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ABSTRACT: The attachment to polythiophenes of substituents with different electronic properties
produces polymeric materials with unusual electrical and optical properties. Controlled generation of
polarons, dimerized polarons, and bipolarons was achieved through the formation of moieties of high
and low band gap energy along the polythiophene backbone. The occurrence of such quantum wells
decreased the recombination of the polarons in bipolarons as would be observed in symmetrically
substituted polythiophenes. One of the most interesting consequences of this band-gap engineering is
the ability of tuning the transport properties of these polymers. These novel characteristics make possible
the formation of paramagnetic and diamagnetic conducting states through the control of the redox state.
They may also enhance the polaron population available for singlet exciton conversion in electrolumi-

nescent devices.

Introduction

The addition of relatively long and flexible alkyl side
chains on polythiophene has led to the development of
solution and melt processable conjugated polymers.!
Moreover, the presence of these side chains can also
modify the electrical, electrochemical, and optical prop-
erties of the resulting materials. This synthetic ap-
proach is extremely versatile and can be useful for the
design of polythiophenes with tailored physical proper-
ties.2 In this respect, it has been recently shown that
the presence of strong electron-donating alkoxy sub-
stituents dramatically decreases the oxidation potential
and the band gap of the polymers and leads to stable
and nearly transparent conducting (oxidized) poly-
thiophenes.? Other studies have revealed that it is
possible to tune the oxidation potential of processable
polythiophenes from +0.05 to +1.3 V vs SCE by the
adequate choice of the nature and the position of the
substituents.3+4

On the other hand, this strong dependence of the
oxidation potential of the polythiophenes upon their
substitution pattern could be utilized to create quantum
wells along the polymer backbone, by analogy with
inorganic semiconductors. In these systems, potential
energy wells (or quantum wells) are formed by sand-
wiching an ultrathin low band gap layer (i.e., GaAs)
between two wide gap semiconductors (i.e., AlGaAs).?
Quantum confinement of electrons at the semiconductor
interface results in quasi-two-dimensional electron sys-
tems in which the electronic motion is unbound within
the interface plane but quantized perpendicularly to it.
The unique electronic properties of such systems have
been widely investigated for more than two decades in
materials such as GaAs—AlGaAs heterostructures. One-
and zero-dimensional semiconductors (quantum wire
and dots) have also been extensively investigated.®

Similarly, the polymerization of bithiophenes bearing
both electron-donating and electron-withdrawing sub-
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stituents should produce a conjugated polymer with a
localized and specific HOMO—LUMO gap energy. This
approach was recently developed through the synthesis
of asymmetrically substituted poly(bithiophene)s.? Pre-
liminary studies on poly(4-bromo-4’'-(octyloxy)-2,2’-
bithiophene)” have revealed the presence of three redox
processes which were related to the successive formation
of radical cations (polarons), dimerized polarons, and
dications (bipolarons). A high concentration of polarons
is not usually observed in polythiophenes since the
delocalization along the backbone allows the formation
of the more stable bipolarons.?8

Therefore, to shed some light about localization effects
in asymmetrically substituted poly(bithiophene)s, a
more complete characterization of the physical proper-
ties of poly(4-bromo-4’-(octyloxy)-2,2’-bithiophene) has
been carried out. This concept has also been extended
to a poly(bithiophene) substituted by two electron-
donating groups of different strengths, namely, poly(4-
butoxy-4'-decyl-2,2’-bithiophene).

Experimental Section

Materials. Poly(4-bromo-4’-(octyloxy)-2,2"-bithiophene) and
poly(4-butoxy-4’-decyl-2,2’-bithiophene) were synthesized fol-
lowing the procedures described in a previous publication.?
These polymers are completely soluble in chloroform and
tetrahydrofuran. From SEC measurements based on a cali-
bration with polystyrene standards,’ these polymers have a
weight-average molecular weight of ca. 5000—10000.

Physical Measurements. In-situ conductivity measure-
ments were carried out on a dual microelectrode (courtesy of
Dr. G. Zotti), and the experimental setup was derived from
the literature.’® The working electrode was a two-band
platinum electrode (0.3 cm x 0.01 em for each band) with an
interband spacing of 6 um, coated by a thin polymer film of
ca. 1 um. The polymer films were held under various
electrochemical potentials while a small-amplitude (ca. 10 mV)
dc potential was applied between the bands. The current was
recorded with a picoammeter (Keithley 485). Chemical oxida-
tion of the polymers was performed by adding known quanti-
ties of iron trichloride solution in chloroform. UV-vis—near-
IR spectra were recorded after homogeneization with a Cary
5 spectrophotometer. In-situ solid-state spectroelectrochem-
istry (on ITO-coated glass), cyclic voltammetry (EG&G poten-
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Figure 1. Cyclic voltammetry (solid line) and in-situ electron
spin resonance (dotted line) measurements on poly(4-bromo-
4’-(octyloxy)-2,2’-bithiophene) on a platinum electrode.

tiostat/galvanostat, Model PAR 273), and in-situ electron spin
resonance (Bruker ESR spectrometer, Model ER080) measure-
ments were carried out in solutions of 0.1 M tetrabutyl-
ammonium hexafluorophosphate in acetonitrile, and all po-
tentials are relative to a saturated calomel electrode (SCE).

Results and Discussion

The cyclovoltammogram of poly(4-bromo-4'~(octyloxy)-
2,2’-bithiophene) revealed three discernible quasi-
reversible redox processes (Figure 1). These redox
processes modify strongly the electronic structure of the
polymer and give rise to the formation of paramagnetic
species during the first oxidation process around +0.6
V vs SCE (Figure 1). These radicals display a strong
Lorentzian ESR peak with a 6.9 G peak-to-peak width
which suggests the presence of relatively localized
paramagnetic species.!!713 In a recent study, Horowitz
et al.l! found that the ESR linewidth peak-to-peak of
B-substituted didecylsexithiophene is 7 G while that of
B-substituted tetradecyldodecylthiophene is 4.5 G, sug-
gesting that in the case of the present materials
localization effects may occur in sequences of about six
thiophene rings. This results are in agreement with
theoretical calculations of Meyers et al.!* and experi-
mental results of Piaggi et al.1’

During the second oxidation process (+0.9 V), dia-
magnetic species are created with a small change in the
concentration of the previously formed radicals. Finally,
during the third oxidation process (+1.0 V), diamagnetic
species are formed with a drop-off of the ESR signal,
indicating a simultaneous consumption of the radicals
(Figure 1). Similar features can be clearly observed
during the cathodic scan. This behavior is certainly not
typical for polythiophenes, where only one broad redox
process is usually ohserved with the formation of
diamagnetic charge carriers.®1%17 However, recent
studies on oligothiophenes have shown that it is possible
to generate radical cations (polarons), dimerized po-
larons, and dications (bipolarons) in some of these low
molecular weight systems.11713.18-20 Tt seems that the
finite conjugation length allows the stabilization and
successive formation of these different charge carriers.
A similar localization effect of the charge carriers is
taking place in the asymmetrically substituted poly(4-
bromo-4'~(octyloxy)-2,2"-bithiophene), which shows suc-
cessive formation of different charge carriers probably
resulting from sequences of high and low HOMO-
LUMO gap energy.”

These different charge carriers can also lead to
significant changes in the absorption spectrum of the
materials and, consequently, in-situ spectroelectro-
chemical measurements have been performed on poly-
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Figure 2. Differential UV—vis—near-IR absorption spectra
of poly(4-bromo-4’-(octyloxy)-2,2’-bithiophene) on an ITO elec-
trode at various electrochemical potentials.
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Figure 3. Differential UV—vis—near-IR absorption spectra
of poly(4-bromo-4’-(octyloxy)-2,2’-bithiophene) in chloroform
with increasing oxidation levels (oxidized with iron trichloride).

(4-bromo-4’-(octyloxy)-2,2'-bithiophene). In-situ solid-
state spectroelectrochemical results (Figure 2) support
those obtained by cyclic voltammetry and in-situ ESR
measurements (Figure 1). Indeed, during the first
oxidation reaction, the intensity of the n—a* transition
at 480 nm decreases while two new absorption bands
appear at 750 and 1350 nm which reflect the formation
of radical cations. Between +0.8 and +1.0 V, a second
species appears which absorbs at 615 nm and there is
a blue shift of the 1350 nm band. On the basis of the
ESR measurements, this second type of charge carriers
is diamagnetic and could be dimerized polarons.!?
Finally, beyond +1.0 V, a large absorption band appears
around 1000 nm which could be the optical signature
of bipolarons, since the ESR measurements show the
gradual disappearance of the radical cations (polarons).
Similar results were obtained from the chemical oxida-
tion of the polymer in chloroform solution (Figure 3).
The successive formation of the three different charge
carriers is clearly observed.

The oxidative generation of these different species in
poly(4-bromo-4'-(octyloxy)-2,2’-bithiophene) also affects
its electrical conductivity. Not surprisingly, in-situ
conductivity measurements indicate that the neutral
polymer is insulating (Figure 4). During the first
electrochemical oxidation, the conductivity rises to a
maximum of about 0.1 S/cm near +0.6 V. The conduc-
tivity level reaches a second maximum at +1.05 V with
the presence of a small shoulder near +0.95 V in the
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Figure 4. In-situ conductivity measurements on poly(4-
bromo-4'-(octyloxy)-2,2'-bithiophene) on platinum electrodes.

conductivity curve. It is worth noting that, on the basis
of the ESR (Figure 1) and optical (Figure 2) results, the
first conductivity maximum (0.1 S em~!) around +0.6
V corresponds to the formation of 50% of the polarons
produced during the complete redox process (magnitude
of the 750 nm band and of the ESR signal at +0.6 V
compared to that at +0.8 V). This result suggests that
the efficiency of the charge carrier hoppings is greater
when the sites are partially occupied. This is in good
agreement with previous results obtained with other
conjugated polymers.2172% To our knowledge it is the
first time a mixed valence state between neutral and
polaronic sites is clearly shown. Upon further oxidation
of the polymer, dimerized polarons and bipolarons are
formed in poly(4-bromo-4’-(octyloxy)-2,2’-bithiophene)
and from the increasing conductivity (from 0.1 to 1.4
S/em), it is clear that the dimerized polarons and
bipolarons provide a more efficient pathway for the
charge transport.

From all these measurements, it seems that the
presence of both electron-donating and electron-with-
drawing substituents along the polythiophene backbone
leads to a localization of radical cations. This particular
substitution pattern can create quantum wells along the
main conjugated backbone. These charge localization
effects may not be unique to a combination of electron-
attracting and electron-releasing substituents. Two
electron-donating (or electron-withdrawing) side chains
of quite different strengths may also produce similar
effects. To verify this hypothesis, the electrochemical,
electrical, and optical properties of poly(4-butoxy-4’-
decyl-2,2'-bithiophene) were characterized. Similarly to
poly(4-bromo-4’-(octyloxy)-2,2’-bithiophene), poly(4-bu-
toxy-4'-decyl-2,2'-bithiophene) exhibits multiple quasi-
reversible redox processes (Figure 5). The first oxida-
tion peak appears at +0.35 V vs SCE and a second large
peak appears around +0.75 V. However, three peaks
are clearly observed in the cathodic scan at +0.55,
+0.35, and +0.13 V. In-situ conductivity measurements
give additional information about these redox processes.
The neutral polymer is insulating and the first conduc-
tivity maximum occurs around +0.45 V. A rapid
increase of the conductivity occurs during the next
oxidation process and reaches a second maximum near
+0.8 V.

In-situ solid-state spectroelectrochemical measure-
ments allowed a better characterization of the different
charge carriers created upon oxidation (Figure 6).
During the first oxidation reaction, polarons are created
which have two absorption bands at 785 and 1400 nm.
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Figure 5. Cyclic voltammetry (solid line) and in-situ conduc-
tivity (open circles) measurements on poly(4-butoxy-4'-decyl-
2,2’-bithiophene).
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Figure 6. Differential optical UV—vis—near-IR absorption
spectra of poly(4-butoxy-4’-decyl-2,2"-bithiophene) at various
electrochemical potentials.

This is accompanied by the simultaneous decrease of
the 500 nm band (7r—x* transition associated with the
neutral form). Upon further oxidation, the 1400 nm
band is slightly blue shifted while a new band appears
near 640 nm. These new bands are related to the
formation of dimerized polarons. Finally, a large band
centered around 1000 nm associated with the presence
of bipolarons is created during the third oxidation
process (over +0.80—0.85 V) while the conductivity
reached 0.2 S cm™!. Similar successive oxidation proc-
esses (and better resolved) can be observed upon the
chemical oxidation of poly(4-butoxy-4’-decyl-2,2'-
bithiophene) in chloroform solution (Figure 7). All these
results are consistent with the presence of successive
redox processes in polythiophenes bearing substituents
with different electronic properties An asymmetric
substitution pattern seems to allow the formation of
localized charge carriers and, for the polymers investi-
gated in this work, lead to the successive occurrence of
polarons, dimerized polarons, and bipolarons. For the
first time, it has been possible to generate a high
concentration of polarons in a polythiophene with the
formation of dimerized polarons upon further oxidation.
Up to now, only oligothiophenes with small conjugation
lengths were able to support the formation and stabi-
lization of such species.11-13,18-20

The unusual properties of asymmetrically substituted
polythiophenes make possible the tuning of the trans-
port properties of these polymers through band-gap
engineering. The formation of both paramagnetic and
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Figure 7. Differential UV—vis—near-IR absorption spectra
of poly(4-butoxy-4’-decyl-2,2'-bithiophene) in chloroform with
increasing oxidation levels (oxidized with iron trichloride).

diamagnetic conducting polymeric materials may be
obtained by adjusting their redox state. This novel
approach should apply not only to polythiophenes with
different substituents but also to polymers with different
repeat units. For instance, it has been recently reported
that some substituted poly(1,4-bis(2-thienyl)phenylenes)
exhibit a two-step redox process related to the successive
formation of polarons and bipolarons.2426 The localiza-
tion of the charge carriers is also possible in these mixed
conjugated polymers and could explain these particular
electrochemical features. Similarly, it has been pro-
posed that quantum wells can be formed in phenylene—
carbazole copolymers due to the existence of two distinct
electronic states.?8

On the other hand, these localization phenomena may
also be very helpful for the development of polymeric
light emitting diodes.1%27 Indeed, it has been shown by
Swanson et al.?® that the conversion of polarons to
singlet exciton is responsible for the electroluminescence
in poly(p-phenylenevinylene)s. These authors also sug-
gest that the decay of polarons to bipolarons is a
significant competing process that may set an upper
limit of the efficiency of polymeric light emitting diodes.
The enhancement of the polaron population available
for the radiative decay process through the molecular
design of quantum wells along the polymer backbone
is thus highly desirable. Photoluminescence and elec-
troluminescence studies based on these concepts are
currently being carried out.

Conclusion

The attachment of substituents with different elec-
tronic properties to polythiophenes leads to materials
with controlled electrical and optical properties. Asym-
metrically substituted poly(bithiophene)s exhibit three
redox processes which are related to the successive
formation of polarons, dimerized polarons, and bipo-
larons. The formation of stable polarons in these
polythiophenes results from the presence of high and
low HOMO-LUMO gap energy moieties along the
polymer backbone which localize and limit the recom-
bination of these polarons in bipolarons. These novel
properties allow the formation of paramagnetic and
diamagnetic conducting polythiophenes. Finally, the
presence of “quantum wells” along the conjugated
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backbone may be of great interest for the development
of efficient light emitting diodes derived from poly-
thiophenes.
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