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Abstract

The electrochemically synthesized conducting copolymer consisting of 3-octylthiophene and biphenyl units has been characterized by in situ

resonance Raman spectroscopy, UV–visible spectroscopy, in situ FTIR attenuated total reflectance spectroscopy and cyclic voltammetry. The

structure of the formed material is compared with the two homopolymers: poly(3-octylthiophene) or poly(paraphenylene). The results show that

the thiophene segments are longer than the phenylene segments in the poly(thienyl biphenyl) film formed. During electrochemical doping the

Raman spectra indicate changes in the polymer backbone that can be assigned to transformation of the neutral form into the charged form.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Research concerning electrically conducting polymers,

CPs, has been one of the most active fields of solid-state

science since the discovery of CPs in the mid-1970s. Since

then a number of different CPs have been synthesized [1,2].

Polymers based on heteroaromatic units (e.g. thiophene,

pyrrole) have received considerable attention due to their

interesting electrical, electrochemical and optical properties.

These polymers have been used in semiconductor devices

such as molecular-based and field-effect transistors, in

energy storage devices such as batteries and ultracapacitors

and as active materials for electrochromic and light-emitting

displays. Analytical applications of CPs have also been

discussed [3]. Some properties of CPs such as conductivity,

processability and stability can vary over a wide range

depending on the type of rings, substituents to the rings

and ring fusions [4]. Copolymerization provides an efficient

way to include monomer units with desirable properties into

one CP matrix [4,5]. The main route for propagation in

electrochemical synthesis is the formation and coupling of

radical cations (oxidative polymerization). In this way

incorporation of a different monomer into a growing chain

is possible by mixing different oxidizable monomer units in

the polymerization solution. Differences in the kinetics and

energetics of radical cation coupling will then determine the

composition of the resulting polymer [5]. Both poly(para-

phenylene) (PPP), and poly(3-octylthiophene) (POT), have

good charging capacity. They also have some special proper-

ties: POT is soluble in some organic solvents and PPP has

good conductivity and stability towards air oxidation. It

would be desirable to combine these properties in one

polymer. Different synthetic routes to obtain monomers

containing both phenylene and thiophene moieties and their

chemical and electrochemical polymerization have been

reported earlier in the literature [6–18]. Direct electroche-

mical copolymerization of mixtures of individual monomers

has also been studied [19–22].

Self-localized excitations (polarons, bipolarons) in quasi-

one-dimensional CPs play an important role in determining

the chemical and physical properties of CPs. Furukawa et al.

[23,24] have used Raman spectroscopy to characterize the

self-localized excitations. These excitations are known to

modify the local electronic states and also the Raman

spectrum of CPs. On the other hand, based on the conclu-

sions that can be drawn from the effective-conjugation

coordinate (ECC) model [25], Raman bands originating

from the charged segments in the polymer are very small.

In electrochemical doping (in the charging–discharging

process), however, the counter ions involved might influence

the vibrations rising from the charged polymer and a broad-

ening of peaks together with shift in wavenumber is often
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observed. Resonance effects in conjugated polymers are

revealed by an enhancement of the Raman modes associated

with the segments of the polymer, that give rise to an optical

absorption matching the energy of the excitation line. Dis-

tribution of the conjugation length in conjugated polymers

also leads to another spectral feature originating from

resonance: the position of a band depends on the energy

of the excitation line. With in situ Raman spectroelectro-

chemical studies, it is possible to study correlation between

changes in the electronic structure of the material and the

doping level that can be controlled by changing the potential

of the working electrode on which the polymer is deposited

[26].

In this work, a copolymer synthesized electrochemically

from 3-octylthiophene (3-OT) and biphenyl will be studied.

The structure of the resulting poly(thienyl biphenyl) (PTB)

film will be characterized by cyclic voltammetry, resonance

Raman spectroscopy and FTIR attenuated total reflectance

(ATR) spectroscopy. Comparison of the structure of the

copolymer film with the structure of the homopolymers

PPP and POT will be made. The p-doping reaction will

be studied in situ in spectroelectrochemical cells during

stepwise changes of the potential of the PTB film electrode.

2. Experimental

In the resonance Raman experiments, polymerization of

the copolymer films and the doping experiments were

carried out in a spectroelectrochemical cell connected to

a BAS CV-50 W voltammetric analyzer running the WIN-

DOWSTM software. The spectroelectrochemical cell made

of glass and constructed as a flow cell is shown in Fig. 1 and

has been described earlier in detail [27]. The PTB films were

synthesized on a Pt-disk electrode (A ¼ 0:503 cm2 or

A ¼ 0:071 cm2) by potential cycling of the monomers dis-

solved in acetonitrile. A Pt-wire, wound as a circle near the

quartz window of the cell, was used as the counter electrode.

All potentials reported are measured versus a Ag wire

covered with AgCl functioning as a pseudo reference elec-

trode (0.214 V/NHE in 0.1 M TBABF4, 0.312 V/NHE in

0.1 M LiAsF6 calibrated with ferrocene). The end of the

reference electrode was placed near the working electrode

by using a Luggin capillary. The spectra were recorded on a

Renishaw Ramascope (system 1000) equipped with a Leica

DMLM microscope and connected to a CCD camera. Spec-

tra were collected at 908. The excitation wavelength of the

laser was 780 nm.

In the UV–visible spectroelectrochemical experiment, the

PTB film was deposited on indium tin oxide glass electrode

by potential cycling. The pathlength of the quartz cyvette

used was 1 cm. The pseudo reference electrode was a Ag

wire covered with AgCl and a Pt wire functioned as the

counter electrode. The spectra were recorded between 200

and 1100 nm on a Hitachi U-2001 spectrophotometer.

The spectroelectrochemical cell used in the in situ FTIR–

ATR experiments has been described earlier [21,22]. The

cell was connected to a BAS CV-50 W voltammetric ana-

lyzer running the WINDOWSTM software. A ZnSe reflec-

tion element covered with a thin Pt-layer was used as

the working electrode. The same reference electrode as in

the Raman and UV–visible experiments and a Pt plate as the

counter electrode was used. A Harrick’s beam condenser

4XF-BR3 served as the attachment to the FTIR spectro-

meter. For each spectrum, 32 interferograms with a resolu-

tion of 4 cm�1 were co-added. The spectra were related to a

reference spectrum taken prior to the reaction studied, and

the spectra shown describe the spectral differences from the

reference state. A Bruker IFS 66/S FTIR instrument

equipped with an MCT detector was used in the measure-

ments.

The starting materials were 3-OT (Tokyo Kasei) and

biphenyl (99% Aldrich) both used as received. Concentra-

tions of the starting materials used in the polymerization

experiments were 13 mM 3-OT and 50 mM biphenyl [19].

Electrolyte salts used were 0.1 M tetrabutylammonium

Fig. 1. The spectroelectrochemical cell used in the in situ resonance Raman spectroscopy.
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tetrafluoroborate (TBABF4) (Fluka), or lithium hexafluoro

arsenate (LiAsF6) (Aldrich). The salts were dried at 80 8C
for 1 h under vacuum before use. The doping process in the

copolymer film was studied by recording the Raman, FTIR–

ATR and UV–visible spectra in situ during stepwise oxida-

tion and reduction of the film in monomer-free electrolyte

solution. Acetonitrile or propylene carbonate were used as

solvents in the doping experiments. Freshly distilled acet-

onitrile (Lab-Scan) was stored over CaH2 and dried over

basic alumina (�150 mesh, Aldrich). Propylene carbonate

(Aldrich) was used after drying over basic alumina. All

solutions were deaerated with nitrogen prior to measure-

ments.

3. Results and discussion

3.1. Characterization of neutral PTB film

The UV–visible absorption spectra of a PTB film synthe-

sized in the presence of TBABF4–acetonitrile as the elec-

trolyte are shown in Fig. 2. The spectra are taken at different

degree of p-doping of the film, i.e. at different potentials

applied to the film on the ITO glass electrode. The wave-

length of the maximum of the first potential induced increas-

ing absorption of the stepwise doped PTB film (shown

by arrow in Fig. 2) coincides with the laser excitation

line used in the Raman measurements (l ¼ 780 nm). The

use of this excitation line will result in an enhancement

of the Raman modes associated with the doped form of

the copolymer [28,29]. Recording of Raman spectra of

neutral PPP and POT is difficult due to strong fluorescence

when excitation in the visible wavelength range is used

[26,28,30]. Fluorescence covers also partly the Raman

signals of the neutral PTB film. Raman spectra of neutral

PPP have been reported to show differences in relative

intensities of Raman bands but practically no changes in

peak position with excitation wavelength [24,31]. Raman

spectra of neutral POT recorded with different laser excita-

tion wavelengths do not either show any changes in peak

position [25].

The resonance Raman spectra of the PTB film synthesized

in the presence of LiAsF6 electrolyte salt are shown in Fig. 3.

A potential of 0 V was applied to the film to force the

polymer in its neutral state. In order to have access to the

most important wavenumber region concerning the Raman

shifts without interference from the electrolyte, the spectra

were recorded in the spectroelectrochemical cell both in

propylene carbonate (1) and in acetonitrile (2). Fluorescence

from the PTB film interferes in the measurements, but is

slightly quenched in propylene carbonate. The peaks origi-

nating from the solvents are indicated by asterix (�). Raman

modes associated with the excited form of the polymer will

be enhanced due to the high laser excitation wavelength

used. C–C stretch from para-substitution in phenylenic

dications can be observed in the spectrum of the PTB film

((1) in Fig. 3) at 1475 cm�1 [24]. Symmetric Ca=Cb stretch-

ing deformations in thiophene rings can be seen as an intense

band at 1442 cm�1 in the spectra of the PTB film

[26,28,29,32–35]. Intraring Cb–Cb stretching vibration in

3-OT ring can be seen at 1373 cm�1 [26,28,29,34]. The band

at 1339 cm�1 in the spectrum of the PTB film studied in

Fig. 2. In situ UV–visible absorption spectra of doping of PTB film in 0.1 M TBABF4–acetonitrile solution. The laser excitation line (lL ¼ 780 nm) is shown

by arrow.
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propylene carbonate (not hidden by the vibration originating

from acetonitrile) is assigned to the interring C–C stretch in

‘‘charged’’ dications of p-oligophenyls [24,36]. The vibra-

tion at 1278 cm�1 assigned to C–C stretching vibrations in

neutral phenylene oligomers [24,37] can be seen in spectrum

(2) in Fig. 3 of the PTB film made in the presence of LiAsF6–

acetonitrile electrolyte and studied in the same electrolyte

without the presence of monomers. This vibration could not

be observed in the spectrum of the PTB film made in

TBABF4–acetonitrile electrolyte measured at 0 V (shown

later in Fig. 7). Contributions from C–H in-plane bend to C–

C stretch of phenylene segments in the PTB film can be seen

at 1218 cm�1 [24,31,36–40]. A weak broad band at around

1180 cm�1 is assigned to phenylenic dications seen in the

spectrum of the PTB film measured at 0 V, due to resonance

enhancement [24,37]. The band between 1180 and

1190 cm�1 coincides also with Cb–H bending characteristic

for poly(3-alkylthiophenes) [26,28,29]. In the region

between 1070 and 1120 cm�1, a band from octyl groups

in 3-OT in the spectra of the PTB films bands at 1090 and

1112 cm�1 can be observed [26,28,34]. A broad band

assignable to both C–H in-plane bending in terminal phe-

nylene rings [41] and totally symmetric in-plane wag of C–H

groups in position b in thiophene rings [33–35] can be found

in the spectra of the PTB film at 1052 cm�1. The wave-

number region from 900 to 600 cm�1 ((2) in Fig. 3) is

studied in the presence of acetonitrile due to strong vibra-

tions from propylene carbonate in this region. Short terminal

p-oligophenyls show a Raman band at 745 cm�1 [24,36,37],

that is an indication of presence of short phenylene segments

(less than five benzene units) in the material. Peaks at 722

and 675 cm�1 are due to C–S–C ring deformations in the

3-OT ring [26,28,29,34]. The Raman bands observed in the

PTB film recorded at 0 V by excitation with laser wave-

length of 780 nm and assignments to them are summarized

in Table 1. In Figs. 4 and 5, the resonance Raman spectra of

the homopolymers PPP and POT, respectively, recorded

during p-doping process are shown for comparison. The

cyclic voltammograms (CVs) of the films are shown in the

insets of Figs. 4 and 5. Assignments to the Raman bands of

p-doped (due to high fluorescence of neutral films by

illumination with 780 nm laser wavelength) PPP and POT

films are also included in Table 1. Vibrations characteristic

for pure PPP film are at 1600, 1337, 1278 and 1052 cm�1.

Bands at 1337 and 1278 cm�1 are mainly associated with

short phenylene chains or oligomers and the band at

1052 cm�1 from terminal phenylene rings, indicating that

rather short chains are formed during electropolymerization.

These bands are, however, present in the spectra of the PTB

films shown in Fig. 3. Vibrations characteristic for neutral

POT film at 1442, 1377, 1184, 1093, 718 and 681 cm�1

(some bands shift upon p-doping) can also be seen in the

PTB film formed. The differences between the spectra of

PTB films and spectra of the homopolymer films indicate

therefore presence of both phenylene and thiophene seg-

ments in the formed copolymer material.

Fig. 3. Resonance Raman spectra of a PTB film synthesized by potential cycling in presence of 0.1 M LiAsF6 electrolyte salt in acetonitrile. The spectra are

measured at 0 V in propylene carbonate (1) and acetonitrile (2). Concentration of the starting materials: 50 mM biphenyl, 13 mM 3-OT. Peaks characteristic

for acetonitrile and propylene carbonate are denoted by �. lL ¼ 780 nm.
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Table 1

Assignments to the Raman bands of neutral and p-doped PTB, and p-doped PPP and POT filmsa

n (cm�1) Assigned to Reference

PTB PPP POT

Neutral p-Doped
p-Doped p-Doped

1600 C–C stretch in the phenylene ring [24,40]

1506 Ca=Cb antisymmetric stretching vibrations in 3-OT ring [26,27,31–34]

1475 1475 C–C stretch from para-substitution in phenylenic dications [24]

1442 1398 1402 Ca=Cb symmetric stretching vibrations in 3-OT ring [26,27,31–34]

1373 1368 1373 Intra-ring Cb–Cb stretching in 3-OT ring [26,27,31,33]

1278, 1339 1339 1278, 1337 Interring C–C stretch in neutral phenylene oligomers

(1278 cm�1), interring C–C stretch in bipolarons

of p-oligophenyls (1339 cm�1)

[24,35,37]

1245 Contributions from C–H in-plane bend to C–C stretch

in phenylene segments (1220–1245 cm�1 upon doping)

[31]

1210 1210 Interring Ca�Ca0 stretching in 3-OT [26,27,31]

1218 1220 Contributions from C–H in-plane bend to C–C stretch

in phenylene segments

[30,35–37,40,41]

1180 1187–1192 1198 Phenylenic dications, Cb–H bending in 3-OT [26,27,31]

1158 [24,37]

1090, 1112 1090, 867 1093, 862 Octyl groups in 3-OT [26,27,33]

1052 1047 1052 C–H in-plane bend in terminal phenylene rings, Cb–H

in-plane wag in thiophene ring

[32–34,39]

745 745, 1004, 1030 Short terminal phenylene rings of radical cations [24,35,37]

722, 675 715, 679 718, 681 Ca–S–Ca ring deformations in 3-OT ring [26,27,31]

a The bands for the neutral film and for oxidative doping induced changes in the wavenumber region from 600 to 1000 cm�1 are recorded in acetonitrile.

The doping induced bands in the wavenumber region from 1000 to 1300 cm�1 are recorded in both acetonitrile and propylene carbonate. The doping induced

bands in the wavenumber region from 1300 to 1550 cm�1 are recorded in propylene carbonate. Concentration of the starting materials: 50 mM biphenyl,

13 mM 3-OT. lL ¼ 780 nm.

Fig. 4. In situ resonance Raman spectra of stepwise oxidation of a PPP film in 0.1 M TBABF4–acetonitrile electrolyte solution in the wavenumber region

400–1700 cm�1. The film has been synthesized in presence of TBABF4 electrolyte solution in acetonitrile. Peaks characteristic for acetonitrile are denoted by

�. lL ¼ 780 nm. The CV of the film is shown in the inset.
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3.2. Characterization of p-doped PTB film

3.2.1. Raman spectroscopy

The CVs of the copolymer films prepared and cycled in

0.1 M LiAsF6 and 0.1 M TBABF4 in acetonitrile are shown

in Fig. 6. The in situ Raman spectra in the wavenumber

region 600–1650 cm�1 of the PTB film in Fig. 6b recorded at

different potentials applied to the film are shown in Fig. 7.

Spectra of the PTB film in Fig. 6a recorded at different

potentials, i.e. different doping levels are shown in Fig. 8.

Fig. 5. In situ resonance Raman spectra of stepwise oxidation of a POT film in 0.1 M LiAsF6 electrolyte salt: (a) acetonitrile in the wavenumber region 550–

1650 cm�1 and (b) propylene carbonate in the wavenumber region 1000–1700 cm�1. Peaks characteristic for the solvents are denoted by �. lL ¼ 780 nm. The

CVs of the film are shown in the insets.
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When the solvent was changed from acetonitrile to propy-

lene carbonate the CV in Fig. 6a was changed to the

voltammogram shown in the inset of Fig. 8. The changes

in the Raman spectra of PTB films induced by oxidative

doping can nicely be observed using the 780 nm excitation

wavelength. The fluorescence from the film is almost

totally quenched due to applied potential. In both PTB

films (synthesized in TBABF4 and LiAsF6), the doping

induced changes start to be visible when 600 mV is applied

on the electrode, which coincide with the potential where

the Faradaic current starts to increase. No differences

between the positions of the doping induced bands of

Fig. 6. The third cycle of a PTB film synthesized by potential cycling in presence of 0.1 M (a) LiAsF6 and (b) TBABF4 electrolyte salt in acetonitrile and

cycled in monomer-free electrolyte solution. Scan rate: 100 mV/s.
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Fig. 7. In situ resonance Raman spectra of stepwise oxidation of the PTB film in 0.1 M TBABF4–acetonitrile electrolyte solution in the wavenumber region

600–1550 cm�1. The film has been synthesized in presence of TBABF4 electrolyte solution in acetonitrile. The peak characteristic for acetonitrile is denoted

by �. lL ¼ 780 nm.

Fig. 8. In situ resonance Raman spectra of stepwise oxidation of the PTB film in 0.1 M LiAsF6–propylene carbonate electrolyte solution in the wavenumber

region 1000–1550 cm�1. The film has been synthesized in presence of LiAsF6 electrolyte solution in acetonitrile. The peak characteristic for propylene

carbonate is denoted by �. lL ¼ 780 nm. The CV of the film is shown in the inset.

142 R.-M. Latonen et al. / Synthetic Metals 129 (2002) 135–145



the films synthesized in LiAsF6 or TBABF4 could be

observed.

The bands at 722 and 675 cm�1 assigned to Ca–S–Ca ring

deformations in the thiophene ring start to be more visible at

600 mV and they grow in intensity upon further increase in

the potential. In addition to the increase in intensity of the

band at 722 cm�1 in the spectrum of the PTB film recorded

at 0 V, it also shifts to 715 cm�1 upon doping. By increasing

the potential to 1100 and 1200 mV, both of these bands

broaden and lose their intensity [26,27,29]. The intensity

ratio of the band at 715 cm�1 to the band at 679 cm�1 has

been reported to be higher in poly(3-alkylthiophenes) than

the same ratio in polythiophene [29]. The band at 745 cm�1

in the neutral state of the PTB film makes a small shift to

lower wavenumbers upon increase in the potential. Terminal

phenylene radical cations formed in the short p-oligophenyl

segments of the PTB film during oxidation show a shift of

the band at 745 cm�1. A new band at 1004 cm�1 also arises

and the band at 1039 shifts to 1030 cm�1 during oxidation of

the PTB film due to formation of terminal phenylene radical

cations [24,36,37]. These bands are not visible in the spectra

of dianions of oligophenyls [24,36]. Bands of octyl origin in

3-OT at 873 and 1100 cm�1 [26,28] start to be more visible

upon p-doping, i.e. increase of potential of the PTB film and

shift to 867 and 1090 cm�1, respectively. The band at

1158 cm�1 is clearly observed in the doping induced Raman

spectra of PTB film and can be assigned to phenylenic

dications. The corresponding band in Na-doped p-oligophe-

nyls is assigned to phenylenic dianions [24,37]. The bands

due to interring Ca�Ca0 stretching mode and Cb–H bending

mode in 3-OT, 1210 and 1192 cm�1, respectively, [26,28,29]

grow continuously in intensity during the p-doping process

of the PTB film.

Acetonitrile has an intensive Raman band at 1369 cm�1,

which overlaps with the polymer bands in this area. In Fig. 8,

the copolymer film is p-doped in LiAsF6 electrolyte salt in

propylene carbonate in order to see the polymer peaks at the

wavenumber range from 1300 to 1400 cm�1. The CV of the

film is shown in the inset. The bands in the wavenumber

region 1000–1300 cm�1 are principally the same as

described above for the PTB film made in TBABF4–acet-

onitrile and studied in the same electrolyte solution without

monomers. The band at 1278 cm�1 in neutral PTB film

clearly seen in acetonitrile in Fig. 3 spectrum (2) and

assigned to interring C–C stretching vibrations in phenylene

oligomers shifts to 1339 cm�1 upon p-doping. The large

upshift in wavenumber of about 60 cm�1 when going from

neutral phenylene to dianionic or dicationic phenylene is

explained by the increase in the p-bond order of the interring

C–C bond and by shortening the C–C bond lengths. These

changes take place when the benzoid structure is changed

to the quinoid structure [24,36,37,39,40]. The band at

1373 cm�1 from intraring Cb–Cb stretching deformations

in 3-OT in the neutral PTB film is slightly shifted to lower

wavenumbers (1368 cm�1) upon increase in the potential.

In a POT film, the band due to intraring Cb–Cb stretching

deformations in 3-OT at 1376 cm�1 broadens and splits into

two lines with maxima at 1375 and 1336 cm�1 during p-

doping [26,28,29]. This splitting, however, is not seen in the

spectra of pure POT film shown in Fig. 5b. Due to this fact,

the band at 1339 cm�1 in the spectrum of the PTB film

(Fig. 8) can be assigned to interring C–C stretching in

phenylene dications. In the spectrum of the neutral PTB

film, the band ascribed to symmetric Ca=Cb stretching in the

thiophene ring at 1442 cm�1 [26,28,33] is shifted to lower

wavenumbers by around 40 cm�1 and decreases in intensity

compared with the other Raman lines that increase in

intensity upon oxidation of the film. The intensity of the

band at 1398 cm�1, on the other hand, starts to decrease

compared with the band at 1442 cm�1 when the potential of

the electrode is increased beyond 1000 mV. The band at

1442 cm�1 does not disappear totally during increase in the

electrode potential because only some parts of the illumi-

nated film is oxidized and changed to conducting form. It

should be mentioned that the spectra of the PTB film

synthesized in LiAsF6 electrolyte salt and doped in the same

salt but using acetonitrile as the solvent have the same

Raman bands and changes during oxidation as the film

synthesized in TBABF4 in acetonitrile. In the case of

PTB films synthesized in the presence of LiAsF6 or TBABF4

as the electrolyte salt and oxidized in the corresponding salt

but in acetonitrile the intensity of the band at 1442 cm�1

decreases at the same time as a new band at 1398 cm�1 starts

to grow (Fig. 7). After the full oxidation level is reached, the

band at 1398 cm�1 starts to broaden and shifts back to

1442 cm�1. This line broadening at the highest potentials

is associated with partial overoxidation of the film making

the benzoid structure in unchanged parts of the PTB film

more visible [28]. The intensity of the band assigned to

phenylenic dications at 1475 cm�1 [24] increases upon

oxidation of the PTB film electrode (Fig. 8) indicating

changes in structure from the benzoid to the quinoid form.

Shift of bands characteristic for 3-OT can be observed

during increase in the electrode potential. Changes from

neutral phenylene oligomers to phenylene radical cations

and dications can also be followed upon p-doping. The

Raman bands of the positively charged (p-doped) PTB films

and assignments to them are also included in Table 1.

3.3. FTIR–ATR spectrocopy

Upon oxidation (p-doping) of conjugated polymers, elec-

trons are removed from the polymer chain and the symmetry

of the chain is broken. Originally nonpolar double bonds

become polar due to charge distribution. Consequently, there

will be an activation in the infrared of the vibrations that

were originally silent. Zerbi et al. [25,42] have developed the

ECC theory, which describes the changes in geometry from

the ground state to the excited electronic state of the poly-

mer. The infrared active vibrations (IRAVs) correspond to

totally symmetric Raman active vibrational Ag modes which

couple to the p-electron system. In Fig. 9, the FTIR–ATR
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spectra of the PTB films synthesized in the presence of

LiAsF6 and TBABF4 are shown. The strong doping induced

bands (IRAV) rising in the spectra upon charging of the

material can be regarded as a proof of the fact that electro-

polymerization in the presence of both salts results in a

chargeable conjugated material. Considering the positions

of the IRAV bands of the PTB films, however, differences

from both of the homopolymers were found [22]. The IRAV

bands of both PTB films are similar. Only a shift of the bands

to higher energy in the presence of LiAsF6 can be observed.

This shift is not clear, but it can be due to differences in the

structure of the PTB films synthesized in the presence of the

different electrolyte salts [22]. A higher degree of cross-

linking and differences in conjugation and chain length in

the PTB film made in LiAsF6 are the possible reasons for the

shift of the IRAV bands to higher energy. Neugebauer and

coworkers [43] have also shown some small shift (maximum

13 cm�1) in the position of the doping induced bands of

polyaniline when p-doping has been performed in the pre-

sence of different electrolyte anions.

4. Conclusions

The Raman spectrum of the PTB film gives evidence of

formation of long thiophene oligomer segments in the

copolymer material. On the other hand, bands present in

the spectrum of the PTB film and absent in spectra of long

oligophenyls indicate the presence of also short phenylene

segments in the formed copolymer material.

In situ spectroelectrochemical studies of p-doping reac-

tion in the PTB film correlated well with cyclic voltammetry

of films synthesized in different electrolyte salts. Oxidative

doping induced changes in the resonance Raman spectra of

the PTB film are consistent with formation of conjugational

defects of bipolaronic type in both phenylene and thiophene

segments. This leads to changes from benzoid to quinoid

structure, which is attributed to an electronic transition from

the valence band to a new state in the band gap. FTIR–ATR

spectra of PTB films synthesized in presence of LiAsF6 or

TBABF4 showed similar pattern in their IRAV bands. Only a

shift in energy of the bands gave some evidence of formation

of slightly different structure of the PTB films depending on

the electrolyte salt used during polymerization.
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