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We present experimental optical absorption and Raman data of poly~paraphenylene vinylene! ~PPV! ther-
mally converted at standard conditions at 300 °C. Theoretical calculations of the band shapes of both optical
absorption and Raman spectra of standard PPV are reported, based on spectroscopic properties of known
polymeric chains of different lengths. In particular, we have focused our study on the dependence of the Raman
band intensities on the excitation wavelengths, taking into account the intensity changes observed in the Raman
spectra of the oligomers. Such calculations are carried out by considering the electronic energies of optical
transitions, the most intense Raman active vibrational frequencies, and the interactions between these vibra-
tions and the electronic states of the oligomers considered. We show that the experimental data of optical
absorption and Raman spectra can be theoretically accounted for, if a distribution of conjugated segments of
different lengths is introduced in the evaluations.@S0163-1829~99!01948-7#
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I. INTRODUCTION

Poly~paraphenylene vinylene! ~hereafter referred to a
PPV! is still nowadays extensively studied due to its abil
to be used in light emitting diodes or devices made w
polymeric compounds.1,2 In this respect synthesis condition
are of prior importance for the electronic properties of su
materials in terms of reliability and reproducibility. As
matter of fact, the precursor route for making conjuga
materials such as PPV allows one to modify the synthe
parameters with the purpose of preparing polymers with s
cific properties. So-called standard PPV is achieved by th
mal treatment at 300 °C under dynamic vacuum, wher
photopolymerized PPV is obtained at lower temperature
exhibits slightly different properties, as shown by spect
scopic data.3,4 In addition, doping conditions in this latte
case turn out to the different with respect to those of stand

PPV, due to an increase ofuaW u and ubW u parameters of the
monoclinic unit cell and also to different average conjug
tion length of the segments, in the polymeric compound.3

In this paper, we restrict our study to standard PPV a
present both experimental and theoretical results obtained
this polymer in optical absorption and Raman scatter
spectra. All measurements have been carried out at r
temperature. Raman spectra have been recorded at diff
excitation wavelengths chosen in the appropriate spec
scopic range, in order to avoid a strong fluorescence sig
Therefore we have used wavelengths in the near infra
lL51064 nm, in the red range atlL5676.4 nm, and also in
the near UV atlL5363, 351.1, and 333.3 nm.

The band shapes in both optical-absorption and Ram
scattering spectra have been calculated by using the s
electron-vibration interactions which are responsible of
vibronic structure and of the band intensities in the two o
tical spectroscopic linear responses, respectively. Th
PRB 600163-1829/99/60~24!/16519~7!/$15.00
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evaluations were achieved by considering the vibronic str
tures observed in the absorption spectra of oligomers5 of
different lengths and reproducing the main features of R
man spectra of the same compounds.6,7 The more important
characteristics of the absorption and Raman bands of s
dard PPV are then calculated by weighting the contributio
through a distribution of conjugated PPV segments of diff
ent lengths, as was been reported previously in order to
plain the spectroscopic features in other conduct
polymers.7,8 In the present case, we have chosen a bimo
Gaussian distribution in order to weight the different cont
butions to the absorption and Raman band shapes in
asymmetric way.

II. EXPERIMENTAL RESULTS

In Fig. 1 we present, for purposes of comparison,
absorption curves recorded at room temperature of P

FIG. 1. Optical-absorption spectra, recorded at room temp
ture, of the precursor polymer converted at different temperatu
~a! 20 °C. ~b! 120 °C. ~c! 300 °C. ~d! Photoconverted sample a
120 °C under UV illumination for 30 min.
16 519 ©1999 The American Physical Society
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16 520 PRB 60MULAZZI, RIPAMONTI, WERY, DULIEU, AND LEFRANT
samples obtained in different conditions together with
optical-absorption spectrum of a sulphonium salt precur
polymer at room temperature. PPV thin films are prepared
thermal conversion in vacuum at different temperatu
@Figs. 1~b! and 1~c!# or by photoconversion at 120 °C@Fig.
1~d!#. Then we focus on the optical properties of so-cal
standard PPV, i.e., prepared under termal treatmen
300 °C. Let us note that the absorption features of the P
sample photopolymerized under optimized conditions
close to those of standard PPV@Figs. 1~c! and 1~d!#. This
result is corroborated by photoluminescence~PL! measure-
ments carried out at 10 K~Fig. 2!, in which the various
bands, observed for both standard PPV and the photo
verted sample, are also close to each other@see Figs. 2~b! and
2~c!#. In the same figure, curves~d! and~e!, we show also the
effect of temperature on PL spectra of standard PPV~ter-
mally converted at 300 °C!. As can be seen, the increase
temperature modifies the PL features, as observed previo
by Yu et al. ~Ref. 9!. In this reference this effect was ex
plained in terms of disorder induced by the increase of te
perature, affecting the distributions of conjugation lengt
The same effect is also observed in the UD visible abso
tion spectrum, as we report in Fig. 3.

In Figs. 4~a!–4~d!, we show the absorption curves of th
different oligomers of PPV from 2–5 phenyl rings,~which
according to the notation of Ref. 5 we call PPV2~TSB,
transtilbene!, PPV3 ~DSB, distiryl benzene!, PPV4 ~DSV,
distiryl vinyl vinylene!, and PPV5 respectively. These spe
tra recorded at 80 K, taken from Ref. 5, are presented
gether with the optical absorption spectrum of standard P

FIG. 2. Photoluminescence spectra recorded at 10 K of PPV~a!
thermally converted at 120 °C;~b! thermally converted at 300 °C
~c! photoconverted at 120 °C;~d! the same sample of~b! at 80 K;
~e! the same sample of~b! at 300 K.

FIG. 3. Absorption spectrum of standard PPV recorded at~a!
300 and~b! 78 K.
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recorded at room temperature. By this figure we show t
the features of the absorption band of PPV can be rega
as a superposition of the different contributions of the opti
absorptions of the oligomers in the range 2.5–5 eV.

In Fig. 5 we show the Raman spectra of standard P
recorded at room temperature for different excitations wa
lengthslL from near IR to near UV. The frequencies of th
maximum of the most intense Raman bands, which are
to the stretching vibration of the vinyl group and of the ph
nyl ring, do not depend significantly on the laser excitati
wavelengths, and they are located at 1174, 1330, 1550, 1
and 1628 cm21, respectively. A complete analysis of the v
brational modes in PPV has been given in Ref. 6, and
Table I we just recall the main assignment of the five mod
we consider in this paper, and in particular in the theoreti
calculations. Conversely, from the spectra shown in Fi
5~a!–5~c!, the most striking result comes from the relativ
intensity of the bands, which changes noticeably with
laser light. In particular, as it can be observed from the

FIG. 4. Experimental absorption spectra of PPV and PPV
gomers:~a!, ~b! ~c! and ~d! are the absorption curves of PPV2
PPV3, PPV4, and PPV5, respectively, taken from Fig. 2 of Re
and recorded atT580 K. ~e! Absorption curve of standard PPV
recorded at 300 K.

FIG. 5. Experimental Raman spectra of standard PPV recor
at 300 K for different excitation wavelengths:~a! 1064, ~b! 676.4,
~c! 363.8, ~d! 351.1, and~e! 333.3 nm. The asterisk indicates th
presence of a strong plasma line issued from the argon laser.
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PRB 60 16 521THEORETICAL AND EXPERIMENTAL INVESTIGATION . . .
figures, the ratios of the intensity of the band peaked at 1
cm21 (I 1174) with respect to that of the band peaked at 15
cm21 (I 1586) and to the one at 1628 cm21 (I 1628) exhibit an
increase when the laser light is tuned fromlL51064 nm to
lL5676.4 nm, @Figs. 5~a! and 5~b!, respectively#. Con-
versely, these ratios decrease drastically by using a laser
lL in the near-UV wavelength region@see Figs. 5~c!, 5~d!,
and 5~e!#. Furthermore, the intensity ratioI 1550/I 1628 has a
peculiar behavior with respect to the other two, repor
above. In fact, this ratio is larger than one in the spec
recorded withlL in the near-IR frequency region, while
becomes less than one in the spectra observed withlL in the
near-UV region. This behavior can be related to the chan
observed in the relative intensity of the Raman bands
oligomers. To illustrate this, in Figs. 6~a!–6~c! we show their
Raman spectra recorded at room temperature forlL
51064 nm. We have chosen this excitation wavelength
order to avoid resonance effects, and to be able to com
band intensities of these different oligomers, with respec
the one of standard PPV@Fig. 6~d!#. These oligomers are
according to the notation introduce above, PPV2~TSB, tran-
stilbene!, PPV3 ~DSB, distyrilbenzene!, and PPV4~DSV,
distiryl vinyl vinylene!. From these figures, we may obser
changes in the ratioI 1174/I 1628, which increases with the
number of phenyl rings, and in the ratioI 1628/I 1586, which
decreases with this number. This behavior, very clearly
served also in Figs. 6, is a consequence of the nature o
vibrational modes involved in Raman scattering of these
gomers.

III. THEORETICAL RESULTS

We have calculated the shapes of the bands observe
the optical-absorption spectra of standard PPV and its rel
oligomers. In addition we have evaluated the relative int
sities and the shapes of the bands due to the stretching v
tions listed in Table I, observed in Raman-scattering~in pre-
resonance and resonance conditions! spectra of the same
polymeric compounds. These calculations have been
formed by using a model in which both the optical respon
functions are evaluated in terms of the same formalism
this way, the shapes and the relative intensities of the Ra
bands considered are calculated by using the same va
~for example, the electron-vibration interaction couplin
and the distribution of the conjugated segments! found in the
calculations of the optical, absorption band shapes. In f
the interactions between the electron in the excited state
the stretching vibrations, which are responsible for

TABLE I. Assignment of the most intense Raman active vib
tional modes of~PPV!. The values of the vibrational frequencie
given here are used in Eqs.~1!, ~2!, ~4! and ~5!.

f Frequency
v f

Main assignment

1 1174 cm21 C—C stretching1C-H bending of the phenyl ring
2 1330 cm21 CvC stretching1C-H bending of the vinyl group
3 1550 cm21 CvC stretching of the phenyl ring
4 1586 cm21 C—C stretching of the phenyl ring
5 1625 cm21 CvC stretching of the vinyl group
4
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optical-absorption band shapes, are also responsible for
intensities of the bands observed in the Raman spectra.

The major purpose of these calculations is to show t
the absorption and Raman, scattering band shapes of
dard PPV are well interpreted in terms of the contribution
the different oligomers weighted by a distribution of conj
gated segments. Moreover, the change of the relative in
sities of the Raman bands as a function of the laser wa
lengths, as experimentally observed, can be interpreted
straightforward way on the basis of this model.

In the following, we give the function we have used in th
evaluation of the optical-absorption band shape7 and inten-
sity for the different oligomers whose number of repeati
units ~phenyl rings! are indicated byn ~for the oligomers
considered heren52 – 10)

I ~V,n!5uMnu2H (
j 50

2

(
f 51

5

expF2(
f 51

5

Sf ,nG ~Sf ,n! j

j !

3
gn

~V2Vn2 j v j !
21gn

2J . ~1!

Mn is the electric dipole moment intensity for the electr
transition to the 1Bu state of each oligomer withn phenyl
rings,10 whose frequency is indicated byVn . j 50, 1, and 2
numbers the vibronic processes considered in the follow
calculations~up to two vibronic processes!. Sf ,n are the con-
tributions to the total Huang-Rhys factorsSn5( f 51

5 Sf ,n ,
which come from each vibrational mode~labeled byf ) in-
teracting with the electronic excited state 1Bu of every oli-
gomer withn phenyl rings. These contributions are related
the electron-vibrational couplings for each vibration
stretching mode we consider here (f 51 – 5), and whose fre-
quency is indicated byv f . The values of the stretching
mode frequenciesv f are given in Table I together also wit

FIG. 6. Experimental Raman spectra of PPV oligomers and
standard PPV sample recorded at room temperature forlL

51064 nm: ~a! TSB ~transtibene!, ~b! DSB ~distyrilbezene!, ~c!
DSV ~distyril-vinylvinilene!, and~d! PPV.
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16 522 PRB 60MULAZZI, RIPAMONTI, WERY, DULIEU, AND LEFRANT
the relative assignment. In this paper, we do not take
account any change ofv f with the length of the segments
The values ofMn are taken from Ref. 10. In Table II, w
give Vn , Sf ,n , Sn , and the damping factorsgn2 for T578
and 300 K.Vn have been evaluated in the same approxim
tion as in Ref. 5, and they are in agreement with the d
reported there.Sf ,n are fitted from the Raman experiment
spectra of the oligomers, taking into account also the pr
erties of the electron vibrational couplings in the 1Bu excited
states for intermediate and short segments.7 As it can be seen
from Table II, Sf ,n change as a function of the stretchin
mode frequenciesv f( f 51 – 5) and of the number of th
phenyl rings,n. In particular S1,n and S3,n increase forn
going from 2 to 10, whileS4,n andS5,n decrease andS2,n do
not show a significant change in the same range ofn. This is
due to the different behaviors of the five-electron vibratio
couplings coming from the decreasing localization of t
electronics states 1Bu for increasingn. It is worth stressing
that whileSf ,n have different behaviors as a function of i
creasingn, the values ofSn decrease in the same range ofn
~see Table II! from 1.90 forn52 to 1.60 forn57 – 10. This
trend is consistent with the result that overall electron vib
tional interaction couplings always increase as function
the localization of the electronic states, as it found in ma
oligomers.5

In Fig. 7, we show the calculated absorption band sha
for the different oligomers withn52, 3, 4, and 6 at 78 K.
One can see that there is a very good agreement betwee
experimental data of Ref. 5 and the band shapes given in
7. Let us point out that the vibronic structures in the ba
shapes of Fig. 7 are more evident in the absorption of s
oligomers, since the overall interactions between the stre
ing vibrations and the electronic states are always more
tense in localized states.

In order to calculate the optical absorption band sh
I (V) of PPV, we use the expression

I ~V!5 (
n52

10

I ~Vn!3Pn . ~2!

In Eq. ~2!, we have weighted the contributionsI (Vn) of the
single oligomer withn phenyl rings withPn , the double
Gaussian distribution given in Eq.~3!,

TABLE II. Values of Vn , Sf ,n , Sn , andgn ~at T578 and 300
K! used in Eqs.~1!, ~2!, ~4!, and~5! for the calculations of absorp
tion and Raman band shapes of different PPV samples.

n 2 3 4 5 6 7–10

Vn ~eV! 4.48 3.88 3.53 3.47 2.85 2.60
S1,n 0.40 0.40 0.42 0.45 0.50 0.52
S2,n 0.10 0.08 0.08 0.08 0.08 0.08
S3,n 0.12 0.12 0.12 0.15 0.20 0.20
S4,n 0.96 0.95 0.92 0.92 0.75 0.70
S5,n 0.32 0.25 0.23 0.15 0.15 0.10
Sn 1.90 1.80 1.77 1.75 1.70 1.60
gn ~eV! 0.09 0.10 0.10 0.10 0.11 0.11
T578 K
gn ~eV! 0.12 0.12 0.14 0.16 0.18 0.20
T5300 K
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Pn5
12G

~2ps1!1/2exp2S n2n1

2s1
D 2

1
G

~2ps2!1/2

3exp2S n2n2

2s2
D 2

, ~3!

wheren1 ands1 are the values of the most probable segm
lengths and the related dispersion, respectively, of the di
bution for n52 – 6 ~short oligomers!, while n2 and s2 are
the values for the parameters related to the distribution
n57 – 10~intermediate length oligomers!. G is the weight of
the second distribution with respect to the first one.

In Figs. 8~a! and 8~b! we give the absorption band shap
calculated for two different sets of distribution paramete
given in Table III and by using the values ofv f , Vn , Sf ,n ,
Sn , andgn given in Tables I and II. These figures are in ve
good agreement with the experimental data: Fig. 8~a! with
the absorption band of standard PPV recorded at room t
perature given in Fig. 3~a!, and Fig. 8~b! with the absorption
band shape of an ‘‘improved’’ PPV sample at room tempe
ture, given in Fig. 2 of Ref. 11. Notice that for the ban
shapes given in Figs. 8~a! and 8~b!, the value ofn2 is always
centered on 7, whileG is different for Fig. 8~a! with respect
to Fig. 8~b!. This indicates that for this last band shape, ch
acterized by a higher value ofG, the more important contri-

FIG. 7. Calculated absorption curves of different PPV oligom
at T580 K, using Eq.~1! and the values of parameters of Table
~a! PPV2,~b! PPV3,~c! PPV4, and~d! PPV6.

FIG. 8. Calculated absorption curves atT5300 K. using Eqs.
~2! and ~3! and the values of parameters of Tables II and III:~a!
standard PPV sample;~b! ‘‘improved’’ PPV sample.
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PRB 60 16 523THEORETICAL AND EXPERIMENTAL INVESTIGATION . . .
butions come only from intermediate segments. Convers
the absorption band shape of standard PPV given in Fig.~a!
is determined by a distribution where intermediaten
57 – 10), and short (n52 – 6) oligomers bring comparabl
contributions.

In Fig. 9 we give the absorption band shape at 78 K wh
simulates the experimental absorption data given in F
3~b!. The parameters of the distribution used in these ev
ations are given in Table III, while the values of thev f , Vn ,
Sn andgn at different temperatures, are given in Tables I a
II. The parameters used for Fig. 9 indicate that by lower
the temperature the effective length of the segments beco
in ‘‘average’’ longer with respect to the case of standa
PPV at room temperature, since the disorder decreases
the temperature, influencing in this way the values ofn2 and
G in the distribution we use in the simulation. Furthermo
the structures in the band shape are more defined with
spect to the case of Fig. 8~a!, since a lower disorder deter
mines, as a consequence, a slight decrease ofgn .

In order to calculate the Raman scattering in resonanc
in preresonance~RRS! conditions for PPV, we use the func
tions a f(VL ,v) the first order RRS cross sections for ea
vibrational frequencyv f considered, given in the equation

a f~VL ,v!' (
n52

10

uMnu4Sf ,n3U(
l 50

1

~2 ! lRn~VL2 lv f !U2

3
1

A2pD f

exp2S v2v f

2D f
D 2

3Pn ~4!

where VL is the laser excitation frequency,v is the fre-
quency in the Stock range,D f is the width of the Raman
band considered whose maximum is atv f , and Pn is the
distribution given in Eq.~3!. The functionsRn(VL2 lv f) for
l 50 and 1, which weight the cross section for each oligom
of lengthn, are given by the equation.

Rn~VL!5expF2(
f 51

5

Sf ,nG(
j 50

2

(
f 51

5
~Sf ,n! j

~ j !!

3
gn1 i ~VL2Vn2 j v f !

gn
21~VL2Vn2 j v f !

2 ~5!

In Figs. 10~a!–10~d!, we give the calculated RRS spectra
standard PPV at room temperature, by using Eqs.~4! and~5!
and the parameters given in Tables I–III. In these calcu
tions we have not considered any change ofv f as a function
of n nor D f as a function off, and have takenD f5D
57 cm21. The band shapes and intensities in the RRS sp
tra shown in Figs. 10~a!–10~d! are calculated forlL
5676.4, 363.8, 351.1, and 333 nm, respectively. From th

TABLE III. Distribution parameters used in the calculations
Raman and absorption band shapes@Eqs.~2!–~5!# for different PPV
samples atT578 and 300 K.

n1 s1 n2 s2 G

Fig. 8~a! 3 1 7 2 0.3
Fig. 8~b! 4 1 7 2 0.95
Fig. 9 4 1 8 2 0.4
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figures, we note that the change of the ratio ofI 1550/I 1628 is
in very good agreement with what has been experiment
observed. In fact from being larger than one forVL in the red
frequency region, it becomes less than one forVL in the UV
region. This behavior is determined by the change of c
pling interactions between the electronic states of the oli
mers of different conjugation length and the vibrations
1550 ~stretching of phenyl ring! and 1628 cm21 ~double
bond stretching of the vinyl group!. In fact in intermediate
conjugated segments, the electronic states have a relat
stronger interaction with the mode at 1550 cm21, compared
to the one at 1628 cm21. Conversely, in short conjugate
segments the stronger interaction occurs between the e

FIG. 9. Calculated absorption curve of standard PPV@by using
Eqs.~2! and~3!# at T578 K. Parameters are given in Tables II an
III.

FIG. 10. Calculated Raman band shapes of the five most inte
vibrational modes considered for standard PPV, by using Eqs.~4!
and ~5! and the values of parameters of Tables II and III:~a! lL

5676.4 nm, ~b! lL5363.8 nm, ~c! lL5351.1 nm, and~d! lL

5333.3 nm.
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tronic states and the mode at 1628 cm21, due to the high
localization of these electronic states. Since short and in
mediate conjugated segments contribute to the distribu
which simulates the standard PPV in a comparable way~see
Table III!, the observed change in the ratio is only det
mined by the resonance conditions ofVL .

From Fig. 10, we can see that the ratios ofI 1174/I 1586 and
I 1174/I 1628 also decrease when the laser light is tuned fr
the red to the UV frequency region. These results again
explained in terms of the changes of the electron vibratio
couplings related to these frequencies, from the value
intermediate segments to those in short segments. In fac
interaction of the electronic states and the single bo
stretching mode at 1174 cm21 becomes stronger in interme
diate conjugated segments, while the interactions with
modes at 1586 and 1628 cm21 are relatively stronger in shor
conjugated segments. Then, as before, the changes in
ratio in the calculated spectra, in agreement with those
served in the experimental spectra, are explained in term
the resonance conditions ofVL with the electronic transi-
tions of intermediate and short conjugated segments.

In order to corroborate our results, in Fig. 11 we show
calculated Raman band shapes for the ‘‘improved’’ PP
whose experimental absorption is shown in Fig. 2 of Ref.
and for which the calculated absorption curve is given in F
8~b!. For the calculation of the Raman band shapes of F
11, we have used the same values ofVn , Sf ,n , Sn, andgn of
Table II, and the parameters of Table III, already chosen
utilized in the calculation of the absorption curve given
Fig. 8~b!. As can be observed from Fig. 11, the changes
the ratios discussed above, i.e.,I 1550/I 1628, I 1174/I 1586, and
I 1174/I 1628, are not significantly dependent on the excitati
wavelengths, indicating that only intermediate length s
ments predominate in the sample and that the contribut
of short oligomers are negligible.

FIG. 11. Calculated Raman band shapes of ‘‘improved’’ P
for the same modes as in Fig. 10 and forlL5676.4 nm~a! and
351.1 nm~b!. The parameters are given in Tables II and III.
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IV. DISCUSSION AND CONCLUSION

In this paper, we have shown the results of the simulat
of the absorption spectra of standard PPV converted
300 °C, at 78 K, and 300 K, and of the ‘‘improved’’ PPV a
300 K. In a parallel way, by using the same parameters lis
in Tables II and III, we have calculated the band shapes
relative intensities of the five most intense vibrational mod
of standard PPV, and of the ‘‘improved’’ PPV, at differe
excitation wavelengths at 300 K. The calculations were p
formed by taking into account the electronic states, the
brational modes, and the interactions of the oligomers.

Good agreement is found between calculated and exp
mental spectra, by considering a double distribution of c
jugation lengths, whose two maximum peaks are in the ra
n52 – 6 and 7–10, respectively. In general, the overall d
tributions we have used~Table III! are asymmetric, as al
ready reported in Ref. 12 for polyacetylene segments
diblock copolymers, where distributions of conjugated se
ments similar to those considered in this paper have b
introduced. Let recall that the same parameters are use
the evaluations of the absorption and Raman spectra, pro
ing a coherent model for the polymeric sample in terms
conjugation lengths.7,12

In particular we have introduced in both the calculatio
the electron vibrational couplingsSf ,n ~see Table II!, which
change as a function of the stretching mode frequenciesv f
and of the electronic state of different oligomers withn phe-
nyl rings. Moreover, the sum of these parameters leads to
total Huang-Rhys factors, which show a decreasing trend
function ofn, as discussed previously. We want to stress t
this evolution ofSn as a function ofn is also consistent with
the progressive softening of the relaxation processes oc
ring upon photoexitation of electron-hole pairs in differe
oligomers withn phenyl rings.5

The introduction ofSf ,n together with the other param
eters of Tables II and III in the calculation has in particu
allowed an evaluation of the change of the calculated int
sity ratios between specific. Raman bands, as a functio
excitation wavelengths, in very good agreement with the
perimental data~see Figs. 5 and 10!. As a consequence, Ra
man scattering comes out as a nondestructive and pow
technique which allows one determine an average effec
length in the polymeric film. As a matter of fact, there is
close relationship between x-ray data and the results
tained from the Raman spectra and their interpretations
terms of crystallinity~see Figs. 4 and 5 of Ref. 4!.

In this paper we have also reported absorption results
function of temperature. For standard PPV it is observed
a slight shift as well as a better resolution of the structures
the band occur, when the temperature is lowered from ro
temperature to 78 K.

This is interpreted~see Fig. 9! by different values of the
damping factorsgn as well as of the parameters of the di
tribution ~see Tables II and III!, indicating a slight increase
of the length of the conjugated segments and of the weigh
G. A decrease in temperature would therefore increase
order in the film, as also suggested elsewhere in literatu9

with the consequence of decreasinggn and increasing the
effective conjugation length. This is an important point b
cause, for luminescence data obtained in PPV at differ
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temperatures@Figs. 2~d! and 2~e!#, similar effects are also
seen in terms of shift and resolution of the structures of
band. As discussed previously, this can be also interprete
the use of a distribution of segment lengths, and in particu
by the main role played by the longest segments in the
tribution in determining the onset of the emission.

A further example is given by the luminescence spectra
standard and ‘‘improved’’ PPV shown in Fig. 3 of Ref. 1
in which the onset of the emission is the same, at a gi
temperature~300 or 77 K!. This is an argument in favor o
the hypothesis that the relaxed state is the same in
samples, in agreement with the parameter values for the
termediate segment distribution used in the calculations
sented in this paper. In fact, Raman and absorption data
the two samples~see Figs. 8, 10, and 11! are interpreted in
P

D

e
by
r

s-

f

n

th
n-
e-
or

terms of distributions~Table III! whose sets of parameter
are characterized by a very different value ofG, but by the
same value of the maximum of intermediate length segm
distribution. Thus, even if the weight of the intermedia
segments is very different in the two cases at a given te
perature, the relaxed states must be the same in the
samples at the same temperature.
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