progressively prevented by increasingx from 0% to 64%. This
fact explains the blue-shift of the main absorption band.

On the left side of Figures 1a-d and 2a-d, we present the
PL experimental data of the composite films converted atTc )
300 °C and 120°C for different SWNT concentrationsx as
indicated. The PL spectrum forTc ) 300 °C shown in Figure
1a exhibits two main peaks located, respectively, at about 2.25
eV (peak 1) and 2.40 eV (peak 2) with a small feature at 2.10
eV (peak 3). By increasing the SWNT concentrationx, the
relative intensity of peak 1 to peak 2 changes drastically. While
at x ) 0% (Figure 1a) peak 1 is the most intense feature, peak
2 becomes the dominant one atx ) 64% (Figure 1d).

The PL spectrum of thex ) 0% sample obtained atTc )
120 °C shown in Figure 2a exhibits two main peaks, respec-
tively, located at 2.37 and 2.55 eV (peak 4) and a bump located
around 2.23 eV. The peak at∼2.37 eV and the large bump at
∼2.23 eV are almost at the same energy as that of peaks 2 and
1, respectively. As the SWNT concentrationx increases in the
precursor polymer, the ratio of relative intensity of peak 4 with
respect to that of peak 2 becomes larger. One remarks that the
relative intensity of peak 1 with respect to that of peak 2
increases with the conversion temperature. Also, from Figures
1 and 2, we note a major change in the spectra when the
conversion temperature decreases. In fact, a new peak appears
at 2.55 eV in the spectra of Figures 2 that was not present in
the spectra of Figure 1. This feature can be correlated with an
average shortening of the conjugated segments as a consequence
of a lowerTc. This is a signature of the weight increase of the
short segments distribution in the samples whenTc decreases.25

PL spectra for composite films obtained atTc ) 180 °C (not
shown here) are characterized by two main peaks at 2.45 and
2.31 eV, respectively, and a small bump at 2.15 eV. The energy
values of these peaks are intermediate between those recorded
from samples obtained atTc ) 300 °C andTc ) 120 °C.

3.2. Effect of the Dilution of the Precursor Solution on
Absorption and PL Spectra. We present in Figure 3 optical
absorption and PL spectra of PPV samples obtained for three
different dilutions of the precursor polymer solution: (1:4) low,
(1:10) medium, and (1:20) high. In Figure 3a-c (right side),
we show optical absorption curves of PPV films obtained atTc

) 300 °C for the different dilutions as indicated. We observe
that all spectra are similar and that there is no evolution of the
optical absorption onset atE0 ≈ 2.35 eV, whereas the major
modification is related to the absorbance intensity, which
decreases by increasing dilution.

In Figure 3a-c left side, we show the influence of the dilution
of the precursor polymer solution on PL data of PPV samples,
which exhibit significant changes in the relative intensity of
peak 2 (at∼2.43 eV) with respect to peak 1 (at∼2.25 eV).
This effect seems to indicate a decrease of the effective
conjugation lengths when the precursor dilution increases. To
provide further arguments in the model presented later, we give
in the inset the PL spectra of PPV films obtained with different
precursor polymer dilutions, recorded at 87 K. All spectra shown
there have the same features and present no change in their
relative intensity.

3.3. Further Spectroscopic Characterization.To collect
further structural information, in particular on the conjugation
length distribution, Raman scattering data from the different
samples are given in Figure 4. We show in Figure 4a-c Raman
scattering spectra of PPV in the 1100-1700 cm-1 range for
the excitation wavelengthλexc) 1064 nm at different conversion
temperatures. The main peaks (labeled 1-5) are located at 1174,
1330, 1550, 1586, and 1625 cm-1 (see ref 26). The major change
of these spectra is the increase of the peak intensity at 1625
cm-1 with respect to that of the peak at 1550 cm-1 for
decreasing conversion temperature.13 This is the signature of
the increase of the short segment contribution in the samples
when the conversion temperature decreases.25

In Figure 4d-f, we show the resonant Raman scattering
spectra (RRS) taken with the excitation wavelengthλexc ) 363
nm for the films prepared with three dilution concentrations of
the precursor polymer solution in the 1100-1700 cm-1 range.
As can be seen, all RRS spectra are characterized by the same
five main bands, without frequency dispersion. These Raman
bands are attributed mainly to stretchings and bendings of carbon
bonds in the PPV molecular backbone.26 We note that the
relative intensity ratiosI1174/I1586 (I1/I4) andI1550/I1625 (I3/I5) as
function of the dilution, given in the inset of Figure 4, decrease
as the dilution increases. This trend is the consequence of an
increase in the different films of the weight of the distribution
of short conjugated segments with respect to that of the long
segments. This behavior is similar to what is observed in
different PPV films: (i) converted at different temperatures (see

Figure 3. Room-temperature optical absorption and photoluminescence
spectra of standard PPV films prepared with different diluted solutions
of the polymer precursor. (a) Low (1:4), (b) medium (1:10), and (c)
high dilution (1:20). In the inset, we present photoluminescence spectra
observed at 87 K of the same PPV films prepared atTc ) 300°C: (a)
low dilution (1:4); (b) medium dilution (1:10), and (c) high dilution
(1:20). All PL spectra are normalized to the maximum intensity of peak
2 and have been obtained with the excitation energyEexc ) 2.81 eV.
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also ref 4), (ii) in PPV-SWNT composite films as thex
concentration increases,15 and (iii) in PPV oligomers of various
lengths.13

To investigate the structural modification induced by the
dilution increase of the precursor polymer solution, we have
carried out X-ray diffraction (XRD) studies on the samples
obtained with low 1:4 and high 1:20 dilution, respectively.
Figure 5a presents the XRD diagram of a film prepared with
1:4 dilution of the precursor solution. One observes peaks
centered at 2θ ) 22.5° and 28.5° with a shoulder at 2θ ) 20.7°.
This XRD diagram is in good agreement with results obtained
elsewhere4,27 in which a careful study on a stretched PPV film
has been performed. Both peaks are characteristic of the
crystalline phase of PPV, corresponding to (110/200) and (210)
reflections, assuming that chains are aligned along thec direction
(parallel to the stretching direction of the PPV film) in a
monoclinic unit cell. We can deduce that the film prepared with
the 1:4 dilution contains crystallized domains with a average
size of 1.2 nm, estimated by using the Scherrer’s formula.28

This result shows that the crystallized domains are smaller than
those reported elsewhere.29,30 In Figure 5b, the XRD diagram
is given for the 1:20 dilution. Note that the peak at 2θ ) 22.5°
is no longer recorded while the one at 2θ ) 28.5° is still
observable. This proves that few PPV chains are still present
in the film obtained with a high dilution, but completely
disorganized. This feature is different from that observed in
composite films PPV-SWNT.17 In particular, at high SWNT
concentrationx ) 64%, the XRD pattern shows a peak at 19.5°,
which implies a smaller coherence length with respect to the
pristine polymer.15 Alternatively, the XRD data taken from
samples obtained forTc ) 300°C gives diagrams that are very
similar to that of Figure 5a. Only for the sample converted at
Tc ) 120°C, the XRD data are similar to those given in Figure
5b.

Fourier-transform infrared absorption measurements were
performed on two films obtained with a low and a high dilution,
respectively. This has been done in order to eventually detect
structural and chemical defects (Figure 5c and d), despite the
difficulty to extract an exploitable signal from the latter film.
Both IR spectra in Figure 5c and d are recorded in the 800-
2000 cm-1 range. From the spectrum shown in Figure 5d
compared to that in Figure 5c, we observe a decrease of the
two bands at 962 cm-1 (964 cm-1), attributed to an out-of-
plane bending vibration of the trans-vinyl group and at 1513
cm-1 (1514 cm-1), characteristic of the stretching vibration of
phenyl ring in “para” configuration. Moreover, we notice an
increase of the two bands at 1603 cm-1 (1596 cm-1) corre-
sponding to symmetry defects on chains and at 1682 cm-1 (1689
cm-1) characteristic of a stretching vibration of carbonyl groups.
These changes agree very well with the study on the photo-
oxidation of PPV films irradiated with a Xe lamp under ambient
conditions in air.31 The relative intensity variation of these bands
are quite consistent with the formation of chemical defects such
as carbonyl groups (CdO), which disrupt the conjugation length
of the segments in the chains of this film. Because of the large
electron affinity of CdO, these defects can trap and dissociate
excitons explaining, in part, the quenching of the PL as the
dilution increases. We assume that these chemical defects stem
from atmospheric oxygen diffusing from the film surface into
the bulk and break the vinyl double bond of the polymer.
Moreover, the less-organized structure of the film made with
the high diluted solution could favor the diffusion rate of oxygen
and, consequently, the rate at which damage occurs.32 FTIR data
confirm the shortening of the effective conjugation length in
the film obtained with high dilution of the precursor polymer
by the presence of chemical defects as compared to standard
PPV film.

We present in Figure 6 the spectrally integrated kinetics of
the samples investigated by time-resolved photoluminescence
spectroscopy. All signals are normalized to the maximum PL

Figure 4. Room-temperature Raman scattering spectra recorded for
an exciting wavelengthλexc ) 1064 nm of PPV films converted at
different temperaturesTc: (a) 120°C, (b) 180°C, and (c) 300°C and
room-temperature resonant Raman scattering spectra of PPV films for
λexc ) 363 nm prepared with different diluted solutions of the polymer
precursor: (d) low (1:4); (e) medium (1:10), and (g) high dilution (1:
20). In the inset, we show the intensity ratios (9) I1/I4 and (O) I3/I5 as
a function of the polymer precursor solution volume. Raman spectra
have been normalized to the maximum of the band around 1591 cm-1.

Figure 5. Top curves: X-ray diffraction patterns of two PPV films
converted at 300°C with: (a) low dilution of the precursor polymer
solution (1:4) and (b) high dilution (1:20). Bottom curves: infrared
spectra of two PPV films converted at 300°C with (c) low dilution of
the polymer precursor solution (1:4) and (d) high dilution (1:20).
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intensity and recorded in the 0-1000 ps time range. The
transient PL spectra (not shown here) are identical in energy to
those obtained in steady-state PL. We observe that the PL decay
rate varies drastically with the morphology of the samples,
depending on several preparation conditions such as the
precursor polymer dilution, conversion temperature, and SWNT
concentrationx. In particular, the recombination lifetime of PPV
sample shown in Figure 6d (similar to that of standard PPV),
is longer than that in samples containing a high SWNT
concentration (Figure 6g), and shorter than that in samples
characterized by high dilution (Figure 6a) and low conversion
temperature of precursor polymer (Figure 6b). These results will
be discussed later.

3.4. Theoretical Model and Band Shape Calculations.We
show in Figure 7a and b the calculated optical absorption band
shapes in the 2.00-3.60 eV range for the two samples withx
) 0% and 32%, as indicated, obtained at the conversion
temperatureTc ) 120 °C. We have used the model given in
refs 13 and 14 and the same values for the absorption electronic
energies and the electron vibration couplings given in Table 1
of ref 14. All of these values depend onn, which numbers the
phenyl rings in the conjugated segments whose lengths are
considered fromn ) 2-10 : n ) 2-6 refers to segments whose
electronic transition energies depend onn (short segments),
while n ) 7-10 refers to those whose electronic transition

energies are independent ofn (long segments). In this model,
the short segments are associated with the disordered regions,
and the long segments with the well-packed regions of the
samples. In Table 1 of the present paper, we give the bimodal
distribution parameters used in these evaluations:G is the
weight of the longest segment distribution (centered onn2) with
respect to the shortest one (centered onn1) in a given sample,
andσ1 andσ2 are the standard deviations for the two distribu-
tions, respectively. Note that in this particular case the two
distributions are centered on short segments and that the sum
in the evaluations are always performed fromn ) 2 to n ) 10.

The absorption band shapes and their structures shown in
Figure 7a and b to be compared with those of Figure 2, are
determined by theπ f π* electronic transitions of the segments
that have more weight in the distribution. Furthermore, the
relative intensity of the peak at∼3.25 eV with respect to the
peak at 3.1 eV, going from 0% to 32%, increases because of
the increased weight of the very short segments in this latter
case. In fact, the increase of the SWNT percentage in the
composite films determines a further rise of the shorter segment
contribution in the distribution, as it has been proved in ref 14.

In Figure 8a and b, we show the calculated Raman scattering
spectra forλexc ) 1064 nm obtained atTc ) 180 °C andTc )
120 °C, respectively. Both spectra have been calculated by
considering the model given in refs 13 and 15 and the electron
vibration couplings given in ref 14. In Table 1, we give the
values of the distribution parameters determined by the optical
absorption band shapes. Note in these figures the changes of
the relative intensity of the band peaked at 1550 and 1625 cm-1,
going from the sample converted atTc ) 180 °C to the one
converted atTc ) 120 °C. The ratioI1550/I1625 in Figure 8a is
nearly one, while in Figure 8b it is less than one. This is a very
important signature confirming that the short-segment contribu-
tion has more weight in the sample related to Figure 8b and
they are responsible for the preresonance condition at this
excitation wavelength. Both spectra are in very good agreement
with the experimental data shown in Figure 4a and b.

Figure 6. Transient photoluminescence kinetics recorded on PPV films
converted at different temperatures,Tc, prepared with different con-
centrations of the precursor solution and with different SWNT mass
percentagesx as indicated: (a)Tc ) 300 °C and high diluted solution
of the polymer precursor (1:20); (b)Tc ) 120°C; (c) Tc ) 180°C; Tc

) 300 °C for (d) low diluted solution (1:4) and for (e)x ) 2%, (f) x
) 16%, (g)x ) 32%.

Figure 7. Calculated optical absorption at 300 K of the PPV-SWNT
composite films obtained at the conversion temperatureTc ) 120 °C
and for different SWNT mass percentages: (a)x ) 0%, (b)x ) 32%.

TABLE 1: Bimodal Distribution Parameters Used in the
Evaluation of the Different Spectra Shown in the Figures as
Indicated

figures n1 σ1 n2 σ2 G

7a,8b,9a 2 1 4 1 0.35
7b,9c 2 1 4 2 0.23
10a,11a 3 1 6 1 0.30
10b,11b 3 1 6 1 0.25
10c,11c 3 1 6 1.2 0.20
8a 3 1 5 0.9 0.22
9b 2 1 4 0.7 0.28

Figure 8. Calculated Raman spectra of PPV films converted at different
temperatures as indicated: (a)Tc ) 180 °C; (b) Tc ) 120 °C; λexc )
1064 nm.
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In Figure 9a-c, we show the calculated PL spectra of PPV-
SWNT composite films obtained atTc ) 120 °C at different
concentrationx of SWNTs, as indicated. Calculations have been
done by following the model given in refs 14 and 33 and by
considering the bimodal distribution parameters obtained from
the absorption data and given in Table 1. The values of the
emission electronic energies and the electron vibrational interac-
tion couplings for each conjugated segment of lengthn, entering
the simulation are reported in Table 2. In this particular case,
the calculated PL spectrum is determined by the contributions
to the band shape coming from the emission transitions ofn )
4 up ton ) 10 conjugated segments, weighted by the bimodal
distribution. In the proposed model, we are able to account for
the contributions of the emission transitions from disordered
regions (short segments forn ) 4-6) and from “well-packed”
regions (long segmentsn ) 7-10). In the spectrum of Figure
9a, the band peaked at∼2.55 eV (peak 4) is due to the 0-0
electronic emission transition34 of n ) 4 conjugated segments.
The band peaked at∼2.36 eV is determined mainly by the 0-0
emission transition of then ) 6 segments and by the first and
second-order vibronic replicas of then ) 4 andn ) 5 pure
0-0 electronic transitions. The latter one at∼2.43 eV (n ) 5
electronic transition), hidden in the broad band, is responsible
of the asymmetric shape of the band peaked at 2.36 eV. The
0-0 emission transitions of 7-10 long segments at 2.23 eV
are responsible of the broad shape together with the vibronic
replicas of shorter segments in the frequency region 2.25-2.10
eV, with a small bump at 2.16 eV. By increasing thex
concentration in the composite films, the calculated PL spectra
change as shown in Figure 9b and c. The relative intensity
increase of the peak at 2.55 eV with respect to the peak at 2.36
eV, is accounted for by the increased weight of then ) 4
segments, with respect to those with longer conjugation lengths.

All of these spectra are in good agreement with the experimental
data of Figure 2.

In Figure 10a-c, the calculated PL spectra for the PPV
samples obtained from different diluted solutions are given. The
evaluation is performed by using the distribution parameters of
Table 1 and the electronic energy values given in Table 2 (see
captions). Because the excitation energy isEexc ) 2.81 eV, we
consider the contributions to the band shapes from the segments
whose conjugation lengths vary fromn ) 5 up ton ) 10. In
Figure 10 a, the PL spectrum is similar to the usual spectrum
of standard PPV at the observation temperatureT ) 300 K, as
reported in refs 14, 33, and 35, with peak 1 at 2.25 eV,
determined by 7-10 long segments (0-0 transitions), peak 2
at 2.43 eV, determined byn ) 5 segments (0-0 transition),
and a small bump at 2.10 eV, due to the vibronic replicas of
the previous transitions. In the calculated spectra shown in
Figure 10b and c for the samples prepared with an increased
dilution of the solution, the weight of the isolated short segments
with n ) 5 rises with respect to the well-packed regions as
shown in Table 1. In this way, the increase of the relative
intensity of peak 2 with respect to peak 1 is accounted for
(Figure 10), in very good agreement with experimental data
given in Figure 3. The interpretation of the changes of the PL
spectra (Figure 10) in terms of the increase of the short and
isolated segments is consistent with the X-ray diffraction data
given in Figure 5b. It is observed that for the samples prepared
from highly diluted solutions, the peak at 2θ ) 22.5°, due to
crystallized domains disappears, while the peak at 2θ ) 28.5°
is still present. This peak is the signature that PPV conjugated
segments present in the sample are responsible for the disordered
regions with short and isolated segments, while well-packed
regions are almost absent.

The evaluation of the Raman band shapes are given in Figure
11. They are obtained by using the bimodal distribution
parameters in Table 1, deduced from the absorption band shape,
and the model reported in refs 13 and 15. Note that from Figure
11 one can deduce that the intensity ratios (I1/I4 and I3/I5)
decrease as function of the dilution, as a consequence of the
increase of the short and isolated segments (see Table 1) and
in agreement with the experimental data given in the inset of
Figure 4. This trend is the consequence of the increased contri-
bution of the short segment vibrational frequencies in the Raman
scattering band-shape intensities, as it has been reported pre-
viously in refs 13 and 15. The results given in Figure 11 are in
good agreement with the experimental data of Figure 4d and f.

Figure 9. Calculated PL spectra at 300 K of PPV-SWNT composite
films obtained atTc ) 120 °C, for Eexc ) 2.80 eV, and for different
SWNT mass percentages: (a)x ) 0%, (b)x ) 2%, (c)x ) 32% and
64%. All of the bands are normalized to the peak at 2.55 eV.

TABLE 2: Values of Electronic Emission EnergiesΩn,e,
Electron-Vibration Couplings Se

f,n, and Emission
Bandwidths γn,e Used for the Calculations of Emission Band
Shapes for Different Excitation Energies

n 2 3 4 5 6 7-10

Ωn,e (eV) 3.51 2.82 2.54 2.44 2.31 2.26
Se

1,n 0.14 0.14 0.15 0.16 0.16 0.16
Se

2,n 0.06 0.06 0.06 0.06 0.06 0.06
Se

3,n 0.07 0.07 0.08 0.10 0.11 0.12
Se

4,n 0.78 0.62 0.57 0.50 0.42 0.34
Se

5,n 0.15 0.11 0.11 0.10 0.10 0.07
γn,e (eV) 0.05 0.05 0.06 0.06 0.07 0.07

Figure 10. Calculated PL spectra of PPV films prepared with different
diluted solutions of the polymer precursor and forΕexc ) 2.80 eV: (a)
low (1:4); (b) medium (1:10); (c) high dilution (1:20). The bands are
normalized to 2.25 eV peak.
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4. Discussion and Conclusion

The experimental data presented here are interpreted in the
frame of the bimodal distribution of effective lengths of PPV
conjugated segments whose theoretical analysis is also presented.
This theoretical model can be regarded as a morphological
simulation of a polymer consisting of short isolated segments
(disordered regions) and well-packed quasi-crystalline long
segments. We recall that in the model proposed then ) 2-6
and n ) 7-10 segments refer to isolated segments in the
disordered regions and to the long segments that simulate the
well-packed regions, respectively. Therefore, by using this model
we can account for a bimodal inhomogeneity in the polymer,
also in agreement with the results presented in refs 16 and 36.
Let us recall that the bimodal distribution of conjugated
segments has been introduced in PPV already for the interpreta-
tion of absorption and Raman data,13 but since then has been
put in evidence in other polymers such as polydithienylme-
thine.37

Absorption, Raman, and PL spectra are very well reproduced
by the calculations based on short- and long-segment distribution
and their electronic and vibrational properties. In Figures 2 and
9, the PL spectra are given for the samples converted atTc )
120°C as function of the SWNTx concentration. We have also
shown in Figure 3 and Figure 10 that PL spectra change as a
function of the dilution of the precursor solution. From the inset
of Figure 3, one can derive that they change as well as with the
observation temperature from 300 to 87 K. As a matter of fact,
the interpretation of the PL spectra needs to consider the
migration of the excitations from short to long segments. This
is a temperature-dependent effect, contrary to the energy-transfer
Förster mechanism, which is temperature-independent. Such a
mechanism has already been discussed intensively in ref 35.
As one can see at room temperature, the contribution of short
segments (peak 2 of Figures 3 and 10) increases dramatically
in the film prepared from high diluted solution with respect to
that of peak 1 becausr of the long segments. On the contrary,
peak 1 is the predominant one in the PL spectra of samples
prepared with low diluted solution. At 87 K, no difference in
PL spectra of all samples is observed. This can be explained
only by accounting for a temperature-dependent migration
mechanism from short to long segments (see refs 14, 33, and
35). This conclusion is also corroborated by considering the
PL decay given in Figure 4 of ref 18 where it is shown that the
PL decay rate of PPV depends strongly on temperature while
that of PPV-69%polyvinylalcohol does not show dependence
up to 1 ns. Moreover, the data in ref 38 show a strong

temperature dependence of the PPV fluorescence decay from
290 to 16 K, which in addition is similar to that of 1,4-bis-
((4′,4′′-bisstyryl)styrylbenzene):polystyrene (OPV5:PS). These
results imply that while at room temperature the PL spectrum
of standard PPV is dominated by the contribution of long
segments, at low temperature it is characterized by recombina-
tion on short segments.35

Furthermore, the PL decay can give deep insight into the
sample morphology (see Figure 6 curves a-d) which can be
checked also from XRD data (Figure 5a and b). In Figure 6, it
is shown that the recombination rate in the standard PPV sample,
when the long segments (well-packed regions) are predominant
(Figure 6d), is faster than that in the sample obtained from high
dilution (Figure 6a) characterized by isolated and short segments.
In agreement with this interpretation, one can derive from XRD
data that in standard PPV the well-packed and ordered regions
are responsible for the diffraction peak at 2θ ) 22.5°, which
disappears totally in the high-dilution sample. Alternatively,
from room-temperature steady-state PL spectra of samples
obtained withTc ) 120°C (Figure 2), one can deduce that the
most-intense feature of the spectra is the peak 4 at 2.55 eV,
due to the recombination onn ) 4 segments, with respect to
the peak due to then ) 6 segments. The peak due to then )
6 segments decreases in intensity when SWNTs are added in
the prepolymer solution, while the contribution of the long
segments to the peak at 2.23 eV is almost negligible. The decay
rate observed in the transient PL (Figure 6b), which is similar
to that of high-dilution samples (Figure 6a), corroborates this
interpretation. Also, the XRD data (not shown here) of the
sample prepared atTc ) 120 °C exhibit diffraction patterns
similar to that of Figure 5b for high-dilution samples, proving
that well-packed regions are almost absent in the samples. This
further corroborates the morphological picture we have pre-
sented. A different situation occurs in the PPV-SWNT
composite films for which the transient data given in Figure
6e-g shows a faster decay with respect to that of Figure 6d
(standard PPV). In these cases, we have to take into account
both the shortening of the conjugated segments and the
competition with the increase of photoconductivity as discussed
in ref 15. This nonradiative process is responsible of the PL
quenching at room temperature. The main contribution to the
PL decay originates from the recombination of charges on the
short segments where they are created. Alternatively, the
nanotubes can constitute a network for the charges that can
migrate from short to longer segments. From the XRD of PPV-
SWNT with x ) 64% given in ref 17, it is shown that there is
a peak at 2θ ) 19.5° corresponding to the PPV regions with
shorter coherence length together with a peak at 2θ ) 26.1°
related to SWNT bundles. The presence of bundles and still
well-packed regions in the composite films can support the
interpretation given above.

The experimental and theoretical spectroscopic investigation
on the polymeric compounds we have presented in this paper
gives important information on the distribution of conjugation
lengths, which depend to a larger extent on the content of
chemical and conformational defects in the polymeric chains.
As a matter of fact, the conjugation lengths are usually
significantly shorter than the chain length. Therefore, SEC (size
exclusion chromatography) cannot provide any insight into this
problem because the molecular weight distribution given by this
kind of measurement is not related in a straightforward manner
to the distribution of conjugation lengths.

In summary, a detailed analysis of the optical properties of
several PPV samples provides a better understanding of the role

Figure 11. Calculated resonance Raman scattering spectra of PPV
films at 300 K prepared atTc ) 300°C with different diluted solutions
for λexc ) 363 nm: (a) low (1:4); (b) medium (1:10); (c) high dilution
(1:20).
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of the different parameters influencing the synthesis of this
polymer. These include the conversion temperature, the dilution
concentration of the pre-polymer solution, and the SWNTx
concentration in composites. All data are well interpreted by
considering a bimodal distribution of conjugated segments.
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