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Amphiphiles consisting of a short rod-like aromatic core and
terminally and laterally attached chains incompatible with the
core and with each other have been shown to form a wide
range of novel liquid-crystal (LC) phases.[1,2] Most prominent
among them are honeycomb phases, an inverted version of
columnar phases in which the hard aromatic rods separate the
soft channels.[1,2] Bolaamphiphiles are one type of such LC-
forming compounds, having a biphenyl core, a polar group at
each end, and a nonpolar chain attached laterally.[1] The
purpose of the present work is twofold: 1) to investigate the
possibility of introducing significantly longer rod-like moi-
eties (in the oligomer range), thus scaling up the honeycomb
nanostructures and widening the scope of potential applica-
tions, and 2) to incorporate a building block with proven
electronic conductivity[3,4] to demonstrate that self-assembled
p-conjugated nanostructures of high complexity can be
produced with potentially superior electrical properties and
ease of alignment.

Herein, we present the first example of a honeycomb-like
structure involving p-conjugated oligothiophenes. Several
examples of thermotropic nematic, smectic,[5] and recently
also columnar organization of oligothiophene-based p-con-
jugated systems[6] have been reported. However, the self-
organized structures obtained in this way were still relatively
simple, restricted to layers and columns.[5–7] The structure
described herein is composed of cylinders with a large square
cross section, separated by p-conjugated walls. The com-
pound forming this arrangement was designed by combining a

rod-like oligothiophene core, two polar hydrogen-bonding
groups at the ends to provide a bolaamphiphilic structure, and
a number of lipophilic alkyl chains laterally attached to the
rod-like core.[8, 9] The length of the p-conjugated rod is about
three times that of the previous biphenyl-based bolaamphi-
philes, resulting in a substantial structural scale-up.

These new materials were synthesized by palladium-
catalyzed cross-coupling reactions[10] of a,a’-dibrominated
quaterthiophene 1 and glycerol-functionalized benzene bor-
onic acid 2,[1a] with subsequent deprotection of the diol groups
(Scheme 1). The final glycerol-functionalized oligothiophenes
4a–4c were purified by centrifugal TLC and subsequent

repeated crystallization (see the Supporting Information for
synthetic procedures and analytical data). Compounds 4a–c
were investigated by polarizing microscopy, differential
scanning calorimetry (DSC), and X-ray diffraction. As
summarized in Table 1, compound 4a with two dodecyl
chains shows an enantiotropic liquid-crystalline phase,
whereas compound 4b with two additional methyl groups in
the periphery shows only a monotropic (metastable) meso-
phase on cooling from the isotropic melt. Compound 4c, in
which the methyl groups are replaced by longer hexyl groups,
is not liquid-crystalline. This finding indicates that these
peripheral chains inhibit LC phase formation, probably by
disturbing hydrogen bonding between the polar groups.

The following discussion is focused on the liquid-crystal-
line compound 4a. Upon cooling this compound from the
isotropic liquid state, a transition to a birefringent fluid phase
can be observed. The melting point is 130 8C and the
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transition to the isotropic liquid takes place at 151 8C (for
DSC traces, see Figure S1c in the Supporting Information). In
the temperature range of the liquid-crystalline phase, a
spherulitic texture typical for columnar phases can be
observed between crossed polarizers (Figure 1a). In addition
to the birefringent texture, large optically isotropic regions
can also be observed (Figure 1b). These findings indicate an
optically uniaxial LC phase, which could be either a
hexagonal or a square columnar phase.

The X-ray powder diffraction pattern is shown in Figure 2
(see also Figure S2 in the Supporting Information). The wide-
angle scattering is diffuse and has its maximum at d= 0.48 nm,
which confirms the liquid-crystalline nature of this phase. In
the small-angle region, two intense peaks corresponding to
distances d= 3.52 and 2.49 nm and an additional weak peak
corresponding to d= 1.77 nm were observed. These peaks can
be indexed to the (10), (11), and (20) reflections of a square
lattice with p4mm plane group symmetry and a lattice
parameter asqu = 3.5 nm. This lattice parameter corresponds
to the length L of the molecule 4ameasured between the two
diol groups, which is between L= 3.3 and 3.7 nm, depending

on the conformation. Taking this value into account, it is
reasonable to assume that the rigid rod-like oligothiophene
moieties self-assemble into a honeycomb-like network with a
square cross section of the cells. As shown in Figure 3a, the
oligothiophene cores form the cylinder walls, which are fused
together by the hydrogen-bonding networks at the termini,
thus forming distinct columns running parallel to the edges.
The hydrogen-bonding networks within these columns give
rise to the formation of the square net structure, but they also
provide the attractive forces with a component parallel to the
columns, thus leading to the cylinder structure. The interior of
the square cells is filled with the lateral dodecyl chains. The
number of molecules in the unit cell, assuming a thickness of
0.48 nm (corresponding to the maximum of the diffuse wide-
angle scattering) was calculated as n= 4 on average. Accord-
ingly, the thickness of the partitioning walls amounts to
approximately two aromatic cores.

This model is in complete agreement with the recon-
structed electron density map shown in Figure 3b, which was
obtained from the intensities of the three small-angle
reflections measured from the high-resolution powder pattern
obtained with a synchrotron source (see inset in Figure 2).
The intensities and a description of the electron-density
reconstruction procedure are given in the Supporting Infor-
mation. The map clearly shows the square cross section of the
regions with lowest electron density (red), representing the
central alkyl columns, and a higher electron density for the
square frames around these columns, formed by the aromatic
cores and the diol groups. Consistent with the model, the
electron density is the highest (purple) in the middle of the
cylinder walls where the electron-rich sulfur atoms of the
thiophene rings are located. The hydrogen-bonding networks
of the diol groups provide an intermediate electron density
(blue) at the edges.

The above results confirm that it is possible to construct
complex self-organized superstructures by appropriate
molecular design of extended p-conjugated rods. Though
liquid-crystalline cylinder phases were recently reported for
bolaamphiphilic biphenyl derivatives[1] and facial amphiphilic

Table 1: Liquid-Crystalline Behavior of Compounds 4a–c.

Compd R Phase transitions[a]

4a H Cr 130 (31.5) Colsqu/p4mm 151 (3.4) Iso
4b CH3 Cr 122 (46.8) (M 109 (0.5))[b] Iso
4c C6H13 Cr 126 (35.4) Iso

[a] Transition temperatures (T [8C]) and transition enthalpy values
(DH [kJmol�1] , in parentheses) as determined by DSC (peak temper-
atures in the second heating scan) at a scanning rate of 10 Kmin�1;
abbreviations: Cr=crystalline solid, Colsqu/p4mm =square columnar
liquid-crystalline phase with plane group p4mm, M=unknown meso-
phase, Iso= isotropic liquid; [b] monotropic mesophase, observed only
on cooling.

Figure 1. Polarized optical photomicrographs of the Colsqu phase of
compound 4a at 140 8C as seen between crossed polarizers (a color
version is shown in Figures S1a and b in the Supporting Information);
dark areas, especially visible in (b), represent homeotropically aligned
regions in which the orientation of the long cylinder axes is uniform
and perpendicular to the substrate surfaces.

Figure 2. X-ray powder diffraction pattern of compound 4a at 135 8C.
The inset shows the high-resolution powder pattern obtained with a
synchrotron source.
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terphenyl derivatives with only one lateral chain,[2] the work
reported herein has shown that this concept can be success-
fully extended to much larger rod-like cores and to molecules
with more than one lateral chain. These results open new
possibilities for the directed self-assembly of p-conjugated
organic materials into complex superstructures, which are
potentially useful for the design of functional devices by
liquid-crystal self-assembly. In this respect, it is interesting to
note that the direction of these cylinders with respect to the
surfaces can be tailored by modification of the surface
properties of the substrate, as is common in LC display
technology. The observation of completely dark areas with
relatively large size by polarized microscopy (Figure 1b)
indicates that in these regions the cylinder networks adopt a
uniform alignment with the cylinder long axes aligned
perpendicular to the surfaces, potentially providing a con-
ducting path between the surfaces. In the bright texture, seen
in Figure 1a, there is a preferred alignment of the cylinders
parallel to the surfaces; such a configuration is required for
applications in field-effect transistors.[7b] Future work will

focus on exploring the electronic properties of the LC phases
of these p-conjugated LC materials and the crystalline phases
developing below the LC transitions, which is of interest for
their potential use in self-organized organic electronic
devices.

Received: April 11, 2007
Revised: August 9, 2007
Published online: September 4, 2007

.Keywords: liquid crystals · molecular electronics ·
oligothiophenes · self-assembly · X-ray diffraction

[1] a) M. K?lbel, T. Beyersdorff, X. H. Cheng, C. Tschierske, J.
Kain, S. Diele, J. Am. Chem. Soc. 2001, 123, 6809 – 6818; b) X. H.
Cheng, M. Prehm,M. K. Das, J. Kain, U. Baumeister, S. Diele, D.
Leine, A. Blume, C. Tschierske, J. Am. Chem. Soc. 2003, 125,
10977 – 10996; c) X. H. Cheng, M. K. Das, U. Baumeister, S.
Diele, C. Tschierske, J. Am. Chem. Soc. 2004, 126, 12930 – 12940;
d) X. H. Cheng, M. K. Das, S. Diele, C. Tschierske, Angew.
Chem. 2002, 114, 4203 – 4207; Angew. Chem. Int. Ed. 2002, 41,
4031 – 4035.

[2] a) B. Chen, U. Baumeister, S. Diele, M. K. Das, X. Zeng, G.
Ungar, C. Tschierske, J. Am. Chem. Soc. 2004, 126, 8608 – 8609;
b) B. Chen, X. B. Zeng, U. Baumeister, S. Diele, G. Ungar, C.
Tschierske, Angew. Chem. 2004, 116, 4621 – 4625;Angew. Chem.
Int. Ed. 2004, 43, 4721 – 4725; c) B. Chen, X. B. Zeng, U.
Baumeister, G. Ungar, C. Tschierske, Science 2005, 307, 96 –
99; d) B. Chen, U. Baumeister, G. Pelzl, M. K. Das, X. B.
Zeng, G. Ungar, C. Tschierske, J. Am. Chem. Soc. 2005, 127,
16578 – 16591.

[3] a) E. Mena-Osteritz, Adv. Mater. 2002, 14, 609 – 616; b) A. P. H.
Schenning, E. W. Meijer, Chem. Commun. 2005, 3245 – 3258.

[4] B. W. Messmore, J. F. Hulvat, E. D. Sone, S. I. Stupp, J. Am.
Chem. Soc. 2004, 126, 14452 – 14458.

[5] a) R. Azumi, G. G?tz, P. BFuerle, Synth. Met. 1999, 101, 544 –
545; b) T. Yamada, R. Azumi, H. Tachibana, H. Sakai, M. Abe, P.
BFuerle, M. Matsumoto, Chem. Lett. 2001, 1022 – 1023; c) B.-H.
Huisman, J. J. P. Valeton, W. Nijssen, J. Lub, W. Ten Hoeve,Adv.
Mater. 2003, 15, 2002 – 2005; d) I. McCulloch, W. Zhang, M.
Heeney, C. Bailey, M. Giles, D. Graham, M. Shkunov, D.
Sparrowe, S. Tierney, J. Mater. Chem. 2003, 13, 2436 – 2444; e) M.
Halik, H. Klauk, U. Zschieschang, G. Schmid, S. A. Ponomar-
enko, S. Kirchmeyer, W. Weber, Adv. Mater. 2003, 15, 917 – 922;
f) H.-F. Hsu, S.-J. Chien, H.-H. Chen, C.-H. Chen, L.-Y. Huang,
C.-H. Kuo, K.-J. Chen, C. W. Ong, K.-T. Wong, Liq. Cryst. 2005,
32, 683 – 689; g) M. Funahashi, J. Hanna, Adv. Mater. 2005, 17,
594 – 598; h) A. R. Murphy, P. C. Chang, P. VanDyke, J. Liu,
J. M. J. Frechet, V. Subramanian, D. M. DeLongchamp, S.
Sambasivan, D. A. Fischer, E. K. Lin, Chem. Mater. 2005, 17,
6033 – 6041; i) A. J. J. M. vanBreemen, P. T. Herwig, C. H. T.
Chlon, J. Sweelssen, H. F. M. Schoo, S. Setayesh, W. M. Harde-
man, C. A. Martin, D. M. de Leeuw, J. J. P. Valeton, C. W. M.
Bastiaansen, D. J. Broer, A. R. Popa-Merticaru, S. C. J. Meskers,
J. Am. Chem. Soc. 2006, 128, 2336 – 2345; j) J. Leroy, J. Levin, S.
Sergeyev, Y. Geerts, Chem. Lett. 2006, 35, 166 – 167; k) H. Wada,
T. Taguchi, M. Goto, T. Kambayashi, T. Mori, K. Ishikawa, H.
Takezoe, Chem. Lett. 2006, 35, 280 – 281; l) M. Kimura, T.
Yasuda, K. Kishimoto, G. G?tz, P. BFuerle, T. Kato, Chem. Lett.
2006, 35, 1150 – 1151; m) P. G. A. Janssen, M. Pouderoijen,
A. J. J. M. van Breemen, P. T. Herwig, G. Koeckelberghs, A. R.
Popa-Merticaru, S. C. J. Meskers, J. J. P. Valeton, E. W. Meijer,
A. P. H. J. Schenning, J. Mater. Chem. 2006, 16, 4335 – 4342;
n) M. Funahashi, N. Tamaoki, ChemPhysChem 2006, 7, 1193 –
1197; o) K. L. Woon, M. P. Aldred, P. Vlachos, G. H. Mehl, T.

Figure 3. a) Organization of compound 4a in the Colsqu/p4mm phase;
white=cylinders of the alkyl chains; blue=hydrogen-bonding net-
works; gray=aromatic cores. b) Reconstructed electron density map;
four unit cells are shown. Density regions: high (pink)= thiophenes;
medium (blue)=polar regions; low (green-yellow-red)=aliphatic
regions. c) A snapshot of the molecular dynamics simulation of the
structure viewed down the column axis for easy comparison with (b).
Color coding (brown=alkyl chains, blue=2,3-dihydroxypropyloxy
groups, purple=aromatic cores) is similar to the ascending order of
expected electron densities using the color scale in (b); for details of
the simulation see the Supporting Information.

Communications

7858 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 7856 –7859

http://dx.doi.org/10.1021/ja036213g
http://dx.doi.org/10.1021/ja036213g
http://dx.doi.org/10.1021/ja048224v
http://dx.doi.org/10.1002/1521-3757&TRfuge1;(20021104)114:21%3C4203::AID-ANGE4203%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3757&TRfuge1;(20021104)114:21%3C4203::AID-ANGE4203%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773&TRfuge1;(20021104)41:21%3C4031::AID-ANIE4031%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773&TRfuge1;(20021104)41:21%3C4031::AID-ANIE4031%3E3.0.CO;2-5
http://dx.doi.org/10.1021/ja0480015
http://dx.doi.org/10.1126/science.1105612
http://dx.doi.org/10.1126/science.1105612
http://dx.doi.org/10.1021/ja0535357
http://dx.doi.org/10.1021/ja0535357
http://dx.doi.org/10.1002/1521-4095&TRfuge1;(20020418)14:8%3C609::AID-ADMA609%3E3.0.CO;2-7
http://dx.doi.org/10.1039/b501804h
http://dx.doi.org/10.1021/ja049325w
http://dx.doi.org/10.1021/ja049325w
http://dx.doi.org/10.1016/S0379-6779(98)00762-0
http://dx.doi.org/10.1016/S0379-6779(98)00762-0
http://dx.doi.org/10.1246/cl.2001.1022
http://dx.doi.org/10.1002/adma.200305245
http://dx.doi.org/10.1002/adma.200305245
http://dx.doi.org/10.1039/b307764k
http://dx.doi.org/10.1002/adma.200304654
http://dx.doi.org/10.1080/02678290500125863
http://dx.doi.org/10.1080/02678290500125863
http://dx.doi.org/10.1002/adma.200401274
http://dx.doi.org/10.1002/adma.200401274
http://dx.doi.org/10.1021/cm0515350
http://dx.doi.org/10.1021/cm0515350
http://dx.doi.org/10.1021/ja055337l
http://dx.doi.org/10.1246/cl.2006.166
http://dx.doi.org/10.1246/cl.2006.280
http://dx.doi.org/10.1246/cl.2006.1150
http://dx.doi.org/10.1246/cl.2006.1150
http://dx.doi.org/10.1039/b608441a
http://dx.doi.org/10.1002/cphc.200500712
http://dx.doi.org/10.1002/cphc.200500712
http://www.angewandte.org


Stirner, S. M. Kelly, M. OJNeill, Chem. Mater. 2006, 18, 2311 –
2317; p) A. DellJAquila, P. Mastrorilli, C. F. Nobile, G. Roma-
nazzi, G. P. Suranna, L. Torsi, M. C. Tanese, D. Acierno, E.
Amendolae, P. Morale, J. Mater. Chem. 2006, 16, 1183 – 1191;
q) S. A. Ponomarenko, S. Kirchmeyer, A. Elschner, N. M.
Alpatova, M. Halik, H. Klauk, U. Zschieschang, G. Schmid,
Chem. Mater. 2006, 18, 579 – 586; r) M. Melucci, G. Barbarella,
M. Zambianchi, P. Di Pietro, A. Bongini, J. Org. Chem. 2004, 69,
4821 – 4828; s) S. Westenhoff, A. Abrusci, W. J. Feast, O. Henze,
A. F. M. Kilbinger, A. P. H. J. Schenning, C. Silva, Adv. Mater.
2006, 18, 1281 – 1285.

[6] T. Yasuda, K. Kishimoto, T. Kato, Chem. Commun. 2006, 3399 –
3401.

[7] Columnar phases of p-conjugated disc-like molecules: a) D.
Adam, P. Schuhmacher, J. Simmerer, L. HFussling, K. Siemen-
smeyer, Nature 1994, 371, 141 – 143; b) C. D. Simpson, J. Wu,
M. D. Watson, K. MKllen, J. Mater. Chem. 2004, 14, 494 – 504;
c) M. Kastler, W. Pisula, F. Laquai, A. Kumar, R. J. Davies, S.
Baluschev, M.-C. Garcia-GutiLrrez, D. Wasserfallen, H.-J. Butt,
C. Riekel, G. Wegner, K. MKllen, Adv. Mater. 2006, 18, 2255 –
2259; d) F. WKrthner, C. Thalacker, S. Diele, C. Tschierske,
Chem. Eur. J. 2001, 7, 2245 – 2253.

[8] Amphiphilic thiophenes: a) N. Reitzel, D. R. Greve, K. Kjaer,
P. B. Howes, M. Jayaraman, S. Savoy, R. D. McCullough, J. T.
McDevitt, T. Bjørnholm, J. Am. Chem. Soc. 2000, 122, 5788 –
5800; b) B. deBoer, P. F. van Hutten, L. Ouali, V. Grayer, G.
Hadziioannou, Macromolecules 2002, 35, 6883 – 6892; c) O.
Henze, W. J. Feast, J. Mater. Chem. 2003, 13, 1274 – 1278; d) S.
Kirchmeyer, L. Brassat, A. Mourran, M. Moeller, S. Setayesh, D.
de Leeuw, Chem. Mater. 2006, 18, 4101 – 4108; e) L. Li, D. M.
Collard, Macromolecules 2006, 39, 6092 – 6097.

[9] Examples of oligothiophenes with lateral chains: a) E. Mena-
Osteritz, A. Meyer, B. M. W. Langeveld-Voss, R. A. J. Janssen,
E. W. Meijer, P. BFuerle, Angew. Chem. 2000, 112, 2791 – 2796;
Angew. Chem. Int. Ed. 2000, 39, 2679 – 2684; b) J. Kowalik, L. M.
Tolbert, S. Narayan, A. S. Abhiraman,Macromolecules 2001, 34,
5471 – 5479; c) R. S. Loewe, P. C. Ewbank, J. Liu, L. Zhai, R. D.
McCullough, Macromolecules 2001, 34, 4324 – 4333; d) A. Fac-
chetti, M.-H. Yoon, C. L. Stern, G. R. Hutchison, M. A. Ratner,
T. J. Marks, J. Am. Chem. Soc. 2004, 126, 13480 – 13501.

[10] N. Miyaura in Cross-Coupling Reactions—A Practical Guide,
Topics in Current Chemistry, Vol. 219 (Ed.: N. Miyaura),
Springer, Berlin, 2002, p. 11 – 59.

Angewandte
Chemie

7859Angew. Chem. Int. Ed. 2007, 46, 7856 –7859 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/cm0601335
http://dx.doi.org/10.1021/cm0601335
http://dx.doi.org/10.1039/b515583e
http://dx.doi.org/10.1021/cm052210m
http://dx.doi.org/10.1021/jo035723q
http://dx.doi.org/10.1021/jo035723q
http://dx.doi.org/10.1002/adma.200502134
http://dx.doi.org/10.1002/adma.200502134
http://dx.doi.org/10.1039/b606144c
http://dx.doi.org/10.1039/b606144c
http://dx.doi.org/10.1038/371141a0
http://dx.doi.org/10.1039/b312789c
http://dx.doi.org/10.1002/adma.200601177
http://dx.doi.org/10.1002/adma.200601177
http://dx.doi.org/10.1002/1521-3765&TRfuge1;(20010518)7:10%3C2245::AID-CHEM2245%3E3.0.CO;2-W
http://dx.doi.org/10.1021/ja9924501
http://dx.doi.org/10.1021/ja9924501
http://dx.doi.org/10.1021/ma011591w
http://dx.doi.org/10.1039/b212382g
http://dx.doi.org/10.1021/ma052738c
http://dx.doi.org/10.1002/1521-3757&TRfuge1;(20000804)112:15%3C2791::AID-ANGE2791%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3773&TRfuge1;(20000804)39:15%3C2679::AID-ANIE2679%3E3.0.CO;2-2
http://dx.doi.org/10.1021/ma002056j
http://dx.doi.org/10.1021/ma002056j
http://dx.doi.org/10.1021/ma001677&TR_opa;+&TR_ope;
http://dx.doi.org/10.1021/ja048988a
http://www.angewandte.org

