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The synthesis of organic semiconductors has been exten-
sively developed in recent years due to the opportunity to
fabricate low-cost and/or large-area electronic components.1

Among them, ladder π-conjugated oligomers are regarded as
promising materials due to their rigid coplanar structures and
enhanced π-conjugation, which lead to a set of desirable
properties, such as intense luminescence, high carrier mobility
and environmental stability.2-5 We have recently developed
new approaches to prepare the fully ladder-type conjugated
oligomers utilizing the BBr3-promoted intramolecular cycli-
zation.6 This method features with its fast and quantitative
reaction to produce both electron-rich and electron-deficient
conjugated systems with rigid planar structure.

Another important development in the synthesis of π-
conjugated oligomers has been the utilization of donor-
acceptor (D-A) type architectures within the backbone. The
donor-acceptor systems cause partial intramolecular charge

transfer (ICT) that enables manipulation of the electronic
structure, leading to low band gap semiconductors with
relatively high charge carrier mobilities.7,8

In a fusion of these two concepts, we present herein the
synthesis of D-A alternating cooligomer 1 where the acceptor
is based on the ladder-type planar molecule prepared by the
BBr3-promoted lactonization and the alkylated thiophene is
used as a donor (Figure 1). The photophysical, electro-

Figure 1. Partially ladder-type molecule-based donor-acceptor
cooligomer 1.

Scheme 1. Synthesis of the partially ladder-type molecule-based donor-acceptor cooligomer 1.
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chemical and crystalline properties of this partially ladder-
type molecule-based donor acceptor cooligomer are further
described.

Synthesis of the donor-acceptor cooligomer is depicted in
Scheme 1.9 2-Bromo thiophene methyl ester 2 was first
cross-coupled with dimethoxy diboronic acid 3 under the
Suzuki condition to give the precursor of the ladder-type
acceptor 4. In order to increase the solubility of the laddery
acceptor, compound 4 was first brominated to 5 and cross-
coupled with dodecyl thiophene boronic ester 6 to give the
compound 7. This was then cyclized by BBr3-promoted
lactonization to afford compound 8, which was then bromi-
nated to 9 for further polymerization. Finally, Pd-catalyzed
Suzuki coupling reaction of 9 with bis(dodecyl thiophene)
boronic ester 10 led to the desired partially ladder-type
molecule-based D-A cooligomer 1.

The D-A oligomer 1 was readily soluble in most organic
solvents, and showed rather low molecular weight.10 TGA
analysis of oligomer 1 revealed thermal stability up to 300
oC, after which temperature it started to degrade. No charac-
teristic thermal transition was observed by DSC in the
temperature range between 0 oC and 300 oC, indicating that
structural ordering is not expected by thermal annealing.

The electronic properties of the D-A oligomer 1 were
investigated by both UV-Vis absorption and emission
spectroscopies both in solution and on film (Figure 2 and
Table 1). Absorption maxima, λmax, was observed at 490 nm
in a chloroform solution and a significant red shift by 60 nm
was observed on the film, indicating a well-ordered crystal-
line structure of the oligomer in its solid state. This was
further evidenced by the emission spectra where the strong
fluorescence of the oligomer 1 solution at 570 nm was
quenched in its solid state by the strong intramolecular
charge transfer within the molecule. An optical band gap of
1.9 eV was calculated from the onset absorption (660 nm) of
the oligomer film. The narrow band gap is indicative of the
efficient delocalization of π electrons, which is the result of
the extended π-conjugation and intra- and intermolecular
donor-acceptor interactions. The planar structure of the
laddery acceptor is another reason for the narrow band gap.

The electrochemical redox behaviors of the D-A cooligo-
mer 1 with its cast thin film were characterized by cyclic
voltametry (CV). The oxidation and reduction cyclic volt-
ammograms of 1 is shown in Figure 3 and summarized in
Table 1. 

The HOMO level (ionization potential) was calculated

Table 1. Optical and electrochemical properties of oligomer 1

Oligomer

UV-Vis absorption spectra Emission spectra CV

Solutiona

λmax (nm)

Film 

λmax (nm)

b

(eV)

Solutiona

λmax (nm)

Film

λmax (nm)

HOMO

(eV)

LUMO

(eV)

1 484 540 1.90 573 - -5.1 -3.2

aSolution: in chloroform. bEg
opt: optical bandgap estimated from the band edge (λonset) of the absorption spectra

Eg

opt

Figure 2. UV-Vis (a) and emission (b) spectra of the D-A
oligomer 1 in CHCl3 solution (dotted line) and on film (solid line).

Figure 3. Cyclic voltammograms of the D-A oligomer film 1
coated on ITO electrodes measured in acetonitrile containing 0.1
M tetrabutylammonium phosphate solution at a scan rate of 50
mV/s at room temperature.
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from the first oxidation onset via EHOMO = (Eox – onset(vs Ag/AgCl)

– Eox(Fc/Fc+ vs Ag/AgCl)).11 The estimated HOMO energy level of
oligomer 1 were −5.1 eV, indicating the stability of this
material at ambient conditions. The LUMO level (electron
affinity) was estimated by subtraction of the band gap
energy Eg from the HOMO level following ELUMO = EHOMO –
Eg, and was calculated as −3.2 eV. The small optical band
gap (1.9 eV) and broad absorption band suggest that the
oligomer 1 could be a useful material for photovoltaic and
thin film transistor applications.

In addition, the crystalline nature of the oligomer 1 was
estimated from the low angle X-ray diffraction (XRD)
analysis. The XRD pattern of thin film of 1, drop coated on
OTS modified silicon wafer, shows a sharp first order (1,0,0)
reflection peak at 2θ = 4.190, and the corresponding d
spacing was calculated by Bragg’s equation to be 21 Å
(Figure 4). Since the d spacing corresponds to the distance
between polymer main chains in a lamellar packing struc-
ture, the result suggests a crystalline and well-ordered
lamellar structure of the oligomer 1 in its solid state and thus
efficient intermolecular charge transport through the poly-
mer backbone is expected.

In conclusion, we have synthesized a thiophene-phenyl-
thiophene-based lactone by BBr3-promoted cyclization and
copolymerized with alkylated thiophene to produce partially
ladder-type D-A oligomer. A small band gap with a broad

absorption band and crystallinity of this oligomer would
make this new material attractive for various optoelectronic
applications.

Acknowledgments. This work was supported by the
National Research Foundation of Korea (NRF) grant funded
by the Korea government (MEST) (2009-0066062). Part of
this work was also supported by the research fund of
Incheon University in 2009.

References and Notes

  1. Gunes, S.; Neugebauer, H.; Sariciftci, N. S. Chem. Rev. 2007, 107,
1324.

  2. (a) Scherf, U. J. Mater. Chem. 1999, 9, 1853. (b) Scherf, U.;

Müllen, K. Makromol. Chem. Rapid Commun. 1991, 12, 489. (c)
Watson, M. D.; Fechtenkötter, A.; Müllen, K. Chem. Rev. 2001,

101, 1267. 

  3. (a) Agou, T.; Kobayashi, J.; Kawashima, T. Org. Lett. 2006, 8,
2241. (b) Xu, C.; Wakamiya, A.; Yamaguchi, S. J. Am. Chem.

Soc. 2005, 127, 1638. (c) Mishra, A. K.; Graf, M.; Grasse, F.;

Jacob, J.; List, R. J. W.; Müllen, K. Chem. Mater. 2006, 18, 2879.
(d) Chen, Z.; Amara, J. P.; Thomas, S. W., III.; Swager, T. M.

Macromolecules 2006, 39, 3202. (e) Jacob, J.; Sax, S.; Gaal, M.;

List, E. J. W.; Grimsdale, A. C.; Müllen, K. Macromolecules 2005,
38, 9933.

  4. (a) Brown, A. R.; Pomp, A.; de Leeuw, D. M.; Klaassen, D. B. M.;

Havinaga, E. E.; Herwig, P.; Müllen, K. J. Appl. Phys. 1996, 79,
2136. (b) Herwig, P. T.; Müllen, K. Adv. Mater. 1999, 11, 480. (c)

Vets, N.; Smet, M.; Dehaen, W. Tetrahedron Lett. 2004, 45, 7287.

(d) Uno, H.; Yamashita, Y.; Kikuchi, M.; Watanabe, H.; Yamada,
H.; Okujima, T.; Ogawa, T.; Ono, N. Tetrahedron Lett. 2005, 46,

1981. (e) Weidkamp, K. P.; Afzali, A.; Tromp, R. M.; Hamers, R.

J. J. Am. Chem. Soc. 2004, 126, 12740.

  5. (a) Cheng, Y.-J.; Yang, S.-H.; Hsu, C.-S. Chem. Rev. 2009, 109,
5868. (b) Zheng, Q.; Jung, B. J.; Sun, J.; Katz, H. E. J. Am. Chem.

Soc. 2010, 132, 5394. (c) Li, C.; Liu, M.; Pschirer, N. G.;

Baumgarten, M.; Müllen, K. Chem. Rev. 2010, 110, 6817.
  6. (a) Kim, I.; Kim, T.-H.; Kang, Y.; Lim, Y.-B. Tetrahedron Lett.

2006, 47, 8689. (b) Kim, I.; Yoo, M.; Kim, T.-H. Tetrahedron

2007, 63, 9476. (c) Lee, M. G.; Hahn, S.-J.; Poduval, M. K. K.;
Kim, T.-H. Bull. Korean Chem. Soc. 2011, 32, 2776.

  7. (a) Pron, A.; Gawrys, P.; Zagorska, M.; Djurado, D.; Demadrille,

R. Chem. Soc. Rev. 2010, 39, 2577. (b) Zhu, Y.; Kulkarni, A. P.;
Wu, P.-T.; Jenekhe, S. A. Chem. Mater. 2008, 20, 4200.

  8. (a) Bredas, J.-L.; Norton, J. E.; Cornil, J.; Coropceanu, V. Acc.

Chem. Res. 2009, 42, 1691. (b) Zaumseil, J.; Donley, C. L.; Kim,
J. S.; Friend, R. H.; Sirringhaus, H. Adv. Mater. 2006, 18, 2708.

  9. See Supporting Information for details

10. The GPC analysis of the oligomer 1 revealed molecular weights
of Mn = 4.9 × 103 and Mw = 6.6 × 103, respectively.

11. Ferrocenium/ferrocene (Fc+/Fc) redox couple with a potential of

4.80 eV relative to vacuum as the reference potential was used. 

Scheme 4. X-ray diffraction pattern of the oligomer thin film (10
mg/mL in chloroform) drop coated on OTS modified silicon
wafer. d-spacing was calculated by using Bragg’s equation, nλ =
2dsinθ.


