PHYSICAL REVIEW B 68, 195203 (2003

Evidence of electron-hole symmetry breaking in polyp-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 appinasiheslectron
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;¢P\and P\42*) 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.
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I. INTRODUCTION IIl. EXPERIMENT

. L Thin film of tetrahydrothiophenium precur§owere de-
Pply(p—phenylene vmylen)e(?P\b is still nowadays ex- posited on platinum electrode and thermally converted under
tensively studied due to its ability to be used in eIeCtr°|“m"vacuum (10° Torr) to obtain the conjugated PPV. A specific
nescent diode¢LEDs). Furthermore, h'Q_’? conductivity can ggctrochemical cell and tetrabutylammonium tetraflurobo-
be achieved upom- or p-type doping:™ Charged states, ;o (TBABF,/ACN) (0.2 M) solution were used for the
namely, polarons and/or bipolarons, are produced by doping yne doping experiments. Raman scattering using the
or by .photoexcnatlon. They are assoc!ated W|th geometrig7s 4-nm and 1064-nm laser lines was obtaiimesitu (dur-
distortion produced along the polymeric chain, due to thng electrochemical dopifgat a given potential and under
strong coupling between electronic states and vibrationglqyilibrium conditions. Infrared absorption spectra were re-
states In this context, band structure calculations based onRyq qed ex situ. EPR has been carried iusitu at different
the modifigd neglect of differentiall overldMNDO) sc.heme. potentials in a home made cell. A small signabat2 com-
have predicted that- or p-type doping should result in posi- ing from the cell is used to calibrate the quality factor of the
tively and negatively charged states with the same qu'no"éavity.
characteP. However, it has already been sugge§ted that th?s The evolution of the Raman spectra as a function of the
electron/hole symmetry may be bro_If}%n, even if N0 experiy|ecirochemical potential are presented elsewh@tes pre-
mental confirmation has yet been giveuch a symmetry iq,s work showed that a broad oxidation wave develops
breaking has important practical interest for which electrong,veen 1 VIAg/AG and 1.35 V/Ag/AG in our experimen-
and holes are injected on the polymer backbone for polymerg, ¢ongitions.n situ optical absorption have shown that this
involved in LEDs. A clear understanding of the accommodasqyiqation state is associated with the onset of two absorption
tion of th_e ele_ctron or hole _de_formatlon by the polymer is bands in the optical spectrum located close to @40 nm)
thus required in order to optimize LED devices. __and 0.8 eM(1340 nn). Indeed, the onset of these two absorp-
This is the focus of this paper to investigate experimenyjon pands leads us to suggest that the charge transfer occur-

tally and _tﬂec;:etica:ly the s'FruclturaI reflaxatiqn in PPV assOyjng i the oxidation process is associated with the formation
ciated with the polarons/bipolarons formation uppnor ¢ bipolarons(Ref. 9.

p-type doping. In this work the effect gi-type doping was

studied by means dh situresonant Raman scatterif@RS

and infrared(IR) absorption of electrochemicallg-doped Ill. RESULTS AND DISCUSSION

PPV in association with electron paramagnetic resonance

(EPR. A dynamical model based on the valence force field In the present paper, we will focus on the Raman spectra
(VFF) methodology coupled to a model-compound approactobtained at high potential (1.3 V/Ag/AQ, close to the

is used in order to describe the structural relaxation inducechaximum of oxidation. Figure 1 shows that at the same oxi-
by the p doping and its extension along the polymer chain.dation potential, the frequencies and intensities of the Raman
The same model is used to describe the relaxation of thbands depend strongly on the excitation wavelength indicat-
n-doped polymer. In this case, we use Raman spectra obRg thus a resonance behavior. The Raman spectrum re-
tained earlier in our group on chemicaliydoped PPV.Our  corded with\¢,=676.4 nm shows bands located at 1605,
results suggest that-type doping result in a much weaker 1568, 1523, 1330, 1296, 1280, 1178, and 1147 tiiFig.
structural relaxation of the polymer thamtype doping. It  1(b)]. Most of these bands are downshifted in frequency with
shows that, indeed, the electron-hole symmetry is broken imespect to the Raman bands of PFg. 1(a)]. It is clear that

this compound. most of the Raman band frequencies recorded with the 1064
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FIG. 1. Raman spectrum recorded for neutral PPV
(0 V/IAg/Ag") (@ BF, doped PPV spectra recorded at
(1.3 V/IAg/Agt) with (b) 676.4-nm and(c) 1064-nm excitation
wavelengths, respectively and doped PPV-Na at maximum dopin
level with (d) 676.4-nm ande) 1064-nm excitation wavelengths,
respectively. The asterigk) indicates the bands due to the solvent. t0 the presence of bipolarons. In a previous study, we have

shown that the vibrational modes associated with the charged
nm excitation [Fig. 1(c)] are more strongly downshifted States induced bp-type doping are independent of the dop-
when compared to those observed with the 676.4-nm excitdd nature, whatever the doping method and the conversion
tion. Moreover one observes that Raman frequencies are fPnditions. _ _
general more shifted than those obtained with Na-doped In order to _eluqldate the nature of the charged states in
films” [Figs. 4d) and Xe)]. Our in situ RRS spectra are P-doped PPVin situ EPR has been performed. Figure 3
model compounds oxidized into radical cation and dicatiorPotential U. The cycle is reversible it does not exceed
with excitations, respectively, at 676.4 and 1064 nm. Thel-5 V/Ag/Ag" beyond which overoxidation occut$. At
strong analogy with the Raman spectra presented by the§eV/Ag/Ag™, the film is EPR silent within our experimental
authors in th|s previous Work Suggests that the bands Otponditions. Increasing the OXidation pOtentiaL the Spin den'
tained with the 676.4-nm laser line are associated with poSity start to increase a1 =1 V/Ag/Ag™, i.e., at the onset of
larons corresponding to the electronic transition energy athe oxidation wave observed in the cyclovoltammogram, but
~2 eV. Additionally, the bands recorded with the 1064-nmit remains very small(lower than 0.25/1000 monomgrs
laser line can be ascribed to bipolarons for which the maxiEven at the beginning of the oxidation process, the spin to
mum absorption is at-0.8 eV. These studies performed on
electrochemicallyp-doped PPV put unambiguously in evi- s [
dence the structural modifications upon doping which are
illustrated by the frequency shifts of some Raman bands
Indeed, we observe that the downshift of the main Ramai~
bands increases upon doping and appears stronger in the cig,  '*
of p-doped PPV. In other terms, the quinoid-character struc g
ture is more intensified when doping increases especially ilg
the case of thep-doped PPV. This attests of the non-
symmetry of thep- or n-type polarons/bipolarons. In Fig. 2,
the infrared absorption spectrum displays doping inducet
bands superimposed to those of neutral PPV and to thos
coming from the counter-ion. Bands relative to the counter-
ion are located at 1083 and 520 chRef. 11) and the new 0 05 1 s
bands induced by electrochemical doping are found at 88!
1150, 1284, and 1490 cm. These additional bands, similar
to those generally obtained by chemigaype doping or by FIG. 3. Number of spins/monomer against potentidl
photoexcitation, are independent of the doping nature. Thev/Ag/Ag™) for PPV, EPR cycle recorded in TBABFACN solu-
appearance of these new bands has generally been correlatieh (0.2 M) (in situ static measurement

FIG. 2. Infrared spectra recorded for neutral P@Vandex situ
for BF, doped PPV(b) bands denoted wittiN) originate from
Beutral segments.
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thiophene for which this ratio is of the order of one in similar s
conditionst* This indicates that even at the beginning of the
oxidation process, most of the charges recombine in diamag- ** —
netic or spineless stable species, i.e., in bipolarons. A rapid
recombination of polarons into bipolarons has already been
proposed in the case of doped PPV oligomers or typically
p-doped PPV y

Still, a small amount of polaronsping is detected above
U=1.1V/Ag/Ag" with a maximum density of 0.25/1000
monomers atJ=1.3 V/Ag/Ag". Indeed, we have checked
that these spins are obtained in a steady state. Obviousl
such a small spin density confirms that most of the charges
are forming bipolarons. However, the presence of the un-
paired polarons deserves a comment. We suggest that thes
polarons are those which have been created on short sec
ments. The coexistence of short and long segments assoc
ated with different conjugation lengths is well known in the
same PPV samplé€:}’ Charges injected on long segments
may happily condense into bipolarons because the longitudi-
nal transfer integral is large and the Coulomb interactions are
efficiently screened. This is not the case for charges injectec
on short segments and two possible reasons may explain th
“stability” of the polarons created on short segments tfat
these polarons are “transverse” polarons, stabilized by a par-
tial counter-ion transfer as suggested in recent theoretical
studies; and®2° (i) a second possible reason is that the
Coulomb interactions, which prohibit the formation of the
bipolarons, are barely screened in short segments. This latte: ®
analysis is in agreement with that of C_he'nal.21 who have  FiG. 4. Molecular axes and nomenclature of internal coordi-
shown that preferential production of bipolarons increases imates: geometric parameters used for the different compounds are
oxidized polyenes when the conjugation length increases. At-t' =140 A, s=s'=1.06 A, R=1.45A, D=1.35A, a=a'
high potential (1.3 V/Ag/Ag), the spin density decreases in =120°, ¢=¢'=120°, B=126°, B’'=114°, andpB"=120°. (a)
static measurements which suggests that there is a secops),™ and(b) PV;%"
combination of intrachain and/or interchain polaron pairs
into bipolarons on short segments. the vinyl group. As there is mixed contribution of the rings

In order to validate these experimental results, we preser&nd the vinyl group due to coupling, it has been necessary to
here an extensive assignment of the in-plane vibrationafletermine the relative Potential Energy DistributiG?ED)
modes associated to these charged states. In particular wef. 7) for each vibrational modéTable ). We can thus
focus on the Ag modes, which are strongly coupled to thedetail more precisely the vibrational modes by the analysis of
m-electron system. The calculation method is the same a#eir displacement eigenvectors and PED percentages. In this
previously reported® The valence force fieldVFF) was Paper we present only the PED. The vibrational modes as-
constructed by adopting that reported for benzene and’PP\signments of neutral PPV have been obtained wfth
The carbon-carbon stretching force constants were adjusted6.21 mdyn/A, Ft2,=6.18 mdyn/A, FZ=5.15 mdyn/A,
phenomenologically from the linear dependence of the forcgng F%=7.23 mdyn/A’ The optimization process leads to
constants against the doubly-squared inverse of the bongie same set of force constants for PPV and related model
length Fal/r?) established on a series of aromatic conju-compounds.
gated compoundS. All the compounds belong to th€,, In doped PPV frequencies observed with different excita-
point group symmetry. The nomenclature of internal coordition wavelengthg676.4 and 1064 nntFig. 1)) have been
nates and the choice of the molecular axes are shown in Figecenﬂy assigned to p0|aronic and bipo|ar0nic segments,
4. The geometric parameters are extracted from semiespectively! Some bands are independent on the excitation
empirical geometry optimizatiofi§and are independent of \vavelength and have been considered to be induced by those
the oligomer length. The polymer chain is considered as platwo species. In addition, the infrared spectrum displays dop-
nar and only in-plane modes are taken into considerationng induced bands superimposed to those of neutral PPV and
The Raman and infrared active in plane modes in the fretg those coming from the counterigRig. 2). We attempted
quency range<2000 cm' are 1A;+9B,. We focus o assign the IR bands observed at 1490 and 1150 ¢m
mainly on the force constants associated with carbon-carbofhe Raman species enhanced with the 676.4-nm excitation
bonds, which aré&? and Ff, for the ring andF3 andF3 for  wavelength and an iterative process finally confirmed these

charge ratiolnot shown hergremains much lower than one E o(x.y)
(0.2% at the maximum contrarily to polypyrrole or poly- l‘ ‘
t

X z
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TABLE I. Assignment of experimental frequenciésm™?), obtained with 676.4- and 1064-nm excitation wavelengths. Frequencies are
calculated on Py' and P\42* respectively. PED represents main contributions relative to the CC stretching. Obs. freq. and Calc. freq
indicate the observed and calculated frequencies.

Neutral PPV Doped PPV
676.4 nm 1064 nm
. Model: PV, " Model: P\V4%* ,
676.4 nm Assignment Assignment
Obs. freq. PED* Obs. freq. Calc. freq. Obs. freq. Calc. freq. PED*
Ag: 1625 F2, F2 1605 1613 1595 1603 FZ, F7,
1582 FZ, F7, 1568 1566 1555 1550 F2, F2
1546 F2 1523 1522 1500 1502 F
1327 F2 1330 1323 1330 1314 F2
1301 F3 1296 1304 1288 1280 F2
1197 F2 1280 1277 1268 1269 F2
1170 F2, F3 1178 1174 1178 1176 F2
1147 1148 1142 1149 F2
889 F 887 887 887 890 F
Bu: 1519 1490 1490 F
1109 1150 1149 F2

assignments. Raman spectra indicate clearly a loss of tranfing C—C stretching. One observes a weak shoulder around
lation symmetry on the polymer chain owing to the number1605 cm* corresponding to that calculated at 1613 ¢m

of frequencies observed. For the localization of geometricadris |atter line contains a strong contribution of g force
relaxation in charged states, we considered the substituted) \ciant. We have attributed it to the ring=C stretching in
charged oligomer¥ In the polaron model, the structural re- fings with a quinoid character

Lﬁ):gg?ir;] asf(;unr:jdtvtvhoeivmdllcarloSat:ggellz daIEI’?vW[eFdi to4(3<]telr:]d N n the bipolaron model, the band observed at 1595 tm
g y! group g. i |s calculated at 1603 cnt and the high PED foF? in this

the case of a bipolaron model, we consider that it extends o X . ) ) .
segments containing four rings and three vinyl groups de[node confirms its assignment to a ring<C stretching. The

noted PV2* [Fig. 4(b)]. We thus assume that short-range, Strongest contribution of the vinyl-GC stretching occurs
intramolecular Coulomb interactions are negligible on thisfor @ fre_qluency calculated at 1550 cand observed at
extension. Indeed, the stability of these species on segment§55 cm . The frequency calculated at 1502 chncorre-

containing four and five rings has been suggested in othegponds to the &-C stretching in quinoid rings.
works® In summary, one observes that the weakening of the vinyl

In the modeling of the vibrational spectra of the PPV inbond translated into its contribution in a vibrational mode at
the doped state, we have considered that the perturbation ofore lower frequency measured at 1568 ¢énfior the po-
the electronic density by the dopant induces locally a changkaronic structure and at 1555 crhfor the bipolaronic one.
of alternation. We have therefore modified only the forceOn the other hand, the interring contribution which in the
constants corresponding to carbon-carbon bonds which areeutral PPV, occurs in the mode located at 1197 %nis
the most susceptible to be disturbed. Assuming the presendeund for polaron modes located at 1296 and 1280 tand
of quinoid rings necessitates uncoupling interactions bein modes obtained at 1330 and 1288 ¢rfor the bipolaronic
tween carbon-carbon bonds inside the rings sineadt’ structure. This indicates an increasing strengthening of the
now become different. We have then considered the exis<,,q—C,i,y bond, which corroborates thus the occurrence of
tence of short and long charged segments such as in PP&,quinoid character structure. From the semi-empirical rela-
PV,* and P\2* with a quinoid character structure. The tionshipF=1/r* (Ref. 23, we have estimated the structural
force constants have been modified on the basis of an assigrelaxation. In Fig. 5 are shown the bond lengths deduced
ment of the new RRS and IR bands. We consider that th&rom our model compared to those theoretically calculated
symmetry groupC.,;, is preserved for the charged segments.by several author®?’ One notices that the bond lengths
The force constants variations are in favor of a transitiorobtained by our model are compared to the averaged values
towards a quinoid character structure which is similar, for thededuced from theoretical studies. These results extracted
polaron model, to that observed in the case of Faldped from experimental data are in reasonable agreement, essen-
PPV2® From the analysis of the carbon-carbon bond vibradially for the polaron model, with theoretical approaches con-
tions, one notice that the new band observed at 1568'cm ducted on positively charged segments obtained by removing
and calculated at 1566 crhis assigned without any ambi- one or two electrons in the MNDO and the valence effective
guity to the G—C stretching of the vinyl group according to Hamiltonian model$®?” Further, in the assumption of
the PED. The band peaked at 1523 ¢nis attributed to the  electron-hole symmetry in conducting polymers, the same
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D(Z) R(X) positive bipolaron evidences that the quinoid character is

] v - much more enhanced than that generally obtained with
150 1.50 doping?® (Fig. 5. The weaker structural distortion that ap-

1 . pears for the negative bipolaron is in complete agreement
1.46 1.46 1 " with the Raman frequency shifts, which never exceed 3% of

1 M 1 the undistorted systefThese results are in agreement with
1424 1.42 1 * o those obtained by Kinet al, who calculated that the effec-

1 1T + & tive Coulomb correlation energy associated with the nega-
1.387 . o 1389 tively charged bipolarons is-0.4 eV greater than for posi-
134' 8 134 tively _charged ones. Consequently, ther_e should be a severe

. .é T A. — MV breakmg_ of the electron-hole symmetry in PPV contr_arlly to
QA% @”é P ald QA” @"'é ol the predictions of electron-hole symmetry conservation con-
sidered in theoretical models for conjugated polymers which
o o lead to the same relaxation for electron and hole injection on
t(A)) t' (A) the polymer.
1.50 1.50 1
1.46 ] 1.46 ] IV. CONCLUSION

T 1 Y & The modeling of the charged states undertaken on the
1.42 4 1424 * . o model compounds Py - and P\4*" has allowed us to con-

T v ¥ w 1 = firm the assignments of the experimental frequencies. We can
1384 + o 1.384 deduce from the EPR and RRS studies that there is a coex-
1.34- ——————— 1_34' istence of two .different intrachair_l defects exten_ding over

F oA v P A‘ - three and fogr rings. '_I'hg weak spin-to-charge ratio obtained
& f&E P @*é“‘é} ald at a low doping level indicates that polarons created on long

segments rapidly combine into bipolarons and then, at more
FIG. 5. Average geometry calculated by VFF for polaron andhigh doping level, there exists a second combination into
bipolaron on models: Py - and P\{2" (V), PV,2~ (0) (Ref. 7 polarons on short segments. Indeed, the polarons localized
and by geometric optimization methods for cation and dicatieh ~ on short segments can be associated in intrachain and/or in-
(Ref. 27. terchain polaron pairs. Positive polaronic and bipolaronic
segments present a more enhanced quinoid character than
structural relaxation is considered for negatively chargedegative polarons. Further, in case of hole injection in PPV,
species while the stronger deformation calculated by outhe structural relaxation difference occurring around the dop-
model for bipolaronic segments results in greater downshiftant leads to a stronger electron-vibration coupling. There-
of the vinyl CC stretching which are effectively observed infore, these results clearly show the absence of electron-hole
Raman spectra. The geometric distortion calculated for theymmetry in this polymer.
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