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Elena Mena-Osteritz, ‡ and Peter Ba1uerle* ,‡

Departamento de Quı´mica Orgánica, Facultad de Ciencias Quı´micas,
UniVersidad Complutense de Madrid, E-28040 Madrid, Spain, and Institute of Organic
Chemistry II and AdVanced Materials, UniVersity of Ulm, Albert-Einstein-Allee 11,
89081 Ulm, Germany

segura@quim.ucm.es; peter.baeuerle@uni-ulm.de

Received March 21, 2007

ABSTRACT

A peryleneamidine monoimide-fused terthiophene with a band gap of 1.4 eV has been synthesized. The donor −acceptor system can be
electropolymerized to generate a functionalized polythiophene with a band gap of 0.9 eV and with ambipolar characteristics showing high
electroactivity in both the p- and the n-doping process. This is the first example of a p-type conjugated polymer in direct conjugation with
n-type perylenemonoimide moieties.

Organic narrow band gap polymers are currently the subject
of an intense research effort due to their application as
materials for organic photovoltaic devices, for deep red and
near-IR emitting devices, for ambipolar organic field effect
transistors, and for electrochromic devices mainly due to their
potential multicolored states.1 For these device applications
it is important to control the electronic band structure of the

polymer to achieve (a) a band gap of the desired magnitude
and (b) HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) with appropri-
ate energies.2 The most general approach choice to achieve
electropolymerizable polymers with band gaps as low as
0.3-0.5 V3 involves the synthesis of polymers with alterna-
tion of electron-donating and electron-accepting moieties,
showing that the mixing of monomer segments with higher
HOMO and lower LUMO is effective to reduce the band
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gap due to the intrachain charge transfer.4 Thus, a number
of trimeric thiophene derivatives have been synthesized in
which the middle thiophene unit is fused with pyrazine or
thiadiazole moieties which can subsequently be electro-
polymerized to the corresponding low band gap polymers.4

These polymers are attractive to be used as donor polymers
in combination with fullerene acceptors in organic photo-
voltaics. For this purpose, it is desired that a polymer be air
stable (i.e., resistant to oxidation) to allow ease of handling
and processing by having a fairly low-lying HOMO (∼5.2
eV or lower5). On the other hand, a LUMO of 3.8 eV or
above would be required to allow efficient photoinduced
electron transfer from the donor polymer to the fullerene
derivative acceptor.2

In an attempt to further control the band gap as well as
the HOMO and LUMO energies in this kind of polymers,
we extend this strategy to the synthesis and electrochemical
polymerization of a peryleneamidine-imide derivative fused
with a terthiophene moiety through an imidazole unit (4,
Scheme 1).

It has been found that the introduction of arylimidazole
to extend the conjugation in perylenetetracarboxylic acid
diimide (PTCDI) derivatives is an efficient strategy to obtain
materials which absorb radiation in the NIR region.6 Con-
jugated polymers bearing PTCDI moieties have been recently
reported to exhibit photoinduced electron transfer,7 while

oligothiophene derivatives covalently linked to PTCDI
moieties have shown promising results as an active layer in
organic photovoltaic devices.8

Despite previous reports of conjugated polymers covalently
linked to PTCDI moieties,9 P4 represents the first example
of a semiconducting polymer having perylenemonoimide
moieties directly fused and conjugated to the polymer
backbone.

The synthesis of PTCDI derivatives in which the conjuga-
tion is extended by the introduction of arylimidazole units
can be carried out by reaction ofo-phenylenediamines with
anhydrides derived from perylenedicarboxylic acid.10 By
following this strategy we synthesized peryleneamidine-
monoimide-terthiophene4 as depicted in Scheme 1.

Thus, 3′,4′-diamino-2,2′:5′,2′′-terthiophene14a was treated
with N-(10-nonadecyl)-3,4,9,10-perylenetetracarboxylic acid
3,4-anhydride-9,10-imide11 (2) in imidazole in the presence
of zinc acetate to afford the perylenebisimide-terthiophene
dyad3 as a red solid in 67% yield.3 was again heated in
imidazole in the presence of zinc acetate to give the perylene-
amidine monoimide-fused terthiophene4 as a deep violet
solid (20% yield).12 The isolation of intermediate3 is in
contrast with previous reports on the synthesis of perylene-
amidine-imide derivatives10 probably due to the lower
solubility of our derivative3. However, the swallowtail alkyl
group at the perylene unit provides sufficient solubility to
target perylenemonoimide-fused terthiophene4 to allow full
spectroscopic and electrochemical characterization.

Cyclic voltammetry (CV) of4 reveals an amphoteric redox
behavior (Figure 1). Thus, characteristic reversible reduction

waves of the perylenebisimide moiety involving two suc-
cessive one-electron transfers are found atE°red1 ) -1.07
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Scheme 1

Figure 1. Cyclic voltammogram of perylenemonoimide-fused
terthiophene4 (black line) and of references5 (blue line) and6
(red line) in dichloromethane/tetrabutylammonium hexafluorophos-
phate (TBAHPF) (0.1 M) at 20°C, concentration 5× 10-3 M,
scan rate of 100 mV/s, Pt disk working electrode, and potentials
vs Fc/Fc+.
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V andE°red2 ) -1.23 V vs Fc/Fc+, indicating the formation
of stable radical anions and dianions. These values are shifted
positive relative to peryleneamidine-imide reference510

(Figure 2, ∆E°red1 ) -0.15 V, ∆E°red2 ) -0.21 V), to

perylenebisimide-terthiophene dyad3 (∆E°red1 ) -0.08 V,
∆E°red2 ) -0.14 V) or to recently reported terthiophene-
derivatized PTCDI.13

In the positive potential regime, the typical irreversible
oxidation of the terthiophene moiety was determined atEp

ox1

) 0.54 V, which is negatively shifted compared to unsub-
stituted referenceR-terthiophene6 (Figure 2,∆Ep

ox1 ) 0.13
V). The anodic shift of the reduction as well as the cathodic
shift of the oxidation in comparison with references5 and6
stems from the direct conjugation of both electroactive
moieties. From the onset of reduction and oxidation processes
we determine a relatively low band gap of 1.40 eV for4.
For comparison purposes, the irreversible oxidation of the
terthiophene moiety was determined atEp

ox1 ) 0.26 V for
the amino-substituted dyad3. In this case, the negative shift
observed for the oxidation potential is due to the presence
of the electron-donating amino group in the terthiophene
moiety.

Oxidative polymerization of4 was carried out by poten-
tiodynamic cycling in the potential range of-0.6 to 0.6 V
(Figure 3, black lines). The growth of a conducting polymer
is reflected by gradually increasing currents in subsequent
potential cycles whose thickness regularly increases with the

number of cycles. The polymers obtained exhibited homo-
geneous morphologies and were strongly adhering to the
working electrode. The peryleneamidine imide-fused poly-
thiopheneP4 was electrochemically characterized in an
electrolyte free of monomer (Figure 3, blue line). The CV
clearly exhibits the characteristic broad redox wave of a
polythiophene backbone (Epa ) 0.52 V), which is 0.12 V
more negative compared to poly(terthiophene)P6 synthe-
sized from6 under analogous conditions. This behavior stems
again from the direct conjugation of both electroactive
moieties.

In the negative potential regime one nonsymmetrical
reduction wave with peak potentials atEpc ) -1.23 V and
Epa ) -1.08 V is visible including the transfer of two
electrons as can be estimated from the peak current in
comparison to that of the polythiophene backbone. The peak
currents vary linearly with scan rate (Figure S1, Supporting
Information), indicating that the redox-active polymer is
anchored to the electrode surface. During repeated scanning
no substantial decrease in electroactivity was observed
pointing at a considerable stability of the film. The novel
polymer exhibits amphoteric p- and n-doping behavior.
Polymer HOMO (5.1 eV) and LUMO (4.2 eV) energies were
estimated from the onsets of oxidation and reduction (Figure
3), and a very low band gap ofEg ≈ 0.9 eV has been
calculated.14 The relatively low-lying LUMO ofP4 is close
to the value of 5.2 eV desired for a polymer to be air stable.

Polymer films of different thicknesses were created and
electrochemically investigated. In Figure 4 the CVs ofP4
films formed after 15, 25, and 30 scans are depicted. By
integrating the charge flow of the reduction and the oxidation
wave we find a ratio of 1.81 for the thinnest film (15 cycles),
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Figure 2. Peryleneamidine-imide dye (5) andR-terthiophene (6)
references.

Figure 3. Electrochemical polymerization of terthiophene4 (black
lines) in dichloromethane/TBAHPF (0.1 M) and characterization
of polymer P4 (blue line) in acetonitrile/TBAHPF (0.1 M) in
comparison to perylenemonoimide-fused terthiophene4 (red line)
in dichloromethane/TBAHPF (0.1 M). All the measurements were
carried out at 20°C, scan rate of 100 mV/s, Pt disk working
electrode, and potentials vs Fc/Fc+.
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1.90 for the medium thick film (25 cycles), and 1.74 for the
thickest film (30 cycles). This behavior suggests that all the
peryleneamidine monoimide units are electroactive in the
film, which is in contrast to the behavior of other poly-
thiophenes9,13 in which peryleneimide moieties are linked
via insulating side chains. In the so far known systems, the
reduction of the acceptor unit and the n-doping process is
suppressed and characterized by an electron hopping trans-
port that can be identified by the decrease in peak current
with increasing film thickness.9 As a consequence of the
structure, in our case,P4 shows band-like conductivity and
polaronic/bipolaronic delocalization as well for the p-doping
and for the n-doping.

The UV-vis spectrum of4 (Figure 5, blue line) covers
the whole UV-visible region. The spectrum shows the
fingerprints of the peryleneamidine-imide (5) at ca. 500 nm
(red line) and terthiophene (6) at ca. 350 nm (not shown)
and some new bands appearing at lower energies. The broad
absorption band with a maximum at ca. 610 nm and
extending until 800 nm has a large charge-transfer character
as can be demonstrated by analyzing the electron density
shift from the HOMO to the LUMO, which are the orbitals
responsible for the transition (Figure S2, Supporting Infor-
mation). In addition, ZINDO/S calculations show a very high
state dipole for the low-energy band, clearly indicating a
charge-transfer character. Furthermore, the characteristic
fluorescence of5, which is a photostable fluorescent dye,10

is quenched in the peryleneamidine-monoimide-terthiophene
4.

UV-vis-NIR spectra ofP4 polymer films electrochemi-
cally deposited on a platinum working electrode were
recorded in situ in a reflection mode by means of an optic

fiber showing that the onset of the absorption ofP4 extends
to the NIR (black line in Figure 5), which corresponds to a
band gap of 0.9 eV.

In conclusion, we have developed a synthetic route toward
the preparation of a novel ambipolar perylenemonoimide-
terthiophene4, which can be electropolymerized to corre-
sponding functionalized polythiophenesP4 exhibiting a
narrow band gap of 0.9 eV. In comparison with previous
examples of oligothiophene derivatives covalently linked to
PTCDI moieties, the films obtained are highly electroactive
in both the p- and the n-doping processes, as a consequence
of the direct conjugation of the polythiophene and perylene-
imide moieties. Work is in progress to prepare analogues of
4 with substituted perylene and terthiophene derivatives in
order to further stabilize the HOMO level to obtain polymers
more stable toward oxidation and with appropriate LUMO
levels to allow efficient photoinduced electron transfer from
the polymer to fullerene derivative acceptors.
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Figure 4. Electrochemical characterization films of polymerP4
electropolymerized with a different number of scans (black line,
film formed after 15 scans; red line, after 25 scans; blue line, after
30 scans) in acetonitrile/TBAHPF (0.1 M at 20°C, scan rate of
100 mV/s, Pt disk working electrode, and potentials vs Fc/Fc+).

Figure 5. UV-vis spectra of terthiophene4 (blue line) and
peryleneamidine-imide5 (red line) in dichloromethane solution and
of polymer film P4 (black line).
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