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The difference of Raman spectra between lightly and heavily Na-dopadpolyacetylenettansPA) was
observed with the 1320 nm laser line, and these were discussed on the basis of the Raman spectra of the
negatively charged anions Ph(GRh™ [DP,",n= 3,5, 7, 9, and 13] and the radical-anion species Ph{et)
[DPy~,n=4, 6, 8, and 10] and 19,1,20,20-tetranorp,5'-carotene [TNBC", n = 22] of the model compounds,
which correspond respectively to negatively charged soliton and negative polatoanssifPA. The observed
wavenumbers of the; andv, bands (EG=C and C-C stretches) of lightly dopettans-PA are lower than

those of the corresponding bands of pristtrens-PA, whereas the contrary is the case for heavily doped
transPA. Raman spectra of the negatively charged soliton modelg {¥d the negative polaron models
(DPy~ and TNBC™) were very similar to their spectrum patterns as a whole, but their wavenumbers and
relative intensities are mutually different to some extent. In particular, the Raman wavenumbers of heavily
dopedtrans-PA are very similar with those of the polaron models. The dispersion of th€ Gtretching

band ¢,) in doped PA with the various wavelengths of excitation laser line were explained as the presence
of charged domains having various lengths of electron localization.

Introduction excited with laser lines between 363.4 and 1064 nm have shown
marked changes with the exciting laser wavelen§th%The

polymerst2 This polymer shows high electrical conductivity obser.ved frequency dispergion of pristiians PA ha§ been.

of more than 10 S/cm when chemically doped with electron exp!alneql in terms of the emstencg of seg_ment; having various
acceptors (such as iodine, AsFeCh, and HCIQ) or electron conjugat|9q Ier!gtﬂs8 and the eﬁeqtlve conjugation coordlngte
donors (such as alkali metals). The electrical properties of dopedModef originating from the amplitude-mode theory. Zerbi et
PA depend on dopant contedtsThe mechanistic relationship ~ al-* have attributed the observed Raman spectra to undoped
between chemical doping and charge transport in PA has beerchains remaining in doped PA, because the intensities of the
studied by various physical methot3he pauli spin suscep- Raman bands arising from doped domains are expected to be
tibility indicative of the metallic density of states appears very weak on the basis of their theoretical considerations. In
suddenly at a dopant concentration of about 6 mol %/CH unit previous paperk}'°however, the present authors have attributed
(critical value)*®and doped PA can thus be regarded as a metal. the observed Raman bands of Na-dopexhs-PA to doped
When the dopant concentration is below the critical value, domains for the following reasons: (1) The Raman bands of
charged solitons that have charges but no spin have beenjoped domains can be observed because of the resonance
proposed as spinless charge carrierfowever, a complete  enhancement effect, which is not taken into account in the
understanding of _the mechanism of electrical conduction has g¢ective conjugation coordinate model. (2) The Raman spectra
not yet been achieved, though several arguments have beenoayily Na-dopedransPA are quite similar to those of the
proposed. charged species of polyen¥s(3) A weak Raman band is

Recently, we have demonstrated the usefulness of resonance v ed in the range between 1264 and 1254'dor heavily

Sirnggoﬁgzci{;?ﬁo?g tlhne tgg gga;aA%t.T_ﬂzaglzztgnisfggggfl'_Zed Na-dopedrans-PA, whereas the corresponding band is observed
9 P : P in the range between 1296 and 1288 ¢érfor pristine trans

tion of doped PA is observed in the region from visible to near- .
infrared. Accordingly, resonance Raman spectroscopy with PA- Thus, the presence of a band in the lower wavenumber
visible and near-infrared excitations gives structural information "@nge (12641254 cnt?) is a marker of negatively charged
on the self-localized excitations. The resonance Raman spectrélomains. Lefrant et a1 have also ascribed the observed
of a heavily metal-doped PA film and its pristireansPA Raman bands to doped domains. Tanaka &t lave reported
the 632.8 nm excited Raman spectratrainsPA doped with

*To whom correspondence should be addressed. E-mail: jinyeol@ Na at various concentrations. However, at dopant concentrations
hanyang.ac.kr. Phone: 8§2-2-2281-3214. Fax: 82-2-2281-3236. less than about 8 mol %, Raman spectra show no significant
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Polyacetylene (PA) [(CHCH),] is a prototype of conducting
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©) and DR3™) and the negatively charged polaron models £DP
DPs~, DPg"~, DPy¢"~, and TNBC™; n = 22). The origin of the

O NN Z O doping induced charged domainstians-PA is discussed in
terms of solitons and polarons.

(a) Experimental Section

1. Materials. The cis-rich PA films prepared according to
Shirakawa's methdd at —78 °C were thermally isomerized to
trans-PA films at 180°C for 60 min. Thetrans-PA films were
doped with Na by treating them with a solution of sodium
naphthalide in THF in a completely sealed ampdl®aman
measurements were performed the film in the sealed ampule.
The dopant concentration was controlled by both the concentra-
tion of sodium naphthalide and the period of immersing the
film into the solution. Four kinds of Na-doped PA films were
prepared under the various doping conditions. The Na concen-
tration of the doped samples increases in order from sample |

©) to sample IV. Here, we call samplesll “lightly doped” and
. _ samples lI+-1V “heavily doped”, respectively.
Figure 1. Structures of model compounds: (g)o-diphenylpolyenyl All o,0-diphenylpolyenyl anions (OP, n= 3, 5, 7, 9, and

anion [DR,~, n = 13]; (b) radical anion of.,w-diphenylpolyene [DP-, ; . . . .
n = 10]; (c) radical anion of 19,190,20-tetranorg -carotene 13) and their neutral species (PRused in this experimental

[TNBC, n = 22]. n is the number of carbon atoms in the polyene Were synthesized by referring to the previous papérsi®
part. prepared fromn-butyllithium as a counterion was used. The

charged species (I3P) of DP, were prepared in anhydrous THF

to be more informative, because the electronic absorption of solutions in a completely sealed quartz cell under high vacuum
Na-doped PA appears from visible to infraret. and were identified from the change of electronic absorption

These spectra have been analyzed on the basis of thespectra. Alltrans-1,4-diphenyl-1,3-tetradiene (QP-trans-1,6-
resonance Raman spectra of the charged species (ions, radicdliphenyl-1,3,5-hexatriene (RF -trans-1,8-diphenyl-1,3,5,7-
ions, and divalent ions) of conjugated compouHd$ Studies ~ octatetraene (D, and irans-1,10-diphenyl-1,3,5,7,9-decap-
on the charged species of oligo and polyene compounds ineéntaene (DR) were purchased from the Tokyo Chemical
particular are not only interesting themselves but also important Industry Co., Ltd., and Aldrich Chemical Co., Inc., respectively,
for understanding the electrical properties of doprechs-PA. and used without further purification. The radical anions {DP
Charged species of polyenes have been studied as models off = 4, 6, 8, and 10) of each polyene were prepared by reduction
doped PAI®-24 The molecular and electronic structures of the Of the neutral polyene with a sodium mirror in THF solution in
radical cations and dications of 1,3-butadiene to 1,3,5,7,9- @ sealed glass ampule. This method was similar to that reported
decapentaene have been also calculated by an ab initio moleculaby Hoijtink and Meij?” The reduction reactions were followed
orbital method at the complete active space self-consistent field by absorption spectroscopy. Atlans-19,19,20,20-tetranorf 3-
(CASSCF) level and using multireference “Mo—Plesset ~ carotene (TNBC) and its radical anion (TNBEwere prepared
theory?s Tolbert et al* have reported the NMR and electronic ~ as reported in our previous papér.

absorption spectra of,w-diphenylpolyenyl anions Ph(CHBh~ The concentration of all samples was 39104 mol/dn?
(abbreviated as DP, n = 3, 5, 7, 9, 13, and 17) as model in THF in quartz cells (path length is 10 mm). Raman spectra
compounds of a negatively charged solitorirans-PA. In this were measured for such solutions in sealed cells.

study, Raman spectra of P(n = 3, 5, 7, 9, and 13) were 2. Equipment. Raman spectra taken with the 1064 and 1320
observed with the 1064 nm laser line for the first time. These nm laser line were measured on a JEOL JIR 5500 Fourier
compounds with an odd number of carbon atoms at the polyenetransform (FT) spectrophotometer modified for Raman measure-
parts @) have a negative charge but no spin. The Raman spectraments. A laser line was provided from a continuous-wave Nd:

of the radical anion ofa,w-diphenylpolyenes Ph(CRHpht~ YAG laser (CVI YAG-MAX C-92). Then, the laser beam was
(abbreviated as DPP", n = 6 and 8) have been also reported as passed through an interference filter to remove spontaneous
the model compounds of a negatively charged polardraims emission lines and was led to the sample. The InGaAs and Ge

PA 1520 Because the Raman spectra of pP(n = 6, 8) had detectors were used for Raman measurements with 1064 and
already been reporté8we newly added the experimental part 1320 nm excitations, respectively. Especially, for the 1320 nm
of the present study to P (n = 4 and 10). In our previous laser line, the Raman scattered light was collected with°a 90
paper?* we had also reported the optical absorption and Raman off-axis parabolic mirror in a backscattering configuration and
spectra of the radical anion of @lans-19,19,20,20-tetranor- was passed through three long-wavelength-pass dielectric filters
f,p-carotene (abbreviated as TNBCn = 22), which is a good (Omega) to eliminate the Rayleigh scattered light. Raman
polaron model compound dfansPA. In this study, we also  measurements on this FT spectrophotometer were made at a
discuss to TNBEC as a polaron model have a long chain< spectral resolution of 4 cmd. Raman spectra excited with laser
22) with DRy~ (n = 4, 6, 8, and 10) models. The chemical lines in the 488.6753.0 nm region were measured at room
structures of the model compounds used in this study aretemperature on a Raman spectrometer consisting of a Spex 1877
schematically shown in Figure 1. Triplemate and an EG & PARC 1421 intensified photodiode

In this paper, we explain the difference of doping-induced array detector. Several lines from a Coherent Radiation Innova
Raman spectra between lightly and heavily Na-dopeds 90 Ar ion laser (488.0 and 514.5 nm), a NEC GLG 108He
PA. These spectra have also compared with those of theNe laser (632.8 nm), and a Spectra-Physics Model 375 dye laser
negatively charged soliton models (PP DPs~, DP;~, DPy™, (753.0 nm) were used for Raman excitation.
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Figure 2. 1320 nm excited FT-Raman spectra of (a) pristirans
PA, (b—c) lightly Na-doped PA, and (de) heavily Na-doped PA: (b)
sample |, (c) sample I, (d) sample Ill, and (e) sample IV.
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Figure 3. Raman spectra of heavily Na-dopednsPA (sample V)
and its pristine. Excitation wavelengths are 1320, 1064, 753, 632.8,
514.5, and 488 nm for Na-dopddansPA (a) and its pristine (b),

Kim et al.

difference between the adjacertCH=CH— units) of thev,
branch?® in which neighboring—CH=CH— units move in
opposite directions. The Raman bands corresponding, te,

v, andv, are observed fan,w-di-tert-butylpolyenes? although

the Raman band corresponding tg is not observed for
unsubstituted polyenes. Thg band was attributed to the in-
phase § = 0) CH out-of-plane bending on the basis of the
frequency shifts of3C and?H substitution$® The v3 and vs
bands, which are Raman-inactive for an infinite planer chain,
probably appear in the Raman spectrum because of symmetry
lowering due to distortion of the polyene chain. Tasumi éfal.
have pointed out that the in-phase CH out-of-plane bending
mode appears in the Raman spectra of some carotenoids due to
distortion of the polyene chain.

The Raman spectra of Na-doped PA taken with the 1320 nm
laser line are shown in Figure 2fe. The Na concentration
increases from spectrum b to e in Figure 2, although the Na
concentrations are not precisely determined in the present study.
In our previous paper, we reported the Raman spectrarains
PA doped with Na at various concentrations. From those results,
we call samples+lIl “lightly doped” (doping level is below 6
mol %) and samples HIV “heavily doped” (doping level is
above 11 mol %), respectively.

The 1320-nm excited Raman spectra of lightly doped samples
(Figure 2 parts b and c) show small but significant spectral
changes with increasing Na concentration. The spectral char-
acteristics are as follows. For the band, a shoulder or a peak
is observed at 1446 cmh. This wavenumber position is lower
than that at 1459 cni for pristinetrans-PA (Figure 2a). The
v, band is observed between 1277 and 1275%rfhese low
wavenumber positions for the, band are characteristic of
negatively charged polyenésThewvs; band is weak in intensity
between 1169 and 1167 ciand shows small downshifts with
increasing Na concentration. For theband, a broad or a peak
is observed at 1057 cmh. This wavenumber position is lower
than that at 1068 cni for pristine trans-PA (Figure 2a). In
Figure 2c, the shoulder band of peak (1057 cm?) strongly
showed on its higher energy side (1300107 cnt?), and the
width of v, band with v, band also becomes more broad
dispersion. Here, the narrow or broad of band shape, especially
in thev, andv4 bands (E=C and C-C stretches), relates with
distribution range of charged domains in doped PA. This
shoulder band of4 is also increased with doping level increase,
and in the step of highly doping (Figure 2 parts d and e), this
band becomes to the main band instead of 1057 dmand of
lightly doping (Figure 2 parts b and c). Accordingly, in the case

respectively. Fluorescence backgrounds are subtracted from eachyf Figure 2c, we think that the some domains of highly doped

spectrum. The Na content of sample IV is above 15 mol %.

Optical absorption spectra at various stages of the reduction
process were measured on a Hitachi U-3500 spectrophotometer,

Results and Discussion

1. Raman Spectra of Lightly and Heavily Doped PA with
Sodium. We showed the observed Raman spectra of lightly and
heavily doped PA (in Figures 2 and 3a) and its pristine (Figure
3b), respectively. The Raman spectra of pristiaasPA taken

PA (so-called polaron lattice structure) are in a lightly doped
PA sample. Kivelson and Heedérhave proposed that the
charged species in heavily doped PA are a polaron lattice
structure. Thevs band undergoes downshifts, and its intensity
increases markedly, as the Na concentration increases. The
strong intensity of the’s band may arise from the mixing of
the CH out-of-plane bending mode with the CC stretching
modes due to the distortion of charges domains in the polyene
chain. WhertransPA is doped with sodium, negative solitons

or negative polarons are expected to form. A soliton Bas

with several laser lines are shown in Figures 2a and 3b. In the local symmetry, whereas a polaron @ local symmetry. In
1320 nm excited Raman spectrum (Figure 2a), five bands arethe Raman studies of lightly Na-dopt&dns-PA, doping-induced

observed at 1459, 1290, 1172, 1068, and 1008 cmhich we
called vy, v,, v3, v4. andvs, respectively. Thes, v,, and v,
bands are undoubtedly assigned to Raman-active fundanfehtals
for an infinite planner polyene chairC§, symmetry). Thevs
band was attributed to thi2 = 7 mode (where) is the phase

Raman bands associated with charged domains generated by
doping were observed for the first time by the 1320 nm line. It
seems therefore probable that the observed doping-induced
Raman bands are due to negative solitons. Experimental results
for lightly Na-dopedtrans-PA obtained by electronic spin
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resonance spectroscopy have been explained in terms of negative
solitons generated by Na dopifhg.

The 1320-nm excited Raman spectra of heavily doped
samples (Figure 2 parts d and e) are quite different from those
of lightly dopedtransPA. The peaks of the; band are observed
in a higher wavenumber region (between 1483 and 1493 cm
in comparison with those of pristine and lightly dopedns
PA. Here, the shape of thg band in Figure 2d is broader than
that of Figure 2e and the shouldenafband in Figure 2d shows
on its low energy side, and this shoulder band is gone at a higher
doping level (Figure 2e), and the width of the band is also more
narrowing. Accordingly, in the case of Figure 2d, we consider
that some domains of lightly doped PA (so-called soliton lattice
structure) are in a highly doped PA. Thgband shows further
downshifts with increasing Na concentration. Theband is
observed at 1151 cm, and its intensity increases greatly with
increasing Na concentration. It should be noted that this band
corresponds to thé = & mode of the pristindransPA. The
peaks observed between 1107 and 1105%cane attributed to
the v4 band. These observed wavenumbers ofithband are T T T T
higher than those of pristine and lightly dopedns-PAs. The 1600 1400 1200 1000
vs band shifts downward, and its intensity decreases. Thus, the RAMAN SHIFT /cm™
doping-induced Raman bands of heavily Na-dopreshsPA Figure 4. 1064 nm excited FT-Raman spectra of (a);DRb) DR,
are clearly different from those of lightly Na-dopé&génsPA (c) DR, (d) DRy, and (e) DRs~ in THF solutions, respectively. Bands
(Figure 2 parts b and c). due to THF and backgrounds are subtracted in all spectra.

The Raman spectra of the fully Na-dopedns-PA (sample
IV) and its pristine film measured with several excitation
wavelengths between 488.0 and 1320 nm (between 2.54 and
0.94 eV) are shown in Figure 3 parts a and b, respectively. The
632.8 nm excited Raman spectrum in Figure 3a is similar to
that of CHNa 17reported by Eckhardt et &81.and those of CHNa
o015 reported by Tanaka et &.These similarities indicate that
the Na content of our sample IV is not less than 15 mol %.

A strong band¥; band) is observed between 1493 and 1590
cm~L This v; band group shifts upward with decreasing
excitation wavelength: 1493, 1510, 1535, 1550, and 1590'cm
for the 1320, 1064, 753, 632.8, and 488 nm laser lines,
respectively. The, band group is observed between 1255 and
1267 cntt. The wavenumber of these bands are intensive to
excitation wavelength, whereas the relative intensity increases
with decreasing excitation wavelength. A broagl band is
observed in the range between 1151 and 1173'cexcept for
the 488 nm excited spectrum. The band in this group also shifts
upward, as the excitation wavelength becomes shorter, A 1 4700 1 2'00 ! ] 0'00
band is observed between 1105 and 1132 crfthe band in -1
this group also shifts upward, but its relative intensity decreases RAMAN SHIFT /cm

with decreasing excitation wavelength. Figure 5. Raman spectra of (a) [P, (b) DRy, (c) DRy, and (d)
The ab feat f the R t f Na-d d PATNBC‘* in THF solutions. Excitation wavelengths are 632.8, 632.8,
€ above features of the kaman spectra or Na-dope 753, and 1064 nm for-ad, respectively. Fluorescence backgrounds

will be compared with those of the soliton and polaron models gre subtracted in all spectra.
in the following section. In particular, the large wavenumber

range observed for thg band will be explained by the existence Raman spectra of the negatively charged polaron models (PP

~
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of charge domains with various localization lengths. DPg~, DPi¢~, and TNBC™; n = 22) with in the THF solutions

2. Raman Spectra of Soliton and Polaron Model Com- are shown in Figure 5. The excitation wavelengths are 632.8,
pounds. The 1064 nm excited FT-Raman spectra of the 632.8, 753, and 1064 nm for [@P, DPs~, DPy¢~, and TNBC",
negatively charged soliton models (PP DPs~, DP;~, DRy, respectively. The four characteristic band features observed by

and DR3") in the THF solutions are shown in Figure 4. It was the present results are summarized as follows.

not possible to observe a resonant Raman spectrum within the (1) v, Band.A strong band, which is assignable to theeC
electronic absorption regions, because of the presence of arstretching vibration, is observed at the 1591 {DP 1587
intense fluorescent background. The Raman spectra of the(DPs~), 1579 (DR™), 1575 (DR™), and 1554 cm! (DP37),
negatively charged soliton models, however, could be obtained for soliton models, respectively. This band shifts downward as
with excitation at 1064 nm (1.17 eV). The 1064 nm laser line the n number increases from 3 to 13. These wavenumbers of
is located more at the low-energy side than the electronic C=C stretching band are slightly higher than those of the
absorption energies of QP (DP;~, 2.21 eV; DR, 2.07 eV; corresponding bands of neutral polyenes (DRis an even
DP;, 1.91 eV; DR, 1.76 eV; DR3, 1.52 eV, respectively). number): 1576 (D and 1557 cm! (DPyg), whereas the
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Figure 6. Relationship between and observed electronic transition
energies ). O, DP, and TNBC;m, DP,-; ®, DP;~ and TNBC".

contrary is the case for the radical anions “polaron model”: 1560
(DPg™), 1545 (DR™), 1533 (DRg), and 1496 cm! (TNBC™),

of Figure 5. In particular, the 1496 crh peak position of
TNBC*~ (in Figure 5d) is very similar to the; band (1493
cm~1) position of the heavily doped PA with sodium excited at
1320 nm laser line (in Figure 3a), this result also indicate that
the localized carbon numben)(in the charged domains of doped

Kim et al.

stronger than those of P (n = 6, 8, and 10), whereas the
contrary is the case for the, band as described previously.
However, in the case of soliton models, the relatively intensity
of v3 and v4 bands show no change. However, in polaron
models, these spectrum patterns’¢indv, bands with the as
described above, band are very similar to that of the Raman
spectra of the heavily doped PA measured with several
excitation wavelengths between 488.0 and 1320 nm as show in
Figure 3a. These results indicate that the segments of charged
domain having various conjugation lengths exist in doped PA.

The vs band (CH out-of plan) measured in doped PA could
not be observed at the model compounds. In the wavenumber
region above 1000 cnt in the Raman spectra of the ionic
species, the phenyl-group modes are not strongly observed
except for a strong band in the region between 1172 and 1173
cm™L. In particular, the effect of phenyl groups decreases with
thenincrease. Thus, these ionic species are suitable as models
of negatively charged soliton or negative polaroriramsPA.

3. Self-Localized Excitations in Sodium-Doped PAThe
large dispersion (15901493 cn1?) of thev; bands (Figure 3a)
according to the exchange of excitation laser line (483820
nm) and excitation photon energies (2.540.94 eV) can be
also explained as the existence of charged domains with various
localization lengths. These charged domains have respectively
different electronic absorptions, and the Raman bands arising
from a domain are resonantly enhanced when the wavelength
of the excitation laser line is located within the electronic
absorption of the same domain. Thus, in this section, we discuss
the relationship between the electronic transition energies (E/

PA excited at 1320 nm laser line is about 22 and that the doping eV) of the soliton (DR") and polaron model compounds (PP

induced charged domain in heavily doped PA can be discussed

in terms of a polaron.
In Figure 6, we showed the relationship betweerand
observedv; frequencies. On the other hand, it indicates that

the bond orders or the bond alternations in the anions (soliton)

are different from not only their neutrals but also in the radical

anion species (polaron). Especially, the lower wavenumber shift

of each G=C stretching band in the radical anions reflects a
decrease in the €C bond order, which suggests a change in
regular bond alteration. According to the ab initio molecular
orbital calculations of the radical cations of 1,3-butadiene to
1,3,5,7,9-decapentaene reported by Kawashima ét hond

alternation disappears at the center of the chain of each radica
cation. The present observation suggests that a similar chang
in bond alteration also occurs in the case of the radical anions.

(2) v, Band.In both soliton and polaron models, this band
was observed between 1263 and 1277 tamd can be assigned
to the CH in-plane bend. These wavenumbersoband are
located lower about 1915 cnt! than those of neutral polyenes.
The change of wavenumbers with increasmg very small,
but it corresponds well to the, band of doped PA. In the case
of dianion model (bipolaron), the, band is observed at the

and TNBC™) and thev; Raman frequencies and the relationship
between the excitation photon energi€seV) of doped PA
and thev,; Raman frequencies.

In Figure 6, we have plotted the relationsipf the model
compounds and its observed electronic transition energies (E/
eV), respectively. In soliton models (?P, all spectra have an
absorption containing a single strong peak attributechthe”
transition, and these peaks shifted to lower energies with
increasing the carbon numbery 6f the polyene part. Thus, in
the MO energy levels of a soliton model with odd numbered
carbons, a nonbonding energy level, which is occupied by two

glectrons, is formed in the center of the band gap. According
do the theory using a continuum model, a soliton in PA is

expected to give rise to one peak at the mid-gap center-(0.5
0.9 eV). In polaron models (OP and TNBC™), a strong
absorption peak and a weak peak are apparently attributed the
1°By— 2?A, and PBy— 1%A transitions f-7”"), respectively?®
These two absorption peaks have been attributed to the two
allowed transitions on the basis of the results of semiempirical
self-consistent-field calculations combined with a limited con-
figuration interactior3 The lower energy band (1) is very weak,

same position as that of the radical anions or anions. Thus, the@nd the higher band (1) has a strong absorption peak. According

position of thev, band may be a marker of the negatively

to a theoretical calculatiéh using a continuum model, a

charged polyenes or donor doped PA. However, in the case ofegative polaron in PA is expected to give rise to two strong

polaron models, the relatively intensity of band in TNBC™
model be remarkably weaker than those of,DRn = 6, 8,
and 10). On the contrary, the relatively intensity 1ef band
shows no changes in soliton models.

(3) vs, v4, andvs Bands.Two or three peaks for the; and
v4 bands are observed in the range between 1210 and 1120 cm
Thesevs; and v4 bands can be assigned to the mixing band
between G-C and G=C stretched? Especially, the relatively
intensity ofvz andv, bands in TNBC model is correspondingly

bands {1, antibonding levet— conduction bandy,, bonding
level — antibonding level). The observed bands (I and Il) of
the polaron models correspond to the and w, bands,
respectively, though the intensity of band | is weak. However,
the w3 transition was symmetry forbidden.

As shown in section 2, the Raman spectra of the negatively
charged soliton models and the negative polaron models are
very similar to their spectrum patterns as a whole, but their
wavenumbers and relative intensities are mutually different to
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for polymer and electronic transition energies/dV) for model
compounds and; Raman frequenciesy pristinetransPA,; (3) heavily

Na-doped PA; (a) DPand TNBC; (8 dibutylpolyenes (ref 29); (b)
DP,~ and TNBC~; (c) DR,
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polaron models (Figure 8b). From these results, the self-localized
excitation states in doping induced PA can be interpreted as
the distribution of the charged domains having various localiza-
tion lengths; thus, this large Raman frequency dispersion in the
heavily Na-doped PA had been selectively observed by the
resonance Raman effects. However, at the same Raman excita-
tion photon energiesE./eV), v1 wavenumbers of doped-PA
had been observed at higher wavenumbers than those of pristine
PA at the same Raman excitation photon enerdiggdgV) as
shown in Figure 8 parts. andp. It can be interpreted that the

v1 wavenumbers of self-localized excitation states are higher
than those of the neutral polymer having electronic absorption
at the same position. We also suggest that the localized carbon
number () in the charged domains of heavily doped PA can
be distributed until about 422 from comparing withv,
wavenumbers of polaron modets< 4~22) and those of lightly
doped PA until at least 3337 from extension of chain lengths
for soliton modelsif = 3 ~ 13), respectively. However, studies

of the Raman spectra of longer soliton model compounds are a
requisite for further elucidation of the self-localized charge
domains in PA.

Summary

Raman spectra obtained from heavily dopgeahsPA are
quite different from those of lightly doped trans-PA. In the
wavenumber region above 1000 chof the Raman spectrum
of PA, five groups of bands have been observed. These spectra
have also been compared with those of the negatively charged
soliton models (DR) and the negatively charged polaron
models (DR~ and TNBC~). Raman spectra of soliton models
(DP,7) were observed for the first time. The difference between
Raman spectra of the negatively charged soliton models and
the negative polaron models are also explained with those of
doped PA. Especially, the Raman spectra of heavily Na-doped
PA were very similar with those of polaron models. The large
wavenumber dispersion observed for thdands in Na-doped
transPA can be explained by the existence of the charged
domains with various localization lengths. In particular, the
position of thev; band (1493 cm!) of Na-dopedrans-PA with
1320 nm laser line is observed at a very similar position (1496
cm 1) with the radical anion of TNBC containing eleven
conjugated €&C bonds. This similarity indicates that the
charged domains generated by Na-doping in the polymer chain

some extent. Thus, as shown in Figure 7, the wavenumbers ofa'€ localized over eleven conjugatee=C bonds.

the v, band, both the negatively charged soliton models and
the negative polaron models, shift downward according.to
However, ther; wavenumbers of the negatively charged soliton
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