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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 subjectpolymer to achieve (a) a band gap of the desired magnitude
of an intense research effort due to their application as and (b) HOMO (highest occupied molecular orbital) and
materials for organic photovoltaic devices, for deep red and LUMO (lowest unoccupied molecular orbital) with appropri-
near-IR emitting devices, for ambipolar organic field effect ate energie3.The most general approach choice to achieve
transistors, and for electrochromic devices mainly due to their electropolymerizable polymers with band gaps as low as
potential multicolored statésFor these device applications 0.3—0.5 \® involves the synthesis of polymers with alterna-
it is important to control the electronic band structure of the tion of electron-donating and electron-accepting moieties,
showing that the mixing of monomer segments with higher
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gap due to the intrachain charge transgf@ius, a number  oligothiophene derivatives covalently linked to PTCDI
of trimeric thiophene derivatives have been synthesized in moieties have shown promising results as an active layer in
which the middle thiophene unit is fused with pyrazine or organic photovoltaic devicés.

thiadiazole moieties which can subsequently be electro- Despite previous reports of conjugated polymers covalently
polymerized to the corresponding low band gap polymers. linked to PTCDI moietie$,P4 represents the first example
These polymers are attractive to be used as donor polymersf a semiconducting polymer having perylenemonoimide
in combination with fullerene acceptors in organic photo- moieties directly fused and conjugated to the polymer
voltaics. For this purpose, it is desired that a polymer be air backbone.

stable (i.e., resistant to oxidation) to allow ease of handling The synthesis of PTCDI derivatives in which the conjuga-
and processing by having a fairly low-lying HOMG-6.2 tion is extended by the introduction of arylimidazole units
eV or loweP). On the other hand, a LUMO of 3.8 eV or can be carried out by reaction ofphenylenediamines with
above would be required to allow efficient photoinduced anhydrides derived from perylenedicarboxylic atidy
electron transfer from the donor polymer to the fullerene following this strategy we synthesized peryleneamidine-
derivative acceptot. monoimide-terthiophené as depicted in Scheme 1.

In an attempt to further control the band gap as well as  Thus, 3,4-diamino-2,25',2"-terthiophenel*2was treated
the HOMO and LUMO energies in this kind of polymers, with N-(10-nonadecyl)-3,4,9,10-perylenetetracarboxylic acid
we extend this strategy to the synthesis and electrochemical3,4-anhydride-9,10-imidé (2) in imidazole in the presence
polymerization of a peryleneamidine-imide derivative fused of zinc acetate to afford the perylenebisimide-terthiophene
with a terthiophene moiety through an imidazole udit ( dyad3 as a red solid in 67% yielB was again heated in
Scheme 1). imidazole in the presence of zinc acetate to give the perylene-
amidine monoimide-fused terthiophedeas a deep violet
solid (20% vyield)*? The isolation of intermediat8 is in
contrast with previous reports on the synthesis of perylene-
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Heelr amidine-imide derivativé8 probably due to the lower
Cobrs_CiHys o, ) Crths solubility of our derivative3. However, the swallowtail alkyl
0w M. 0 Neo group at the perylene unit provides sufficient solubility to
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Figure 1. Cyclic voltammogram of perylenemonoimide-fused

It has been found th"’.‘t thg introduction of aryhm@azolg terthiophene4 (black line) and of references (blue line) and6
to extend the conjugation in perylenetetracarboxylic acid (req jine) in dichloromethanetetrabutylammonium hexafluorophos-
diimide (PTCDI) derivatives is an efficient strategy to obtain phate (TBAHPF) (0.1 M) at 20C, concentration 5« 1073 M,
materials which absorb radiation in the NIR regfo@on- scan rate of 100 mV/s, Pt disk working electrode, and potentials
jugated polymers bearing PTCDI moieties have been recentlyVs F¢/Fc.
reported to exhibit photoinduced electron transfarhile
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V andE®eqs2= —1.23 V vs Fc/F¢, indicating the formation
of stable radical anions and dianions. These values are shifted

positive relative to peryleneamidine-imide referens@ 18]
(Figure 2, AE°eq1 = —0.15 V, AE®%eq2 = —0.21 V), to thin
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Figure 2. Peryleneamidine-imide dyé&) anda-terthiophene (6) -10 . . i i . .
references. 20 a5 0 as 00 05 10
E [V] vs. Fe/Fc”
perylenebisimide-terthiophene dy8dAE®eq = —0.08 V, Figure 3. Electrochemical polymerization of terthiophehélack

o _ . lines) in dichloromethane/TBAHPF (0.1 M) and characterization
AE’req2 = —0.14 V) or to recently reported terthiophene- of polymer P4 (blue line) in acetonitrile/TBAHPF (0.1 M) in

derivatized PTCDF comparison to perylenemonoimide-fused terthioph&ied line)
In the positive potential regime, the typical irreversible in dichloromethane/TBAHPF (0.1 M). All the measurements were
oxidation of the terthiophene moiety was determineBPat; carried out at 20°C, scan rate of 100 mV/s, Pt disk working

= 0.54 V, which is negatively shifted compared to unsub- €lectrode, and potentials vs Fcffc

stituted reference-terthiophenes (Figure 2,AEP,; = 0.13
V). The anodic shift of the reduction as well as the cathodic

: oY ) X number of cycles. The polymers obtained exhibited homo-
shift of the omdaﬂop in comparison with referenceand6 _ geneous morphologies and were strongly adhering to the
stems from the direct conjugation of both electroactive \4rking electrode. The peryleneamidine imide-fused poly-
moieties. From the onset of reduction and oxidation ProcesseSiophene P4 was electrochemically characterized in an

we determine a relatively low band gap of 1.40 eV #or  gjacirolyte free of monomer (Figure 3, blue line). The CV
For comparison purposes, the irreversible oxidation of the a1y exhibits the characteristic broad redox wave of a

terthiophene moiety was determinedEfty; = 0.26 V for polythiophene backboneEg, = 0.52 V), which is 0.12 V

the amino-substituted dyal In this case, the negative shift 1o negative compared to poly(terthiophef€)synthe-

observed for the oxidation potential is due to the presence ;e frome under analogous conditions. This behavior stems

of the electron-donating amino group in the terthiophene gqain from the direct conjugation of both electroactive

molety. o _ moieties.

~ Oxidative polymerization o# was carried out by poten- In the negative potential regime one nonsymmetrical

t|o.dynam|c cyclmg in the potential range 6f0.6 _to 0.6V reduction wave with peak potentials B, = —1.23 V and

_(F|gure 3, black lines). Thg growt.h ofacondugtlng polymer E,a = —1.08 V is visible including the transfer of two

is reerpted by gradually.mcreasmg currents in SUbse.quentelectrons as can be estimated from the peak current in

potential cycles whose thickness regularly increases with thecomparison to that of the polythiophene backbone. The peak
(8) Cremer, J.; Mena-Osteritz, E.; Pschierer, N. G.; Millen, K.; Béuerle currents vary linearly with scan rate (Figure S1, Supporting

P. Org. Biomol. Chem2005,3, 985. T N " Information), indicating that the redox-active polymer is

(9) (@) Segura, J. L.; Gomez, R.; Reinold, E.; Bauerl©. Lett.2005 anchored to the electrode surface. During repeated scanning
7, 2345. (b) Segura, J. L.; Blanco, R.; Gomez, R.; Reinold, E.; Bauerle, P.

Chem. Mater 2006, 18, 2834 no substantial decrease in electroactivity was observed
(10) Langhals, H.; Sprenger, S.; Brandherm, MLiebigs Ann.1995, pointing at a considerable stability of the film. The novel

48:(LJ'.l) Kaiser, H.; Lindner, J.; Langhals, i@hem. Ber1991,124, 29. polymer exhibits amphOteriC p- and n_dOping peha\/ior'
(12) Selected data fat: H NMR (CDCl;, 200 MHz).6 8.12 (bs, 2H, ~ Polymer HOMO (5.1 eV) and LUMO (4.2 eV) energies were

Pery), 7.93 (dJ = 8.0 Hz, 1H,Pery), 7.82 (d) = 8.0 Hz, 1H Pery), 7.74 estimated from the onsets of oxidation and reduction (Figure
(d,J=8.2 Hz, 1H,Pery), 7.71 (dJ = 8.2 Hz, 1 H,Pery), 7.63—7.56 (m,

2H. Pery), 7.38 (dd3) = 5.2 Hz,4) = 1.2 Hz, 1H,Th), 7.08 (dd3J =36 3)» and a very low band gap d& ~ 0.9 eV has been
Hz, 3] = 3.4 Hz, 1H,Th), 6.80 (dd2J = 3.6 Hz,4J = 1.0 Hz, 1H,Th), calculated:* The relatively low-lying LUMO ofP4 s close
6.74 (dd,3J = 3.6 Hz,4J = 1.0 Hz, 1H,Th), 6.46 (dd3J = 4.0 Hz,3] = ; ;

3.8 Hz, H.Th) 6.33-6.31 (m, 1FTh). 5.1 (m, 1H-CH-N), 2.19 (m, to the value_of 5.2 e\/_ desired f_or a polymer to be air stable.
2H, —CHp—), 1.91 (m, 2H,—CH—), 1.56 (s, 4H,—CH,—), 1.36—1.25 Polymer films of different thicknesses were created and
(m, 16H, —CH,—), 0.88 (t, 6H,—~CHs); **C-NMR (CDCk, 75 MHz), 6 electrochemically investigated. In Figure 4 the CVsR#f

155.96, 153 14, 144.67, 134.38, 132.88, 132.81, 132.63, 131.96, 129.90,. /
128,55, 126.98. 126.81, 125.47. 125.34, 124.76. 123.73, 122.39, 121.95 (1Ims formed after 15, 25, and 30 scans are depicted. By

121.95, 121.61, 119.55, 110.80, 105.88, 54.35, 32.39, 31.88, 29.58, 29.31.integrating the charge flow of the reduction and the oxidation

27.18, 22.67, 14.14; FT-IR (KBr): 2924, 2852, 1695, 1654, 1593, 1578, : ; ; ;
1335, 1265 cmt: MS (FAB) (m/z): 845 (M), 634 (M- — CoHio CH— wave we find a ratio of 1.81 for the thinnest film (15 cycles),

C7H1s); Anal. calcd. for GiH4sN30sSs: C, 72.57; H, 5.37; N, 4.98. Found

C, 72.33; H, 5.68; N, 4.86. (14) HOMO and LUMO energies are derived from the electrochemical
(13) You, C. C.; Saha-Mdller, C. R.; Wirthner,Ghem. Commur2004, data based on the assumption that the FcfEdox couple is 5.1 eV relative
2030. to vacuum.
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Figure 5. UV—vis spectra of terthiophend (blue line) and
peryleneamidine-imidb (red line) in dichloromethane solution and

Figure 4. Electrochemical characterization films of polyne4 of polymer film P4 (black line).

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 2@, scan rate of  fiher showing that the onset of the absorptiorPdfextends

100 mV/s, Pt disk working electrode, and potentials vs FtyFc to the NIR (black line in Figure 5), which corresponds to a
band gap of 0.9 eV.

1.90 for the medium thick film (25 cycles), and 1.74 for the  In conclusion, we have developed a synthetic route toward
thickest film (30 cycles). This behavior suggests that all the the preparation of a novel ambipolar perylenemonoimide-
peryleneamidine monoimide units are electroactive in the terthiophene4, which can be electropolymerized to corre-
film, which is in contrast to the behavior of other poly- sponding functionalized polythiophend®4 exhibiting a
thiophene%®? in which peryleneimide moieties are linked narrow band gap of 0.9 eV. In comparison with previous
via insulating side chains. In the so far known systems, the examples of oligothiophene derivatives covalently linked to
reduction of the acceptor unit and the n-doping process is PTCDI moieties, the films obtained are highly electroactive
suppressed and characterized by an electron hopping transin both the p- and the n-doping processes, as a consequence
port that can be identified by the decrease in peak currentof the direct conjugation of the polythiophene and perylene-
with increasing film thicknes%.As a consequence of the imide moieties. Work is in progress to prepare analogues of
structure, in our cas®4 shows band-like conductivity and 4 with substituted perylene and terthiophene derivatives in
polaronic/bipolaronic delocalization as well for the p-doping order to further stabilize the HOMO level to obtain polymers
and for the n-doping. more stable toward oxidation and with appropriate LUMO

The UV—vis spectrum o#t (Figure 5, blue line) covers levels to allow efficient photoinduced electron transfer from
the whole UV—visible region. The spectrum shows the the polymer to fullerene derivative acceptors.

fingerprints of the peryleneamidine-imidg)(at ca. 500 nm )
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