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Absorption and photoluminescen¢@L) studies have been carried out on pristine standard(paigphe-
nylene vinyleng PPV and a series of PPV-single-walled carbon nanotd8#éNT) composite films. Drastic
changes in the PL and absorption spectra are observed with the increase of the SWNT fraction. A model is
presented which is able to explain quantitatively the modification of absorption spectra, and particularly the
new features in PL spectra as a function of SWNT percentages in the films. We provide evidence for strong
electronic interaction between SWNT and the PPV polymer precursor precluding the complete thermal con-
version of the polymer matrix.
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I. INTRODUCTION Il. EXPERIMENTAL DETAILS

Composites were obtained by mixing SWNT at different
weight concentrations in the soluble sulfonium polyelectro-
lyte precursor of PPV with sonication and by depositing the
solutions in an inert gas atmosphere at room temperature on

n the visible r.angé.'ll'hey ha\_/e been used as I'ght. emitting guartz substrates. The samples were subsequently heated un-
diodes (LED) in devices? It is expected that conjugation o . )
der vacuum at 300°C to achieve the conversion of PPV

I_ength n the_ PPV chains shou_ld influence both the a_bsorpbolymer precursol’ Thin films with thicknesses of about
tion and emission spectra as it has already been sHown.

On the other hand, nanotubes of carbon are materials wit] 00 nm were obtained in this way. The absorption spectra of

. . . e films were recorded at room temperat(R&) by using a
remarkable mechanical and electrical properties. In fact, th% o . . .

. . L . ary5 UV-visible-near-infrared spectrometer working in
electronic properties of individual single-walled nanotubes o de in th 1.80 eV—6.60 eV. The PL
(SWNT) strongly vary with tube diameter and chiralfty transmission mode in the range 1.80 eV=6.60 eV. The
Polymer composites containing carbon nanotubes ma 'thusspectra, also recorded at RT, were acquired in refiection ge-

y mp g C: Y ometry with a Jobin-Yvon Fluorolog spectrometer by using
be of considerable technological interest, because they ma oo

. . . . Ifferent excitation wavelengths.

combine the best electrical, mechanical, and optical proper-
ties of each of the components. In this context, SWNT and
multlwalled nanotubeg ha\_/e been dlspersed in a numbe'r of IIl. RESULTS AND DISCUSSION
different polymer matrices in order to achieve the elaboration
of composites with enhanced electronic properties for layers We show in Fig. 1 the optical absorption spectra of stan-
in electronics or with new rheological behavfor In these  dard PPV and of composite films with concentrations of
respects it seems very interesting to study the properties 8WNT from x=1% to x=64% in weight of the precursor
combined SWNT and PPV, because such composites coufgblymer, in the energy range of 1.8—3.6 eV. In order to better
be applied for several macroscopic devices such as tunab®mpare Figs. ®-1(e), we have taken the same baseline in
LED's. In fact novel electronic properties could be deter-the low-energy side, i.e., at 2.1 eV. We can verify that the
mined either by microscopic interactions between the polybroad absorption band of standard PAg. 1(a)] due to the
mer and SWNT or by varying the conjugation length distri- 7— 7* electronic transition in this energy region is very
bution in the polymer chains. similar to that published elsewhere at RMoreover, we

In this work we report on absorption and PL properties ofobserve that this band broadens, and gradually decreases in
SWNT-PPV composites at different concentrations. By usingntensity whenx increases. In addition, we can deduce from
a model based on the distribution of effective conjugationa careful analysis that this band exhibits also a small blue
lengths in the polymer and their modifications as a functionshift. These significant features on the absorption of compos-
of the SWNT concentrations we present the calculated ahite films clearly indicate that the effective conjugation length
sorption and PL spectra for the same composite samples. W these films becomes shorter with respect to standard PPV
show that the optical properties of the composites are draswhen the concentration of SWNT in the samples increéses.
tically affected by the change of the effective PPV conjuga- In order to understand better the role of SWNT in com-
tion length resulting from the filling of the polymer with posite films, we present in Fig. 2 the optical absorption spec-
SWNT. tra of standard PPV and of composite films in the energy

Conjugated polymers belonging to the class of fudya-
phenylene-vinylenePPV have been the subject of intensive
research because of their photoluminescdiRte properties
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FIG. 3. Calculated optical absorption spectra at RT of standard

FIG. 1. Optical absorption at room temperature of standard PP\bpy/ and PPV-SWNT composite films for different weight percent-
and PPV-SWNT composites for different SWNT weight percent-agesx, (a) standard PPMb) 1% , (c) 16%, and 32%. All the bands
agesx. () standard PPVb) x=1%, (c) x=16%, (d) x=32%,(€)  have been normalized to the— 7* band of PPV.

X=64%. Spectral range, 1.8—-3.6 eV. The inset shows the photolu-

minescencgéemission spectra of standard PRY¥olid bold line and ~ due to a general decrease of the conjugation length of PPV
several composites for the 2.81-eV excitation enefiyn lines,  corroborated by an apparent increase of the 3.7 eV compo-
dashegl The PL intensity diminishes when the SWNT concentra-nent, if one refers to Ref. 17. Moreover, one cannot rule out
tion increases. the possibility of remaining tetrahydrothiophenium groups,

. ) or precursor, as it is observed in photoconverted BP%
region between 3.0 eV and 6.6 eV. In FigaR(PPV), two  pih effects contribute to a shift of these two bands by add-
main bands are clearly observed at 4.7 eV and 6.0 eV. Thesgg contributions at higher energies, namely 5.35 eV and 6.2
bands have been extensively discussed recently and it comgg, This is consistent with the fact that the conversion pro-
out from literaturé®~*® that they are assigned to intrinsic cess is gradually inhibited whenincreases. In other words,
transitions of PPV, namely, to charge-transfer transitions bege presence of SWNT in composite films progressively pre-

tween localized and delocalized levels{d* andd—1%),  yents the complete conversion process of the PPV precursor
and | —I1*, respectively. The presence of another reportecbo|ymerfh20

band at 3.7 eV attributed to th@—>d* transition is also In the inset of F|g 1’ we show the PL Spectra at the

presumably present in curv@) on the high-energy side of excitation energyEqy.=2.81 eV (440 nm for different x
the m—* transition band. Several observations can beyalyes. We note that, by increasing the SWNT percentage, a
made on these bands in composites when the concentratioryuenching of the PL is observed. This is due to a decrease in
of SWNT increases. On one hand, their intensity incre_zaseqhe absorbance of the main band, caused by the partial con-
and on the other hand, the 4.7 eV and 6.0 eV bands shift to gersion of the precursor polymer as discussed above, and
eV and 6.2 eV, respectively. This behavior can be interpretegso by the charge transfer from conjugated PPV segments to
as the SWNT. We would like to point out that both effects are
relevant to the high PL quenching and that preliminary pho-
200 toconductivity results on these samples lead to this conclu-
s L sion. In fact the photoconductivity increases dramatically
g with increasingx.?? The more relevant feature in the PL
spectrum shown in the figure is related to the increase of the
intensity of the bump at 2.43 e{610 nm, starting fromx
=1%, which actually becomes a dominant peak in the spec-
trum as thex percentage increases.

In Fig. 3, we show the calculated absorption spectra at
room temperature of standard PRWig. 3@] and of the
composite films with differenx from 1% to 32%, in the
energy range 1.8 eV-3.6 eV. The calculations have been per-
formed by using the model presented in Ref. 4 and all the
values are reported in Table | for the effective conjugation
lengths withn=2-10. In this model the absorption band
shape of PPV is calculated by considering the contribution of

FIG. 2. Optical absorption at room temperature of standard PP\the absorption band for effective conjugation lengths from
and PPV-SWNT composites for different SWNT weight percent-n=2 to n=10 weighted by a distributio®,,. P, simulates
agesx. (a) standard PP\V(b) x=1%, (c) x=16%, (d) x=32%, () the distribution of effective conjugation lengths which can be
X=64%. Spectral range, 3.0-6.6 eV. found statistically over the entire polymer part of the com-
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TABLE I. Values of(},,, S, andy,, used for the calculations
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Wavelength (nm)

-+

of absorption band shapes of different PPV and PPV-SWNT 680 640 600 560 520 480
samples. ) 1
E, = 2.81eV
n 2 3 4 5 6 7-10 1.0 1
Q,(eV) 378 325 300 286 275 260
Sin 040 040 042 045 050 052 =
Son 010 008 008 008 008 0.08 8o
Ssn 012 012 0412 015 020 0.20 ®
Sin 096 095 092 092 075 0.70 E
Ssp 0.32 0.25 0.23 0.15 0.15 0.10 2
yn(eV) 012 012 014 016 018  0.20 -
’§ E,=2.48 eV Ve
o 1.0 a ’/ i
posite. For the sake of clarity we give in the following the S — V2
-
o

expression oP,,:

- ()

) 0.5 ,
1-G (n—nl) ., G )
=———ex
n (2770_1)1/2 P \/EO']_ (277_0_2)1/2
n_n22 00T T T T T T T T 1
X exp— o, 1) 18 1.9 2.0 21 22 23 24 25 26 27
Energy (eV)

wheren; ando; are the mean value of the segment lengths  FIG. 4. Photoluminescendemission spectra at RT of standard
and the standard deviation, respectively, of the distributiorPPV and PPV-SWNT composites for different SWNT weight per-
forn=2-6,n, ando, are the parameters of the distribution centagesx. Excitation energy 2.81 e\a) standard PPV(b) x

for n=7-10, andG is the weight of the second distribution =0.5%, (c) x=2%, (d) x=16%, (¢) x=64%. Excitation energy
relative to the first one. By considering the values of the2.48 eV,(f) standard PP\g) x=0.5%, (h) x=2%, (i) x=16%, (j)
electronic transitions),, the electron-vibration coupling X=32%. All the bands are normalized to the peak at 2.23 eV.
Stn (f=1-5 numbers in the vibrational modeand vy,
given in Table | for the absorption together with the param-
eters given in Table Il, we have calculated the absorptio
band shapes for=0%, 1%, 16%, and 32% shown in Fig. 3. owered.

g g - In Fig. 4, we show the PL spectra Bt,.=2.48 eV (500
Note that the distribution parameters show an increase of the x¢
weight of the short segments going from=0% to X nm) and E,,=2.81 eV (440 nm), respectively, from PPV

=32%. In the frequency range reported in the figure, a ver nd composite films with different SWNT percentages. The

good agreement is found between the calculated spectra a_&‘z spectra shqwn ]in Figs. (@J(e) recordegl for E.eﬁcd.f
the experimental data of Fig. 1, for the differentoncentra- -81 e_V ar(? g|v§n orOPPV ?n composite films wit "
tions, concerning both the shape and the blueshift of thderentx=0.5%, 2%, 16%, 64%. The PL spectra shown in

bands. This proves that an increase of the percentaythe Figs. 4a) gnd 4b) are very similar indicating that only small
changes in the samples are producedkfel0.5%. The spec-

tra consist of a principal peak at 2.23 €950 nnj, a vi-

composite films induces a real augmentation of the short
egment contribution, as if the conversion temperature was

TABLE II. Distribution parameters used in the calculations of . .
optical absorption spectra and PL spectra given in Figs. 3 and 5 ot?romc replica at 2.12 e¥575 nm, and a small bump at 2.43

: o :
standard PPV and PPV-SWNT composite films for different Weightev' On the other hand starting fraxs= 1% (not shown in the

o 2 figure) the PL spectra undergo significant changes and the
t li 0.5% to 64%. Standard PPV dicated with . . . .
Eirgen ages from 0 10 B, Standar 1S indicated Wi intensity of the band peak at 2.43 eV increases as the fraction
' X raises. We note that the vibronic replica at 2.12 &V5

nm), still present in all the spectra, decreases in intensity as a

X n oy n; o2 G ; ) . .
function ofx. In Fig. 4(e) we would like to call attention to a
0 3 1 8 2 0.3 very remarkable spectral feature at 2.57 @82 nnj. This
0.5 3 1 7 2 0.26 new band can be observed only for this valuec.ofhis band
1 2 1 6 1 0.2 peak is at the same frequency position as the most intense
2 2 1 5 1.4 0.3 feature in the PL spectrum oft distyrylbenzene in KBi(a
16 2 1 5 1.2 0.29 three-ring PPV oligomer reported in Fig. 4 of Ref. 23. In
32 2 1 5 0.9 0.22 Figs. 4f)—() the PL spectra are recorded fdEgy
64 2 1 5 0.7 0.21 =2.48 eV for PPV and the composite film witt=0.5%,

2%, 16%, and 32%. The PL spectra shown in Figs.
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4(f) and 4g) are very similar and almost equal to those TABLE Ill. Values of Q, ., Sf,,, andy, ¢ used in Eqs(2) and
shown in Figs. 4) and 4b). Indeed, it is obvious from Figs. (3) for the calculation of the emission spectra for differdng
4(h)—4(j) that the bands located at 2.23 eV and around 2.48iven in Fig. 5.

eV become very prominent features of the PL spectra. By
increasing the SWNT concentration from 2% to 32%, the"
band at 2.23 eV slightly upshifts by about 0eV. Note O e(eV) 3.51 2.82 254 2.44 231 2.26

2 3 4 5 6 7-10

that the intensity of the band at 2.43 eV is overestimated, dug’in 0.14 0.14 0.15 0.16 0.16 0.16
to the excitation wavelength contribution in this energy s 0.06 006 006 0.06 0.06 0.06
range. S 0.07 007 008 010 011 0.12

In order to calculate the photoluminescence spectra rese 078 062 057 050 042 0.34
corded for different SWNT concentrations in the compositeggn 015 011 011 010 0.10 0.07
films, we have to take into account the active mechanismg,n’e(ev) 005 005 006 006 007 0.07

for energy transfer from short conjugated segments to the—
longer conjugated segments: the short-range and the long-

range (Forster type migration of the excitations. This last 5 (S8 )]
mechanism, through dipole-dipole interactions, favors the  1(Q,mp =M% > > exp[—E S?n}—|
energy transfer from short to longer segments in one step. On J=0 1=l =1 I

the contrary, the short-range migration of the excitations be-

tween segments crucially depends on their interchain and In ] 3)
intrachain dynamics, and therefore on the traps and defects (Q=Qpetjo)+ i,

(chemical and structurawhich can prevept the complete whereM,, Q. ., andy, . are the electric dipole moments,
energy transfer on the longest segments in the sample. ASige glectronic transition energy for the emission process, and
consequence of these effects, the onset of the emission spgRa related width, respectively, for each segment whose
trum dep_en_ds orﬁi)_ how effective the__excitation mi_gra_tion length is determined by. w; andS¢ , are the frequencies of
process is in the different samples afiid on the excitation  he stretching vibrationsf& 1-5) and the electron vibration
wavelengths. couplings in the final state in the emission procgssimbers
Taking into account all these effects, and trying to simu-the vibronic processes up to the second order for each vibra-
late them, we have performed the calculation of the photolution considered. In these calculations we use the same values
minescence spectra by using the following equation: for M,, andw; as introduced in Ref. 4 for the absorption
process, while),, ¢, S?’n, andy, ., relative to the emission
process, are given in Table IIl. All the values considered in
the present paper are at room temperature. Note that the val-
1(Q)pL= E* 1(2,n)pLPy, (2 ues ofQ), . are significantly lower compared to the values of
n=n the emission transitions of the isolated oligomers, following
Ref. 24. AlsoS{,,, according to the same arguments, are
P, is the distribution defined in Eql) and used in the decreased with respect to the values of the electron-vibration
present calculations for the calculated absorption bangouplings used for the absorption in the present paper as well
shapes given in Fig. 3)* is the number of phenyl rings in @S in Ref. 4. For the PL spectra of our PPV samples we
the conjugation length of the shorter excited segments frorf€fine the following correspondence betweenand Ee,.:

10

which the radiative recombination begins; depends both n*=4—5 for E..=270 eV:

on the excitation energf.,. and on the efficiency of the exe = '

energy migration process. We recall tHa simulates the N*=6-7 for Eg=2.50 eV (4)
distribution of effective conjugation lengths which are

present on average in all the polymeric chains. We pointout gnd n*=7 for Eeyc<2.41 eV.

that in Eq.(2) the summation begins from* and not from 2

as in the case of absorption. Thus, the contributio® pto The choice of this correspondence fof and Eg, is

Eq. (2) in the PL process is substantially different from thatdetermined by the near resonance condition between the
calculated for the absorption. In this way, we simulate theelectronic transitions of the conjugated segments of length
excitation migration in the samples and relate the valugof n* and the excitation energy. Moreover, the choice between

to the excitation energi.,. and to the sample throud?, , the two different values afi*, for a givenE.,., depends on
taking into account the traps and defects, which can preverhe interchain and intrachain dynamics of the excitations,
the energy migration to longer segments. which are strongly sample dependent.

Therefore, in the present calculations, the onset of the In Fig. 5 we show the calculated photoluminescence spec-
photoluminescence spectrum and the intensity of the strudra for E.,.=2.81 eV andE.,.=2.48 eV, respectively. In
tures at higher energies both depend on the electronic energarticular in Figs. &a)—5(e), we give the calculated PL spec-
value related to the segment length determined®ynd on  tra of standard PPV and the composite films with 0.5%, 2%,
P,. 1(Q,n)p, is given in the following equation: 16%, and 64% of SWNT foE.,.=2.81 eV, respectively. In

115202-4
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LN L L DN L spectra are given in Ref. 5, f&,,.=2.48 eV the contribu-
1..... (b) /\ tion of conjugation lengths with=5 disappears, indicating
\ that the energy transfer to longer conjugated segments has
- been accomplished. From the calculated spectra given in Fig.
\ 5, we can conclude that the peak at 2.43 eV is due to the pure

ey

-‘é \\ electronic emission transitions of=5 conjugated segments,
=j' while the peak at 2.23 eV correspondsite 7—10 effective
o]

lengths. The other structures at 2.1 eV and 1.9 eV are the

ot

= vibronic replica of first order and second order, respectively

-t of the peak at 2.23 eV. Below the pure electronic transition

2 peaks at 2.23 eV and 2.43 eV, there is also some contribution
g_ of the vibronic replica of the peaks at 2.43 eV and 2.57 eV,

— respectively.

-

A —

IV. CONCLUSION

In summary, we have demonstrated that introducing nano-
tubes in PPV precursor solutions prevents the total conver-
sion of the polymer when thermodynamical conditions such
as time and annealing temperature are equivalent to those of
standard PPV thermal conversion. In the early stages of the

FIG. 5. Calculated PL spectra at RT of standard PPV and PPvsynthesis, the removal of the sulfonium salt is incomplete
SWNT composite films for different SWNT weight percentages x.because of the presence of SWNT and the development of
Excitation energy 2.81 e\(d) standard PP\V(b) x=0.5% , (c) x C=C double bonds along the polymer backbone is severely
=2% ,(d) x=16%, ande) x=64%. Excitation energy 2.48 e\f) limited. Therefore, SWNT must strongly interact with the
standard PPV(g) x=0.5%, (h) x=2%, (i) x=16%, and(j) x  precursor at even low weight percentages. This process is
=32%. All the bands are normalized to the peak at 2.23 eV. definitely analogous to an accelerated aginglike transforma-

Figs. 5f)—5(j), the calculated PL spectra of standard PPVt|on of the precursor whose efficiency and conversion yield

and composite films with 0.5%. 2% 16%. and 32% of®'e controlled by the nanotube concentrations. As a conse-
SWNT rgspectively are disblay;ad ch’r —2,48 ey A aduence, the blueshift of the main absorption band, the de-
’ ’ exc— & .

the spectra have been evaluated by using the correspoﬁ[ease in absorbance and the changes in the PL spectra are

dences given in Ref. 4; more precisely for the spectrum 0¥V€|| explained with the model introduced here. In this ap-
Fig. 5) the sum in quZ) was from 4 to 10. while for the proach, the modification of these features are determined by

spectra of Fig. B)—5(d) the sum was from 5 to 10. Because the formation of short segments, whose relative weight
of this difference a new peak at 2.57 eV, due to the conju—dormm’ltes over longer segments due to the addition of

gated segments whose effective lengts 4, arises in the PL SWNT in the polymer precursor solutions. In conclusion, the

spectrum for the composite films witk=64%. The fre- presence of nanotubes as filler network in PPV may be of

" . . . . importance in view of applications, since it is possible to

guency position and the intensity of this structure are in very_ "~ he bl . fth I . hoi
ood agreement with those found in the experimental data olponltort e blue emission of the samples via a proper choice

9 of the SWNT percentage in the films. Finally, we remark that

Fig. 4(e). From the discussion given before, this proves thatthe experimental and theoretical investigations, of the ab-

;?]ethlzhkc')?td g;s;rgﬁlé, d&fsrcetcs)vaer;d ttrr]aepsprl)_lnsthchglt%ons Insorption and PL spectra of PPV-SWNT composite films pre-
9 ' P ¢ .. sented here give a complete and accurate survey of their

=2.48 eV have been calculated by including 50% of the .. :
contribution of the segments with=5, in the sum from 6 to optical properties.
10 in order to have a better fit with the experimental data.
This is an additional proof that the intrachain and interchain
dynamics in the short-range excitation migration strongly de- The authors acknowledge G. Jonusauskas for experimen-
pends on the sample, through the defects and traps whidal help. The Institut des Mati@aux Jean Rouxel is Unite
prevent the complete transfer of energy to the segments dflixte de Recherche No. 6502 au CNRS-Univérsite
longer conjugation. In fact in other PPV samples, whose PINantes.
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