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We present photoconductivity and Raman scattering data obtained from composite films(paragihe-
nylene vinyleng (PPV) and single-walled carbon nanotubes at different weight concentrations from 0% to
64%. It is found that the introduction of nanotubes in the PPV precursor polymer solution, heated at 300°C to
perform conversion into PPV, yields drastic modifications in both the structural features of the composite
components and in the electronic properties of the composites. The PPV polymer matrix becomes more
disordered due to the introduction of nanotubes which induce a shortening of the polymer conjugated segments
as shown by Raman scattering spectra. In addition, these spectra yield information about the evolution from
small bundles to thick bundles of single-walled nanotubes as function of their concenk.aRbntoconduc-
tivity data show that the percolation regime beginsxa2%, indicating that a migration network for the
photogenerated charges is established above this threshold. By using a model based on distributions of PPV
conjugated lengths and their changes as function ofe calculate the Raman scattering band shapes and their
relative intensities. The theoretical results lead to a comprehensive interpretation of experimental data.
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I. INTRODUCTION PL spectra of PPV/SWNT composite films at different con-
centrations from 0% to 64% obtained from precursor solu-
Conjugated polymers such as pgsraphenylene vi- tions thermally converted at 300° C. We showed that the blue
nyleng (PPV) and its derivatives can form with carbon shift and the decrease in absorption intensity as well as the
nanotube composite films which are very promising materichanges of the PL spectra are due to a shortening of the
als for potential applications such as transport layers, or to beffective conjugation length in PPV chains due to the in-
included in electronic devices, such as light emitting diodesrease of the SWNT concentration in the polymer matrix.
(LED), for example. To this respect it seems very importantThis result has been completely confirmed by a theoretical
to study the nature of photoexcitations in these systems. model for the absorption and the emission calculated b&nds.
has been reported previoust§that the introduction of mul- Furthermore, the quenching of the PL intensity observed
tiwalled (MWNT's) or single-walled carbon nanotubes when the concentratior rises (from 0% to 64% can be
(SWNT’s) in polymer matrices modifies drastically both determined by the increase of short conjugation length seg-
electrical and optical properties of the as-obtained compognents in the film and by improved charge transfer from poly-
ites. In particular, in such composites made with poly mer segments to SWNT's.
m-phenylene  vinylene-co-2,5-dioctoxyrphenylene  vi- In this paper, we present experimental and theoretical
nyleng® (PmPV), poly(3-octyl thiopheng and polymethyl  photoconductivity and Raman studies of PPV/SWNT com-
methacrylatg (PMMA) the electrical conductivity increases posites to complete our previous works carried out in absorp-
up to ten orders of magnitude. In photovoltaic devices basetlon and photoluminescentén similar samples. Additional
on ITO/PPV/MWNTSs/AI(ITO stands for indium tin oxidg  structural information are provided by means of transmission
the external quantum efficiency of these compounds is twicelectron microscop¥TEM), scanning electron microscopy
that of ITO/PPV/AI® Also, it has that been shown that pho- (SEM), and x-ray diffraction(XRD), together with Raman
toluminescence(PL) of composite films is dramatically scattering. In particular, Raman scattering performed in the
guenched and overall shifted towards the blue range of thiow-frequency region, via the radial breathing modes of
optical spectrum as function of the MWNT’s concentratton. nanotubes, is powerful to determine both their tube diameters
Additionally, previous works have reported strong modifica-and aggregation in bundles, whenever the tube concentration
tions of the PL spectrum in PPV thermally converted atis sufficiently high. Otherwise, spectra recorded in the
210°C onto a MWNT laye?. These data are characteristics 1000—1700 cm region exhibit features of both PPV coniju-
of interactions between PPV and carbon nanotubes. This wagated chains and the so-called “G” mode of SWNT’s. This
also reported recently in PPV derivatives/carbon nanotubegode is observed in carbon nanotubes, the origin of which
or Cg, composites. being theE2gz mode of graphite. Therefore, on the one hand
Previously, we presented a detailed and comprehensivealculations of intensity ratios of Raman bands of PPV per-
experimental and theoretical study of optical absorption andnit to test the distribution of chain conjugation lengths found
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from the calculated absorption bands for the same samples.
On the other hand, the evolution from small SWNT bundles
to thick ones can be followed from the G band behaX¥ior.

II. EXPERIMENTAL DETAILS

The sulfonium polyelectrolyte precursor polymer of PPV
was synthesized in our laboratory via the standard procedure
using the tetrahydrothiophenium group described
elsewherd? The powder of single-walled carbon nanotubes
used in this study is produced by laser ablafibihe pow-
der of SWNT's is dispersed in the methanol solution of the
soluble precursor polymer with sonication at different weight
concentrations of SWNT’s. Note that this dispersion is quite
uniform and stable without any nanotubes deposition for a
period of several months. Thin films of these resulting mix-
tures were obtained by depositing the solution under a nitro-
gen flow onto silica substrates for optical absorption, Raman
scattering, and onto silicari0Q single crystals or glass sub- gy, 1. High-resolution transmission electron microscopy image
strates for XRD measurements or SEM observations. Beforgg, he composite film ak=64%.
hand, all substrates were cleaned in an ultrasonic bath with
deionized water and ethanol. Then thin films were subseh

quently heated under dynamic secondary vacuum at a typic%lje porosity of the composites increases with a dense nano-

o Rop e
temperature of 300°C for about 6 h to achieve the conver: bes network. Fox=16%, individual separated bundies are

; : : well observed while fox=64% SWNT's are mixed in the
sion of the polymer precursor into PPV. The thickness of the olymer network. Details will be published elsewh&ten

obtained films is about 200 nm. Raman spectra have be

recorded with different laser lines in the visible range ig. 1, we show the HRTEM image of the samplesxat
=676.4 nnj, in the near UM\, =363.8 nm, and in the near- =64% where we can see three bundles of about 20 nm in

infrared region(\, =1064 nm, using a multichannel Jobin- width. Each bundle consists of about 15 SWNT'’s whose in-

Yvon T 64000 spectrometer equipped with a cooled detecto‘?'\./Idual diameter is around 1.33 nm. Let us notg that in this

and a Fourier-transform—Raman BRUCKER RFS 100 app micrograph, one observes also a metallic particle encapsu-
ratus, respectively. The scattered signal was collected eith ?tedt_m amolrphous]: ;:r?rbon. Frdo_m a prehrfmggr\)// ang Ig(I)DT//
at 90° or in backscattering geometries under microscope E\i/\r/?\l'_:fe anay3|_.:, of'l € x-ray mgrzmg 0 th tar; wral

in macroscopic configuration. The wave number resolution;, composite fims, one can deduce that structura

of the Raman spectra was 2 din the near-IR and the dlsorder and mhomog_enelty rise in the polymer matrix of the

visible region and 4 crit in the near UV region. All mea- composite by increasing the concentration of nanotdb&s.

surements were carried out at room temperature and in anT—hiS implies a decrease of the coherence length in the poly-
bient air. SEM images of the PPV/SWNT composite films M€’ component. -

were obtained by using a JEOL JSM 6400F microscope and In F!g. 2 we_present the photoconducnwty data taken for
high-resolution transmission electron microscapyRTEM) an excitation\; =488 nm. In our experiment the percolation
images by using a HITACHI HNAR 9000 microscope. In
this latter case, the mixed solution of PPV precursor
polymer/SWNT's is deposited by drop casting onto the Cu
support grid in order to form thin free standing filrgthick-
ness about 40 ninThe films obtained were introduced into
the electron microscope, then were heateditu at 300°C !
by means of a sample heater holder. Photoconductivity meai"—‘z -
surements were performed using the 488 nm line of an argorz
laser. Surface gold strips with a 1 mm interelectrode spacingg E L
are evaporated and contacted to the external circuit with ar§ L
Ag-loaded epoxy resin and films are attached to the coldg  §
finger of a cryostat. A high sensitivityl02°A) Keithley &
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digital electrometer model 6517 was used to detect the ob- N

served photocurrent. The ohmic law was checked up to 3 <

300 V/cm and the data were recorded by using a field of 403~~~ ~
100 V/cm. The dark current increased drastically by 11 or- 0 5 10 15 20 25 30 35

ders of magnitude from=0% to 32%. X swnt concentration (%)

lll. RESULTS FIG. 2. Photocurrent at room temperature as function of weight

SEM images of PPV/SWNT composite films at different percentages for the excitatiorh, =488 nm. The solid line is a fit to
concentrationsx show that at high SWNT’s concentration, the data using the percolation model.
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migration of charge carriers. In a concomitant way, this re-
sult is in agreement with the PL quenching reported in Ref. 8
for high x concentrations. This point can be further argu-

FIG. 3. Light powerP dependence of the photocurret at mented by measurements of lifetime of the photocurrent be-

room temperature for standard PPV and PPV-SWNT compositel®W the percolation thresholtk<2%). In Fig. 4 we present
films for different SWNT weight percentages (a) standard PPV, the normalized phqtoqurrent for d|ffere|_‘|t composite samples
(b) x=0.5%, (c) x=1%, (d) x=2%, (€) X=8%, (f) x=16% and(g) after the laser excitation has begn _swnched off=a, and.
x=32%. Inset shows the variation of exponentersusx. Abscissa  [0f the same pump power. The lifetime of the photocarriers
and ordinate axes are given in decimal logarithmic scales. increases substantially whenincreases, in agreement with
the large state of disorder introduced above. In the second
regime begins ak=2% and is characteristic of a three- regime (x>2%), the photocarriers are trapped more easily
dimensional system. The data given in Fig. 2 have been fittedn PPV segments, since the nanotubes favor charge transport
using a percolation mod€lfrom which the percolation re- and the lifetime is shorter.
gime threshold and the dimensionality of the systems can be In Fig. 5 we show the maximum of photocurrent for
derived. In the system we have considered here, the dimer2% as function of temperature in semilogarithmic scale.
sionality parameter is found to kg=2 for the photoconduc- The photocurrent is decreasing with decreasing temperature
tivity. Note that the values of photoconductivity change bydue to the lower mobility of the photocharges and the in-
seven orders of magnitude in the range from 0% to 8%, afte¢reasing probability to be trapped. Due to this effect the in-
which a “plateau-type” curve is reached. tensity of the PL increases at lower temperature in PPV
The light power dependendof the photocurrent, was ~ samples as shown in Ref. 16. The photocurrent is thermally
studied for each composite samjfeom x=0% to 32% by  activated with an activation energy of 0.20 eV. This value is
varying the light intensity with neutral density filtefSig. 3.  very near the thermal activation value of pristine PPV
A power-law dependenck,>P? is found for allx and the  (0.25 e\).}” This result implies that photoconductivity is due
variation of y versusx is shown in the inset of Fig. 3. The to PPV photogenerated charges and the SWNT fraction in
minimum of this curve is found arourx=2%, which is the the composite provides only the migration network for the
threshold of the percolation regime, in agreement with thecharges. The state of disorder that is invoked above to ex-
value found previously. This curve, in addition, is character-plain the behavior of the photoconductivity data can be
istic of two different regimes. When<2%, y decreases checked by additional spectroscopic measurements. In par-
from 0.75 to 0.20 as a signature of the introduction of aticular, Raman scattering performed on PPV has been shown
larger state of disorder, decreasing the recombination mech# be a powerful tool to check the effective length of conju-
nism. Whenx> 2%, v is stabilized at 0.20, the system being gated segments by a determination of distributions of chain
presumably dominated by a dissociation of the excitons, anténgths in various samplég.

1 10 100
P(mW)
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FIG. 5. Maximum photocurrent of the=2% composite versus
temperature. The solid line is a linear fit with the Arrhenius law. The
ordinate axis is in decimal logarithmic scale.

In Fig. 6, Raman scattering spectra in the range
120-220 crit are displayed as function of the SWNT con-
centrationx in the composite films. The evolution of the
breathing mode bangrigs. §a)—6(g)] observed in the range
160-180 cri* in the composite films is presented far (0)
=1064 nm. The band at 160 ch[Fig. 6b)] progressively
decreases whex increases, while another peak around (a)
180 cnt concomitantly grows in intensity reaching a maxi-
mum in Fig. §g) for x=64%. This result can be explained by 1 r T ' 1 T 7T 7
the aggregation of SWNT’s from isolated tubes to small 120 140 180 180 200 220
bundles and to thick oné8.In fact, the frequency of the
breathing mode in this frequency region is modified by the
van der Waals interaction between isolated nanoté@s, FIG. 6. Raman scattering spectra of the composite films at room
and the strength of this interaction increases as function of temperature taken with\, =1064 nm in the frequency region
Using excitation wavelengths in the red range for which the120—220 criit. (a) x=0, (b) x=1%, (c) x=2%, (d) x=8%, (€) X
Raman response of metallic tubes is resonantly enhanced, i216%, (f) x=32%, and(g) x=64%.

676.4 nm, a similar global behavior is found, in particular for

concentrations of nanotubes higher than 8%. Again our respectra are determined by the nanotubes vibrations contrib-
sults are in rather good agreement with those presented imting to the band at 1300 c¢rh(D band which has been
Ref. 19, showing combined Raman and x-ray data of thimascribed to intrinsic defects and disordered graphitic struc-
bundles and thick bundles of nanotubes, respectively. tures. Moreover, for this excitation wavelength, at high

We present in Fig. 7 Raman spectra taken with  SWNT's concentrations, the Breit-Wigner-Fano component
=676.4 nm of composite films for different concentrations ofof metallic tubegG band is obviously recorded and this part
nanotubes in the range 1100—1700 &nwe compare to the of the spectrum resembles that of pristine SWNT’s as shown
spectrum of pristine PPV which exhibits the standard feain Fig. 7(g).>* Notice that this is consistent with the forma-
tures, i.e., five main bands at 1174, 1340, 1550, 1586, antion of thick bundles embedded in the polymer matrix. On
1625 cm?, the assignment of which being published the other hand concerning the PPV polymer, we note that the
previously® (see Table). Let us recall that a complete study intensity of the Raman band at 1174 ¢nis decreasing as
was consequently carried d8itshowing that the stretching increases. This effect is due to the increase of the short seg-
vibrations of the vinyl group and the phenyl ring do not ments in the sample and to the decrease of the relative con-
significantly change in frequency with laser excitation wave-tribution of PPV segments to the Raman scattetfhg.
length, since only an upshift of a few wavenumbers is re- In Fig. 8 we show the resonant Raman spectra with the
corded when higher excitation energies are used. An impotexcitation wavelength\; =363.8 nm of PPV and PPV/
tant feature, however, concerns the intensity ratio betweeBWNT composite films at different concentrations. In this
the 1550 and 1625 cth Raman bands. Due to resonancefigure we observe only the contributions to the Raman scat-
conditions with the electronic transitions of long conjugatedtering coming from the vibrations of PPV segments, since
segments, this ratio is larger than one Xp=676.4 nm, as it  only the electronic transitions of these segments are in reso-
is shown in Ref. 18. Ax increases the main features of the nance with this excitation wavelength, with no contribution

Raman intensity (arb. units}

Wavenumber {(¢cm™)
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FIG. 7. Raman scattering spectra of the composite films at room Wavenumber (cm™)
temperature fol\  =676.4 nm in the range 1100—-1700 ¢m(a)
x=0, (b) x=1%, (c) x=2%, (d) x=8%, (€) x=32%, (f) x=64%, and FIG. 8. Resonant Raman scattering spectra of the composite
(g) SWNT powder. films at room temperature fox, =363.8 nm.(a) x=0, (b) x=2%,

(c) x=8%, (d) x=32%, and(e) x=64%. In the inset we show the

of SWNT’s. The spectrum is characterized by five mainintensity ratiosls/Is andl,/I4 as a function ok.
bands at almost the same frequency as given before in Table
l. From Fig. 8 we can notice that the intensity ratiosspectra taken at different conversion temperatures for pris-
1(1174/1(1589 (l,/1,) andl(1551)/1(1627) (I5/15) decrease tine PP\ in which it is shown that it increases when the
as x increases from 0% to 64%see inset of Fig. B This  conversion temperature decreases. This band is ascribed to a
trend is a signature in the different samples of an increase ofibration of the precursor polymer which turns out to be
the short segment percentage with respect to that of the longaman and infrared active, presumably as a consequence of
segments?® In addition, this behavior is equivalent to that an increased disorder in the samples.
observed from partially PPV converted samples at different In order to interpret the Raman scattering data, we have
temperature$® carried out calculations on the model published previddsly

In the spectra shown in Fig. 8 there is an additional feain both resonance and preresonaBRS conditions for
ture at 1411 cm' already observed in Fig. 7. This feature is PPV. To do so, we use the functions(Q), , ) of the first-
more intense foi, =363.8 nm and its relative intensity in- order RRS cross sectiofidor each vibrational frequency;
creases withx. This small band is again a signature of a considered, given in the following equation:
partial conversion of the prepolymer solution as observed in

10 1 2
TABLE I. Assignments of the most intense Raman active modes a(Q,0) = 2, IMJ*S > (-)'Ry(Q — ley)
of PPV. n=2 1=0
1 . . 1 w= o)
f Frequencyw; (cm™) Main assignment X —=exp - | —=——| [Pn, (1)
V2mA 2A¢

1 1174 G—C stretching + C-H bending

of the phenyl ring where ), is the laser excitation frequency is the fre-
2 1330 C=C stretching + C-H bending quency in the Stockes rang4; is the width of the Raman

of the vinyl ring band considered whose maximum isagtgiven in Table I,
3 1550 C=C stretching of the phenyl ring andM,, is the electric dipole moment intensity for the electric
4 1586 G—C stretching of the phenyl ring  transition to the By, state of each oligomer with phenyl
5 1625 G=C stretching of the vinyl group rings2% whose frequency is indicated 4y, (see Table ).

The functionsR,(Q, —lw;) for =0, 1 which weight for each
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TABLE Il. Values of {),,, &, and y,, used for the calculated TABLE Ill. Distribution parameters used in the calculations of
Raman scattering band shapes and the intensity ratios of differeihe Raman scattering band shapes and the intensity ratios of stan-
PPV and PPV-SWNT samples. dard PPV and PPV-SWNT composite films for different weight

percentages from 0.5% to 64%. Standard PPV is indicated with
n 2 3 4 5 6 7-10 x=0.
0, (eV) 3.78 3.25 3.00 2.86 2.75 260 n oy N, o G
Sin 0.40 0.40 0.42 0.45 0.50 0.52
Son 010 008 008 008 008 008 O 3 1 8 2 03
S 012 012 012 015 020 020 OO 3 1 7 0.26
Sin 096 095 092 092 075 o070 1! 2 1 6 1 0.2
S 032 025 023 015 015 010 2 2 1 ° 14 03
o(eV) 012 012 014 016 018 020 16 2 1 > 1.2 0.29
32 2 1 5 0.9 0.22
64 2 1 5 0.7 0.21
oligomer of lengthn the cross section, are given in the fol-
lowing equation: ,
5 2 5 . — _1-G {_ (n: nl) } + G
Ri(Q) =exp [— >s ] PP P 2r | T\ 2o, ) | o
=1 |j=or=1 (! n-ny)\2
7n+i(QL_Qn_jwf) (2) Xexp|:_( \50'2) :|, (3)

-
Yo+ (-0 jor) wheren, ando are the values of the most probable segment
In Eq. (2), S, are the contributions to the total Huang- lengths and the related dispersion, respectively, of the distri-
Rhys factorsSq:fo’:l S which come from each vibrational bution forn=2-6 (short oligomery while n, and o, are the
mode (labeled byf) interacting with the electronic excited values for the parameters related to the distribution rfor
state B, of every oligomer withn phenyl rings. These con- =7-10 (intermediate length oligomexsG is the weight of
tributions are related to the electron-vibrational couplings forthe second distribution with respect to the first one. All the
each vibrational stretching mode we consider hérel  distribution parameters used in the calculated RRS spectra
-5) and whose frequency is indicated by. j=0, 1, 2 num- are given Table Ill. We note that these are the same as those
bers the vibronic processes considered in the following calused in calculated absorption spectra given in Ref. 8. In all
culations(up to two vibronic processgs the same approxi- the calculated spectra shown in the followirdg, appearing
mation as we have used in the optical absorptionin Eq. (1), is equal to 7 cmt and is constant for alf.
calculation®181n this paper, we do not take into account any  In Figs. 9@ and 9b) we show the calculated spectrum
change ofw; with n, which is related to the length of the for A =676.4 nm and 363.8 nm for the sample2% by
segments. using the values given in Tables I-Ill. The relative intensities
In Table I, we giveQ),, S, and the damping factorg,  of the main peaks are in very good agreement with those
for T=300 K. (), have been evaluated in the same approxi-shown in Fig. Ta). The calculated changes of the intensity
mation as in Ref. 27, and they are in agreement with the data
reported thereS; , are fitted from the Raman experimental L I B L I BN B
spectra of the oligomers, taking into account also the prop- @) —— A, =676.4nm n

erties of the electron vibrational couplings in thg,Excited (b)— %, =3638nm
states for intermediate and short segméhtds it can be
seen from Table II5, change as function of the stretching
mode frequencieso; (f=1-5 and of the number of the
phenyl ringsn. In particular, S, , and S;, increase forn
going from 2 to 10, while5, , andS;, decrease an8,, do

not show a significant change in the same range. dhis is

due to the different behavior of the five electron vibrational
couplings coming from the decreasing localization of the
electronic statesB,, for increasingn.

We want to note that all the values given in Table Il and
which are used in the calculated RRS spectra given in the
following are the same than those used for the optical ab-
sorption calculation from the same samplds. Eq. (1) we FIG. 9. Calculated Raman scattering spectra in preresonance
have weighted the contributions of thg coming from the (A =676.4 nm and resonance conditiorts, =363.8 nm at RT of
effective lenghts withn phenyl rings withP,, the double the composite films withx=2%. (@) A\ =676.4nm, (b) \_
Gaussian distribution given in E¢3). =363.8 nm.

L]

i A
||*l
.|...|A..|...|..J.L)I.‘

100 1200 1300 1400 1500 1600 1700
wem’)

Raman Intensity (arb. units)
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are shown. All the results shown in Figsb® 11(a), and
11(b) are in excellent agreement with experimental data of
Fig. 8.

—8 1A ford =647.1nm
—x L/ for & =676.4 nm
- 1/, for k| =647.10m
I/, for b =676.4 nm

-
[¥]

IV. DISCUSSION

In this paper we have presented several experimental data
of PPV/SWNT composites, by using different techniques:

[nteosity Batios
-

o8 T | TEM, photoconductivity, and Raman scattering. Our aim is
0.6 to reach a more comprehensive understanding of the effects
ﬁ;_ PO of nanotube introduction in the polymer precursor of PPV
04 1 "I'* T————————g| subsequently heated at 300° C. This study should complete a
0 5 10 15 20 25 30 35 40 45 %50 55 60 65 previous investigation presented in Ref. 8 about experimen-

% of SWNT tal and calculated absorption and PL spectra of the same
samples.
FIG. 10. Calculated intensity ratidg/ |5 andl,/1, as function of Ffom XRD studies carried on our composites as a func-

X (percentage of SWNT weighfor A, =647.1 and 676.4 nm. tion of the SWNT concentration we observed an average

ratio of 1(1174/1(1586=1,/1, and 1(1550/1(1625=14/Is decrease of the coherence length of the PPV polymer, as an
as function ofx concentrations are shown in Fig. 10 for indication that the structural order of the polymer matrix is
=676.4 nm and\ =647.1 nm. From these data O'ne can de_affected by the presence of nanotubes, leading to a more

rive that the calculated ratiq/1, shows a decrease bf, the Emodrlphou?, compct))und: Ig paralle;%v;y, the_ plresccajnce of
peak intensity at 1174 cth whenx increases, as experimen- 24N esd 0 nanoctju SSPSV en:jonstr .lrom Simi ard atraiﬁ
tally observed. We note that in these calculated ratios, we diFPOrted on standar and on samples prepared at difier-

not take into account the decrease of the PPV fraction in thgn; temper:aturells“,we can deduce that the presen<|:e ofrr:ano-l
composites as increases, which is responsible of a further [UP€S In the polymer precursor prevents a complete therma
decrease in the experimental data. conversion of this precursor into PPV. The increase of the

In Fig. 14a) the calculated spectrum for the=64% SWNT concentration leads to a system which behaves like a

sample is shown fox, =363.8 nm. In Fig. 1(b) the changes PPV sample converted at a lower temperature. It is known

of the intensity ratios,/1, andl;/15 versusx concentrations that this (_jecrease IS responsﬂqle for (_)btalr_ung PPV samples
characterized by shorter effective conjugation lendths.

T T These results are furthermore corroborated by experimen-
4 tal Raman scattering results. In addition, calculations of the
relative intensity of the Raman bands of PPV segments dem-
onstrate changes as a functionpfandx, as a proof of the
shortening of the effective conjugation lengths. This result
brings to the same conclusion as proposed in Ref. 8 where
the optical absorption and the PL emission together with the
calculated spectra have been reported as a function lof
fact, we have proved there that all the variations of the opti-
cal absorption spectra as functionfre the signatures of
the fact that the polymer precursor is not totally converted.

AL =3638mm

I

Raman Intensity (arb. units)
T T T T T T T T T T TTTTTTT

1100 1200 1300 1400 1500 1600 1700 The main changes are the blue shift of the- 7" main
(@) o (cm ) band, the shift and the intensity increase of the bands initially
0.63 ] (for x=0) at 4.7 eV and the intensity rise of the peak at 6 eV.
Y O LA fer }, =3638nm _| All these modifications in the spectra, as proposed in Ref. 8,
O 1/, for by =3638nm can be related to the shortening of PPV conjugation lengths
2055 [ o —d and to the tetrahydrothiophenium group contribution.
2 esk i Furthermore, with the Raman data on SWNT’s, in the
C3N 1 range 1450-1650 cth for A\ =676.4 nm(see Fig. J, we
g 0451 7 have proved that as function gfthe SWNT bundles change
g o i from small (see for instancex=16%) to thick bundles(x
JE* & = = =64%). The change of the band shape in this frequency re-
“-35_‘ 7] gion is due to the Fano coupling which becomes more effec-
03 I N T D N S O I B tive in thick bundles as reported in Ref. 19. In our experi-

L1
0 5101520 2‘; 30 35 48 45 50 55 60 65 ment, the evolution of the band shape as a function if
of SWNT .
very well demonstrated. These results are also confirmed by

FIG. 11. (a) Calculated resonant Raman scattering at RT of thethe Raman scattering data in the range 120—220 éon the
composite films ak=64% for\, =363.8 nm;(b) calculated inten- Ssame wavelength.
sity ratiosls/Is and14/1, as function ofx (percentage of SWNT The change of the RBM mode frequency from about
weight for A\ =363.8 nm. 160 cm! to about 180 crit as a function ofk is due to the
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evolution from isolated tubes or small bundles into thickbe surprising in view of previously reported resgltal-
bundles. This is an effect of van der Waals interaction bethough not unique in polymer-nanotube composites. Our
tween tube¥ and/or an effect of the pressure induced on themethod of preparation implies the mixing of the precursor
bundles by the PPV polymétAll these data are in excellent polymer and nanotubes dispersed in methanol. In that case, a
agreement with those obtained with TEM shown in Fig. 1,strong interaction between the two components may arise,
where forx=64% the packaging of bundles is very well the precursor polymer acting like a surfactant and therefore
observed. dispersing the nanotubes. The low percolation behavior can
In this paper we have also presented data of PC as funghen result from the shape of the tubes which provide easily
tion of the SWNT concentratior Let us recall the previous the migration network mentioned above. In a concomittant
conductivity measurements on PmPV-SWNT compositesvay, the interaction can prevent the total conversion of the
given in Ref. 2 show a percolation behavior with a thresholdprecursor polymer into PPV upon thermal annealing. This
of approximately 8.5% nanotubes mass fraction. It is pointedast effect is then responsible for the shortening of the con-
out that two regimes of current versus voltage are recordefligation length of PPV, as demonstrated by our experimental
for low and high field$. In our case, beginning fronx  and theoretical results obtained in both absorption, photolu-
=2% we observe the dramatic increase of the PC whichninescence, and Raman scattering. Then the 2% threshold of
shows a percolation behavior. This can be interpreted by thghe percolation behavior of the PC data turns out to be also
fact that a low fraction of SWNT's is sufficient to create a important to put in evidence the consequences of the conju-
network for the migration of the charge carriers. Thereforegation length shortening in all optical data of the PPV com-
SWNT'’s are responsible for both effects: the shortening ofonent in the composite films, as discussed above.
the PPV segments during its conversion and the migration
network of charge carriers. The data of PC are in very good V. CONCLUSION
agreement with the interpretation we have proposed for the
PL data. Indeed, we showed that the intensity of PL spectr?1
is dramatically quenched for the composite films with in- u
creasingx.? This effect can be interpreted by considering the
decrease of the PPV fraction in composite films for different
x and the increase of the PC, as we report in the preseﬁ
paper. Moreover, we have shown in Ref. 8 that PL spectr
taken from composite films with differemtare characterized
by important changes in the emission band shapes. All th

changes in the PL bandshape are very well reproduced by a . ! :
model based on the interchain and intrachain dynamics of thBerlmental da_lta, .SUCh as the b_ehawor O.f the photolumines-
cence occurring if charge carriers remain trapped on short

excitations and on shortening of the effective conjugation > )
egments or migrate on longer segments without encounter-

lengths. Then, the PL onl rs if the excitations remair> .
engths en, the only occurs If the excitations remair the SWNT network. In this respect, the PC data are very

trapped on short segments or migrate on longer segments ; .
PPV without encountering the SWNT network. On the othefMportant to e_xplam the_ decrease of the photoluminescence
intensity, as discussed in the text.

hand, the migration network of SWNT’s prevents the radia-

In conclusion, we have presented in this paper photocon-
ctivity and Raman scattering data obtained on PPV/SWNT
composites, in which the concentration of nanotubes has
been varied from 0% to 64% in weight. Our results complete
ose previously published, reporting results in UV-visible
sorption and photoluminescence. The theoretical analysis
eads to a coherent interpretation in terms of segment length
gistributions in the PPV polymer. In particular, a shortening
the conjugation length of PPV explains the obtained ex-
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