1404 Bull. Korean Chem. So2002 Vol. 23, No. 10 Jin-Yeol Kim et al.

Relationships between the Raman Excitation Photon Energies and
Its Wavenumbers in Dopedtrans-Polyacetylene

Jin-Yeol Kim,” Eung-Ryul Kim, Dae-Woo Ihm," and Mitsuo Tasumf*

Department of Chemistry, College of Natural Science, Hanyang Univ., Seoul 133-791, Korea
"Department of Advanced Industrial Technology, Hoseo Univ., Asan 336-795, Korea
*Department of Chemistry, Faculty of Science, Saitama Univ., Urawa, Saitama 338, Japan

Received February 21, 2002

The resonance Raman spectratrahs-polyacetylene films doped heavily with electron donor (Na) and
acceptor (HCI@) have been measured with excitation wavelengths between 488- and 1320-nm, and the
relationships between the Raman excitation photon energies (2.54-0.94 eV) and its wavenumbers were
discussed. We found the linear dependence of the Raman shifts with the exchanges of excitation photon
energies. In particular, the Raman wavenumbers in the C=C stretehlvanfl) showed a dramatic decrease

with the increase in Raman excitation photon energies. In the case of acceptor doping, its change is larger than
that of donor doping. The observed wavenumber (1255-126% ofrthe v, band (CC stretch) of Na-doped

form is lower than that of the corresponding band (1290-129) offits pristingrans-polyacetylene, whereas

the contrary is the case for the HGl@ped form (1295-1300 ¢h). The origin of doping-induced Raman

bands is discussed in terms of negative and positive polarons.
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Introduction film and its pristine trans-PA excited with laser lines
between 363.4- and 1320-nm have shown marked changes
TransPolyacetylenetfans-PA) [([CH=CH),] is a conduct-  with the exciting laser wavelengthi& The observed disper-
ing polymer which shows metallic electrical conductivity sions or changes of Raman frequency corresponding to the
upon doping and have a degenerate ground state. Thehange of laser lines have been explained in terms of the
electrical properties of dopemlansPA depend on dopant existence of segments having various conjugation lefgtfs.
contents: The mechanistic relationship between chemical In this paper, we have measured the resonance Raman
doping and charge transport in PA has been studied bgpectra ofrans-PA films doped heavily with electron donor
various physical methodsThe Pauli spin susceptibility (Na) and acceptor (HCKD at the excitation laser lines
indicative of a metallic density of states appears suddenly dietween 488- and 1320-nm. We will show the relationships
a dopant concentration of about 7 mol % for AGeceptor) between the Raman excitation photon energies and its
doping and about 6 mol % for sodium (donor) dogimpd ~ wavenumbers.
doped PA can thus be regarded as a metal. When dopant
contents are below the critical value (6-7 mol %), electron- Experimental Section
spin-resonance (ESR) signals are weak in comparison with
the dopant contents. Thus, spinless charged solitons have beeiThe cis-rich PA films prepared according to Shirakawa's
proposed as charge carriéBut, when dopant contents are method* at -78°C were thermally isomerized teans-PA
above the critical value, the charged polarons are predictefilms at 180°C for 60 min. TheransPA films were doped
However, the origin of the metallic state above the criticalwith sodium by treating them with a THF solution of sodium
value is not fully understood and a complete understandingaphthalide (0.1 mol/L) for about 60 min in a completely
of the mechanism of electrical conduction has not been achiegealed ampoul®. After washing the doped film with fresh
ed yet, even though several arguments have been proposedlHF, the ampoule was sealed again. TiasPA films
Recently, we have demonstrated the usefulness of resomere also doped with HCIf gas phase in a completely
ance Raman spectroscopy in the characterization of selsealed ampoule. The dopant content of Na is above 15 mol
localized excitations existing in the doped PAThe elec-  %. The dopant content of HCJ@ 8%, and it is calculated
tronic absorption of doped PA is observed in the region fronfrom the weight increase after doping.
visible to near infrared. Accordingly, resonance Raman Raman spectra taken with the 1064- and 1320-nm laser
spectroscopy with visible and near infrared excitations givesines were measured on a JEOL JIR 5500 Fourier transform
structural information on the self-localized excitations. The(FT) spectrophotometer modified for Raman measurements.
resonance Raman spectra of donor or acceptor doped PAlaser line was provided from a continuous-wave Nd:YAG
laser (CVI YAG-MAX C-92). Then laser beam was passed
*To whom correspondence should be addressed. e-mail: jinyedhrough an interference filter to remove spontaneous emission
@unitel.co.kr, jinyeol@hanyang.ac.kr lines. The InGaAs and Ge detectors were used for Raman
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measurements with 1064- and 1320-nm excitations, respecx, vz, Vs, V4 andvs bands, respectively, in this paper. The
tively. Especially, for 1320-nm laser line, the Raman scatterv, and v, bands are undoubtedly assigned to Raman-active
ed light was collected with a 96ff-axis parabolic mirror in  fundamentafs®*3 for an infinite planar polyene chaic,

a backscattering configuration, and was passed through thregmmetry). Thevs band has been attributed to the 1
long-wavelength-pass dielectric filters (Omega) to eliminatemode (whera) is the phase difference between the adjacent
the Rayleigh scattered light. Raman measurements on thi€H=CH- units) of thev, branch'® in which neighboring

FT spectrophotometer were made at a spectral resolution @€H=CH- units move in opposite directions. Thdand has

4 cnit. Raman spectra excited with laser lines in the 488.0been attributed to the in-phasé=0) CH out-of-plane
~753.0-nm region were measured at room temperature onk#ending on the basis of the frequency shift$*6f and?H
Raman spectrometer consisting of a Spex 1877 Triplematsubstitutions® The vs; and vs bands, which are Raman-
and an EG & PARC 1421 intensified photodiode arrayinactive for an infinite planer chain, probably appear in the
detector. Several lines form a Coherent Radiation Innova 9®aman spectrum because of symmetry lowering due to
Ar ion laser (488.0- and 514.5-nm), a NEC GLG 108 He-Nedistortion of the polyene chain.

laser (632.8-nm), and a Spectra-Physics Model 375 dye laserThe Raman spectra of the heavily Na-dopads-PA film

(753.0-nm) were used for Raman excitation. taken with excitation wavelengths between 488.0- and 1320-
nm are shown in Figure 2(a)-(f). According to the previous
Results and Discussion workers®'2 a broad absorption ranging from visible to

infrared appears upon fully Na-doping. All the excitation
The Raman spectra of heavily dopeshsPA measured laser lines used in this experiment are within this absorption.
with excitation wavelengths between 488- and 1320-nm arés shown in Figure 2(a), the five Raman bands obtained at
shown in Figure 2(a)-(f), in the case of Na doping, and1493, 1255, 1151, 1105, and 953 ¢mvhich correspond to
Figure 3(a)-(d), in the case HCJ@oping, respectively. For the v, v,, Vs, v4 andvs bands of pristingransPA, respec-
the comparison, the Raman spectra of pristiaesPA are  tively, from Na-dopedransPA with 1320-nm excitation.
shown in Figure 1. In the case of pristirensPA (Fig. 1),  The Raman bands of doped PA (Fig. 2(a)) is quite different
five bands are observed at 1459, 1290, 1172, 1068, and 1008
cmt, for example 1320-nm laser line, which are called the
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Figure 2. Resonance Raman spectra of heavily Na-doped-PA.
Excitation wavenumbers are 1320-, 1064-, 753-, 632.8-, 514.*
Figure 1. Resonance Raman spectra of pristiaes-PA. Excita- 488-nm for (a), (b), (c), (d), (e), and (f), respectively. The dt
tion wavenumbers are 1320-, 1064-, 753-, 632.8-, 514.5-, and 48{content of Na is above 15 mol %. Fluorescence backgroun
nm for (a), (b), (c), (d), (e), and (f), respectively. subtracted from each spectrum.
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from that of pristinetransPA (Fig. 1(a)) obtained at the
same laser line. In previous pap&fsye have pointed out

that the Raman bands observed from doped PA are attribute §

to negatively charged domains generated by doping for th -

following reasons: (1) The Raman bands of doped domain 3
can be observed because of the resonance enhancem (d) § -
effect, which is not taken into account the effective conju- .

gation coordinate model. (2) The Raman spectra of dope pax ®
trans-PA are quite similar to those of the charged species ¢ < <

polyenest®!’ Lefrant and co-worket$!® have also ascribed
the observed Raman bands to doped domains.

The v1 band observed at between 1493 and 159¢,cm
which is assigned to the C=C stretching mode, is very stron
and shifts upward with decreasing excitation wavelength
1493, 1510, 1535, 1550, 1583, and 1590*dar the 1320-,
1064-, 753-, 632.8-, 514.5-, and 488.0-nm laser line
respectively. Thar band, which is assigned to CH in-plane
bend, is observed between 1255 and 1267.cfine wave-
number of this band is insensitive to excitation wavelength
but slightly shifts upward, whereas the relative intensity
increases with decreasing excitation wavelength. The
band is observed in the range between 1151 and 1219 cm
except for the 488.0-nm excitation spectrum. This peak witt
vz band is assigned to the combination peaks for the C(
stretch and CH in-plane bending modes. The band in thi
group also shifts upward, as excitation wavelength become 16(')0 1:00 1200 1(!00
shorter. A peak at the, band is observed between 1105 and RAMAN SHIFT/cm-'

_l . .
.1132 .Cm ; The.v4 band shifts Up.\Nard and .the re"’?‘“"? Figure 3. Resonance Raman spectra of HEl#OpedtransPA.
intensity dramatically decrease with decreasing excitatiorgyitation wavenumbers are 1320-. 1064-. 753-. and 514 5-1

wavelength. (@), (b), (c), and (d), respectively. The dopant content of H{SIE

In Figure 3(a)-(d), we have also shown the Raman specti%. Fluorescence backgrounds are subtracted from each spe
of the heavily HCIQdoped transPA measured with
excitation wavelengths between 514.5- and 1320-nm. Thés width is broad as much asband. In particular, accord-
electrical conductivity of HCI@dopedtransPA was 210 S/ ing to the previous work®3the large dispersion in the n
cm and a metallic density of states showed at 8 mol %and as a function of the exchange of excitation laser lines
doping. The Raman spectra of HGI@opedtransPA show  (488.0-1320 nm) or excitation photon energies (2.54-0.94
some different spectral patterns from those of Na-dope@&V), were explained as the existence of charged domains
transPA as a whole. In particular, the frequencies andwith various localization lengths. These charged domains
relative intensities of some Raman peaks are somewhd#tave different electronic absorptions, and the Raman bands
different each other. These Raman bands are attributed #rising from a domain are resonantly enhanced when the
positively charged domains. The, band upshift with  wavelength of excitation laser line is located within the
decreasing excitation wavelength, but its width is muchelectronic absorption of the same domain.
broader than that of Na-doperhnsPA. The v, band is In this paper, we discuss the relationship between the
observed between 1295 and 1300 Gnand the relative excitation photon energies V) in the dopedransPA
intensities are very weak. These wavenumber positions ar@nd the four Raman frequencies, (», Vs, andvsbands). In
higher than those of pristineans-PA (1290 cri!). These  Figure 4-7, the Raman wavenumbers of dopessPA
upshifts upon acceptor doping contrast with the downshifthave been plotted against the Raman excitation photon ener-
(1255-1267 crm) for donor doping (Na) as shown in Figure gies;v;band (Fig. 4)y,band (Fig. 5)ysandv,bands (Fig. 6
2. Similar upshifts of the,, wavenumber were reported for and 7), respectively. Raman bands were found to be linear
AsFs-doped® and iodine-doped transPAs. The observed function of excitation proton energies. From the above resullts,
n, wavenumbers (1295-1300 cihare also close to that of a the four bands are fitted to the following equation (1),
positively charged model compoundlg 1302 cmt* of the iy
radical cation of 1,6-diphenyl-1,3,5-hexatri¢te. vem?) =k ko Bex(eV) (1)

The vzband is observed the range between 1173 and 1196here,v is Raman wavenumbdg, andk; are constants, and
cmt. These wavenumber positions are also higher thaiE., is the excitation photon energy (eV). Tendk, values
those of pristinetransPA (1172 crit). The vy band also  of the four bands for Na-dopelans-PA obtained from
shifts upward as excitation wavelength becomes shorter, biiquation (1) are summarized in Table 1, respectively. In
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1496 cm. This peak position is very similar to that of the n
band excited at 1320-nm laser line in the case of Na-doped
transPA. From this result, the self-localized excitation states
in doping-inducedransPA can be interpreted as the distri-
bution of the charged domains having various localization
lengths. This large Raman frequency dispersion in the
heavily dopedrans PA had been selectively observed by the
resonance Raman effects. These charged domains have dif-
ferent electronic absorptions, and the Raman bands arising
from a domain are resonantly enhanced when the wave-
length of excitation laser line is located within the electronic
absorption of the same domain. Also, we can suggest that
the localized carbon number (n) in the charged domains of
heavily dopedrans-PA is distributed at between 4 and 22 by
comparing it withvy wavenumbers of polaron models (n = 4-
22).

In Figure 5, we have plotted the bands of pristine (a),
Na-doped (b), and HCl@lopedtransPA against the Raman
excitation photon energies, respectively. As described above,
the wavenumber positions aof, band are very different
between acceptor doping (HG)@&nd donor doping (Na). In
particular, in the case of acceptor doping (H{lQhe
wavenumber positions ak band are somewhat higher than
those of pristingrans-PA, but the changes of wavenumber
which varies with the excitation photon energies is very
small. Forvsand v, bands, the similar observation can also

particular, in the case of band (Fig. 4-b), the wavenumber be made and the relationships between the Raman excitation
is very sensitive to the excitation photon energies. Ramaphoton energies and their wavenumbers are shown in Figure

wavenumber decreases linearly as the excitation photoé and 7, respectively.

energy decreasekx(is 60.98). In the case of HC{@oping

81.24, are more sensitive than that of donor (Na)-doping. On
the contrary, the wavenumber of pristinemnsPA is
considerably higher than the values observed for the dope
trans-PA and their Raman wavenumbers are not also show
linear relationship with the excitation photon energies. How-
ever, the difference in wavenumbers between pristares

PA and dopedrans-PA falls in the range of 40 to 90 ¢n
Also, linear relationship between wavenumber and excita
tion proton energy has not been observed for the pristin
trans-PA. In previous work&.’ we reported that the wave-
number ofv; band in polaron model compounds (carbon
numbers of polyene part are 4, 6, 8, and 22) are very sens
tive to the conjugation lengths. Thus, the dramatic decreas
in wavenumber of this band may indicate the increase i
conjugation lengths. In fact, thg wavenumber in Raman
spectrum of the radical anion of polyene moilel, polyene

As described above, the doping-induced Raman spectra of
as the acceptor dopant, the wavenumber, in wkicks Na-dopedransPA (donor doping) is clearly different from
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Table 1. Obtained values d¢ andk. at each Raman bands for Na-
dopedtransPA
1240 ‘
Raman bands ke ke 05 1 15 2 25
Vi 1435 60.98 EXCITATION PHOTON ENERGY/eV
V2 1248 7.27 .
Figure 5. Plot of the Raman wavenumberns ljand) versus tt
V3 1140 17.43 . . A
" 1098 1154 excitation photon energies (2.54-0.94 eV): (a) Prigtanes-PA, (b
A .

Na-dopedrans-PA, and (c) HCI@-dopedtransPA.
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1250 and positive polarons. In fact, Kivelson and He&ger
proposed a polaron lattice structure to explain the metallic
properties of heavily dopethns-PA.

- (a) Summary
5 v,
The resonance Raman spectrarahsPA doped heavily
“ with sodium and HCI®has been measured with excitation
wavelengths between 488- and 1320-nm. We found that for
the four Raman bands, Raman wavenumbers correlate well
1150 with the excitation proton energies (2.54-0.94 eV). In
M
V,

particular, the wavenumber efband is very sensitive to the
excitation photon energies. From this result, we could also
expect that the localized carbon number (n) in the charged
domains of heavily dopettans-PA with sodium is distri-
buted at between 4 and 22. But, the Raman spectra obtained
4 from dopedtransPA with sodium as the donor dopant are
different from that of dopettansPA with HCIQ, as the
acceptor dopant.
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