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4.1 Introduction

Most organic polymers are electrical insulators, a property which distinguishes
them from metals. However, the development of a new class of organic polymers
with quasimetallic electrical conductivities has been actively pursued during the
past 18 years, following the discovery in 1977 of high electrical conductivities
for doped polyacetylenes [1, 2]. The novel concept of a conducting organic polymer
has aroused the interest of a large number of researchers in various areas such as
chemistry, physics, electrical engineering, material science, etc. Detailed discussions
in each area can be found in many review articles [3—17]. In particular, a new field of
physics has been opened for the purpose of understanding their electrical properties.

A goal of basic research on conducting polymers is to understand the metallic
properties of such polymers. Since conducting organic polymers have conjugated
n-clectrons in common, chemists intuitively believe that studies on the physical and
chemical properties of conjugated systems would lead to an elucidation of the
mechanism of charge transport. On the other hand, new concepts, solitons [18, 19],
polarons [20-22], and bipolarons [21-23] have been proposed by solid-state phys-
icists as elementary excitations in conjugated polymers, in order to explain the
physical properties of these polymers. They are collectively called self-localized
excitations. These concepts and terminologies are unfamiliar to molecular spectro-
scopists. Thus, it seems desirable to build a bridge between solid-state physicists and
molecular spectroscopists.

The structures and properties of conducting polymers have been studied by
various spectroscopic techniques. Among them, vibrational (Raman and infrared)
spectroscopy is a powerful tool for elucidating the molecular and electronic struc-
tures of conducting polymers as described in previous reviews [13—-15]. In spite of
numerous spectroscopic studies, discussions on polarons, bipolarons, and solitons
were not based upon reliable evidence from vibrational spectroscopy until very
recently. Thus, the aims of this review are: (i) to provide a general introduction to
the concepts of polarons, bipolarons, and solitons from the standpoint of molecular
spectroscopists; (ii) to describe the methodology of Raman studies on these self-
localized excitations; (iii) to review the results of studies on poly( p-phenylene) and
other polymers; and (iv) to discuss the mechanism of charge transport in conducting
polymers.



208 4 Vibrational Spectroscopy of Intact and Doped Conjugated Polymers

4.2 Materials

The conductivity of iodine-doped polyacetylene first reported by Shirakawa et al.
[1] in 1977 was 30 S cm~!. Since then, the conductivity reported for doped poly-
acetylene has kept increasing, the highest conductivity obtained so far for an iodine-
doped stretched polyacetylene film [17] being >10° S cm™!, a value comparable
with that of copper (6 x 10° S cm™!).

A film of intact polyacetylene usually shows a conductivity lower than 10~°
S cm~!. However, the conductivity increases dramatically when the film is exposed
to oxidizing agents (electron acceptors) such as iodine, AsFs, H,SO4, etc. or reducing
agents (electron donors) such as alkali metals. This process is referred to as doping,
by analogy with the doping of inorganic semiconductors. The polymers that are not
doped are referred to as intact polymers in this review. The main process of doping
is a redox reaction between the polymer chains and acceptors (or donors). Upon
doping, an ionic complex consisting of positively (or negatively) charged polymer
chains and counter ions such as I3~, AsFg~, etc. (or Nat, K*, etc.) is formed.
Counter anions or cations are generated by reduction of acceptors or oxidation of
donors, respectively. The use of an acceptor causes the p-type doping, and that of
a. donor the n-type doping. The electrical conductivity can be controlled by the
content of a dopant. A sharp increase in conductivity is observed when the dopant
content is < 1 mole% per C;H, unit. After this sharp increase, the conductivity be-
comes gradually higher with further increase in the dopant content. At low doping
levels, polyacetylene does not exhibit metallic properties, whereas its conductivity is
high. When the dopant content is more than about 13 mole% per C,H; unit, poly-
acetylene shows metallic properties such as a Pauli susceptibility [24, 25], a linear
temperature dependence of the thermoelectric power [26], and a high reflectivity in
the infrared region [27], though the temperature dependence of conductivity is not
like that of a metal. The origin of such properties of heavily doped polyacetylene is
not yet fully understood.

Following polyacetylene, a large number of conducting polymers have been
reported. The chemical structures of typical conducting polymers are depicted in
Figure 4-1. These conducting polymers have conjugated m-electrons in common,

Figure 4-1. Chemical structures of con-
ducting polymers. (a) Trans-polyacetylene;
(b) cis-polyacetylene; (c) poly( p-
phenylene); (d) polypyrrole; (e) poly-
thiophene; (f) poly( p-phenylenevinylene);
(g) poly(2,5-thienylenevinylene); (h) poly-
aniline (leucoemeraldine base form); (i)
polyisothianaphthene.
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and all are either insulators or semiconductors in their intact states, and they
become conductors upon doping. Metallic properties are observed for poly(p-
phenylene) [28], polythiophene [29-33], polypyrrole [31], and polyaniline [34, 35] at
heavy doping levels, although reported data depend on samples and preparation
methods. The origin of the metallic states of heavily doped polymers is one of the
major unresolved problem in the field of conducting polymers.

4.3 Geometry of Intact Polymers

The question of whether the C-C bonds in an infinite polyene chain are equal or
alternate in length has been discussed by quantum chemists since the 1950s [36, 37].
Various experimental results on oligoenes have shown the existence of alternating
single and double bonds. The bond alternation in #rans-polyacetylene has been
confirmed by X-ray [38] and nutation NMR [39] studies. However, it is difficult to
determine exact structure parameters for conducting polymers from X-ray diffrac-
tion studies, because single crystals of the polymers are unavailable. It is then useful
to examine the geometries of the polymers and model oligomers by the molecular
orbital (MO) method, especially at ab initio Hartree—Fock levels or in higher
approximations.

Conducting polymers can be divided into two types, degenerate and non-
degenerate, according to the structure of the ground-states of intact polymers. The
total energy curve of a degenerate system in the ground state is shown schematically
as a function of a structural deformation coordinate, R, in Figure 4-2a, and that
for a nondegenerate system in Figure 4-2b. Let us consider an infinite trans-
polyacetylene chain as a prototype of the degenerate ground-state polymers. There
are two degrees of freedom in bond lengths: rc_c and rc-¢, which correspond, respec-
tively, to the lengths of the alternating single and double CC bonds. The coordinate
for structural deformation is simply expressed by the following equation.

R= % (rc_c — rc=c) (4-1)

This coordinate reflects the degree of bond alternation. This coordinate is used in the
effective-conjugation-coordinate model proposed by Zerbi et al. [15] for the purpose
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Figure 4-2. Total energy as a func-
tion of a structural deformation co-
ordinate. (a) Trans-polyacetylene
(degenerate ground-state system); (b)
poly( p-phenylene) (nondegenerate
ground-state system).
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of explaining the Raman spectra of intact polymers and doping-induced infrared
bands. (This model will be mentioned again in Section 4.5.) There are two stable
structures (A and B in Figure 4-2a) with alternating C—C and C=C bonds, while the
structure with equal C-C bond lengths (C in Figure 4-2a) is unstable. These two
structures are identical to each other and have the same total energy; in other
words, they are degenerate. According to a nutation NMR study [39], the lengths of
the C—C and C=C bonds in trans-polyacetylene are 1.44 and 1.36 A, respectively.
An ab initio MO calculation at the Hartree—Fock level with the 6-31G basis set for
a model compound, CyHj4, has shown that the C—C and C=C bond lengths of the
central unit are 1.450 and 1.338 A, respectively [40]. Similar results have been
obtained from calculations which take into account the effects of electron correla-
tion [41]. From these experimental and theoretical results, Ry (equilibrium value of
R, see Figure 4-2a) is calculated to be 0.06 and 0.079 A, respectively.

A nondegenerate polymer has no two identical structures in the ground state. Let
us consider poly( p-phenylene) as an example of nondegenerate polymers. In order
to express the structural deformation in this polymer, the following coordinate may
be chosen, as proposed by Castiglioni et al. [42].

1
R=—(ri+r+r+rs—r—rs—r) (4-2)

V7

where r;s are shown in Figure 4-2b. The total energy of this polymer has only one
minimum at Ry as shown in Figure 4-2b. If we use the bond lengths, r, = r; =
ra=r¢=1388 A r,=rs=1.382 A, and r; = 1.492 A, of the central unit of neu-
tral p-terphenyl obtained by an ab initio MO calculation at the Hartree—Fock level
with the double-zeta quality 3-21G basis set [43], Ry is calculated to be 0.490 A. As
shown in Figure 4-2b, an increase in R means the structural deformation toward a
quinoid structure from a benzenoid structure.

4.4 Geometric Changes Induced by Doping

The main process of doping is a charge-transfer reaction between an organic poly-
mer and a dopant. When charges are removed from (or added to) a polymer chain
upon chemical doping, geometric changes occur over several repeating units and
the charge is localized over this region. Structure parameters such as bond lengths,
bond angles, etc. are changed in this region. For example, the bond lengths [44] of
neutral p-terphenyl, its radical anion, and its dianion calculated by the PM3 method
are shown in Table 4-1. From this table, we can see readily that the bond lengths
of the neutral and charged species are different from each other. The phenyl and
phenylene rings in neutral p-terphenyl have benzenoid structures. In the radical
anion and dianion, an increase in R occurs as the result of shortening of the a3, r4s,
and r¢7; bonds and lengthening of the r3, r34, and rs¢ bonds; in other words, geo-
metric changes from benzenoid to quinoid occur upon ionization. The geometric
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Table 4-1. Bond lengths (in A) calculated by the PM3 method for p-terphenyl, its radical anion,
and its dianion.

Species Bond length? Coordinate
2 3 T34 Tas 756 tg7 R

Neutral 1.391 1.390 1.397 1.469 1.397 1.389 0.507

Radical anion 1.397 1.385 1.417 1.426 1.423 1.366 0.580

Dianion 1.400 1.371 1.438 1.388 1.446 1.351 0.640

» Numbering of carbon atoms is shown below. Dihedral angles between neighboring benzene rings
are 48°, 0°, and 0° for p-terphenyl, its radical anion, and its dianion, respectively. The data are
taken from [44].

b The structural deformation coordinate defined in Eq. 4-2 is calculated by using the equation,

R= 1/\/7(4"56 - 2r67 — r45).

changes from the neutral species are larger for the dianion than for the radical
anion. Since the localized charges, which are accompanied by geometric changes,
can move along the polymer chain, they are regarded as charge carriers in con-
ducting polymers. These quasiparticles are classified into polarons, bipolarons, and
solitons according to their charge and spin.

4.4.1 Polarons, Bipolarons, and Solitons

Self-localized excitations and corresponding chemical terminologies are listed in
Table 4-2. Schematic structures of the self-localized excitations in poly(p-
phenylene) and trans-polyacetylene are depicted in Figure 4-3. In these illustrations,
the charge and spin are localized on one carbon atom. In real polymers, however,
they are considered to be localized over several repeating units with geometric
changes.

When an electron is removed from an infinite polymer chain, charge +¢ and spin
1/2 are localized over several repeating units with geometric changes. This is a self-
localized excitation called a positive polaron (Figure 4-3a, e). Since a positive
polaron has charge +e and spin 1/2, it is a radical cation in chemical terminology.
When an electron is added to a polymer chain, a negative polaron, which is a
radical anion, is formed (Figure 4-3b, f).

When another electron is removed from a positive polaron, charge +2e is local-
ized over several repeating units. The charge +2e is considered to be localized in a
region narrower than that of a positive polaron. This species is called a positive
bipolaron (Figure 4-3c). Since a positive bipolaron has charge +2e and no spin, it
is a dication in chemical terminology. A negative bipolaron corresponding to a
dianion can also be considered (Figure 4-3d).
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Table 4-2. Self-localized excitations and chemical terminologies.

Self-localized excitation Chemical term Charge Spin
positive polaron radical cation +e 172
negative polaron radical anion —e 1/2
positive bipolaron dication +2e 0
negative bipolaron dianion —2e 0
neutral soliton neutral radical 0 1/2
positive soliton cation +e 0
negative soliton anion —e 0
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Figure 4-3. Schematic structures of self-localized excitations in poly( p-phenylene) and trans-poly-
acetylene. (a) Positive polaron; (b) negative polaron; (c) positive bipolaron; (d) negative bipolaron;
(e) positive polaron; (f) negative polaron; (g) neutral soliton; (h) positive soliton; (i) negative soli-
ton;. D, donor; A, acceptor; +, positive charge; —, negative charge; o, unpaired electron.

In trans-polyacetylene having a degenerate ground-state structure, soliton exci-
tations can be formed between the A and B phases (see Figure 4-2a). Solitons are
classified into neutral, positive, and negative types according to their charge. A
neutral soliton has no charge and spin 1/2 (Figure 4-3g). A positive (or a negative)
soliton has charge +e (or —e) and no spin (Figure 4-3h, i). A neutral soliton, a
positive soliton, and a negative soliton correspond, respectively, to a neutral radical,
a cation, and an anion of a linear frans-oligoene with an odd number of carbon
atoms, C,H,,, (where n is an odd number).

Bond-alternation defects or misfits in polyenes were studied using the Hiickel MO
method in the early 1960s [36, 45, 46], though these are nothing but solitons pro-
posed by Su, Schrieffer, and Heeger [18, 19] about two decades after. These workers
have studied solitons in trans-polyacetylene by using a simple tight-binding Hamil-
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Figure 4-4. Schematic molecular orbital energy levels. (a) Neutral conjugated system; (b) its radical
cation; (c) its dication; (d) neutral radical of an odd oligoene. HOMO, highest occupied molecular
orbital; LUMO, lowest unoccupied molecular orbital; SOMO, singly occupied molecular orbital;
e, clectron.

tonian with an electron-lattice interaction term (SSH model), their model being
essentially the same as the Hiickel approximation. The continuum versions of the
SSH model are very useful for describing polarons and bipolarons as well as soli-
tons, because analytic solutions can be obtained for physical parameters (creation
energy, electronic absorption, etc.) relating to the excitations [21, 47—49].

4.4.2 Electronic States of Polarons, Bipolarons, and Solitons

We will first discuss the electronic states of linear conjugated molecules at the
Hiickel level with electron—lattice interaction [7], as models of self-localized excita-
tions. The MO energy levels of these systems are schematically shown in Figure 4-4.
In a neutral conjugated molecule (e.g., p-terphenyl), the bonding and antibonding
levels are formed as the result of interaction between n-electron levels (Figure 4-4a).
In its radical cation, geometric changes lead to an upward shift of the highest
occupied molecular orbital (HOMO) and a downward shift of the lowest un-
occupied molecular orbital (LUMO), and one electron is removed from the HOMO
level (Figure 4-4b); the singly occupied molecular orbital (SOMO) is then formed.
In its radical anion, the HOMO level is occupied by two electrons and the LUMO
has one electron. Since geometric changes in the dication, where another electron
is removed from the HOMO level (Figure 4-4c), are larger than those in the radical
cation, the HOMO and LUMO levels shift further. In the dianion, each of the
HOMO and LUMO levels is occupied by two electrons. In the MO energy levels of
an odd frans-oligoene radical, C,H,,," (where n is an odd number), a nonbonding
level, which is occupied by one electron, is formed in the center of the band gap as
shown in Figure 4-4d [36]. In its cation and anion, the nonbonding level is occupied
by null and two electrons, respectively.
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Figure 4-5. Schematic electronic band

o) s structures. (a) Neutral polymer; (b) posi-
—0— S tive polaron; (c) negative polaron; (d)
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(f) neutral soliton; (g) positive soliton; (h)
negative soliton. CB, conduction band;
VB, valence band; e, electron; arrow,

(n) electronic transition.

Next, we discuss the electronic transitions due to polarons, bipolarons, and soli-
tons in a polymer chain on the basis of a theoretical study reported by Fesser et al.
[48] on a continuum electron—phonon-coupled model. The electronic energy levels
of a neutral infinite polymer and those of polarons, bipolarons, and solitons are
shown schematically in Figure 4-5.

In an infinite neutral polymer, interaction between repeating units leads to the
formation of electronic energy bands. The bonding and antibonding levels consti-
tute, respectively, the valence band (VB) and the conduction band (CB) as shown in
Figure 4-5a. The band gaps (o in Figure 4-5a) of most intact polymers are in the
range between 35000 and 8000 cm~! (4.3 and 1.0 eV, 1 eV = 8066 cm™!).

For a positive polaron (Figure 4-5b), two localized electronic levels, bonding and
antibonding, are formed within the band gap. One electron is removed from the
polaron bonding level. Thus, a positive polaron is expected to have the following
three intragap transitions:

® 1, polaron bonding level — valence band

® ,, polaron antibonding level — polaron bonding level

® 3, polaron antibonding level «— valence band, and conduction band « polaron
bonding level.

When a negative polaron is formed, one electron is added to the polaron anti-
bonding level. In this case also, three transitions are expected (Figure 4-5c).

The electronic structure of a positive bipolaron is shown in Figure 4-5d. Since the
geometric changes for a bipolaron are larger than those for a polaron, localized
electronic levels appearing in the band gap for a bipolaron are farther away from
the band edges than for a polaron. Two electrons are removed from the bipolaron
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bonding level. Thus, a positive bipolaron is expected to have the following two
intragap transitions:

® @,’, bipolaron bonding level « valence band
® 3’, bipolaron antibonding level «— valence band.

When a negative bipolaron is formed, two electrons are added to the bipolaron
antibonding level (Figure 4-5¢) and thus two transitions are again expected. The
intensities of the electronic transitions for polarons and bipolarons will be discussed
in Section 4.7.1.2.

When a soliton is formed, a nonbonding electronic level is formed at the center of
the band gap (Figure 4-5f-h). For a neutral soliton, the nonbonding electronic level
is occupied by one electron, while for a positive soliton and a negative soliton, the
level is occupied by null and two electrons, respectively. Thus, all the neutral, posi-
tive, and negative solitons are expected to have only one intragap transition, ay, as
shown in Figure 4-5f-h.

Polarons, bipolarons, and solitons are different from each other as described
above. It is expected that we can detect these excitations separately by electronic
absorption, ESR, and vibrational spectroscopies. In particular, geometric changes
induced by doping can be studied by vibrational (Raman and infrared) spectro-

scopy.

4.5 Methodology of Raman Studies of Polarons,
Bipolarons, and Solitons

Doping induces strong infrared absorptions that are attributed to the vibrational
modes arising from charged domains generated by doping [10, 14, 15, 50]. In the
case of trans-polyacetylene, Horovitz et al. [S1-53] have proposed the amplitude-
mode model for explaining doping-induced infrared absorptions. According to
their theory, the normal vibrations that induce oscillations in bond alternation are
strongly observed in the infrared spectra of doped polyacetylene. Castiglioni et al.
[54] have reformulated the amplitude-mode theory in terms of the GF matrix
method [55] used in molecular spectroscopy. In their treatment, they have proposed
an effective conjugation coordinate (expressed by Eq. 4-1) which reflects bond
alternation. They have also explained the doping-induced infrared absorptions
of other conducting polymers such as polypyrrole, polythiophene, poly( p-phenyl-
enevinylene), etc., by using effective conjugation coordinates [50]. However, the
types of self-localized excitations (polarons, bipolarons, and solitons) existing in
these doped polymers have not been identified.

Raman spectroscopy of conducting polymers has mainly treated the structures of
intact polymers (geometry of polymer chains, conjugation length, force field, etc.)
{13-15]. Although the Raman spectra of doped polymers have been reported
[13—15], the observed Raman bands have not been correlated to the types of self-
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localized excitations created by doping. Zerbi et al. [15] have drawn a conclusion
from the effective-conjugation-coordinate model that the Raman bands arising
from the charged domains are extremely weak and would never be observed.
However, a new approach to Raman identification of the self-localized excitations
will be described in this review.

Most of intact polymers show electronic absorptions in the region from ultra-
violet to visible. Upon doping, new absorptions with several peaks appear in the
region from visible to infrared. These new absorptions are associated with self-
localized excitations created by doping. Thus, we can observe vibrational spectra
arising from the charged domains, by using resonance Raman spectroscopy with
a wide range of excitation wavelengths from visible to infrared [56, 57]. So far,
although most of the Raman spectra of doped polymers have been measured by
using visible laser lines for excitation, it is also desirable to use laser lines with
longer wavelengths.

A useful method for analyzing the vibrational and electronic spectra of polymers
is to compare them with the spectra of oligomers. In chemical terminology,
polarons, bipolarons, and charged solitons are nothing but radical ions, divalent
ions, and ions of oligomers, respectively (see Section 4.4.1). If these charged
oligomers have geometries similar to those of self-localized excitations, these com-
pounds would give rise to the electronic and Raman spectra similar to those of the
self-localized excitations, We can identify self-localized excitations on the basis of
the spectroscopic data for charged oligomers (charged oligomer approach) [56, 57].

4.6 Near-Infrared (NIR) Raman Spectrometry

Since the 1970s, Raman spectrometry has been using visible laser lines as the most
common excitation sources. It was generally believed that NIR laser lines were not
suitable for obtaining high-quality Raman spectra, though since Hirshfeld and
Chase [58] and Fujiwara et al. [59] reported successful NIR Raman spectrometry
measurements in 1986, this technique has advanced dramatically and NIR Raman
spectrophotometers are now commercially available.

We will describe two NIR Raman spectrophotometers, one with a diffraction
grating, and the other with an interferometer. A Ti:sapphire laser (Coherent Radia-
tion 890) pumped with an argon ion laser (Coherent Radiation Innova 90-6) is used
as an NIR source for Raman excitation. This laser covers the wavelength range
between 680 and 1000 nm. Since the output intensity of the Ti:sapphire laser is very
stable for a long time in comparison with a NIR dye laser, it is a good excitation
source for NIR Raman spectrometry. Continuous-wave lasers are used for mea-
suring the Raman spectra of doped polymers, because the doped samples are liable
to damage due to high peak powers of pulsed lasers. Raman spectra are usually
measured on a single polychromator (Spex 1870) equipped with a charge-coupled-
device (CCD) detector (Princeton Instruments LN/CCD-1024TKBS, back-illumi-
nated type, 1024 x 1024 pixels) operated at —120 °C. The CCD detector functions
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with an ST-135 controller (Princeton Instruments) linked with an NEC PC-9801FX
computer through an IEEE-488 interface. The spectroscopic response of the CCD
detector extends to about 1000 nm. Optical filters (holographic notch filters) are
used to eliminate the Rayleigh scattering. The advantage of this system lies in its
high optical throughput due to the use of the single polychromator and optical
filter.

We have modified an NIR Fourier-transform spectrophotometer (JEOL JIR-
5500) for the measurements of Raman spectra excited with the 1064-nm line of a
continuous-wave Nd:YAG laser (CVI YAG-MAX C-92) [60]. Raman-scattered
radiation is collected with a 90° off-axis parabolic mirror in a back-scattering
geometry. Collected radiation is passed through two or three long-wavelength-pass
filters to reduce the Rayleigh scattering.

4.7 Poly(p-phenylene)

As a typical example, we will first discuss the results of the electronic absorption
and Raman spectra of Na-doped poly( p-phenylene). Poly( p-phenylene) consists of
benzene rings linked at the para positions as shown in Figure 4-1c. Since poly(p-
phenylene) has a nondegenerate structure, polarons and/or bipolarons are expected
to be formed by chemical doping. As model compounds of poly(p-phenylene),
p-oligophenyls (abbreviated as PPn, n being the number of phenylene and phenyl
rings) such as biphenyl (PP2), p-terphenyl (PP3), p-quaterphenyl (PP4), p-quinque-
phenyl (PP5), and p-sexiphenyl (PP6) are used. It has been shown by X-ray
diffraction studies that the two phenyl rings of PP2 [61, 62] in crystal at room tem-
perature are coplanar, and PP3 [63] and PP4 [64] in similar conditions deviate
slightly from coplanarity. However, these deviations are not significant in analyzing
their vibrational spectra. Accordingly, the phenylene and phenyl rings of PP5 and
PP6 in solids, and poly( p-phenylene) are assumed to be coplanar.

4.7.1 Electronic Absorption Spectra
4.7.1.1 Intact and Doped Poly( p-phenylene)

The electronic absorption spectra of undoped and electrochemically BusN*(n-
type)-doped poly( p-phenylene) films are shown in Figure 4-6a, b, respectively [65,
66]. The undoped poly( p-phenylene) film shows the electronic absorption band at
27400 cm™! (365 nm), which is associated with the interband transition from the
valence band to the conduction band. The value of the band gap (coy in Figure 4-5a)
is estimated to be 24200 cm~! from the onset of the electronic absorption [66]. The
electronic transition energies of PPn [67, 68] are plotted in Figure 4-7. The transi-
tion energy decreases as the chain length becomes longer, an observation explained
by the fact that increased conjugation occurs for longer chains. The observed tran-
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Figure 4-6. Absorption spectra
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Figure 4-7. Observed electronic transition energies
of p-oligophenyls. (a) Neutral species; (b) band I of
the radical anions; (c) band II of the radical anions;
(d) band I’ of the dianions. The data of neutral
p-oligophenyls are taken from [67]. The data of the
radical anions and dianions are taken from [69, 70].

sition energy of poly( p-phenylene), 27400 cm™, is lower than that of PP6, 31500
cm~!, indicating that the conjugation length of poly( p-phenylene) is much longer
than 6. Upon BusN* doping, two broad absorptions appear at about 5600 cm™!
(1800 nm) and 19400 cm™~! (515 nm). The assignments of these bands will be dis-
cussed in the next section on the basis of the spectra of the radical anions (PPn'™)
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Figure 4-8. Absorption spectra of a THF solution of p-terphenyl at (a) early and (b) later stages of
reduction. In (a), the 35600 cm~! band decreases and the 20800 and 10900 cm™! bands increase in
intensity. In (b), the 20800 and 10900 cm~! bands decrease and the 15400 cm~! band increases in
intensity.

and dianions (PPn*~) of p-oligophenyls, which are models of negative polarons and
bipolarons, respectively.

4.7.1.2 Radical Anions and Dianions of p-Oligophenyls

The electronic absorption spectra of PPn'~ and PPn?~ have been systematically
studied [69, 70]. When a tetrahydrofuran (THF) solution of PP3 is exposed to a
sodium mirror, its absorption spectrum gives new bands (Figure 4-8). At an early
stage, the band observed at 35700 cm~' (280 nm) arising from neutral PP3
decreases and the bands observed at 20800 and 10900 cm™' (481 and 916 nm)
increase in intensity. These new bands are attributed to the radical anion of PP3
(PP3'7). In the course of this spectral change, an isosbestic point is observed at
about 31500 cm™!, indicating that PP3 is quantitatively converted into PP3'~.
When the solution is further exposed to the sodium mirror, the 20800 and 10900
cm~! bands decrease and the band observed at 15400 cm~! (650 nm) increases in
intensity. The 15400 cm~! band is ascribed to the dianion of PP3 (PP32~). During
this reaction, three isosbestic points are observed at about 25800, 20400, and
13400 cm~!. The THF solutions of PPn (n = 4,5, and 6) show similar reduction
reactions which may be described as

PPn + Na — PPn'™ + Na*
PPn'~ + Na — PPn?™ + Nat

Since PPn'~ is stable for a long time, we can conclude that the following dis-
proportionation reaction does not occur.

2PPn'~ — PPn + PPn*



220 4 Vibrational Spectroscopy of Intact and Doped Conjugated Polymers

L S by 90 % [} bag
by _| \ blg ¢ _| ' by
% |bandl | % % [bandr | *
¢ O by 9 - — b3y
: |
] ]
band I1 | i
; |
¢ oo ' b, O —e—0" b,
% =8 % —3—8— Figure 4-9. Schematic energy level diagrams. (a) The
®, ¢, : .
o o—o 0 oo radical anion of biphenyl (PP2'7); (b) the dianion of
3 ? biphenyl (PP22-). o, electron; arrow, electronic transi-
(a) (b) tion. The molecular orbital levels are taken from [77].

This reaction is similar to the process of the intramolecular formation of a bi-
polaron from two polarons.

The electronic transition energies (69, 70] of the radical anions and dianions of
p-oligophenyls are plotted in Figure 4-7. Two strong bands are observed for the
radical anions and are called bands I and II (curves b and c in Figure 4-7, respec-
tively). On the other hand, one intense band is observed for the dianions, which
is called band I’ (curve d in Figure 4-7). In the electronic absorption spectra of
the radical cations and dications of a-oligothiophenes [71-73], two strong bands
and one strong band are commonly observed for the radical cations and dications,
respectively. In the case of the radical cations of oligophenylenevinylenes, two
bands are observed [74, 75], although different results are also reported [76].

The absorption spectra of conducting polymers including poly( p-phenylene) have
been discussed within the frame work of the Hiickel approximation [7, 10}. In order
to correlate the spectra of the radical anions and dianions of p-oligophenyls with
those of doped poly( p-phenylene), we will discuss the observed absorption spectra
of the charged p-oligophenyls on a similar theoretical basis. The energy diagram of
PP2'~ is shown schematically in Figure 4-9a. Molecular orbital levels in this figure
are taken from the results calculated by the Pariser—Parr—Pople-SCF-MO method
for PP2 (Dy;, symmetry) [77]. A Pariser—Parr—Pople-SCF-MO-CI calculation for
PP2'~ [78] shows that band I is assigned to the transition mostly attributable to
the electronic excitation of ¢;;, — ¢; and band II to ¢; «— ¢,. These transitions are
polarized along the long molecular axis. The ¢g and ¢, levels are nonbonding with
respect to the inter-ring CC bond. It is reasonable to consider that these assignments
hold also for PPn'~ (n = 3-6). Moreover, band I’ of PP2%" is assigned to the tran-
sition mostly attributable to the electronic excitation ¢,y < ¢; (Figure 4-9b). This
assignment would also be applicable to PPn*~ (n = 3-6). The ¢,y — ¢ transitions
of PP2'~ and PP2?~ are symmetry forbidden under Dj, symmetry.

Since the radical anions and dianions of p-oligophenyls correspond, respectively,
to negative polarons and bipolarons in the polymer, bands I and II of the radical
anions are associated, respectively, with the w; and «, transitions of polarons
(Figure 4-5¢), and band I’ of the dianions with the w,;’ transition of bipolarons
(Figure 4-5¢). The ¢,, < ¢ transitions correspond to the w; and w3’ transitions. It
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is worthwhile pointing out that the w; and w3’ transitions are symmetry forbidden.
According to a continuum electron—phonon-coupled model reported by Fesser et
al. [48], the w; and w; transitions are dominant among the three expected for a
polaron, and the @’ transition is more intense between the two expected for a
bipolaron. Finally, it is expected that a polaron has two intense intragap transitions
and a bipolaron one intense transition [79].

The absorption spectrum of BusN*-doped poly(p-phenylene) can now be
explained as follows. Two broad bands centered at about 5600 and 19400 cm™!
(Figure 4-6) are attributable to the w; and w, transitions of negative polarons,
respectively. These assignments will be discussed again in Section 4.7.3 on the basis
of the Raman results.

4.7.2 Raman Spectra

4.7.2.1 Intact Poly( p-phenylene) and p-Oligophenyls

The observed infrared and Raman spectra of intact poly( p-phenylene) [80—84] have
been analyzed by normal coordinate calculations [43, 84—87]. The factor group of a
coplanar polymer is isomorphous with the point group Dj,. When the yz plane is
taken in the phenylene-ring plane (z axis along the polymer chain) and the x axis
perpendicular to the phenylene-ring plane, the irreducible representation at the zone
center (k = 0) is as follows:

[, plane = 585(R) + 4b1y(IR) + 4b2y (IR) + 5b3,(R)
I_‘Vibout-of-plane =2ay, + lblg(R) + 3b2g(R) + 2b3u(IR)

where R and IR denote Raman- and infrared-active vibrations, respectively. The
1064-nm excited Raman spectrum and infrared absorption spectrum of intact
poly( p-phenylene) prepared by dehalogenation polycondensation of p-dihalogeno-
benzene are shown in Figure 4-10a, b, respectively. The observed and calculated
vibrational frequencies of poly( p-phenylene), 3C-substituted analog, and perdeu-
terated analog are listed in Table 4-3, except for CH (CD) stretches [v(ag), vo(b1u),
vi6(b2u), and vy(b3g)]. Major Raman and infrared bands have been assigned.

In Figure 4-10b, the 809 cm™! infrared band is assigned to the CH out-of-plane
bend of the phenylene rings, and the 765 and 694 cm~! bands are assigned to the
CH out-of-plane bends of the terminal phenyl rings.

The Raman spectrum of poly( p-phenylene) has been compared with those of
p-oligophenyls. The 1064-nm excited Raman spectra of p-oligophenyls in the solid
state [88] are shown in Figure 4-11. The bands at 1605-1593, 1278-1275, 1221
1220, and 795-774 cm~! correspond to those at 1595, 1282, 1222, and 798 cm~! of
intact poly( p-phenylene), respectively. These bands are assigned to the a, vibrations
(v2—vs). The atomic displacements of these modes obtained by normal coordinate
calculations based on the PM3 method [84] are depicted in Figure 4-12a—d. The
1595 cm™! mode (Figure 4-12a) is contributed mainly by the CC stretch of the
phenylene ring. The 1282 cm~! mode (Figure 4-12b) is mainly contributed by the
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— T phenylene). (a) Raman spectrum taken with the
1500 1000 500 1064-nm line in powder sample; (b) infrared spectrum
WAVENUMBER / cm-! in a KBr disk [83].

inter-ring CC stretch. The 1222 cm™!' mode (Figure 4-12c) is a mixture of CC
stretch and CH in-plane bend. The 798 cm™! mode (Figure 4-12d) is a mixture of
CC stretch and CCC deformation. The intensity of the 1278-1275 cm~! band rela-
tive to that of the 12211220 cm~' band decreases as the chain length becomes
longer. Thus, this ratio is a marker of the length of conjugated segments [81, 82, 88].
The wavenumbers of the Raman bands of poly( p-phenylene) and p-oligophenyls
are almost independent on the excitation wavelength [81]. It is well known that the
wavenumbers of the two strong Raman bands of trans-polyacetylene depend greatly
on the wavelength of the excitation laser. These large dispersions are explained by
the existence of segments of various conjugation lengths that give rise to the Raman
bands at different wavenumbers [13, 14]. However, the Raman spectra of other
conducting polymers do not show such dependence on the excitation wavelength.
The (resonance) Raman intensities of conjugated molecules have been analyzed
by the classical vibronic theory due to Tang and Albrecht [89]. Inagaki et al. [90]
have shown that resonance Raman intensities of totally symmetric modes of f-
carotene (an oligoene with eleven conjugated C=C bonds) arise from the A term
(Franck—Condon term) of the Albrecht theory. Probably, the Franck—Condon
factor plays an important role in determining the resonance Raman intensities of
almost all conjugated molecules. The resonance Raman intensity of each totally
symmetric mode is proportional to the square of the shift of the potential minimum
in the resonant excited electronic state from that in the ground electronic state along
the normal mode giving rise to the resonance Raman band, when the shift is small
[91-94]. The effective conjugation coordinate represents approximately the change
of equilibrium geometry between the ground electronic state and the first dipole-
allowed excited electronic state [15]. Thus, the resonance Raman intensity of a
normal mode is determined by the contribution of the effective conjugation coordi-
nate to the mode. Details are described in [15]. It has been demonstrated that the
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Table 4-3. Vibrational frequencies (in cm™!) of neutral poly( p-phenylene) and its *C-substituted
and perdeuterated analogs.

Sym- No. Normal species 13C-substituted Perdeuterated analog
metric analog
species
Observed Calculated Observed Calculated Observed Calculated
83 [84] [43] [86) [87) (831  [84] B4 [34] [87)
a, V2 1595 1599 1626 1661 1601 1543 1547 1563 1563 1572
v3 1282 1295 1282 1289 1290 1239 1246 1255 1281 1253
V4 1222 1226 1233 1127 1184 1209 1216 892 887 863
Vs 798 776 792 846 802 768 747 764 751 776
ay Vg - 969 951 961 - - 960 - 775 -
vy - 427 367 401 - - 415 - 378 -
big vg - 831 823 834 - - 825 - 647 -
by Vio 1482 1477 1487 1510 1490 1452 1445 1354 1353 1364
Vil 1048 1060 1045 1051 1044 - 1035 817 812 8l11
viz 1000 991 984 968 1004 965 958 978 984 977
by Vi3 - 945 968 945 - - 936 - 824 -
Via - 768 754 760 - - 742 - 663 -
Vis - 441 410 402 - - 426 - 414 -
byy vi7 1401 1407 1399 1440 1412 1361 1375 1338 1334 1347
Vi 1254 1232 1275 1268 1343 - 1193 - 1185 1268
Vig 1081 1119 1162 1075 1118 - 1092 - 854 855
by Va1 - 1603 1601 1654 1652 - 1546 - 1579 1620
v - 1290 1325 1328 1343 - 1277 - 1016 1044
Va3 624 633 625 602 616 602 610 606 600 593
Va4 - 487 488 460 418 - 470 - 450 383
b3y Va5 809 798 797 790 - 801 789 650 661 -
Va6 - 497 457 458 - - 481 - 435 -

Raman spectrum of neutral poly(p-phenylene) is well explained by the effective-
conjugation-coordinate model {95].

4.7.2.2 Doped Poly(p-phenylene) and the Radical Anions and Dianions
of p-Oligophenyls

The Raman spectra of heavily Na-doped poly(p-phenylene) measured with the
488.0, 514.5, 632.8, 720, and 1064 nm laser lines are shown in Figure 4-13 [70]. The
Raman spectra of Na-doped poly( p-phenylene) are apparently different from that
of intact poly( p-phenylene), indicating that these bands arise from charged domains
(i.e., negative polarons andfor negative bipolarons) created by Na-doping. The
assignments of these bands will be discussed on the basis of the data for the radical
anions and dianions of p-oligophenyls.
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Figure 4-11. Raman spectra of p-oligophenyls in solid.
= | - | (a) p-Terphenyl (PP3); (b) p-quaterphenyl (PP4);
1700 1500 1300 1100 900 700  (C) p-quinquephenyl (PP5); (d) p-sexiphenyl (PP6).

RAMAN SHIFT jcm™! Excitation wavelength is 1064 nm [88].
(@ () ©

-?;{2— Figure 4-12. Atomic displacements of major vibrational modes
{k = 0) of poly( p-phenylene). (a) 1599 cm~! [2(a,)); (b) 1295

em™! [v3(ag)]; (c) 1226 cm™! [va(ag)]; (d) 776 cm™! [vs(ay)];
(d) ©) (U] (e) 1477 cm™! [Vlo(blu)]; (f) 991 cm™! [VIZ(qu)] [84]

The Raman spectra of the radical anions of PP2 [92, 96, 97], PP3 [70, 98], PP4
[70, 98], PP5 [70] and PP6 [70], and the dianions of PP3 [70, 98], PP4 [70, 98], PP5
[70], and PP6 [70] have been reported by several authors. The Raman spectra of the
radical anions (PPn'~) and dianions (PP»n~) in THF solutions are shown in Figures
4-14 and 4-15, respectively. The excitation wavelengths used are rigorously or
nearly resonant with band II of the radical anions and band I of the dianions. The
Raman spectra of the radical anions are similar to each other, and so are the
Raman spectra of the dianions. However, the two groups of the Raman spectra are
different from each other and from those of neutral p-oligophenyls. These results
suggest that the negative polarons and bipolarons, corresponding respectively to the
radical anions and dianions, can be identified by Raman spectroscopy.

The Raman spectra of the radical anions in Figure 4-14 show small changes with



4.7 Poly(p-phenylene) 225

Q
3
(=2
-3
W
3
2 g
E I ~ f=2]
Z|©@ )5 B8 g
- o
z 2
b= < . o@
SN SN
g
- & oo
@ N\ ¥ 33T oS3
- =]
Figure 4-13. Raman spectra of Na-doped poly( -
p-phenylene) taken with various wavelengths of exci- T T T T T
tation lasers. (a) 488.0; (b) 514.5; (c) 632.8; (d) 720, (¢) 1500 1000
1064 nm [70]. RAMAN SHIFT / cm-1
B @ 3
88 58 M
o S
3 .
E 8 > o Ncnv-(b) 3
[} ] (Y ‘@ 202 ©
&0 S T
z| 8 (@
Z ©ON w
< k4 = "
Figure 4-14. Resonance Raman spectra of the radical anions & 2 @
of p-oligophenyls in THF solutions. (a) p-Terphenyl; (b) 2 g g
p-quaterphenyl; (c) p-quinquephenyl; (d) p-sexiphenyl. Excita- = N
tion wavelengths are 488.0 and 514.5 nm for (a) and (b—d), 800" ' 1000
respectively. The bands of the solvent are subtracted [70]. RAMAN SHIFT /cm™

the chain length. The intensities of the bands observed in the 1032-991 and 780-
753 cm™! regions decrease as the chain length becomes longer, indicating that these
bands are associated with the terminal rings. The bands observed in the 780-753
cm™! region show an upshift in wavenumber, as the chain length becomes longer.
This result indicates that the wavenumbers of these bands can be used as a measure
of the localization length of polarons. The bands observed in the 1325-1305 cm ™!
region are assigned to the inter-ring CC stretch [70, 92, 98]. The corresponding
bands in neutral PPn are observed in the range between 1278 and 1275 cm~!. About
40-cm~! upshifts are explained by the increased m-bond orders of the inter-ring CC
bonds, i.e., shortening of the inter-ring CC bond lengths. In PP3, the calculated
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length of the inter-ring CC bond (r4s) shrinks from 1.469 to 1.426 A in going from
neutral PP3 to PP3~ (see Table 4-1).

In the Raman spectra of the dianions in Figure 4-15, the bands in the 1479-1468
cm~! and 1188-1162 cm™! regions are strongly observed. Corresponding bands
are weakly observed or are not observed in the spectra of the radical anions. This
reflects structural differences between the electronic ground state and the excited
state associated with band II of the radical anions and band 1’ of the dianions. The
bands observed in the 1357-1320 cm™! region are assigned to the inter-ring CC
stretch [70, 98]. About 70 cm™~! upshifts in going from neutral PPn to PPn®~ are also
explained by the shortening of the inter-ring CC bond lengths. These upshifts of
PPn?~ are larger than those of PPrn'—. This observation suggests that the degrees of
shrinkage of the inter-ring CC bonds in PPn?~ are larger than those in PPn"~. This
is consistent with the results of calculation for PP3 given in Table 4-1: 1.469 A (PP3)
and 1.388 A (PP32-). Tt is worth pointing out that the frequency of inter-ring CC
stretch increases with the value of structural deformation coordinate R (column 8
in Table 4-1) for PP3, PP3~, and PP3?". In the 1000-940 cm~! region, there is a
series of bands at 943 (PP327), 951 (PP4%~), 974 (PP527), and 992 cm™! (PP62-).
This band series may be useful in estimating the localization length of bipolarons.

Next, we will analyze the Raman spectra of Na-doped poly( p-phenylene) (Figure
4-13) on the basis of those of the radical anions and dianions of p-oligophenyls. The
Raman spectra of Na-doped poly( p-phenylene) taken with the 488.0- and 514.5-nm
lines (Figure 4-13a, b) are different from those with the other three laser lines
(Figure 4-13c—¢), and are similar to those of the radical anions of p-oligophenyls
(Figure 4-14). This observation can be understood by considering that the Raman
bands arising from charged domains formed by Na-doping in the polymer chains
are quite similar to those of the radical anions. Since the radical anions are viewed
as negative polarons in the polymer, negative polarons exist in Na-doped poly( p-
phenylene) [70]. These Raman spectra of Na-doped poly( p-phenylene) are observed
under resonant conditions. Thus, the results described above indicate that the
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Table 44. Observed Raman frequencies (in cm™!) of negative polarons and negative bipolarons in
Na-doped poly( p-phenylene).

No. Negative polaron2 Negative bipolaron? Assignment?

A 1591-1590 1594-1586 sym. in-phase mode consisting of v»(ag)
B 1477-1471 sym., vip(b1u)

C 1315-1314 1352-1344 sym., in-phase, v3(ag)

D 1297-1290 sym., out-of-phase, v3(ag)

E 1221-1219 1222-1219 sym., in-phase, v4(a,)

F 1179 1190-1179 sym., out-of-phase, v4(ag)

G 980-974 992-952 sym., vi2(bru)

H 783-777 sym., in-phase, vs(a;)

2 Data are taken from [83].
b Numbering and symmetry correspond to those of neutral poly( p-phenylene). Sym. denotes a
symmetric mode.

absorption around 488.0 and 514.5 nm (20500 and 19400 cm™!) is attributed to
polarons.

The Raman spectra excited with laser lines in the 632.8-1064 nm region (Figure
4-13c—e) are quite similar to those of the dianions of p-oligophenyls (Figure 4-15),
which correspond to negative bipolarons in the polymer. Accordingly, negative
bipolarons also exist in Na-doped poly(p-phenylene), and the absorption in the
632.8-1064 nm (158009400 cm™!) region arises from bipolarons [70]. In the 1000—
950 cm™! region of the Raman spectra, a few bands are observed at 979 and 957
cm~! (632.8-nm excitation), at 977 and 952 cm™! (720 nm), and at 992, 974, and
956 cm~! (1064 nm). By comparing these bands with those of the Raman spectra of
the dianions, it may be concluded that negative bipolarons localized over four, five,
and six phenylene rings coexist in Na-doped poly( p-phenylene).

The Raman bands arising from negative polarons and bipolarons, together with
the tentative mode assignments based on the wavenumber shifts upon 3C-substi-
tution [83], are listed in Table 4-4. The observed bands are called bands A-H as
shown in Table 4-4. Bands A, C, E, and H correspond to the a, modes (v;, i = 2--5)
of neutral poly( p-phenylene), respectively. The 1282 cm~! Raman band of neutral
poly( p-phenylene) upshifts to 1315-1314 cm™! in the spectra of polarons and 1352~
1344 cm~! in the spectra of bipolarons. According to normal coordinate calcu-
lations [43, 84, 86, 87], the 1282-cm~! mode is mainly attributed to the inter-ring
CC stretch. The observed upshifts upon Na-doping reflect the increasing m-bond
order of the inter-ring CC bond, i.e., structural changes from benzenoid to quinoid
[70]. The upshifts for bipolarons (70-62 cm™!) are larger than those for polarons
(33-32 cm™!), indicating that the geometric changes in bipolarons are larger than
those in polarons. On the other hand, bands A and E show little shifts in wave-
number and band H shows a moderate shift.

In the Raman spectra of negative bipolarons (Figure 4-13c—e), bands B, D, F,
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and G are strongly observed. Band B is assignable to a symmetric mode consisting
of the vjo(b1y) mode (Figure 4-12¢) of each benzene ring in the charged domain.
Band G is also attributed to a symmetric mode consisting of the vj3(by,) mode
(Figure 4-12f). Bands D and F are assignable to out-of-phase symmetric modes
consisting of the v3(ag) and v4(ay) modes (Figure 4-12b, c) of each benzene ring,
respectively. The appearance of bands B, D, F, and G indicates the loss of trans-
lational symmetry of neutral poly( p-phenylene) chain, which is consistent with the
formation of localized charged domains upon doping. Bands B, D, F, and G are
not observed or weakly observed for negative polarons, but strongly observed for
negative bipolarons. These observations seem to reflect different geometric changes
occurring between polarons and bipolarons on going from their respective ground
electronic states to their respective excited electronic states.

4.7.3 Assignments of Electronic Absorption Spectra of Doped
Poly( p-phenylene)

In Section 4.7.1, two broad bands centered at about 5600 and 19400 cm~! in the
electronic absorption spectrum of BuyN7*-doped poly(p-phenylene) have been
attributed to the w; and w, transitions of negative polarons, respectively, on the
basis of the data of the radical anions and dianions of p-oligophenyls. Raman
spectroscopy provides information on the electronic levels associated with polarons
and bipolarons as well as on their geometries. The Raman results indicate the co-
existence of polarons and bipolarons in Na-doped poly( p-phenylene). The Raman
bands due to polarons are resonantly enhanced by the use of the 488.0 and 514.5
nm laser lines, which are located within the electronic absorption around 19400
cm~! (515 nm). These observations confirm the proposed assignment that the
19400 cm~! band is due to the w, transition of polarons. The Raman bands due to
bipolarons are resonantly enhanced by the use of the 632.8, 720, and 1064 nm laser
lines. However, in the absorption spectrum of BuyN*-doped poly( p-phenylene), no
peaks are observed in the 15800-9400 cm~! (632.8—1064 nm) region. This fact can
be explained by considering that the content of the bipolaron is very small and the
w’ absorption due to the bipolaron is overlapped by the strong e, absorption band
due to polarons.

4.8 Other Polymers

The Raman spectra of doped states of polyaniline [99], poly( p-phenylenevinylene)
[75, 100-102], and polythiophene [72, 73] have been also analyzed on the basis of
the data of charged oligomers (charged oligomer approach). The detected self-
localized excitations are summarized in Table 4-5. Some important conclusions can
be drawn from these Raman studies. '
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Table 4-5. Types of self-localized excitations detected by Raman spectroscopy.

Polymer Dopant Species Reference

Type Reagent Content

poly( p-phenylene) n Na heavy polaron, bipolaron  {70]

poly( p-phenylenevinylene) n Na heavy polaron, bipolaron  [100]
n Na light polaron, bipolaron [101]
n K heavy polaron, bipolaron [101]
P H,S804  heavy polaron [75]}
P SO, heavy polaron [102]
P SO; light polaron [102]

polythiophene P BF,~ heavy polaron [72, 73]

polyaniline (emeraldine base p HC1 heavy polaron [99]

form, 2A)2
polyaniline (leucoemeraldine, 1A) p BF,;~ heavy polaron [99]

a HCl-doped emeraldine base form is called emeraldine acid form or 28 form.

1. Only polarons are detected for p-type doping. The Raman spectra of the poly-
mers doped with acceptors do not show large changes with various excitation
wavelengths [72, 73, 75]. The polymer-chain structures of p-type-doped polymers
are more homogeneous, and more regular arrays of polarons are formed.

2. Polarons and bipolarons coexist in n-type doped polymers in contrast to the
results of p-type doping. The Raman spectra of the polymers doped with donors
depend on the excitation wavelength [70, 100]. These observations are explained
by the existence of various localization lengths of polarons and/or bipolarons
[70, 100]. The polymer-chain structures of the n-type-doped polymers are inho-
mogeneous. Possibly, Na-doped polymers are easily hydrogenated, even in the
presence of a small amount of water during the sample preparation, and nega-
tive polarons and/or bipolarons are formed on the short conjugated segments.

The Raman spectra of doped polyacetylene have been reported with the excita-
tion of visible laser lines [103-110]. There have been some discussions about the
question of whether these bands arise from charged domains or undoped parts
remaining in the doped films. Recently, the Raman spectra of maximally Na-doped
polyacetylene excited with NIR lasers have been reported [57, 60, 111] and com-
pared with those of the radical anions of «, w-diphenyloligoenes and «, w-dithienyl-
oligoenes [111]. It has been concluded that the observed bands arise from charged
domains (charged solitons and/or polarons), because the observed Raman spectra
of the doped polymer are similar to those of the radical anions of &, w-diphenyl-
oligoenes. However, further studies are required for characterizing doped poly-
acetylene in more detail.
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4.9 Electronic Absorption and ESR Spectroscopies and
Theory

It is widely accepted [7, 10] that the major species generated by chemical doping in
nondegenerate polymers is bipolarons, except for polyaniline. However, the results
obtained from Raman spectroscopy indicate the existence of polarons at heavily
 doped polymers. These results are inconsistent with the established view. The
experimental basis for claiming the existence of bipolarons has been electronic
absorption and ESR spectra [7, 9, 10]. We will comment on these experimental
results.

The electronic absorption spectra of p-type-doped polypyrrole have been inter-
preted in terms of polarons and bipolarons for the first time [112]. Electronic
absorption spectra of doped polypyrrole in the range from visible to NIR show
three bands due to intragap transitions at low dopant contents and two bands at
high dopant contents [113]. The three bands are attributed to polarons and the two
bands to bipolarons [112], because a polaron is expected to have three intragap
transitions and a bipolaron is expected to have two intragap transitions (see Section
4.4.2). A quantitative ESR study [114] has confirmed the interpretation of the elec-
tronic absorption experiments. This rule of thumb for band assignment has so far
also been applied to other conducting polymers.

However, the two electronic absorption bands of doped poly( p-phenylene) are
not explained by bipolarons, as demonstrated in Section 4.7.3. Furthermore,
p-type-doped polythiophene shows two absorptions at about 12000 and 5200 cm™!
[72, 73, 115, 116] and p-type-doped poly( p-phenylenevinylene) shows two broad
absorptions at about 19000 and 7300 cm~! [75, 117, 118]. In these two systems,
only positive polarons are detected by Raman spectroscopy (see Table 4-5). These
results of Raman spectroscopy suggest that the two-band pattern in the electronic
absorption spectrum is attributed to polarons. As discussed in Section 4.7.1.2, it is
expected that a polaron has two intense intragap transitions and a bipolaron one
intense transition. From these findings, we propose a new rule: a two-band pattern
corresponds to polarons and one-band pattern to bipolarons [79], when these species
do not coexist. When polarons and bipolarons coexist, and their electronic absorp-
tions are overlapped, a more careful examination of the observed spectrum is of
course necessary.

Recently, Hill et al. [119] have proposed the existence of a singlet radical-cation
dimer (i.e., polaron dimer) as an alternative to a spinless bipolaron to explain weak
ESR signals from doped polymers. Their proposal is based on the observed dime-
rization of the radical cation of 2,5”-dimethylterthiophene. They have found by
electronic absorption and ESR measurements that the above radical cation is
dimerized at low temperature even at a low concentration (4 x 10~* mol/l). Singlet
intrachain polaron pairs and interchain polaron pairs give no ESR signals. Thus,
the absence of ESR signals or observation of weak ESR signals does not directly
lead to the conclusion that the doped polymer contains only bipolarons.

The stability of polarons, bipolarons, and solitons has been studied theoretically
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under various models. According to the SSH model and similar approximations
with electron—lattice coupling for a single polymer chain [7, 10}, the creation energy
of one bipolaron in a nondegenerate system (or two charged solitons in a degenerate
system) is lower than that of two polarons. Thus, it is considered that two separate
polarons are always unstable, and changed into a bipolaron (or two charged soli-
tons). For doped polyacetylene, the effect of the electron—electron interaction and
the dopant potential, which are not taken into account in the SSH model, have been
studied [120]. On the other hand, the existence of polarons has been theoretically
proposed by several authors. Kivelson and Heeger [121] have proposed a polaron
lattice (regular infinite array of polarons) for explaining the metallic properties of
heavily doped polyacetylene. Mizes and Conwell [122] have reported that polarons
are stabilized in short conjugated segments for trans-polyacetylene and poly( p-
phenylenevinylene) from the results obtained by a three-dimensional tight-binding
calculation. Shimoi and Abe {123] have studied the stability of polarons and bi-
polarons in nondegenerate systems by using the Pariser—Parr—Pople method com-
bined with the SSH model. A polaron lattice is stabilized by the electron—electron
interaction at dopant contents lower than a critical concentration, whereas a bipo-
laron lattice is stabilized at dopant contents higher than the critical concentration.
Thus, importance of the electron—electron interaction and three-dimensional inter-
action as well as the electron—lattice coupling has been demonstrated. However,
the nature of the metallic states of heavily doped polymers remains an unresolved
theoretical problem.

4.10 Mechanism of Charge Transport

Overall electrical conduction in doped polymers is considered to have contribu-
tions from various processes such as intrachain, interchain, interdomain, interfibril
transport, etc. The contributions of individual processes would depend on the solid-
state structure and morphology [8]. Charge transport has been discussed in terms of
polarons, bipolarons, charged solitons, and their lattices [6, 8, 10]. Even when the
dopant content is very small, electrical conductivity increases dramatically. At this
doping level, discrete localized electronic levels associated with self-localized exci-
tations are formed within the band gap, and the temperature dependencies of d.c.
conductivity have been explained by the hopping between localized electronic states
[8]. It is conceivable that the energy gap between the lower (or upper) localized state
and the valence (or conduction) band for a positive (or a negative) polaron is
smaller than that of a positive (or a negative) bipolaron. Then, it is expected that
polarons play a more important role in hopping conduction than bipolarons.
Heavily doped polymers are of special interest, because these polymers show
metallic properties such as a Pauli susceptibility, a linear temperature dependence of
the thermoelectric power, a high reflectivity in the infrared region, etc., as described
in Section 4.2. The temperature dependence of d.c. conductivity in heavily doped
polymers is not like a metal, whereas metallic properties are observed. These results
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Figure 4-16. Schematic structures of polythiophene chains doped with electron acceptors (dopant
content, 25 mole% per thiophene ring) and bonding electronic levels of positive polarons and
bipolarons. (a) Polaron lattice; (b) bipolaron lattice. A, acceptor; -+, positive charge; —, negative
charge; e, electron; —, electronic energy level.

Fermi level -- Fermi level

Figure 4-17. Schematic band structures of
an infinite polymer chain doped with
acceptors (dopant content, 25 mole% per
thiophene ring). (a) Polaron lattice;

(b) bipolaron lattice. Shadowed areas are
(a) (b) filled with electrons [126].

can be explained as follows. Although a single chain itself behaves like a metal,
macroscopic electrical conduction is limited by interchain, interdomain, or interfi-
bril charge transport. Here, we will discuss the intrachain metallic charge transport.

Let us suppose an infinite nondegenerate polymer chain (e.g., polythiophene)
doped heavily with electron acceptors. At a high dopant content, the polymer-chain
structure and electronic structure of the doped polymer are radically different from
those of the intact polymer. As typical cases, we will describe two kinds of lattice
structures of doped polythiophene (dopant content, 25 mole% per thiophene ring):
a polaron lattice and a bipolaron lattice. They are the regular infinite arrays of
polarons and bipolarons. The schematic polymer-chain structures are shown in
Figure 4-16. Band-structure calculations have been performed for polaron and/or
bipolaron lattices of poly( p-phenylene) [124], polypyrrole [124], polyaniline [125],
polythiophene [124, 126], and poly( p-phenylenevinylene) [127], with the valence-
effective Hamiltonian pseudopotential method on the basis of geometries obtained
by MO methods. The schematic electronic band structures shown in Figure 4-17
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are based on the results calculated with this method for a polaron and a bipolaron
lattice of p-type-doped polythiophene (dopant content, 25 mole% per thiophene
ring) [126].

A polaron has a localized electronic level occupied by one electron (i.e., SOMO).
In a polaron lattice formed at a heavy doping level, electronic wave functions of
neighboring polarons are overlapped and interact with each other. As a result, a
half-filled metallic band is formed from the polaron bonding levels occupied by one
electron (Figure 4-17a). The Fermi level is located at the center of the polaron
bonding band. The electronic states of the polaron lattice are not localized, whereas
the electronic states of a polaron are localized. The calculated bandwidths of the
polaron bands are 8900, 7900, and 5600 cm~! (1.1, 0.98, and 0.69 eV) for heavily
doped polyaniline [125], polythiophene [126], and poly( p-phenylenevinylene) [127],
respectively. If the conjugation length of the polymer chain is not sufficiently long,
the metallic band is not formed. In this case, discrete levels are formed and hopping
conduction is expected to take place. In contrast to the polaron lattice, no metallic
band is formed for the bipolaron lattice, even if the conjugation length is long
enough (Figure 4-17b). This is because a bipolaron has no singly occupied elec-
tronic level, whereas a polaron has a singly occupied level. In addition, the differ-
ences in the electronic band structure between the polaron and bipolaron lattices
suggest that the bipolaron lattice is the result of a dimerization of the polaron lattice
like the Peierls transition [126].

In the case of trans-polyacetylene (a degenerate polymer), band-structure calcu-
lations [126] indicate that a polaron lattice has a metallic band whereas a charged
soliton lattice has no metallic band. An alternating polaron-charged soliton lattice
[128] has been proposed for explaining the metallic properties of heavily doped
states.

We will discuss polymer-chain structures obtained by Raman spectroscopy and
metallic properties. The Raman measurements indicate the existence of positive
polarons for p-type-doped polythiophene, poly( p-phenylenevinylene), and polyani-
line at heavy doping levels (Table 4-5). These results indicate that positive polarons
are formed on the polymer chains upon acceptor doping. If conjugation length
is sufficiently long and the dopant content sufficiently high, a large number of
polarons are formed and interact with each other. Then, a polaron lattice is formed.
Therefore, the results of p-type-doped polythiophene, poly( p-phenylenevinylene),
and polyaniline are consistent with the formation of polaron lattices at heavy
doping levels. The metallic properties observed for doped polymers probably originate
from the polaron lattice. From the results obtained so far, we can point out some
important conditions for obtaining metallic polymers: (i) a long conjugation length;
(ii) a high dopant content (large degree of charge transfer); and (iii) formation of
polarons. In the case of n-type doping, both negative polarons and bipolarons are
detected for doped poly( p-phenylene) and poly( p-phenylenevinylene) (Table 4-5).
Polarons and bipolarons with various localization widths are detected, and elec-
tronic states are probably localized, even at heavy doping levels. It is considered
that such an inhomogeneous structure does not lead to formation of a metallic
band.

It is well known that physical properties of conducting polymers depend on
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synthetic conditions, doping conditions, and other treatments of samples. Thus, in
order to confirm the proposal that the metallic properties originate from the
polaron lattice, it is requisite to use the same polymer film or the films from the
same batch for measuring various physical properties and Raman spectra.

4.11 Summary

It has been demonstrated that Raman spectroscopy is a powerful tool for studying
self-localized excitations such as polarons and bipolarons in doped conducting
polymers. Resonance Raman spectroscopy by using exciting laser lines in a wide
range between visible and near-infrared gives valuable information on self-localized
excitations; especially, near-infrared Raman spectroscopy developed recently is im-
portant. Spectroscopic data on the radical ions and divalent ions of oligomers are
useful for analyzing the electronic and vibrational spectra of doped polymers. New
assignments of the electronic absorption spectra of polarons and bipolarons are
proposed: a two-band pattern is attributed to polarons, and a one-band pattern
to bipolarons. Polarons and/or bipolarons have been detected for doped poly( p-
phenylene), polythiophene, poly( p-phenylenevinylene), and polyaniline by Raman
spectroscopy. On the basis of the Raman results, metallic properties at heavily
doped polymers is attributed to formation of a polaron lattice with a half-filled
metallic band.

Postscript: After the manuscript of this Chapter was completed, a review book
treating the polaron/bipolaron in conjugated polymers was published [129].
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