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Abstract

The absorption pattern of infrared active vibrations (IRAVs) of p- and n-doped thiophene based conjugated polymers with low
electronic band gaps are compared. The polymers were doped electrochemically and studied in situ with attenuated total reflection
Fourier transform infrared spectroelectrochemistry. Substantial spectral differences were found for polyethylenedioxythiophene
(PEDOT), a polyisothianaphthenemethine derivative (PIM) and two polydithienothiophenes (PDTT1 and PDTT2), whereas
PDTTS3 has no significant differences in the IRAV spectra. The results are related both to structural effects with selective partici-
pation of different chain units (for PIM) and to different localisation of the doping induced charge carriers of both signs (for

PEDOT, PDTTI1 and PDTT2).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Upon doping, new and very intense infrared active
vibration (IRAV) bands appear in the infrared spectra
of conjugated polymers due to a strong electron-phonon
coupling. In addition, electronic absorption bands at
higher energy appear, which are correlated to transitions
involving in-the-gap states of charged quasi-particles,
usually described as polarons [1]. With amplitude mode
(AM) formalism, Horovitz and co-workers presented a
model to explain IRAV bands in doped polyacetylene
by relating the bands to the influence of the excitation
on the single and double bond length alternation along
the polymer backbone (““amplitude oscillation”) [2,3]. In
the “‘effective conjugation coordinate” (ECC) theory,
Zerbi and co-workers showed the correlation between
IRAYV bands of conjugated polymers and the IR acti-
vation of totally symmetric 4, modes [4,5]. ECC de-
scribes the geometrical changes from the ground state to
the excited state of the polymer. Ehrenfreund and Var-
deny [6] established a link between the electronic ab-
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sorption bands and the IRAV bands of doping induced
spectra using a model introduced by Girlando et al.
(GPS model) [7]. However, all of these theories, devel-
oped for relatively simple systems such as polyacetylene
and extended to a few polyheteroaromates, do not ac-
count for possible differences in the IRAV signatures of
positive and negative charge carriers obtained by p- and
n-doping, respectively.

Actually, more complex systems, like thiophene
based fused ring polymers, show different behaviour.
These systems are promising candidates for applica-
tions, since they often have low electronic © — ©n* band
gaps and unusual optical properties [8,9]. Low band gap
materials (band gap smaller than 1.8 ¢V) are important
e.g. for photovoltaic applications [10] since their ab-
sorption matches more closely the solar emission spec-
trum compared with usually used polymers with band
gaps larger than 2 eV [11]. To compare the behaviour for
both signs of doping in these substances, investigations
on doping induced IRAV bands and conclusions to
electronic effects by analysing the infrared spectra are
necessary. Preferentially these comparative studies
should be performed with in situ experiments, where p-
and n-doping are carried out in one setup on the same
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sample. Besides photoexcitation (photodoping), doping
can be performed either by chemical or electrochemical
oxidation (p-doping) or reduction (n-doping). A general
and preferential way is by electrochemistry, where the
redox processes are determined by the electrode poten-
tial. In this way, defined and reproducible doping can be
obtained by the control of electrochemical parameters.

Infrared spectroelectrochemical techniques for the
study of electrode reactions were introduced more than
two decades ago, mostly for the study of the electro-
chemical behaviour of adsorbed layers [12-14]. A
number of modifications and extensions to other sys-
tems, e.g. internal reflection spectroscopy of conjugated
polymers, have evolved since then [15-17].

In the present paper, the IRAV patterns of thiophene
based low band gap conjugated polymers, that undergo
both reversible electrochemical p- and n-doping, are
compared. Electrochemical doping has been performed
with cyclic voltammetric experiments, and infrared
spectra were obtained in situ with attenuated total re-
flection Fourier transform infrared (ATR-FTIR) spec-
troscopy. The polymers described:

e poly(3,4-ethylenedioxythiophene) (PEDOT),

e a soluble derivative of poly(isothianaphthene me-
thine), poly[(benzo{c)thiophene-1,3-diyl)(p-(hexyloxy)
benzylidene) (benzo(c)thiophenequinodimethane-1,3-
diyD)]) (PIM),

e three members of the family of polydithienothioph-
enes (PDTTs), poly(dithieno[3,4-b:3,4-d]-thiophene)

/

PEDOT

PIM

(PDTT1), poly-(dithieno[3,4-b:3,2-d]thiophene) (PD
TT2), and poly-(dithieno[3,4-b:2,3-d]thiophene) (PD
TT3).

The structures of the polymers are shown in Fig. 1.
Details of the characterisation of the compounds and
their general properties are described in previous pub-
lications [18-21].

2. Experimental

For ATR-FTIR spectroscopy, a Bruker IFS66S
spectrometer with an MCT detector was used. The
spectra were measured with a spectral resolution of 4
cm~!. The setup for ATR-FTIR spectroelectrochemistry
is shown in Fig. 2. A slightly n-doped Ge reflection el-
ement, for catalytic purposes also covered with a very
thin Pt layer, was used as the working electrode and as a
waveguide for the IR radiation. The polymer layers were
either electropolymerised from monomer solution (for
PEDOT and PDTTs) or prepared by drop casting from
tetrachloroethene solution (for PIM) on the surface of
the reflection element. As the counter electrode, a Pt foil
was used, as the quasi reference electrode, a Ag wire
covered with AgCl. The potential of the electrode was
determined as —350 mV vs. the ferrocene redox couple
and turned out to be sufficiently stable throughout the
experiment. Details of the setup are described in previ-
ous publications [15-17].

pDTT2 pDTT3

Fig. 1. Structures of the polymers.
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Fig. 2. Setup of the cell for ATR-FTIR spectroelectrochemistry.

Spectral changes were recorded consecutively during
slow potential sweeps. To obtain specific spectral
changes during individual -electrochemical reaction
processes, a spectrum just before the considered reaction
is chosen as the reference spectrum. The subsequent
spectra are related to that spectrum, showing only the
spectral differences to the reference state. Each spectrum
covers a range of about 90 mV in the cyclic voltam-
mogram. As electrolyte solutions, 0.1 M solutions of
tetraecthylammoniumhexafluorophosphate (for p-doping
of PEDOT), tetrabutylammoniumperchlorate (for PIM
and for n-doping of PEDOT) and tetrabutylammoni-
umhexafluorophosphate (for PDTTs) in anhydrous
acetonitrile were used.

3. Results and discussion
3.1. PEDOT

PEDOT combines high stability and high electrical
conductivity in the doped form with a low optical band
gap of approximately 1.6 eV [22]. As a antistatic mate-
rial, PEDOT is already used industrially on a large scale
[23]. Among electrically conducting polymers, PEDOT
has one of the lowest oxidation potentials (onset of the
oxidation peak in cyclic voltammograms at about —200
mV vs. Ag|AgCl [24]). Cyclic voltammetric results from
n-doping of PEDOT films was first reported by Pei et al.
[25].

In Fig. 3 the infrared spectra for the p-doping process
and the n-doping process are compared (data taken
from [18]). The spectra were obtained in situ during
electrochemical oxidation and reduction processes and
are rescaled to comparable band intensities (actually, the
intensities of the bands during n-doping were smaller).
Distinct differences are found: differences in relative
band intensities, a band at 1513 cm™! only in the p-
doped form, new bands at 1285 and 1245 cm~! only in
the n-doped form, and a different maximum of the
electronic absorption (4000 cm~!' for n-doping, 3000
cm~! for p-doping).

Although a direct correlation to the calculated force
field of polythiophene could not be obtained with n-
doped PEDOT, the lower intensities of the IRAV bands
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Fig. 3. In situ infrared spectra obtained during oxidation (p-doping,
upper curves) and reduction (n-doping, lower curves) of PEDOT. The
spectra are rescaled for similar band intensities. (a) IRAV range, (b)
extended spectral range (data taken from [18]).

at a comparable doping level together with differences in
the position and shape of the electronic absorption band
and some IRAYV bands indicate a higher localisation of
the doping induced charge carriers and a smaller effec-
tive conjugation length in n-doped PEDOT [18].

3.2. PIM

A possible way to obtain low band gap materials is
the realisation of alternating aromatic and quinoid thi-
ophene units along the chain. Poly(heteroarylene
methines) were presented by Jenekhe [26]. A soluble
derivative of poly(isothianaphthene methine), PIM [27],
shows good stability under ambient conditions and a
band gap of about 1.5 eV [19]. In contrast to most other
conjugated polymers, electrochemical doping of PIM
shows two different consecutive p-doping processes and
one process at n-doping.

Fig. 4 shows in situ infrared spectra for high p-
doping, low p-doping and for n-doping (data taken
from [19]). In the low p-doping regime, the IRAV
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Fig. 4. In situ infrared spectra obtained during oxidation (high p-
doping, upper curves; low p-doping, middle curves) and reduction (n-
doping, lower curves) of PEDOT. The spectra are rescaled for similar
band intensities. (a) IRAV range; (b) extended spectral range (data
taken from [19]).

spectra show four strong IRAV bands around 1400,
1260-1280, 1165 and 985 cm™! (the band around 1095
cm~! is due to incorporated perchlorate counter ions).
The similarity to the IRAV patterns obtained with
substituted polythiophenes [4,28], where no quinoid
chain segments are present, indicates that mostly aro-
matic units are involved in the low p-doping process. In
the high p-doping regime additional IRAV bands es-
pecially in the region between 1500 and 1600 cm™!
appear, which can be attributed to C=C vibrations at
either sides of the quinoid units [29]. The results show
that mainly quinoid rings are affected by the high p-
doping regime. The spectra obtained during n-doping
are quite similar to the spectra of low p-doping. Again,
mainly aromatic units are involved in the n-doping
process.

The electronic absorption bands at higher energies
(Fig. 4b) are rather weak. In addition, the intensities of
the IRAV bands are quite low and remarkably sharp
[19], indicating, that the delocalisation of the charges on

the chain is low. Structure calculations showed that the
steric repulsion of the consequent polymer chain units
results in a non-planar configuration [19]. Therefore, a
low conjugation and a strong localisation of the charge
carriers is obtained. PIM is a candidate for optical ap-
plications for low band gap materials but with an ex-
pected low charge carrier mobility.

3.3. PDTTs

PDTTI1, PDTT2, and PDTT3 can be regarded as
polythiophene-like chains in which a thienothiophene
aromatic moiety is fused to each thiophene ring. Aro-
matic systems fused to thiophene rings increase the
quinoidal character of the thiophene units and the r-
electron delocalisation along the polymer chain [30,31],
resulting in band gap values of 1.15 eV for PDTT]I, 1.12
eV for pDTT2 and 1.05 eV for PDTT3 [32]. Despite the
structural similarities, the different position of the sulfur
atom in the outermost fused ring influences the aroma-
ticity of the thiophene ring incorporated in the chain
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Fig. 5. In situ infrared spectra obtained during oxidation (p-doping,
upper curves) and reduction (n-doping, lower curves) of PDTT1. The
spectra are rescaled for similar band intensities. (a) IRAV range, (b)
extended spectral range (data taken from [21]).
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and therefore the electronic and the vibrational behav-
iour [21].

In Fig. 5 the in situ spectra for p-doping and n-
doping of PDTTI1 are compared (data taken from [21]).
The sharp band at 842 cm™!, growing during the p-
doping of all PDTTs, is due to the incorporation of
hexafluorophosphate ions balancing the charge formed
on the polymer by the oxidation process. Differences
between p- and n-doping of PDTT1 are found in the
number of the main IRAV bands (three for p-doping,
two for n-doping), in the frequency of the band maxima,
and in the relative intensities of bands, particularly in
the intensities of the electronic absorption bands
(Fig. 5b).

Fig. 6 shows in situ spectra for p-doping and n-
doping of PDTT?2 (data taken from [21]). Again, a dif-
ferent spectral behaviour is obtained. The IRAV spec-
trum of the p-doped form is ill-defined due to the
overlap of broad bands, while the n-doped polymer
spectrum shows four distinct bands. In addition, the
features below 800 cm~! differ significantly.
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Fig. 6. In situ infrared spectra obtained during oxidation (p-doping,
upper curves) and reduction (n-doping, lower curves) of PDTT2. The
spectra are rescaled for similar band intensities. (a) IRAV range, (b)
extended spectral range (data taken from [21]).
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Fig. 7. In situ infrared spectra obtained during oxidation (p-doping,
upper curves) and reduction (n-doping, lower curves) of PDTT3. The
spectra are rescaled for similar band intensities. (a) IRAV range, (b)
extended spectral range (data taken from [21]).

Similarly to the results observed with PEDOT, the
IRAV bands of the n-doped forms of PDTTI1 and
PDTT?2 are smaller than the p-doped forms of compa-
rable doping level (for comparison, the spectra in Figs.
5-7 are rescaled to similar IRAV band intensities).
Again, such differences together with smaller band-
widths and higher wavenumbers observed for the IRAV
bands of the n-doped polymer forms [21] indicate a
higher localisation of the negative charge carriers.

In contrast to PDTT1 and PDTT2, no substantial
differences are found between the spectra of p- and n-
doped PDTT3 (Fig. 7) [20], indicating rather similar
structures and delocalisation extension for charge car-
riers of both signs. These properties may be interesting
and favorable for certain optoelectronic devices and
photovoltaic applications.

For all PDTTs, the doping induced IR spectra are
quite different from the spectra obtained with simpler
polythiophenes. The results show that the m-electrons of
the fused thienothiophene moiety affect the m-electron
delocalisation along the polythiophene-like chain. This
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interaction is different for PDTT1, PDTT2 and PDTT3,
resulting in a different spectral complexity and different
electronic band gaps [21].

It should be noted, also that ESR spectroscopy shows
different signals for p-doping and n-doping of PDTTs
[21]. The spins of the positive carriers are found at g-
factors higher than those reported for most p-doped
conjugated polymers. The spin of negative carriers ex-
hibits a shift of the g-factors to even higher values as
compared to the positive polarons. However, a direct
correlation of the shift of the g-values to differences in
the doping behaviour was not obtained, since the similar
shifts for all PDTTs do not reflect the different doping
behaviour of PDTT1 and PDTT2 compared to PDTT3.

4. Conclusion

The doping induced infrared spectral behaviour of
complex conjugated polymers turned out to be more
complex than described by conventional theories, which
were developed for systems such as polyacetylene and
some simple polyheteroaromates. These theories do not
account for possible differences in the IRAYV signatures
of positive and negative charge carriers.

Studied with in situ infrared spectroelectrochemistry,
the doping induced IRAV-bands for p- and n-doping
(oxidation and reduction, respectively) of the thiophene
based low band gap polymers PEDOT, PIM, PDTT1
and PDTT2 were found to be different, indicating that
the materials exhibit different electronic structures with
positive and negative charging. Mostly, the charge car-
riers are more localised in the case of n-doping. With
PDTT3, similar spectra were obtained for p- and for n-
doping, which indicates similar structures and delocali-
sation of the charges of both signs.

Due to the complexity of the polymer structures, the
origin of the different charge localisation is still under
discussion. Besides selective doping effects on different
chain units (as for PIM) also charge trapping (which is
probably more important for n-doping due to the usu-
ally high negative reduction potential) may contribute to
the observed differences in the doping reactions.

An unusual electrochemical doping behaviour is
shown by PIM, since it can be oxidised in two different
processes (in contrast to most other conjugated poly-
mers) to a low p-doped and a high p-doped form, and
reduced in one process to the n-doped form. Interest-
ingly, the IRAV pattern of the n-doped form and the
low p-doped form are similar.

If extrapolated to other members of functionalised
polythiophenes this finding may have important conse-
quences for the design and performances of optoelec-
tronic devices such as light emitting diodes and solar
cells. Differences in the spectral features for p- and n-
doping of conjugated polymers may also be used for the

identification of charge carriers formed either as primary
excitations [33] or in a secondary process shortly after
photoexcitation (e.g., via dissociation of excitons)
[34,35] using fast time resolved spectroscopy.
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