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Evidence of electron-hole symmetry breaking in poly„p-phenylene vinylene…
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We analyze the structural distortions associated with positively and negatively charged states produced upon
doping poly~p-phenylene vinylene! ~PPV!. Vibrational frequencies associated with excitations in these charged
states are analyzed on the basis of the valence force field and model-compound approaches.In situ electron
paramagnetic resonance measurements confirm the coexistence of paramagnetic and diamagnetic species in
segments with different lengths. Moreover, carbon-carbon bond-length deviations calculated for oppositely
charged segments with four rings and three vinyl groups (PV3

22 and PV3
21) clearly differ. Our results show

unambiguously that electron-hole symmetry is not maintained in doped PPV and are able to explain the
difference between electron and hole intrachain mobility in PPV.

DOI: 10.1103/PhysRevB.68.195203 PACS number~s!: 78.30.2j, 63.50.1x, 71.38.2k, 76.30.2v
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I. INTRODUCTION

Poly~p-phenylene vinylene! ~PPV! is still nowadays ex-
tensively studied due to its ability to be used in electrolum
nescent diodes~LEDs!. Furthermore, high conductivity ca
be achieved uponn- or p-type doping.1–3 Charged states
namely, polarons and/or bipolarons, are produced by dop
or by photoexcitation. They are associated with geome
distortion produced along the polymeric chain, due to
strong coupling between electronic states and vibratio
states.4 In this context, band structure calculations based
the modified neglect of differential overlap~MNDO! scheme
have predicted thatn- or p-type doping should result in pos
tively and negatively charged states with the same quin
character.5 However, it has already been suggested that
electron/hole symmetry may be broken, even if no exp
mental confirmation has yet been given.6 Such a symmetry
breaking has important practical interest for which electro
and holes are injected on the polymer backbone for polym
involved in LEDs. A clear understanding of the accommod
tion of the electron or hole deformation by the polymer
thus required in order to optimize LED devices.

This is the focus of this paper to investigate experim
tally and theoretically the structural relaxation in PPV as
ciated with the polarons/bipolarons formation uponn- or
p-type doping. In this work the effect ofp-type doping was
studied by means ofin situ resonant Raman scattering~RRS!
and infrared~IR! absorption of electrochemicallyp-doped
PPV in association with electron paramagnetic resona
~EPR!. A dynamical model based on the valence force fi
~VFF! methodology coupled to a model-compound appro
is used in order to describe the structural relaxation indu
by the p doping and its extension along the polymer cha
The same model is used to describe the relaxation of
n-doped polymer. In this case, we use Raman spectra
tained earlier in our group on chemicallyn-doped PPV.7 Our
results suggest thatn-type doping result in a much weake
structural relaxation of the polymer thanp-type doping. It
shows that, indeed, the electron-hole symmetry is broke
this compound.
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II. EXPERIMENT

Thin film of tetrahydrothiophenium precursor8 were de-
posited on platinum electrode and thermally converted un
vacuum (1026 Torr) to obtain the conjugated PPV. A specifi
electrochemical cell and tetrabutylammonium tetraflurob
rate (TBABF4 /ACN) ~0.2 M! solution were used for the
p-type doping experiments. Raman scattering using
676.4-nm and 1064-nm laser lines was obtainedin situ ~dur-
ing electrochemical doping! at a given potential and unde
equilibrium conditions. Infrared absorption spectra were
corded ex situ. EPR has been carried outin situ at different
potentials in a home made cell. A small signal atg52 com-
ing from the cell is used to calibrate the quality factor of t
cavity.

The evolution of the Raman spectra as a function of
electrochemical potential are presented elsewhere.9 This pre-
vious work showed that a broad oxidation wave develo
between 1 V/Ag/Ag1 and 1.35 V/Ag/Ag1 in our experimen-
tal conditions.In situ optical absorption have shown that th
oxidation state is associated with the onset of two absorp
bands in the optical spectrum located close to 2 eV~640 nm!
and 0.8 eV~1340 nm!. Indeed, the onset of these two absor
tion bands leads us to suggest that the charge transfer o
ring in the oxidation process is associated with the format
of bipolarons~Ref. 9!.

III. RESULTS AND DISCUSSION

In the present paper, we will focus on the Raman spe
obtained at high potential (1.3 V/Ag/Ag1), close to the
maximum of oxidation. Figure 1 shows that at the same o
dation potential, the frequencies and intensities of the Ram
bands depend strongly on the excitation wavelength indi
ing thus a resonance behavior. The Raman spectrum
corded withlexc.5676.4 nm shows bands located at 160
1568, 1523, 1330, 1296, 1280, 1178, and 1147 cm21 @Fig.
1~b!#. Most of these bands are downshifted in frequency w
respect to the Raman bands of PPV@Fig. 1~a!#. It is clear that
most of the Raman band frequencies recorded with the 1
©2003 The American Physical Society03-1
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nm excitation @Fig. 1~c!# are more strongly downshifte
when compared to those observed with the 676.4-nm exc
tion. Moreover one observes that Raman frequencies ar
general more shifted than those obtained with Na-do
films7 @Figs. 1~d! and 1~e!#. Our in situ RRS spectra are
similar to those presented by Sakamotoet al.10 for soluble
model compounds oxidized into radical cation and dicat
with excitations, respectively, at 676.4 and 1064 nm. T
strong analogy with the Raman spectra presented by t
authors in this previous work suggests that the bands
tained with the 676.4-nm laser line are associated with
larons corresponding to the electronic transition energy
;2 eV. Additionally, the bands recorded with the 1064-n
laser line can be ascribed to bipolarons for which the ma
mum absorption is at;0.8 eV. These studies performed o
electrochemicallyp-doped PPV put unambiguously in ev
dence the structural modifications upon doping which
illustrated by the frequency shifts of some Raman ban
Indeed, we observe that the downshift of the main Ram
bands increases upon doping and appears stronger in the
of p-doped PPV. In other terms, the quinoid-character str
ture is more intensified when doping increases especiall
the case of thep-doped PPV. This attests of the no
symmetry of thep- or n-type polarons/bipolarons. In Fig. 2
the infrared absorption spectrum displays doping indu
bands superimposed to those of neutral PPV and to th
coming from the counter-ion. Bands relative to the coun
ion are located at 1083 and 520 cm21 ~Ref. 11! and the new
bands induced by electrochemical doping are found at 8
1150, 1284, and 1490 cm21. These additional bands, simila
to those generally obtained by chemicalp-type doping or by
photoexcitation, are independent of the doping nature.
appearance of these new bands has generally been corre

FIG. 1. Raman spectrum recorded for neutral P
(0 V/Ag/Ag1) ~a! BF4

2 doped PPV spectra recorded
(1.3 V/Ag/Ag1) with ~b! 676.4-nm and~c! 1064-nm excitation
wavelengths, respectively and doped PPV-Na at maximum do
level with ~d! 676.4-nm and~e! 1064-nm excitation wavelengths
respectively. The asterisk~* ! indicates the bands due to the solve
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to the presence of bipolarons. In a previous study, we h
shown that the vibrational modes associated with the char
states induced byp-type doping are independent of the do
ing nature, whatever the doping method and the convers
conditions.12

In order to elucidate the nature of the charged states
p-doped PPV,in situ EPR has been performed. Figure
shows the evolution of the spin density against the oxidat
potential U. The cycle is reversible ifU does not exceed
1.5 V/Ag/Ag1 beyond which overoxidation occurs.13 At
0 V/Ag/Ag1, the film is EPR silent within our experimenta
conditions. Increasing the oxidation potential, the spin d
sity start to increase atU51 V/Ag/Ag1, i.e., at the onset of
the oxidation wave observed in the cyclovoltammogram,
it remains very small~lower than 0.25/1000 monomers!.
Even at the beginning of the oxidation process, the spin

g

FIG. 2. Infrared spectra recorded for neutral PPV~a! andex situ
for BF4

2 doped PPV~b! bands denoted with~N! originate from
neutral segments.

FIG. 3. Number of spins/monomer against potentialU
(V/Ag/Ag1) for PPV, EPR cycle recorded in TBABF4 /ACN solu-
tion ~0.2 M! ~in situ static measurement!.
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EVIDENCE OF ELECTRON-HOLE SYMMETRY BREAKING . . . PHYSICAL REVIEW B 68, 195203 ~2003!
charge ratio~not shown here! remains much lower than on
~0.2% at the maximum!, contrarily to polypyrrole or poly-
thiophene for which this ratio is of the order of one in simil
conditions.14 This indicates that even at the beginning of t
oxidation process, most of the charges recombine in diam
netic or spineless stable species, i.e., in bipolarons. A ra
recombination of polarons into bipolarons has already b
proposed in the case of doped PPV oligomers or typic
p-doped PPV.15

Still, a small amount of polarons~spins! is detected above
U51.1 V/Ag/Ag1 with a maximum density of 0.25/100
monomers atU51.3 V/Ag/Ag1. Indeed, we have checke
that these spins are obtained in a steady state. Obvio
such a small spin density confirms that most of the char
are forming bipolarons. However, the presence of the
paired polarons deserves a comment. We suggest that
polarons are those which have been created on short
ments. The coexistence of short and long segments as
ated with different conjugation lengths is well known in th
same PPV sample.16,17 Charges injected on long segmen
may happily condense into bipolarons because the longit
nal transfer integral is large and the Coulomb interactions
efficiently screened. This is not the case for charges injec
on short segments and two possible reasons may explain
‘‘stability’’ of the polarons created on short segments that~i!
these polarons are ‘‘transverse’’ polarons, stabilized by a
tial counter-ion transfer as suggested in recent theore
studies; and18–20 ~ii ! a second possible reason is that t
Coulomb interactions, which prohibit the formation of th
bipolarons, are barely screened in short segments. This l
analysis is in agreement with that of Chenet al.21 who have
shown that preferential production of bipolarons increase
oxidized polyenes when the conjugation length increases
high potential (1.3 V/Ag/Ag1), the spin density decreases
static measurements which suggests that there is a se
combination of intrachain and/or interchain polaron pa
into bipolarons on short segments.

In order to validate these experimental results, we pres
here an extensive assignment of the in-plane vibratio
modes associated to these charged states. In particula
focus on the Ag modes, which are strongly coupled to
p-electron system. The calculation method is the same
previously reported.22 The valence force field~VFF! was
constructed by adopting that reported for benzene and P7

The carbon-carbon stretching force constants were adju
phenomenologically from the linear dependence of the fo
constants against the doubly-squared inverse of the b
length (Fa1/r 4) established on a series of aromatic con
gated compounds.23 All the compounds belong to theC2h
point group symmetry. The nomenclature of internal coor
nates and the choice of the molecular axes are shown in
4. The geometric parameters are extracted from se
empirical geometry optimizations24 and are independent o
the oligomer length. The polymer chain is considered as
nar and only in-plane modes are taken into considerat
The Raman and infrared active in plane modes in the
quency range<2000 cm21 are 11Ag19Bu . We focus
mainly on the force constants associated with carbon-car
bonds, which areFt

2 andFt8
2 for the ring andFD

2 andFR
2 for
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the vinyl group. As there is mixed contribution of the ring
and the vinyl group due to coupling, it has been necessar
determine the relative Potential Energy Distribution~PED!
~Ref. 7! for each vibrational mode~Table I!. We can thus
detail more precisely the vibrational modes by the analysis
their displacement eigenvectors and PED percentages. In
paper we present only the PED. The vibrational modes
signments of neutral PPV have been obtained withFt

2

56.21 mdyn/Å, Ft8
2

56.18 mdyn/Å, FR
255.15 mdyn/Å,

and FD
2 57.23 mdyn/Å.7 The optimization process leads t

the same set of force constants for PPV and related m
compounds.

In doped PPV frequencies observed with different exc
tion wavelengths~676.4 and 1064 nm~Fig. 1!! have been
recently assigned to polaronic and bipolaronic segme
respectively.11 Some bands are independent on the excitat
wavelength and have been considered to be induced by t
two species. In addition, the infrared spectrum displays d
ing induced bands superimposed to those of neutral PPV
to those coming from the counterion~Fig. 2!. We attempted
to assign the IR bands observed at 1490 and 1150 cm21 to
the Raman species enhanced with the 676.4-nm excita
wavelength and an iterative process finally confirmed th

FIG. 4. Molecular axes and nomenclature of internal coor
nates; geometric parameters used for the different compounds
t5t851.40 Å, s5s851.06 Å, R51.45 Å, D51.35 Å, a5a8
5120°, f5f85120°, b5126°, b85114°, andb95120°. ~a!
PV2

1. and ~b! PV3
21
3-3
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TABLE I. Assignment of experimental frequencies,~cm21!, obtained with 676.4- and 1064-nm excitation wavelengths. Frequencie
calculated on PV2

1. and PV3
21 respectively. PED* represents main contributions relative to the CC stretching. Obs. freq. and Calc

indicate the observed and calculated frequencies.

Neutral PPV Doped PPV

676.4 nm
Obs. freq.

Assignment
PED*

676.4 nm
Model: PV2

1.
1064 nm

Model: PV3
21

Assignment
PED*Obs. freq. Calc. freq. Obs. freq. Calc. freq.

Ag: 1625 FD
2 , Ft

2 1605 1613 1595 1603 Ft
2, Ft8

2

1582 Ft
2, Ft8

2 1568 1566 1555 1550 FR
2, FD

2

1546 Ft8
2 1523 1522 1500 1502 Ft8

2

1327 FD
2 1330 1323 1330 1314 FR

2

1301 FD
2 1296 1304 1288 1280 FR

2

1197 FR
2 1280 1277 1268 1269 FR

2

1170 Ft
2, FR

2 1178 1174 1178 1176 Ft
2

1147 1148 1142 1149 Ft8
2

889 Ft8
2 887 887 887 890 Ft8

2

Bu: 1519 1490 1490 Ft8
2

1109 1150 1149 Ft8
2
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assignments. Raman spectra indicate clearly a loss of tr
lation symmetry on the polymer chain owing to the numb
of frequencies observed. For the localization of geometr
relaxation in charged states, we considered the substit
charged oligomers.10 In the polaron model, the structural re
laxation around the radical cation is allowed to extend
three rings and two-vinyl group labeled PV2

1. @Fig. 4~a!#. In
the case of a bipolaron model, we consider that it extends
segments containing four rings and three vinyl groups
noted PV3

21 @Fig. 4~b!#. We thus assume that short-rang
intramolecular Coulomb interactions are negligible on t
extension. Indeed, the stability of these species on segm
containing four and five rings has been suggested in o
works.10

In the modeling of the vibrational spectra of the PPV
the doped state, we have considered that the perturbatio
the electronic density by the dopant induces locally a cha
of alternation. We have therefore modified only the for
constants corresponding to carbon-carbon bonds which
the most susceptible to be disturbed. Assuming the pres
of quinoid rings necessitates uncoupling interactions
tween carbon-carbon bonds inside the rings sincet and t8
now become different. We have then considered the e
tence of short and long charged segments such as in
PV2

1. and PV3
21 with a quinoid character structure. Th

force constants have been modified on the basis of an as
ment of the new RRS and IR bands. We consider that
symmetry groupC2h is preserved for the charged segmen
The force constants variations are in favor of a transit
towards a quinoid character structure which is similar, for
polaron model, to that observed in the case of FeCl3-doped
PPV.25 From the analysis of the carbon-carbon bond vib
tions, one notice that the new band observed at 1568 c21

and calculated at 1566 cm21 is assigned without any amb
guity to the CuC stretching of the vinyl group according t
the PED. The band peaked at 1523 cm21 is attributed to the
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ring CuC stretching. One observes a weak shoulder aro
1605 cm21 corresponding to that calculated at 1613 cm21.
This latter line contains a strong contribution of theFt

2 force
constant. We have attributed it to the ring CvC stretching in
rings with a quinoid character.

In the bipolaron model, the band observed at 1595 cm21

is calculated at 1603 cm21 and the high PED forFt
2 in this

mode confirms its assignment to a ring CvC stretching. The
strongest contribution of the vinyl CuC stretching occurs
for a frequency calculated at 1550 cm21 and observed a
1555 cm21. The frequency calculated at 1502 cm21 corre-
sponds to the CuC stretching in quinoid rings.

In summary, one observes that the weakening of the v
bond translated into its contribution in a vibrational mode
more lower frequency measured at 1568 cm21 for the po-
laronic structure and at 1555 cm21 for the bipolaronic one.
On the other hand, the interring contribution which in t
neutral PPV, occurs in the mode located at 1197 cm21, is
found for polaron modes located at 1296 and 1280 cm21 and
in modes obtained at 1330 and 1288 cm21 for the bipolaronic
structure. This indicates an increasing strengthening of
CringuCvinyl bond, which corroborates thus the occurrence
a quinoid character structure. From the semi-empirical re
tionshipF}1/r 4 ~Ref. 23!, we have estimated the structur
relaxation. In Fig. 5 are shown the bond lengths dedu
from our model compared to those theoretically calcula
by several authors.26,27 One notices that the bond length
obtained by our model are compared to the averaged va
deduced from theoretical studies. These results extra
from experimental data are in reasonable agreement, es
tially for the polaron model, with theoretical approaches co
ducted on positively charged segments obtained by remo
one or two electrons in the MNDO and the valence effect
Hamiltonian models.26,27 Further, in the assumption o
electron-hole symmetry in conducting polymers, the sa
3-4
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EVIDENCE OF ELECTRON-HOLE SYMMETRY BREAKING . . . PHYSICAL REVIEW B 68, 195203 ~2003!
structural relaxation is considered for negatively charg
species while the stronger deformation calculated by
model for bipolaronic segments results in greater downsh
of the vinyl CC stretching which are effectively observed
Raman spectra. The geometric distortion calculated for

FIG. 5. Average geometry calculated by VFF for polaron a
bipolaron on models: PV2

1. and PV3
21 ~.!, PV3

22 ~h! ~Ref. 7!
and by geometric optimization methods for cation and dication~1!
~Ref. 27!.
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positive bipolaron evidences that the quinoid characte
much more enhanced than that generally obtained witn
doping7,28 ~Fig. 5!. The weaker structural distortion that ap
pears for the negative bipolaron is in complete agreem
with the Raman frequency shifts, which never exceed 3%
the undistorted system.7 These results are in agreement wi
those obtained by Kimet al., who calculated that the effec
tive Coulomb correlation energy associated with the ne
tively charged bipolarons is;0.4 eV greater than for posi
tively charged ones. Consequently, there should be a se
breaking of the electron-hole symmetry in PPV contrarily
the predictions of electron-hole symmetry conservation c
sidered in theoretical models for conjugated polymers wh
lead to the same relaxation for electron and hole injection
the polymer.

IV. CONCLUSION

The modeling of the charged states undertaken on
model compounds PV2

1. and PV3
21 has allowed us to con

firm the assignments of the experimental frequencies. We
deduce from the EPR and RRS studies that there is a c
istence of two different intrachain defects extending ov
three and four rings. The weak spin-to-charge ratio obtai
at a low doping level indicates that polarons created on lo
segments rapidly combine into bipolarons and then, at m
high doping level, there exists a second combination i
polarons on short segments. Indeed, the polarons local
on short segments can be associated in intrachain and/o
terchain polaron pairs. Positive polaronic and bipolaro
segments present a more enhanced quinoid character
negative polarons. Further, in case of hole injection in P
the structural relaxation difference occurring around the d
ant leads to a stronger electron-vibration coupling. The
fore, these results clearly show the absence of electron-
symmetry in this polymer.
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