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Spectroscopic studies of polaronic and bipolaronic species inn-doped poly„paraphenylenevinylene…

I. Orion, J. P. Buisson, and S. Lefrant
Laboratoire de Physique Cristalline, Institut des Mate´riaux de Nantes, 2 rue de la Houssinie`re, Boı̂te Postale 32229,

44322 Nantes Cedex 3, France
~Received 11 July 1997!

In this paper, we present a detailed study of the vibrational properties of neutral andn-doped
polyparaphenylene-vinylene~PPV!. Resonance Raman scattering and infrared-absorption results are analyzed
and interpreted by the use of dynamical calculations based on a valence force-field model. Experimental data
include those obtained from related oligomers, i.e., trans-stilbene and distyrylbenzene with the assumption of
similar geometry parameters. Force constants are optimized according to assignments of Raman and ir vibra-
tional bands of the series of compounds. In the case of sodium-doped PPV, new Raman bands are observed
showing different resonance behaviors. These new features are investigated as a function of the doping level,
leading to the conclusion that polarons and bipolarons of short lengths coexist in thermodynamical equilibrium.
Doping-induced bands are interpreted in terms of changes in carbon-carbon force constants. Such modifica-
tions in the electronic distribution agree well with the quinoid character expected upon doping on the poly-
meric chains.@S0163-1829~98!03811-9#
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I. INTRODUCTION

Conjugated polymers have attracted a great deal of in
est from scientists over the last two decades due to t
conducting state occurring after doping with electron don
or acceptors.1–3 However, considerable attention has al
been paid to their neutral state because these material
hibit interesting electronic properties as semiconductors w
energy gaps ranging from approximately 1.5 eV to 3–4 e
In addition, compared to low molecular weight compoun
one can gain from other characteristics such as their h
mechanical strength, high melting point, easy processabi
etc. As a matter of fact, organic polymers are known to
good candidates for applications in different domains, es
cially optoelectronics or photonics, in the fabrication of no
linear optical devices~NLO’s! for example, since NLO prop
erties can be expected due to readily polarizablep-
conjugated electrons. Due to the development of solu
precursors, these polymers can be easily processed and t
fore the fabrication of electroluminescent and photovolt
devices has been achieved. Polyphenylene-vinylene for
ample~hereafter referred to as PPV! is considered as a pro
type of nondegenerate ground state polymers@Fig. 1~a!#,
which in turn exhibits good stability and high conductivi
after doping. Moreover, a large number of substituted der
tives have been successfully prepared in the purpose
monitoring both their electronic and optical properties. T
has led to the development of efficient light emitting diod
~LED’s! at different emission wavelengths. Demonstrated
J. H. Burrougheset al.4 in 1990, considerable improvemen
have been made since their discovery. Applications of s
compounds in photonics has been reviewed recently5 and the
fabrication of so-called polymeric optochips described.6,7

In the case of PPV and substituted derivatives, the m
objective of scientists is still to optimize these polymers
the purpose of increasing the time life of devices such
LED’s. Therefore, a complete control of the synthesis
570163-1829/98/57~12!/7050~16!/$15.00
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needed in terms of conjugated length, chemical stability,
fects, etc.

In a fundamental point of view, the understanding of t
physical properties of conjugated polymers involved in tra
port or optical phenomena requires a detailed study of th
electronic excitations. Contrarily to usual inorganic semico
ductors, several differences can be stressed out. The con
ing state of such compounds is achieved aftern or p doping,
which means a large incorporation of counter ions~several
percents in atomic ratios!. Electrical properties are therefor
issued from the presence of a high concentration of extrin
charge carriers. Due to a strong electron-lattice coupli
these charge carriers present a polaronic character. Thi
teraction leads to a trapping of the added charges which
duces a local distortion in the polymeric backbone. Polaro
or bipolaronic excitations are thus expected and can be s
ied in conjugated polymers by using several techniques, e

FIG. 1. Molecular structure of~a! poly~p-phenylenevinylene!
~PPV! repeat unit;~b! trans-stilbene~TSB!; ~c! t,t-distyrylbenzene
~DSB!; ~d! schematic diagram of the quinoid form.
7050 © 1998 The American Physical Society
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optical and magnetic spectroscopies, conductivity meas
ments, etc.

The purpose of this paper is to describe the modificati
encountered by the conjugated structure of PPV betwee
neutral and conducting states. In this respect, vibratio
spectroscopies, such as resonance Raman scattering~RRS!
and infrared absorption, are specially appropriate to pr
intrachain modifications involving both polymeric structu
and electronic distribution along the chain. Theoretical c
culations issued from band structure8 or modified neglect of
differential overlap~MNDO! ~Ref. 9! methods have pre
dicted a ‘‘quinoid’’ character for polarons and bipolarons
PPV @Fig. 1~d!#. Such charged defects are supposed to
tend over approximately 3 to 5 polymer units, in rou
agreement with experimental estimations of polarons and
polarons lengths obtained by comparison with anionic or c
ionic model compounds.10,11 Our purpose is to discuss th
prediction with a different point of view, namely, from th
modelization of Raman and infrared spectra since, as
before, vibrational spectroscopies can be used to investi
chain changes upon doping. From Raman-scattering
infrared-absorption observations, the polymer structure
be quantitatively described in the frame of a valence fo
field model using the formalism of the Fourier dynamic m
trix. Changes related to the presence of polaronic or bi
laronic defects can then be interpreted in terms of a per
bation of the pristine sample, which will be discuss
according to the above picture.

In Sec. II of this paper, we report the experimental deta
while in Sec. III, we describe both the experimental resu
and the valence force-field model established for neu
PPV, which contains several refinements compared to pr
ous works.12 The optimization process has been carried
via a combined study of oligomers, in particular tran
stilbene ~TSB! and distyril-benzene~DSB! shown in Figs.
1~b! and 1~c!. Such a methodology ensures a correct ass
ment of the observed vibrational bands that can be follow
from one compound to the other along the series. A furt
advantage is to determine an optimum set of force const
common to all compounds, established on a large numbe
experimental frequencies. A previously determined benz
valence force field13 has been used for the parameters rela
to aromatic rings. Hence our work is a direct continuation
reliable vibrational studies on aromatic compounds.

Both n- or p-type doping induce modifications in exper
mental vibrational spectra of conducting polymers. Differe
spectral changes are observed depending on the sta
charge, whether electrons are added or removed from
polymer backbone. Indeed, there is no reason to expect
the electronic polarizability involved in Raman scattering u
dergoes the same modifications in these two cases. We
devoted Sec. IV of this paper ton-type doping illustrated by
sodium-doped PPV. The experimental investigation has b
carried out using RRS in order to discriminate between s
eral coexisting species. Results presented in this paper c
plete those published in Ref. 14 and provide additional
formation to the work of Sakamoto and co-workers11

Spectral changes are then interpreted via a vibrational an
sis in terms of modifications in the valence force field, a
further, in terms of structural relaxation along the polaro
or bipolaronic segments. In order to compare with theoret
e-
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predictions, use is made of a previously determined se
empirical relation between theFC-C force constants and th
corresponding C-C bond lengths15 denotedr cc. This rela-
tionship shows a linear dependence in 1/r cc

4 :

FC-C}1/r cc
4 . ~1!

II. EXPERIMENTAL DETAILS

A. Materials

PPV free-standing films with ca. 5 to 10mm thickness
were synthesized in our laboratory via the soluble polysu
nium precursor polymer route. Details on this process
widely described in the literature.16,17 This method is known
to yield high molecular weight polymer,18 with high purity
and significative conjugation length.19 After purification by
dialysis, a solution of poly~p-xylylidine tetrahydrothiophe-
nium chloride! is cast into films by water evaporation und
nitrogen atmosphere. Precursor films are then gradually
nealed up to 300 °C under vacuum (p;1026 Torr) for ap-
proximately 10 h. During this thermal treatment, the sul
nium lateral groups are eliminated, giving rise to t
unsaturated vinylene linkage with a ‘‘trans’’ configuratio
These changes can be characterized by the observation
strong band at 966 cm21 in ir spectra, corresponding to a
out-of-plane vibration of the transvinylene intercycle.20,21

The use of tetrahydrothiophenium leaving groups is kno
to avoid side reactions during the thermal conversion.22 El-
emental analysis indicates sulfur and chlorine contents
than 1%. Also, compared to other possible sulfonium m
eties, tetrahydrothiophenium groups improve the cristallin
and the conjugation length. This has been confirmed by
fraction studies,23 by the red shift of the absorption maxim
in optical spectra17,19 and by solid-state13C NMR showing
no evidence forsp3 hybridized carbon~not shown!. Further,
the precursor polymer route offers the possibility of obta
ing oriented polymer: a rapid stretching of the precursor fi
while heating between 60 °C and 100 °C~Ref. 24! yields
highly oriented PPV~Fig. 2! with draw ratios up to'10, on
which the thermal elimination is completed as describ

FIG. 2. Scanning electron microscope picture of a stretch
oriented PPV film.
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above. Oligomers were either purchased when availa
~TSB from Aldrich! and recrystallized, or supplied by othe
groups.

Sodium doping of PPV films has been performed eit
by vapor phase25,26 or solution27 techniques. In the forme
case, glass tubes containing PPV pieces and distilled sod
were sealed under vacuum (;1026 torr), and heated a
200 °C for various durations~typically several hours! until
samples get metalliclike colors. This out-of-equilibrium pr
cess leads to a nonuniform insertion of sodium, as one
observe through the gradation of colors. Pristine PPV fil
being orange, doped areas get first a grey luster, becom
successively blue-green, violet, and finally gold at the u
mate stage. On the other hand, doping in solution use
reduction reaction with an organo-sodium salt in anhydr
tetrahydrofuran, which is carried on during several wee
until the thermodynamical equilibrium is reached.27 Differ-
ent doping levels can be obtained depending on the rad
anion system involved in this reaction. Sodium ratios
evaluated by acidimetry after alcaline extraction in methan
In this way, PPV-Na samples with averaged sodium ratios
2065 and 5065% mol Na/C8H6 have been prepared, corre
sponding, respectively, to blue and gold colors. It is noti
able that the highest obtained ratio is consistent with the 5
deduced by Chen and Winokur from diffraction studies
PPV-Na at maximum doping level28 ~with a vapor phase
doping!. Such a large dopant amount is also consistent w
the ratio obtained when achieving the same treatment
polyacetylene29 ~15–16% mol Na/CH!, once taking into ac-
count the respective lengths of 1.24 and 6.58 Å for C2H2 and
C8H6 polymer units. Because of their extreme sensitiv
against oxygen and water, sodium-doped films were kep
glass cells sealed under vacuum. We observed that Ra
experiments performed on PPV-Na samples of given co
yield identical spectra whenever they were doped in va
phase or in solution. Hence, the two above mention
samples with determined ratios were used as reference
order to calibrate other doping levels, usingX fluorescence
under scanning electron microscopy as a local analysis t
nique.

B. Apparatus and measurements

Resonance Raman-scattering experiments were perfor
with a Jobin-Yvon T64000 spectrometer equipped with
cooled charge-coupled device detector. Excitation lines w
provided by Spectra Physics Ar1 or Kr1 lasers when oper
ating in the visible or near uv range~from 350 to 676 nm!. In
the near ir, we used a Fourier transform~FT! Raman spec-
trometer Bruker RFS100 with a 1064 nm excitation issu
from a Nd:YAG laser. Neutral compounds were investiga
with relatively high laser power, from;50 mW on the
sample for excitations in the visible up to;300 mW for the
near ir excitation. A resolution of 2 cm21 was used in order
to discriminate with good accuracy overlapping Ram
bands. Experiments were performed on PPV films eit
with 90° or backscattering geometries. In the case of do
samples, spectra were recorded only with a backscatte
geometry under microscope providing the possibility to a
lyze inhomogeneously doped areas. The laser power
lowered ~;30 mW for FT-Raman experiments! to avoid
le
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thermal damages due to laser irradiation. The resolution
then increased to 8 cm21 in order to get reasonable signa
to-noise ratios. Since Raman bands are significantly bro
ened in the conducting state, such a resolution turned ou
be sufficient.

Infrared-absorption experiments in the 400– 4000 cm21

range were performed on a Nicolet 20 SXC Fourier tra
form infrared spectrometer with a deuterated triglycine s
fate detector, and those in the 50– 650 cm21 range on a Nico-
let 20F spectrometer. A microbeam apparatus has been
to record polarized ir spectra in the 650– 4000 cm21 range.
The resolution was 2 or 4 cm21. Samples in powder form
were dispersed in KBr pellets, whereas free-standing film
PPV ~5–10mm thick! were directly investigated. All studie
were carried out at room temperature.

III. DYNAMICAL STUDY OF THE NEUTRAL STATE

Our approach using model compounds aimed to desc
the vibrational properties of PPV and its related oligomers
the frame of a common model. The structure of the differ
molecules has been defined with a same set of geom
parameters, bond lengths and angles corresponding to
internal coordinates used in the model. An optimization p
cess performed on assigned vibrational frequencies lead
one set of force constants, which represents the vale
force-field model for PPV series. Additional information i
sued from studies carried out in polarized light, calcula
potential energy distribution and atomic displacements w
also taken into account. The following section is devoted
the description of the different steps in building up t
model.

A. Preliminaries

The molecular structure of TSB, DSB, and PPV is sho
in Fig. 1 and internal coordinates are defined in Fig. 7 w
DSB as the example. Their values have been chosen con
ering two kinds of information. Experimental data from
ray-diffraction studies have been published for TS
only.30,31 Consistent structural data for TSB and longer o
gomers or PPV have also been obtained fromab initio or
semiempirical calculations.9,32–36These methods lead to op
timized geometric parameters almost independent on the
of the oligomer, and consistent with the values experim
tally determined on TSB. Differences are less than 1%,
cept for the vinyl CvC bond length, for which the experi
mental value of 1.30 Å is 4% less than the calculated o
Bernstein31 has stressed this point concerning this CvC
length in TSB as being unusually short as compared to
ylenic bonds in other stilbenes~more commonly;1.34 Å!.
Concerning the parameters used in our modelization, the
lowing comments can be given in addition:

~i! The vinyl bond length is taken asD51.35 Å, as cal-
culated for longer oligomers. The anglesb, b8, andb9 on
the intercycle are taken from experimental values,30,31also in
agreement with optimized geometries.

~ii ! Aromatic rings are considered with the same geome
as the one used for the dynamical model of benzene.13 In this
work, as in previous studies on other series of aroma
compounds,37–39 the benzene model is taken as a referen
for the vibrations of phenyl groups.
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~iii ! The assumption of a mean planarity in the equil
rium configuration can be justified for these compounds
the solid state. The dihedral angle between the two cycle
TSB has been experimentally estimated to be less tha
~Ref. 30!. On the other hand, while theoretical calculatio
predict a twist angle of 2565° for isolated molecules o
TSB and longer oligomers,32,40 the energetic barrier at 0° i
flat enough to be compensated by the gain in compacity
in p orbitals overlapping in the solid state. This assumpt
is supported by the red shift (;0.15 eV) of the absorption
threshold when going from solutions to crystallin
compounds.40 In regards to molecular vibrations, a plan
equilibrium configuration leads to a separation between
plane and out-of-plane vibration modes. In our model, o
in-plane vibrations are considered, so that the set of inte
coordinates excludes the twist angles since they do not
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tribute in the expression of such vibrations. The molecu
geometry defined in this way provides a reference on wh
results of the PPV series modelization will be discussed.

In the planar all-trans configuration, PPV and related o
gomers belong to the point groupC2h , and so, in-plane and
out-of-plane normal modes are separated into symmetric
antisymmetric with respect to the molecular plane. The
striction to in-plane modes yields two degrees of freedom
atom. Inversion centers lying either on the vinyl group
TSB, on the central ring in DSB, or on both in PPV, lead
the exclusion rule between Raman-active modes~g modes!
and ir active modes~u modes!. The first step consists then i
determining the number of the allowed modes for each co
pound. Therefore, if one restricts to in-plane vibrations,
following active vibrations can be listed:
TSB ~26 atoms! 25 Ag124 Bu ~ including 6 Ag and 6 Bu modes coming from CH stretching vibrations!,

DSB ~40 atoms! 39 Ag138 Bu ~ including 9 Ag and 9 Bu modes coming from CH stretching vibrations!,

PPV ~14 atoms/unit cell! 14 Ag112 Bu ~ including 3 Ag and 3 Bu modes coming from CH stretching vibrations!.
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Notice that we have considered separately all modes iss
from C-H vibrations. They are observed near 3000 cm21

while other modes occur in a lower frequency range, up
1800 cm21 for aromatic compounds. In our calculations w
have used the assignments of C-H stretching vibrations
viously given by Meic and Gu¨sten on TSB,41 and we have
focused our calculations on the lower frequency modes.

Active normal modes can also be listed in a parallel w
by taking into account the contributions from the differe
molecular groups, namely, aromatic rings and vinyl grou
This procedure puts in evidence the filiations between vib
tions along the series TSB-DSB-PPV. Results for in-pla
and low-frequency modes are collected in Tables I and I

B. Experimental results

1. Resonance Raman scattering

Raman spectra of TSB, DSB, and PPV recorded with
excitation wavelengthlL51064 nm are shown in Fig. 3
They have been normalized on their strongest band obse
at approximately 1590 cm21. With other excitation wave-
lengths the peak positions are unchanged within an accu
of 62 cm21. This property is characteristic of oligome
with a defined length. In the case of the polymer for which
distribution of conjugation lengths is expected, the lack
frequency dispersion has already been noticed, and is co
tent with other observations. First, energy gaps in co
pounds containing more than 10 C8H6 units42,43 show almost
no variation and are almost not sensitive to resonant Ram
scattering effects. Second, when comparing Raman spe
of TSB, DSB, and longer oligomers such as distyrylstylve
~DSV! that contains one extra C8H6 unit, experimental fre-
quencies converge quickly to values observed in PPV. Th
small variations of Raman frequencies as a function of
ed
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chain length in PPV is to be retained, in contrast to the c
of polyacetylene.44 On the other hand, some changes are
served in the relative intensities between the group of ba
around 1170 cm21 and the other around 1590 cm21. For
example, the former group presents a maximum inten
when using an excitation wavelengthlL5676 nm, indicating
clearly resonance effects.

A closer inspection of Fig. 3 shows that~i! the intensities
of the bands at approximately 1000 and 1450 cm21 vanish
when going from TSB to PPV. This behavior is character
tic of vibrations localized on the external cycles.~ii ! The
DSB spectrum appears as a juxtaposition of the Raman s
tra of TSB and PPV, as a consequence of the contributi
from external and internal cycles, respectively~see Table I!.
~iii ! In the high-frequency range, the intensity ratio betwe
bands at 1546–1571 cm21 and 1625–1638 cm21 increases as
a function of the conjugation length. This effect can also
followed during the conversion process, yielding a quali
tive criterium for the conjugation extension in PP
samples.45

2. Infrared absorption

Infrared spectra of TSB, DSB, and PPV shown in Fig
present a large number of bands, the strongest correspon
to out-of-plane modes, the induced dipolar moments be
particularly strong. As noticed in Sec. II of this paper, t
band at 966 cm21 in PPV is characteristic of an out-of-plan
bending vibration of the vinyl group in ‘‘trans’’
configuration.20,21 Also, the out-of-plane modes giving
strong bands around 700 cm21 in TSB and DSB can easily
be assigned to vibrations of the external rings, since they
not present in the PPV spectrum. As in Raman, a close
spection of these ir spectra enables to establish some
tions. Thus, among the DSB bands at 1014, 1026,



-
.c. for
ulated

lc.

7054 57I. ORION, J. P. BUISSON, AND S. LEFRANT
TABLE I. Attributed and calculated frequencies~0 – 1650 cm21 range! of Raman active in-plane vibra
tions of TSB, DSB, and PPV. In the table, e.c. stands for vibrations of external aromatic cycles, i
vibrations of internal aromatic cycles, V. for vibrations of vinyl groups. n.o. are nonobserved but calc
frequencies and the question mark~?! indicates the observed bands that have not been used in the fit.

Benzene TSB DSB PPV
D6h obs calc. e.c. v. obs calc. e.c. i.c. v. obs calc. i.c. v. obs ca

Vg * 1638 1626 * 1632 1632 * 1625 1636
E2g,a 1596 1596 * 1592 1591 * * n.o. 1612 *

1588 1589 1582 1587
E2g,b 1596 1596 * 1571 1571 * * 1574 1576 *

1556 1546 1546 1538
E1u,a 1479 1482 * 1491 1489 * 1491 1493
E1u,b 1479 1482 * 1445 1447 * 1447 1451
Vu * n.o. 1342
A2g 1346 1345 * 1339 1338 * * 1335 1335 * 1327 1329
Vg * 1326 1315 * 1321 1316 *

1304 1289 1301 1295
B2u 1309 1308 ?1260 1268 1266 1266
E2g,b 1178 1179 * * * n.o. 1243
Vg * 1192 1198 * 1193 1195 * 1197 1192
E2g,a 1178 1179 * 1182 1174 * * 1178 1175 *

n.o. 1167 1170 1163
B2u 1149 1150 * 1154 1151 * 1157 1150
E1u,b 1036 1033 * n.o. 1075 * n.o. 1076
E1u,a 1036 1033 * 1026 1026 * 1028 1026
B1u 1010 1010 * 996 1006 * 997 1006
A1g 992 992 * * 879 889 * 887 896

866 864 * 858 850
E2g,a 606 606 * 640 637 * 650 647 * 662 660

?618 614
E2g,b 606 606 * n.o. 602 * * n.o. 603 * ?634 603
Vu Ti * 519 516
Vu T' * n.o. 494
A2g Rot * ?290 273 * * ?299 283 * 327 311
E1u,a Ti * n.o. 174 * ?132 128
E1u,b T' * * ?71 75

Rot Rot
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1072 cm21, the first one corresponds to 1013 cm21 in PPV
~internal cycle!, and the two others correspond to 1028 a
1072 cm21 in TSB ~external cycles!. Some difficulties arise
however in the interpretation of those spectra because o
excess of observed bands as compared with the pred
number ofBu modes. Even having separately carried out
attribution of out-of-plane vibrations, some extra bands m
be due to combination transitions. Examples of the choi
that had to be made in the assignments will be discus
later.

3. Oriented PPV

Raman or ir spectra recorded with nonpolarized light
highly oriented PPV films are rigorously identical to tho
described above. Thus, stretching the polymer does
modify the intrachain structure. Polarized Raman spec
which are likely to give information about the polarizabili
tensor, do not show clear intensity differences when we
different configurations. In contrast, polarized ir~Fig. 5!
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present a strong dichroism which has been alre
reported.46 Intensities of some absorption lines strongly d
pend on the orientation of the incident electric field. F
instance, out-of-plane modes peaked at 555, 560, 837,
966 cm21 almost completely vanish when the light polariz
tion is parallel to the stretching direction. Hence it can
inferred that polymer chains are almost parallel to this dir
tion, in agreement with x-ray-diffraction observations on o
ented PPV.47 Further, the anglea between the polymer axis
and the induced dipolar momentm can be estimated for eac
band. A cylindrical distribution for the orientations of mo
lecular planes has been assumed, considering that thm i

5m cosa component is entirely excited, whereas form'

5m sina, only its projection on the polarization direction
effective. The absorbanceAi (A') is proportional tom i

2

~resp.m'
2 !, so that the corrected relation istg2a52 A' /Ai .

Resultinga values will be compared with the ones obtain
from the modelization~Table III!. Yet, from the residual par-
allel intensities of out-of-plane vibrations, which should
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TABLE II. Attributed and calculated frequencies~0 – 1650 cm21 range! of infrared active in-plane vi-
brations of TSB, DSB, and PPV. In the table, e.c. stands for vibrations of external aromatic cycles,
vibrations of internal aromatic cycles, V. for vibrations of vinyl groups. n.o. are nonobserved but calc
frequencies and the question mark~?! indicates the observed bands that have not been used in the fit.

Benzene TSB DSB PPV
D6h obs calc. e.c. v. obs calc. e.c. i.c. v. obs calc. i.c. v. obs ca

Vg * n.o. 1622
E2g,a 1596 1596 * 1597 1608 * 1595 1596
E2g,b 1596 1596 * 1577 1579 * 1573 1575

1511 1509 * 1518 1516
E1u,a 1479 1482 * 1495 1497 * * 1486 1491
E1u,b 1479 1482 * 1451 1457 * * 1446 1453 *

1417 1428 1424 1436
A2g 1346 1345 * 1336 1343 * 1339 1342
Vu * 1331 1322 * 1332 1328 * 1340 1333
Vg * 1306 1317
Vu * 1266 1266 * 1267 1268 * 1271 1269
B2u 1309 1308 * 1219 1237 * * n.o. 1259 *
E2g,b 1178 1179 1213 1212
Vg * 1192 1183 1179 1181
E2g,a 1178 1179 * 1183 1176 * 1180 1174
B2u 1149 1150 * 1154 1150 * 1154 1151

* 1114 1116 * 1107 1117
E1u,b 1036 1033 * 1072 1076 * 1072 1076
E1u,a 1036 1033 * 1028 1027 * * 1026 1027 *

1014 1025 1013 1026
B1u 1010 1010 * 1002 1007 * * 998 1006 *
A1g 992 992 * n.o. 837 * ?846 856

* 797 809 784 787
E2g,b 606 606 * 619 611 * 619 612
E2g,a 606 606 * 540 539 593 584
Vu T' * 468 468 * 451 449 * 428 425

279 285
A2g Rot * n.o. 70 * n.o. 168
E1u,b T' * * * n.o. 32 *
E1u,a Ti * T' ,Ti * * T' ,Ti * T' ,Ti
on
le

io

de

,
.
on
en
le
principle have a strictly perpendicular polarization, the n
oriented fraction in the sample has been estimated to be
than 3%.

C. Theoretical results

1. Valence force field

The set of force constants resulting from the optimizat
process and representing the valence force field~VFF! for
PPV series is given in Table IV. Each force constant is
fined in relation with the variation of internal coordinatesRi ,
Rj according to the expression

FRiRj
5S ]2U

]Ri]Rj
D

0

,

where U is the vibrational potential energy. In Table IV
force constants are arbitrarily separated in four groups
order to ensure the global coherence between all vibrati
studies performed on aromatic polymers, the benz
model13 has been used to characterize the part of pheny
-
ss

n

-
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FIG. 3. Raman spectra recorded at 300 K withlL51064 nm of

~a! PPV, ~b! DSB, ~c! TSB.
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rings that is not perturbed by the parasubstitution. The sa
set of parameters has already been used in the dynam
study of other series related to aromatic polymers.37–39Such
a procedure has led to the determination of the semiempi
relationship~1! between carbon-carbon bond lengths and
corresponding stretching force constants.15

This relation traduces the link between vibrational fr
quencies and bond stiffness. In the fitting process for
PPV series, the carbon-carbon stretching force const
FR2, FD2, and Ft82 were allowed to vary from values pre
dicted by relation~1!, whereasFt2 was kept constant to th
value found in the benzene model. Figure 6 shows that
optimized values reflect the different bond orders:Ft82 is
close toFt2, as expected for an aromatic ring, and they b
correspond to an average betweenFR2 and FD2. The force
constantFs82 , related to the C-H stretching on the vin
group, has been obtained by taking into account the ass
ment of the TSB high-frequency modes~at approximately

FIG. 4. Infrared spectra recorded at 300 K of~a! PPV,~b! DSB,
~c! TSB.

FIG. 5. Polarized infrared spectra~300 K! of highly oriented
PPV films; polarization is parallel~a! or perpendicular~b! to the
stretching direction.
e
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3000 cm21! performed by Meic and Gu¨sten on deuterated
TSB spectra.41 Its final value is close to the correspondin
force constantFs2 in the benzene model~respectively, 4.90
and 5.09 mdyn/Å!. Concerning the angular degrees of fre
dom around eachsp2 carbon atom, the internal coordinate
defined in Fig. 7 are redundant since three angles are ta
into account whereas two would be sufficient. Redunda
problems are brought out by considering only three indep
dent force constants related to the relevant angular inte
coordinates. Choice has been made of bending force c
stants of ‘ ‘Fa2’ ’-type. Indeed, such a definition of each ca
bon atom environment enables to compare similar car
neighborhoods in different molecules. For instance, value
bending force constants around the quaternary carbon rem
close to the benzene ones~Fa2'Fa82 and Ff2'Ff92!. For
the C-CvC bending of the intercycle, one obtainsFb2

'Ff82, and smaller values for CvC-H and C-C-H bendings
(Fb82.Fb92). It makes sense that these force constants
ordered according to the stiffnesses for bending oscillatio
On the other hand, no clear interpretation is available for
force constants which involve two different internal coord
nates. During the fitting process, it has been possible to
duce the number of those parameters in order to reinforce
physical meaning of the final model, keeping in mind that t
loss in frequency adjustment is negligible. Thus, the V
model for PPV series consists in 34 force constants
among them 11 have been fixed~from benzene! and 23 op-
timized.

2. Assignment of vibrational modes and calculation results

The assignment of Raman and ir experimental vibratio
modes of TSB, DSB, and PPV is reported in Tables I and

TABLE III. Observed and calculated polarizations of infrare
active modes in PPV. Experimental angle values (610°) are rela-
tive to the stretching direction of a highly oriented sample, a
calculated angle values are relative to the polymer axis.

Frequencies (cm21) Polarizations
Expt. Calc. a Expt. a calc.

1518 1516 10 ~i! 11°
1424 1436 60 43°
1340 1333 50 59°
1302a 50
1271 1269 30 19°
1210a c ~'!

1179 1181 10 ~i! 12°
1107 1117 75 76°
1013 1026 30 10°
966b 85 ~'!

837b 85 ~'!

784 787 0 ~i! 5°
555b 85 ~'!

428 425 d 43°

aExperimental bands not attributed.
bBands attributed to out-of-plane vibrations.
cA numerical value cannot be estimated, due to an overlap wi
broad band.

dOut of the detection range of the microbeam apparatus used
these measurements. However, using another device,a exp. has
been estimated to be less than 45°.
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These tables are organized in a way to put in evidence fi
tions from benzene ring and vinyl group vibrations. Wh
experimental frequencies are known for benzene, the
quencies of the vinyl group vibrations have been indica
assuming some hypothesis. Generally, the characteristic
the vibrations of individual entities contribute to seve
modes whose frequencies are close to each other. It turn
that spectral ranges into which such ‘‘mixtures’’ occur c
be distinguished as shown in Tables I and II. In these tab

TABLE IV. Valence force field for PPV series; optimized in
plane force constants.

Valence force constants in the unperturbated part of the aroma
ring;
benzene valence force field:

Ft2 6.21a Fa2 1.04b F1tt 0.85 Fsa 20.13
Fs2 5.09 Ff2 0.50 F2tt 20.31 Fta 0.11

F3tt 0.33 Ftf 0.16
Fff 0.02

Valence force constants in the part of the ring perturbated by t
intercycle:
Ft82 6.18 Fa82 1.07 Ft8f8 0.42

Ff82 0.82 Ft8a8 0.26
Ff92 0.49

Valence force constants coupling the aromatic ring and the vin
group:
FR2 5.15 Ft8R 0.51 Fa8R 20.42

Ft8D 20.20 Fbf8 0.11
F1t8D 20.30

Valence force constants in the vinyl group:
FD2 7.23 Fb2 0.80 FRD 0.53 Fb8D 0.19
Fs82 4.90 Fb82 0.61 FRR 20.27 FbR 0.30

Fb92 0.50 Fb9R 0.28
Fb8b8 0.09

aFr2-type force constants, related to stretching vibrations, are
pressed in mdyn Å21.

bFu2-type force constants, related to bending vibrations, are
pressed in mdyn Å rad22.

FIG. 6. Semiempirical relationship between carbon-carbon fo
constantsFr

2 and related carbon-carbon bond lengthsr ~from Ref.
15! and calculated in this work for PPV~circles!.
-

e-
d
of

l
out

s,

we have indicated by stars for each compound the numbe
in-plane modes below 2000 cm21. Calculated frequencies
are also reported, as obtained from the VFF previously
scribed. A good agreement with experimental values is
tained, with an average quadratic error of;5 cm21 for the
least square fit. A few observed and weak bands whose
signment is too doubtful have not been fitted. On the who
the VFF model being optimized on a set of 92 frequenci
their choice among the numerous observed bands is o
ously decisive. Some particular points are discussed in
following, in light of useful additional information provided
by our calculations: ~i! The representation of atomic dis
placements indicates the original symmetry of each nor
mode. It can also be qualitatively related to the observ
intensities. ~ii ! For each normal mode, the potential ener
distribution ~PED! ~Ref. 48! yields the contributions of the
different force constants expressed in percents, providin
quantitative and complementary information to po
~i!. ~iii ! A simplified calculation of the induced dipolar mo
ment for Bu modes in PPV yields a vectorial entity whos
orientation can be compared to the polarized ir-absorp
data.

3. Frequency range 1500–1650 cm21

In this range, three bands are observed in the PPV Ra
spectrum at 1546, 1582, and 1625 cm21, respectively. At this
point, it may be useful to compare with the Raman spectr
of poly~paraphenylene! ~PPP! ~Ref. 37!. This aromatic poly-
mer presents one very strong band at 1595 cm21 accompa-
nied by a very weak shoulder on the high-frequency si
attributed toAg andB3g vibrations of the disubstituted ben
zene~D2h symmetry!. The observation of an additional ban
in the same frequency range in PPV is obviously due to
Ag vibration of the vinyl group. By comparison with studie
performed on compounds containing vinyl groups, it h
been shown that a mode appears in this frequency dom
which is assigned to the symmetric stretching vibration
the CvC bond.49,50 In the case of PPV, the coupling be
tween the vibrations of the benzene ring and those of
vinyl group can be examined through the atomic displa
ments displayed in Fig. 8 and also through the PED’s cal
lated for the modes mentioned above, the main ones b
given in Table V. In contrast with the case of PPP, theB3g
character, mainly represented byFt82 contribution, is clearly
associated with the lower frequency mode calculated
1538 cm21. A detailed examination of this peculiarity show

c

x-

x-

e

FIG. 7. Definition of the internal coordinates used in DSB. T
geometric parameters used in our calculations aret5t851.40 Å,
s5s851.06 Å, R51.45 Å, D51.35 Å, a5a85120°, f5f8
5120°, b5126°, b85114°, b95120°.
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FIG. 8. Representation of atomic displacements of PPV in the left side; DSB in the right side.
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that this frequency shift is attributable to the intercycle
PPV, the single C-C bond in PPP being replaced by the v
group. A quantitative signature has been found by a low
PED value forFf82 in PPV than in PPP~2% and 10%,
respectively! that can explain the frequency lowering. On t
other hand, the CvC stretching mode of the vinyl grou
principally couples with theAg ring vibration, as can be
observed in the two higher frequency modes. They pres
opposite phase relations between cycles and intercycles
the FD2 PED value is larger for the mode calculated
1636 cm21, indicating that the vinylene CvC stretching
provides its strongest contribution on this mode. This l
point is to be retained for the discussion in Sec. IV. Anoth
remark about this higher frequency mode can be add
when following its evolution along the PPV series. Its fr
quency decreases significantly when going from the shor
oligomer to the polymer: it is observed at 1638 cm21 in
TSB, 1632 cm21 in DSB, 1629 cm21 in distyryl-stylvene
~not shown!, and finally, 1625 cm21 in PPV. Such a fre-
quency lowering is significative of a modification of the ele
tronic distribution on the intercycle. It is reasonable to arg
that the conjugation extension on longer chains increases
electronic delocalization, with the effect of softening t
CvC bond of the vinyl group. In contrast, a much high
frequency is reported for the CvC stretching mode in non
conjugated molecules containing a vinyl group: for e
ample, it is observed at 1682 cm21 in the trans-2-butene.51 It
can be noticed~Table I! that calculated frequencies increa
from TSB to PPV by'10 cm21. This discrepancy with ex-
perimental values is due to the use of a same VVF mode
both oligomers and PPV. A more refined calculation wou
require to decrease the value ofFD2 when increasing the
chain length.

TABLE V. PED’s of the carbon-carbon stretching force co
stants for the three Raman-active modes in the 1600 cm21 range in
PPV.

Frequencies (cm21) PED ~%!

Expt. Calc. Ft2 Ft82 FR2 FD2

1625 1636 23 17 0 23
1582 1587 21 25 16 17
1546 1538 0 65 6 10
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4. Intensities

Qualitatively, one can consider that the intensity of R
man modes arises from the distortion of thep electronic
cloud, together with specific phase relations between the
cal vibrations involving the different molecular group
Thus, it is justified to calibrate Raman spectra intensities
PPV series on the band at;1580 cm21, owing to the nature
of the corresponding normal modes. They take place on
whole molecule, with in-phase vibrations of all rings and
vinyl groups, the displacements being the same as show
Fig. 8. The strong intensity of the mode observed at 11
cm21 in PPV, while it originates from a weakE2g mode at
1178 cm21 in benzene, can be attributed to the C-C bo
stretching involving theR internal coordinate of the inter
cycle ~Fig. 8!. Indeed, such a vibration implies in-phase d
formations ofp electronic clouds on both cycles and inte
cycles along the conjugated chain. Since this property a
holds for the strong band at;1580 cm21, it appears that the
Raman intensity in PPV series is mainly connected with
R stretching. Consequently, these modes are characterize
a high PED forFR2. The next point to be discussed concer
the intensities of a few DSB modes which are not obser
~mentioned as ‘‘n.o.’’ in Tables I and II!. In the case ofAg
modes, the corresponding eigenvectors are characterize
out-of-phase vibrations of the different groups, as can
noticed in Fig. 8 for the modes calculated at 1612 a
614 cm21. This peculiarity can explain why they are not o
served. A different case arises with theBu mode predicted at
1622 cm21. It contains ‘‘g’’-type vibrations on both cycles
and vinyl groups~Fig. 8!. Such vibrations are inactive in i
absorption, even after the modifications caused by the s
stitution. Substituted carbons do not show significant d
placements, suggesting a weak induced dipolar moment
the contrary, the correspondingAg mode at 1632 cm21 is
relatively strong in the DSB Raman spectrum.

5. Polarization of Bu modes in PPV

The validity of our model can also be checked through
comparison between experimental data obtained in polar
ir absorption on oriented PPV films, and the polarization
ir-active modes that can be deduced from the calcula
atomic displacements. Induced variations of the dipolar m
ment principally arise from the relative displacements of c
bon and hydrogen atoms. In a simplified representation,
have consideredm}DrH2DrC. From the components o
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this vectorial entity, the angle betweenm and the polymer
axis can easily be computed for each mode. Calculated
observed polarizations reported in Table III show a go
agreement. Let us recall that the polarization angle dedu
from the experiment is relative to the stretching directio
We already noticed in Sec. III B that this direction can
considered in a good approximation to be parallel to
polymer axis. Hence the comparison between calculated
experimental values is justified. Such an analysis is a
helpful for the attribution of the twoBu modes expected in
the 1180– 1300 cm21 range. Five bands are observed
1179(i ,w), 1194(i ,vw), 1210(',w), 1271(30°,m) and
1302 cm21 (50°,vw). The two expectedBu modes originate
from a vinyl translation mode ofu symmetry and from aB2u
mode of benzene, both antisymmetric in regard to thez axis
defined in Fig. 7. Consequently, the resulting dipolar m
ment might be rather parallel toz or, say, to the polymer axis
~the angle between them is;10°!. Calculated polarizations
actually matched this property, even when no assignm
was imposed for these frequencies. Taking into account th
arguments together with those deduced from intensities
filiations from oligomers, we assigned the bands observe
1179 and 1271 cm21.

6. Effects of symmetry breaking in PPV

Going back to symmetry considerations and their con
quences on normal modes, an interpretation can be prop
for some extra bands regularly observed in PPV spectra.
instance the ir band peaked at;1595 cm21 is a reminiscence
of an Ag mode observed in benzene at 1596 cm21. In finite
length chains, this mode yields an ir-active antisymme
combination. This is the case of the bands peaked
1597 cm21 in TSB and 1595 cm21 in DSB. For the infinite
PPV chain, the presence of an inversion center on all
cycles implies that this combination is inactive. Cons
quently, the observation of a weak band in the ir spectrum
the actual polymer puts in evidence the possibility of hav
cycles without an inversion center. This can be the case
cycles on chain ends. Another possibility would be the
currence of a different conformation for the polymer chai
For instance with a ‘‘boat’’ configuration instead of the com
monly assumed ‘‘arm-chair’’ one, the symmetry becom
D2h . The unit cell is doubled and the inversion center on
phenylene ring is removed. Without studying this case ext
sively, such hypothesis could also explain the Raman b
systematically observed at 1414 cm21 in the PPV spectrum
A symmetric combination between vibrations ofB2u origin
involving rings free of inversion center would then becom
active. However, if such symmetry defects are likely to
present in dilute concentration, one can consider our mo
ization in the ‘‘arm-chair’’ configuration the most appropr
ate to explain our results in the case of infinite chains.

7. Concluding remarks on neutral PPV

Establishing a VFF model for PPV has been supported
the joint study of a series of oligomers with the aim to im
prove the assignment of all vibrational modes. Even thou
some of them can still be questioned, the VFF model p
sented in this section provides a wide diversity of inform
tion. Thus, it can be considered as representative of the
nd
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namical behavior of this series of compounds. In additi
this model also succeeds in determining the vibrational
quencies of another series of substituted oligomers.52 In the
following section, it will be extensively used to study th
conducting state of PPV, including the relation~1! between
carbon-carbon stretching force constants and correspon
bond lengths. Therefore, this approach can be used to s
fruitfully the perturbations induced by doping along th
polymeric chains.

IV. DYNAMICAL STUDY OF THE N-TYPE DOPED
CONDUCTING STATE

A. Experimental results with sodium-doped PPV

1. Resonance Raman scattering

Two complementary ways of inspecting the spect
modifications occurring in the case ofn-type doping have
been carried out. First, the comparison of spectra recorde
a given sample with different excitation wavelengths~here-
after referred aslL! enables to stress out resonance effec
Second, choosing one given excitation, the spectral chan
are followed as the doping rate is increased.

Let us first examine sodium-doped PPV films at the ma
mum doping level. Figure 9 shows the RRS spectra wh
changing the excitation wavelength from the green ran
(lL5514.5 nm) to the near-infrared range (lL51064 nm).
The main modifications arise in the 1100– 1700 cm21 range.
New Raman bands are observed, whose relative intens
depend on the excitation line whereas their positions rem
unchanged. A further analysis enables to distinguish sev
groups of bands which exhibit different resonance behavi
Bands labeled A obviously originate from the two strong
bands of neutral PPV at 1170 and 1582 cm21, with the same
maximum frequencies but being broadened. Their inten
remains roughly constant whatever the excitation wa
length. New bands appear at other frequencies, whose va
are collected in Table VI. Bands labeledB are resonantly

FIG. 9. Resonance Raman spectra of PPV-Na at maximum d
ing level, recorded with~a! lL5514.5 nm;~b! lL5676.4 nm;~c!
lL51064 nm.
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enhanced withlL5514.5 nm~2.41 eV!, whereas their rela-
tive intensity decreases when the excitation goes to the
range~676.4 nm, 1.83 eV! and further to the near ir rang
~1064 nm, 1.16 eV!. In contrast, the resonance of bands
beledC occurs with the near ir excitation. For the last gro
of new bands labeledD, no significant resonance effect
observable. This RRS study demonstrates that then-type
doping induces the coexistence of several species, which
be related to different kinds of defects along the polym
chains. In this case, different electronic transitions can c
tribute to the overall RRS and their contribution may ha
different sign causing interference effects. However, Ram
bands are resonantly enhanced when the excitation is clo
a specific transition of a given species. Consequently, i
appropriate to attribute ‘‘B’’ bands to one species whos
absorption is presumably close to 2.4 eV, and ‘‘C’’ bands to
another whose absorption can presumably be in the rang
1 eV. The additional ‘‘D ’’ bands and the broadened ‘‘A’’
bands can originate either from vibrational modes comm
to the above mentioned species, or from species having
absorption band spread over a wide energy range. Also
presence of unperturbated segments is still observed w
using excitations within or close to the absorption band
neutral PPV~at ;3 eV!. Thus, even at the highest dopin
levels, the isolated band at 1625 cm21 characteristic of the
vinyl CvC stretching mode in neutral PPV is still observ
when usinglL5514.5 nm. Moreover, spectra recorded w
shorter wavelengths~i.e., higher excitation energies! present
a strong fluorescence from which the only bands of neu
PPV emerge.

Other alkaline counter-ions can be used to obtainn-type
doped PPV. It is noticeable that spectra Figs. 9~b! and 9~c!
are very similar to those reported for potassium-doped P
with 752 and 1064 nm excitation lines.53 This is consistent
with the fact that Raman spectroscopy probes the dop
induced perturbations on the intrachain scale, independe
from the counter ion responsible of the charge transfer.

The resonance behavior of the different groups of Ram
bands described above provides qualitative informat

TABLE VI. Raman frequencies~in cm21! observed in sodium-
doped PPV. Labels correspond to those mentioned in Figs. 9
10.

(lL5514.5 nm) (lL5676.4 nm) (lL51064 nm) Label

1624
1581 1578 1583 A
1536 1537 1539 B
1510 1509 1508 C
1465 1465 1455 D
1412 1414 1425 D

1340 1344 C
1315 1312 1312 B
1293 1290 1287 C
1260 1250 B
1240 1245 1240 B
1217 1215 1216 C
1171 1172 1174 A
1158 1155 1156 D
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about the energy ranges of electronic transitions of dopi
induced species, which can be related to those issued f
band-structure calculations. In a simple Hu¨ckel approxima-
tion ~one-electron picture!, polarons and bipolarons are ass
ciated to new energy levels localized within the energy g
of the polymer.54,55 Two main subgap transitions are e
pected for polarons, whereas one main transition at a sm
energy is expected for bipolarons.56 From a molecular spec
troscopy point of view, corresponding transitions exist b
tween the energy levels of radical anions or dianions
model compounds.57,58In conducting PPV and PPP, either
oxidized or reduced forms, two broad absorption ban
within the energy gap are generally reported.59–62Thus, it is
likely that the bipolaronic transition overlaps with the lowe
energy one from the two polaronic transitions. Also in ele
tron energy-loss spectroscopy spectra recorded with lig
doped PPV-Na samples, two broad peaks centered at 2.0
1.1 eV have been reported.63 From these considerations, th
RRS effects observed in Fig. 9 using three different exc
tion wavelengths are consistent with an attribution of ‘‘B’’
bands to polarons, and ‘‘C’’ bands to bipolarons. In this
case, RRS is particularly appropriate to get qualitative inf
mation about the absorption features since direct opt
spectra are difficult to obtain in highly doped polymers.

A suitable comparison can be made between our obse
tions and the RRS study presented by Sakamoto
co-workers.11 These authors also recorded Raman spectr
‘‘heavily doped’’ PPV-Na samples at different excitatio
wavelengths, before and after annealing. However, some
ferences with our results seem to indicate that the dop
level of their sample is lower than in ours. Spectra obtain
with lL51064 nm are very similar to the one shown in Fi
9~c!, but with shorter excitation wavelengths, they exhi
different features which indicate a significant amount of ne
tral segments. On the other hand, these authors make a
parison with spectra of soluble model compounds contain
one, two, or three vinyl groups~labeled PV1, PV2, and
PV3! and reduced into radical anions or dianions. Inde
strong analogies are evidenced between some Raman sp
of such short species and doped PPV. The greatest simil
is observed between PPV-Na andPV322 spectra recorded
with lL51064 nm@same as Fig. 9~c!#. Resonance effects ar
also demonstrated: excitation lines in the red or in the n
ir range favors the observation of species likePV3•2 and
PV322, whereas shorter species likePV1•2, PV122,
PV2•2, andPV222 are better observed with higher excit
tion energies. These effects are in agreement with the e
gies of the main electronic transitions of the reduced mo
compounds. Similar observations were reported by
rukawa and co-workers58 from a RRS study carried out o
PPP doped with sodium, and related model compound
short lengths. Both approaches led to conclude to the co
istence of polarons and bipolarons of various lengths
short spatial expansion in doped polymers. Also, Sakam
and co-workers11 outlined the possible role of the morpho
ogy or solid-state structure of the real material in the pr
ence of such localized excitations. Accordingly, it is like
that the PPV-Na samples we have studied do not con
exactly the same entities. Our results bring a complemen
view on the complexity of the system and one can conclu
to the coexistence of several doping-induced intrachain

nd
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fects. They are characterized by different absorption ener
and confined on relatively short chain segments, and ca
assimilated to polarons and bipolarons.

The second step in our experimental investigation had
purpose of following the spectral modifications as a funct
of the sodium content, using a given excitation line. Wh
using lL5514.5 nm, except for the highest doping lev
only modes from neutral PPV are observable from a str
fluorescence background. Figure 10 displays Raman spe
recorded atlL5676.4 nm with gradual doping levels. Re
sults obtained with near ir excitation (lL51064 nm), which
favors the observation ofC bands, have been published
Ref. 14. The gradual transformation of neutral polymeric
quences into perturbated segments is evidenced by the
ishing of the Raman band at 1625 cm21. Its complete disap-
pearance at the highest sodium ratios is due to the use
red range excitation, since resonance conditions are not
filled for the remaining unperturbated chains. Following t
sodium insertion from Figs. 10~b!–10~d!, ‘‘ B’’ bands in-
crease until the intermediate sodium ratios and then decre
while ‘‘ C’’ and ‘‘ D ’’ bands keep on growing as a functio
of the doping level. These different behaviors confirm th
those groups of bands are characteristic of several spe
coexisting in the material, with relative concentrations wh
depend on the charge transfer brought by the gradual do
insertion. UsinglL51064 nm confirms these changes
concentrations. Relative intensities are modified accordin
the different resonance conditions. For instance ‘‘C’’ bands
that are favored by near ir excitation appear from the beg
ning of the doping. Notice that in addition to the dopin

FIG. 10. Raman spectra of PPV-Na with a gradual doping le
lL5676.4 nm.~a! Neutral PPV;~b! weak doping;~c! intermediate
doping; ~d! maximum doping level. (* )1560 cm21, not listed in
Table VI, related to species appearing at low sodium concen
tions.
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induced bands recorded on Fig. 9, Fig. 10~b! exhibits a band
at 1560 cm21. It appears at low doping levels and is anal
gous to the one reported by Sakamoto and co-workers11 at
1564 cm21 with lL5632.8 nm. This feature is no longe
seen at higher doping levels, due to the strong intensity
the bands at 1536 and 1580 cm21.

Additional reliable observations are issued from electr
paramagnetic resonance studies on conduc
polymers.64–66In these investigations, mobile spins related
the extrinsic doping-generated charge carriers are obser
During the gradual dopant insertion, the spin concentrat
first reaches a maximum at intermediate doping levels
then decreases. A thermodynamic interpretation has b
proposed67 in terms of an equilibrium displacement betwe
polarons (S5 1

2 ) and bipolarons (S50) depending on the
charge transfer. Indeed, intensity variations observed in
RRS studies are consistent with such a picture. This ar
ment confirms our attribution of bands from groups ‘‘B’’ and
‘‘ C’’ to polarons and bipolarons, respectively.

2. Infrared spectra during dedoping

Infrared spectra of sodium-doped PPV were recorded d
ing dedoping according to the following way. Films about
mm thick have been installed in a special cell allowing
gradual introduction of air. Therefore, a compensation p
cess can take place with a slow kinetic. Once the ir transm
sion can be measured, spectra display doping-induced b
superimposed to those of pristine PPV. These new ba
progressively vanish, which would not be the case if th
were due to irreversible modifications such as chemical
fects. Hence the difference spectrum presented in Fig. 1
the ir signature of the polaronic and/or bipolaronic speci
Some attempts to assign these features will be propose
the next section.

B. Interpretation and discussion

1. Preliminaries

As a consequence of the charge transfer on polaronic
bipolaronic segments, theoretical studies have predic
changes in bond orders with a quinoid character@Fig.
1~d!#.8,9 From our experimental study, the disappearance
the stretching mode of the vinyl group at 1625 cm21 puts in
evidence a modification in the electronic distribution on t
intercycle. The purpose of this section is therefore to acco

l,

a-

FIG. 11. Infrared spectrum difference during dedoping
PPV-Na.
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for doping-induced vibrational modes by means of a mod
ization of charged segments, achieved via a perturbatio
the VFF of the neutral compound. We first present the
sumptions made in our calculations in order to limit the nu
ber of parameters allowed to vary.

Among force constants defined in Sec. III, those related
carbon-carbon stretchings are obviously the most sens
against changes in bond orders. It is worth pointing out t
the perturbation of the pristine structure is expected to
rather weak, in view of the frequency shifts which nev
exceed 3%. For this reason and also because of the lim
number of experimental data, variations in the VFF we
restricted to the four carbon-carbon force constantsFR2,
FD2, Ft2, andFt82 . Other possible variations were thus n
glected, principally those involving bending degrees of fre
dom. We have checked separately that they essentially
ticipate on lower frequency modes and therefore have v
little influence on the vibrational modes in the ran
1000– 1600 cm21.

Another step consists in defining a geometric scheme
polaronic and bipolaronic segments. It is clear that the tra
lation symmetry of the pristine polymer is lost, so we ha
used short length model-compounds. Chain segm
equivalent toPV2 and PV3 oligomers are considered an
the same geometric parameters as in the neutral form
used. Such a representation can be justified as follows:

~i! The length of these model compounds has been c
sidered in view of some experimental observations.11 Also,
previous data have shown that the length is not a determi
factor in vibrational calculations. Let recall that when stud
ing the neutral series, a weak frequency dispersion has b
obtained when the chain length is changed for experime
and calculated data. In spectra of charged model compou
~reduced11 or oxidized62!, frequencies can also be followe
from one compound to the other since relatively small sh
are recorded. The small dependence of the vibrational
quencies versus the chain length can be taken into acco
By contrast, strong intensity variations are observed w
charged species. This behavior can be due to the charge
finement but electron-phonon interaction calculations wo
be needed to clarify this point.

~ii ! Considering structures likePV2 andPV3 implicitly
supposes that theC2h symmetry is maintained in the charge
segments. This assumption is also made in theoretical ca
lations and is reasonable for a weak range of perturbatio
the original structure. Also, these two model compounds
of prior importance to examine the effects of an invers
center positioned either on a central intercycle (PV2) or on
a central ring (PV3) on normal vibration modes.

~iii ! The use of geometric parameters identical to those
neutral compounds is chosen in order to avoid redunda
Any structural modifications that could appear on localiz
polaronic defects are deduced from variations in the fo
constants. However, we have also checked the influenc
modified geometric parameters. Frequencies have been
puted keeping the neutral VFF and using polaronic and
polaronic geometries as predicted by theoretical calculatio
We found no significant effect on calculated frequencies
the range 1100– 1700 cm21.
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2. Modified valence force field

Variations in the four carbon-carbon force constants
obviously managed by the assignment of experimen
bands. Polaronic and bipolaronic features have been con
ered separately and assignments were ensured by an iter
process. Doping-induced bands were examined success
on ‘‘PPV-like’’ infinite chains, PV2 and PV3 model-
compounds. ‘‘A’’ bands have been taken into account
both polaronic and bipolaronic cases, since they appear in
spectra of our RRS study. These bands remain at the s
frequencies as in the neutral polymer~1170 and 1580 cm21!
and therefore traduce the stability of aromatic rings aga
modifications in the electronic distribution. As a cons
quence, parametrized force constants are maintained w
relatively small variations. The weakD bands at approxi-
mately 1420 and 1460 cm21 were not used in our fit, since
they are not clearly assigned.

From the different sets of calculations, we found the
ting process much more reliable in the case of bipolaro
bands~A andC groups!. This is why we present in this pape
results for bipolaronic species only, whereas refinements
polaronic species are still in progress. Table VII collects
final assignments ofPV322 together with their calculated
frequencies as compared to modes found in neutral PPV.
variations in carbon-carbon force constants are given
Table VIII. The strong RamanD band at 1156 cm21 and the
two strong ir bands at 1133 and 1491 cm21 were only attrib-
uted in last fitting steps, taking into account that former c
culations predicted the occurrence of modes in the same
quency range. If we take these bands into consideration,
leads to small deviations in our results. This ‘‘bipolaronic
species will be labeledPV322 in the following.

TABLE VII. Attribution of bipolaronic bands in sodium-doped
PPV and calculation results forPV322 model. Frequencies are in
cm21 and main PED contributions are indicated.

Neutral PPV Bipolaronic bands Main contributions
obs obs calc. in PED

Ag 1625 n.o. 1635,1631a Ft2,Ft82

1582 1583 1578 FD2,FR2

1546 1508 1509 Ft82

1327 n.o. 1310a FD2

1301 1287 1287 FD2,FR2

1197 1216 1213 FR2

1170 1174 1176 Ft2

1156 1156,1148a Ft82

Bu 1518 1491 1511 FR2,Ft82

1107 1133 1133 Ft2

aCalculated in the same range, not fitted.

TABLE VIII. Bipolaronic carbon-carbon force constant
(mdyn Å21) in PV322 model.

Ft2 Ft82 FR2 FD2

Neutral VFF 6.21 6.18 5.15 7.23
PV3

22 6.45 5.85 5.62 6.55
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FIG. 12. Structural relaxation on bipolaronic segments. Comparison between variations in carbon-carbon bond length obtained
calculations~filled symbols! and from geometric optimization methods~open symbols!. In the latter case, the vertical segments represent
difference in parameters between central and external parts ofPV3 model compounds.
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Variations in force constants are clearly in agreement w
the appearance of a quinoid character along the polym
chain. Changes on the intercycle consist of an increas
FR2 and a decrease ofFD2, whereas the aromaticity in th
cycles is modified with anFt2 force constant stronger tha
Ft82. Relative variations in the two latter force constants
weaker than forFR2 and FD2. Such a result seems to u
acceptable according to simple arguments about bond or
around the quaternary carbon atom.

The main contributions among modified PED’s are a
given in Table VII. Let us examine the case of the vin
stretching mode observed at 1625 cm21 in neutral PPV,
which vanishes after doping. InPV322, two Raman modes
are still calculated in the same range. However,FD2 which
had a strong contribution in this vibration in neutral PPV
now involved in a mode of lower frequency calculated
1578 cm21. Therefore, one may deduce that the vanishing
this mode reflects the weakening of the double bond cha
ter on the vinyl group of PPV.

The next strong band assigned to bipolaronic species
observed at 1508 cm21 originates from the neutral PPV
mode at 1546 cm21. From the values of modified PED, it
frequency lowering may be attributed to the decrease inFD2

and Ft82 . On the other hand,FR2 contributions are moved
towards higher frequencies, and the increase in this fo
constant explains the frequency shift from 1197
1216 cm21. Variations inFt2 and Ft82 are more difficult to
follow, because their mutual influence are compensated
ring vibrations. As a consequence, the shape of the m
calculated at 1176 cm21 is very much similar to the one ob
served at 1170 cm21 in neutral PPV~Fig. 8!. Concerning the
strong band recorded at 1156 cm21 in PPV-Na spectra, two
modes are systematically calculated in this range. Also,
have not attempted to attribute all doping-induced ir ban
Nevertheless, amongBu vibrations,PV322 model predicts
modes which frequencies are close to the experimental o
peaked at 1491 and 1133 cm21 and some of these value
h
ic
of
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o
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t
f
c-
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have been used in last fitting steps. These bands ma
interpreted as originating from the neutral PPV ir modes
served at 1518 and 1107 cm21, respectively.

3. Structural modifications on bipolaronic defects

Using relation~1! between carbon-carbon force constan
and corresponding bond lengths, the structural relaxation
curring on bipolaronic segments can be estimated. One
tains opposite variations of;62% for D and R, and
;61% for t8 andt. Variations in C-C distances are reporte
in Fig. 12 and are compared with those predicted by geom
ric optimization methods, taking into account that values
scribing the neutral state are consistent. Bond lengths
monovalent or divalent species are very similar from MND
~Ref. 9! andAM1 ~Refs. 8 and 36! calculations. These opti
mized geometries are generally determined by removing
or two electrons to lead to positively charged chains s
ments. Also, under the reasonable assumption of elect
hole symmetry in conducting polymers, the same parame
are considered for negative species. In addition, bond len
obtained by these methods are slightly different in cen
and external parts of charged model compounds. This dis
sion is shown in Fig. 12 together with averaged values. N
tice that our vibrational model is uniform over all the com
pound and therefore, the bond lengths deduced from
calculations must be compared to the averaged values.

Keeping this point in mind, it is noticeable that C-C di
tances resulting from our vibrational analysis of bipolaron
bands are closer to the averaged optimized values calcu
for monovalent species than to those calculated for diva
ones. Therefore, this represents a disagreement regardin
connection between structural relaxation and the nature
the charged species. We have confirmed this point by p
forming ‘‘a contrario’’ calculations.FR2, FD2, Ft2, andFt82

were modified according to the bond length predicted for
divalent compounds. The calculated frequencies are m
edly different from the experimental ones attributed to bip
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laronic species. We also have checked that the better ag
ment with monovalent values does not depend on the len
of the model compound. Consequently, the discrepancy
tween vibrational and theoretical approaches could be an
dence that species identified as bipolarons induce we
structural modifications than expected for entities with t
excess electrons. It is worth noting that recent theoret
developments on conducting polymers propose that pola
and bipolarons could have a transverse character.68 Localized
excitations are no longer seen as being confined on one p
meric chain, but are transversely distributed over adjac
chains and inserted dopant counter-ions. This picture co
explain that perturbations on PPV chains are weaker t
expected when adding~or removing! two electrons. Other
experimental results are consistent with such a transv
distribution. For instance, in some cases, NMR spectra of
dopant have indicated a significant probability for the co
duction electrons to be located on sodium nucleus
PPV-Na,69 or on cesium in CHx-Cs.70 On another hand, the
assumption of electron-hole symmetry in conducting po
mers has already been questioned.71 It would imply the same
relaxation for p-doped orn-doped systems. However, w
have observed Raman spectra inp-doped PPV markedly dif-
ferent from those presented here.72 Therefore, the modeliza
tion in the case of negative polarons or bipolarons compa
to positive species will lead to different results. Refineme
in the case of positive species are under way.

On the other hand, our modelization enables to comp
variations in the different C-C bond lengths, instead o
global effective conjugation coordinate model.73 We have
adopted here a more classical picture that leads only to
determination of the vibrational mode frequencies but is
able to evaluate the relative intensity of these modes.

V. CONCLUSION

The vibrational study presented in this paper is devote
the transformation from neutral to conducting PPV, obser
at the intrachain scale. First, a valence force field has b
established in order to investigate the dynamical proper
of the neutral polymer and its associated series of oligom
Among force constants, those related to carbon-car
nd
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stretchings are consistent with the relationship~1! previously
established on numerous aromatic conjugated compou
which enables to interpret bond length variations in po
meric systems.

The experimental RRS investigation of the conducti
state, illustrated by sodium-doped PPV, has shown differ
groups of new bands. They have been attributed to sh
length polarons and bipolarons coexisting in a thermo
namical equilibrium. Experimental data indicating an eq
librium between polarons and bipolarons and their relat
stabilities are worth studying. First theoretical models ba
on ideal, isolated polymer chains predict bipolarons to be
stable charge carriers.74,75 Since such a description, refine
ments have been made taking into account the effects
disorder and 3d or transverse interactions, either betwe
adjacent chains or through the dopant.68,76,77 The conse-
quence is a new balance in their relative stability in favor
polarons, in better agreement with the several experime
observations of their existence even at high doping level

Doping-induced bipolaronic bands have been interpre
via a perturbation of the neutral valence force field p
formed on short-length model compounds. Variations in
electronic distribution are in agreement with a quinoid ch
acter along the polymeric chain. The changes in C-C bo
lengths have been estimated, showing some discrepan
with theoretical predictions that could be connected to
transverse character mentioned above. Thus, the main i
est of this vibrational study is to put in evidence the rela
ation of the polymeric structure when charged species s
as polarons or bipolarons are accommodated on PPV ch
in terms of modifications in the valence force field.
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