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Controlling the organization of organic semiconductors through a) g R=
nanoobject manipulation is highly desirable for device miniaturiza- ava
tion, but remains a challenging task. For different organic materials
it has already been shown that templating is one solution which
allows the creation of structures with nanoscopic dimensions.
For example, microporous inorganic templates can produce one-
dimensional arrays using alumina membranes having a well-defined
pore diametet. After the material is moldetbr solution deposited
into the pores, the inorganic template is carefully removed. The
resulting tubular nanoobjects possess a highly regular and well-
defined structur&.The structure of the objects can be controlled
by m_Od'fy!ng the geor_net”c conflngme_nt of the F_)O?eg-hls Figure 1. (a) Chemical structure df; spontaneous self-assemblyldirom
technique is an alternative to the fabrication of graphite nanotubes the isotropic state within a two millimeter thick capillary; (b) 2D-WAXS
and -rods, which are prepared by pyrolysis of the prealigned organic pattern of the isotropic phase and (c) after controlled cooling down to room
material within the pores. temperature. The schematic inset in parts b and c illustrates the supra-

Discotic liquid crystals are especially important for templating Melecular organization in the corresponding temperature.
applications because of their unique self-assembling propensity. This
results in highly ordered superstructures which can arrange on
interfaces face- and edge-on. Consequently, they have considerabl
potential as organic semiconduct8r§Vendorff et al. recently
reported the alignment of a triphenylene derivative from the melt
within pores of different sizes and determined an optimal pore
diameter for the orientatioh.

In this work, we present the spontaneous self-alignment of an
extended polycyclic aromatic hydrocarbon, namely a hme@-
hexabenzocoronene (HBQ)( within macro- and nanoscopic pore-
like templates by melt processing. The aromatic HBC core is 6-fold
substituted by long, branched 2-decyl-tetradecyh (@ alkyl side
chains which provide a low isotropization temperature of@g°
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fange orientation. The organization was identical along the entire
capillaries length. Reflections in the equatorial plane of the X-ray
pattern relate to a uniaxial orientation of the columns along the
capillary axis. Meanwhile the off-axis reflections are characteristic
of a tilted intracolumnar arrangement of the discs. This organization
was in strong accordance with the bulk order of mechanically
extruded filaments (Supporting Information, Figure S1). Because
of the considerable scaling difference between the capillaries
diameter and molecular length-scales, it was assumed that the
curvature effect of the capillary has no influence on the macroscopic
self-organization of the discs. Indeed, nucleation is probably initiated
During slow cooling from the melt, the compound forms large at the a_ir-material interface with crystallization proceeding anng
the capillary as the temperature further decreases. The resulting

spherulites, several hundred micrometers in size, with radially th | aradient leads to the final extraordi i blv of
oriented columnar structures and an edge-on molecular arrange- ermal gradient leads fo the final extraordinary sefl-assembly 0

ment%2 |t will be shown that this pronounced directional growth the column?rds;ru;:;ures over tlctnjﬂg-r?ngels. -Il—fh's orlerg)tlatlon effe(_:t
of the molecules is essential for successful nano- and macroscopic /@S SuPPOrted by the apparent directional self-assembly propensity

templating. In comparison to previously reported template-induced Ef 1(,1 atshobserved alre?d); 't?] thf_e stpherulllte grml;/t;]. on t?e other
alignment of triphenylene,it was possible to obtain a uniform and, the arrangement of the 1Irst monolayer at the surlace was

orientation ofl over even several centimeters. |bmportant fortth(;aflnt?;nal organlzatl_on. 'Tfs'm”a'f mt(_echar]:lzm h?s
In the first approachl was placed in a glass capillary with a een suggested for the macroscopic seft-organization of diScotics

diameter of two millimeters and heated to the isotropic phase. Two- during the fo_rmanon of homeotroplc phaéé_m our case, the first
dimensional wide-angle X-ray scattering (2D-WAXS) experiments molecu!es initially wetted the.caplllary wal! in an edge-on arrange-
confirmed that the material was molten, exhibiting isotropic .me”.t with respect_to the capillary wa_II as |IIustra_t(_ed schematically
scattering (the capillary was positioned vertical with its axis to the n Figure 1a_. During further _crystall!zatlon additional mo_Iecm_JIes
detector) (Figure 1b). After cooling to room temperature at a rate !ntera_\cted with _the_alrgady al_lgne_d discs at the_wall resulting in an
of 1 °C/min, the structure of the sample was reinvestigated by 2D- identical organization in the interior of the capillary.

WAXS. On this occasion, sharp and distinct reflections appeared di Totgvalluatevt\zs seg-lassemblly (:.n the nanos.ctalep, the p:rc&no(;mced
indicating both a high supramolecular order and pronounced long- . Irectional gro and low nucieation propensity-olas studie
in inorganic membranes possessing much smaller pore diameters

 Max-Planck-Institut fa Polymerforschung. (s;mple preparatlon is despnbed in the Supporting Information).
# European Synchrotron Radiation Facility. Using scanning electron mlcroscopy_(SEM), the membrane pores
8 Instituto de Estructura de la Materia. could be visualized before and after filling. These images revealed
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Figure 3. SEM images illustrating nanorods after the removal of the
inorganic template organized in (a) bundles and (b) single structures.
Figure 2. (a) Large-area X-ray diffraction in reflection mode of the

templated1 (the schematic drawing illustrates the orientation of the cannel (and thus of the curvature on the ramolecular order) wa
scattering vector with respect to the columnar and molecular organization us urvatu sup u was

at the pore wall); (b) synchrotron microfocus X-ray diffraction pattern Observed in this work, as reported for triphenylefeghis is the
recorded with a beam perpendicular to the pores with the aligned material; first example for the spontaneous self-assembly of a discotic system
the illustration displays the organization indicated by the X-ray pattern.  \hich occurs uniformly over such macroscopic dimensions. This

] ) opens a variety of potential applications. One possibility might be
that the pores were completely filled with the compound over the e introduction ofl as donor material into porous titanium dioxide
whole length (Supporting Information, Figure S2). for applications in photovoltaic cells. The aligned columnar struc-

X-ray diffraction allowed the degree of supramolecular order 10 yres might ensure an undisturbed charge carrier transport to the
be investigated within the nanopores after thermal processing. gectrodes after charge separattdn.

Figure 2a shows a large-area X-ray diffraction pattern collected in

a reflection geometry. One single distinct reflection appeared in  Acknowledgment. The authors acknowledge financial support
the diffractogram corresponding to a repetition distance of 0.49 nm. from the Deutsche Forschungsgemeinschaft (Schwerpunktpro-
This distance was related to the intracolumnar period of discotic gramm: Organische Feldeffekt-Transistoren) and the EU project
molecules tilted by ca. 45 The schematic drawing in Figure 2a NAIMO (Integrated Project Number NMP4-CT-2004-500355).
illustrates the parallel orientation of the scattering vector with respect M.K. thanks the Fonds der Chemischen Industrie for graduate
to the columnar axes. fellowships.

As an additional technique, microfocus synchrotron radiation
X-ray experiments (beam spot size at the focal position cax0.8
0.8 um?) were performed at the ID13 beamline (ESRF). The
synchrotron beam was carefully aligned perpendicular to the pore
channels and the 2D-WAXS patterns were recorded (Figure 2b).
The pattern was found to be identical to the one obtained from the
macroscopically organized material confirming the orientation of RET€Tences
the columnar structures along the membrane pores. Moreover, the (1) Hulteen, J. C.; Martin, C. Rl. Mater. Chem1997, 7, 1075-1087.
larger number of higher order reflections and their sharp, distinct (2) (&) Martin, C. R.Sciencel994 266 1961-1966. (b) Steinhart, M.;
shapes indicated an improved supramolecular ordef..oNo ‘J’f’;egﬂgi’ff;,ﬂ-G“e-;e,‘g’,’?j'fgg'igge‘gvgg‘fggg”1'9%-7?-' Nielsch, K.; Schilling,
misalignment of the columnar orientation could be observed from  (3) Moon, S. I.; McCarthy, T. IMacromolecule2003 36, 4253-4255.
the X-ray pattern confirming the perfection of the self-assembled  (4) Cepak, V. M.; Martin, C. RChem. Mater1999 11, 1363-1367.
structures. In contrast, the 2D-WAXS conducted in transmission (©) (S:Leérr]r??rltﬁt.'wé}j\zl\(l)%rlrips?q%sﬁi183'214?916' U.; Wendorff, J. HAngew.
(beam size ca. 1 mm) along the pores (and thus along the stacking () vin v. p.: Lu, v.; Gates, B.: Xia, Y. NJ. Am. Chem. So2001 123
axes) revealed only intercolumnar correlations and no reflections 8718-8729.
resultlng. from perIO.dICItIe.S between thg interacting molecules () g%)oérh,l_z"l\évou—'z%égh(gj'K@glt%niL,J'f MTU;BQI Ilf l#glgﬁneig-’ %ﬁé\:ﬁ,‘ m;teErt.i-
(Supporting Information, Figure S3). In principle, the curvature on 1996 8, 2109-2113. () Jeong, S.-H.: Lee, O.-K.: Lee, K.-H.; Oh, S. H.:

a much smaller dimension in comparison to the capillary could Park, C.-G.Chem. Mater200z 14, 1859-1862. _ _

have an additional effect on the order. However, it is more probable ®) r(%)e fé‘r”""l?'; Et';zbsa?chhlfhgﬁ?gi'nzg dﬁ'r'f‘m_e;’ﬂé ajfér'ﬁ,;gtsjr'g‘fég'z? 337'Je1me”3'
that, similar to the macroscopic alignment, a crystallization gradient 141-143. (b) Tracz, A.; Jeszka, J. K.; Watson, M. D.; Pisula, W.jlbhy
lads o the pronounced organization n the pores. _ s palols 13 A, Chom Sotood 25 Lo 1005, ¢ P .

To insulate the templated objects and to obtain nanorods H.; Pakula, T.; Mllen, K. Ady. Mater. 2005 17, 684-689. (d) lino, H.;
possessing the pronounced organization, the aluminum oxide mem- Takayashiki, Y.; Hanna, J.; Bushby, R. J.; HaarerAppl. Phys. Lett.
brane was carefully dissolved in an aqueous, dilute, cold sodium
hydroxide solution. This procedure was necessary because of the
_exothe_rmig reaction during the dis_solving process and the low K. Gosole. U Weder, C.. Wendorff, J. Hang Lett.2008 5, 429-
isotropization temperature df SEM images taken after the com- 434,
plete removal of the inorganic template depicted intact, organized (10) (a) Pisula, W.; Kastler, M.; Wasserfallen, D.; Pakula, Tl K. J.

Supporting Information Available: Experimental procedures, 2D-
WAXS patterns of the bulk material and of the membrane, and SEM
images of the membranes before and after filling. This material is
available free of charge via the Internet at http://pubs.acs.org.

1656-1664. (b) Steinhart, M.; Zimmermann, S.; @, P.; Schaper, A.

2005 87, 192105.
nanofibers of 1 (Figure 3). Because of the relatively large Am. Chem. S0c2004 126_8074-8075. (b) Kastler, M., Pisula, W.;

(9) (a) Steinhart, M.; Murano, S.; Schaper, A. K.; Ogawa, T.; Tsuji, M.;
Gosele, U.; Weder, C.; Wendorff, J. HAdv. Funct. Mater.2005 15,

deformability of the solid material (plastic crystalline phase) and

the waxy state at room temperature Ihfthe fibers arrange into

bundles of rods, possessing a length-to-thickness ratio which is too

high for them to be free-standing.
In conclusion, the extraordinary self-organizational capability of
1 allowed templating of the material macro- and nanoscopically,

accompanied by a high degree of long-range supramolecular

orientation. No significant effect of the diameter of the template
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