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The self-assembly behaviors and charge transport properties of cruciforms with anthracene
as one axis were studied. By changing one axis of these cruciforms, the assembly morpho-
logies of single crystal micro/nanostructures transferred from one dimension to three dimen-
sions. This morphology transformation was controlled by the intermolecular interactions
of cruciforms, which was proved by single crystal X-ray diffraction results and presented
a facile way to synthesize different dimensional micro/nanostructures through molecular
design. Field-effect transistors based on individual single crystal micro/nanostructure exhibited
high performance. These results suggested the potential applications of cruciform in organic

electronics.

Introduction

The morphological difference of micro- and nanosized
organic semiconductors, such as one-dimensional to
three-dimensional (ID to 3D) micro/nanostructures,
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usually brings bulky changes to properties and plays
an important role in organic electronics.'~2° Recently,
1D micro- and nanostructures have attracted much
attention, and great progress has been made.””'” How-
ever, due to the uncontrollability of intermolecular
interactions (;r—u interaction, C—H-« - -7t interaction,
hydrogen bond, van der Waals interaction, etc.) and
complexities of self-assembly process, morphology
control of organic micro/nanostructures is still a great
challenge and lags behind that of inorganic materials at
the current stage.'®™?° What is more, to tune the
assembly morphology of organic semiconductors by
molecular design is rarely reported, although it is very
helpful to understand the mystery of self-assembly and
is one of the superiorities of organic materials com-
pared with inorganic ones. Herein, using cruciforms as
candidates, we achieved the tuning of organic micro/
nanostructures from 1D to 3D by careful molecular
design.

Cruciforms are a family of materials that have two
distinct molecular axes with either similar or dissimilar
branches. They have received significant attention be-
cause of their unique shapes and properties and have been
used in sensors, nonlinear optical materials, and organic
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Scheme 1. Chemical Structures of Compounds BPEA 1a, BNEA
1b, and BTEA 1¢
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single layer device components, though their self-
assembly characteristics and applications in nanoelectro-
nics are rarely presented.?’ >’ The chemical structures of
the cruciforms used in our experiment were shown in
Scheme 1. In these cruciforms, anthracene was one axis,
and the other axis was formed through substitution on the
9,10-positions of anthracene (simulations have shown
that substitutions at the peri position of acenes could lead
to o stacking in crystals, which would facilitate charge
transport® %), Carbon—carbon triple bonds were
introduced to these cruciforms to erase the steric repul-
sion between two axes.’’ Experimental results showed
(1) these cruciforms were easy to form single crystal micro/
nanostructures via a simple solution drop-cast process;
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(i1) 1D to 3D micro/nanostructures were obtained, which
was tuned by changing one axis of the cruciforms and
presented a facile way to synthesize micro/nanostructures
with different dimensions; (iii) slipped 7— stacking was
observed in their single crystals; and (iv) OFETSs based on
individual micro/nanostructure of cruciforms exhibited
high performance (mobility up to 0.73 cm?/(V s) for
BPEA 1a, 0.52 cm?/(V s) for BNEA 1b, and on/off ratio
up to 10*—10° for both 1a and 1b).

Experimental Section

General Details. All chemicals and reagents were purchased
from commercial suppliers and used without further purifica-
tion unless otherwise noted. Cruciform la was synthesized
according to the literature.>® UV—vis spectra were recorded
on a Hitachi U-3010 spectrometer. Cyclic voltammograms were
obtained on a CHI660C analyzer in a conventional three-
electrode cell using a glassy carbon working electrode, a plati-
num wire counter electrode, and an Ag/AgCl reference elec-
trode. X-ray diffraction (XRD) measurements were carried
out in the reflection mode using a Rigaku raix Rapid IP
area detector X-ray diffraction system (Mo Ko radiation,
A = 0.71073 A). SEM images were performed on a Hitachi
S-4300 SE instrument. TEM images and SAED patterns were
carried out on a JEOL JEM-2011 instrument.

9,10-Bis(naphthalen-2-ylethynyl)anthracene (BNEA 1b). A
100 mL flask was charged with 9,10-dibromoanthracene (1.68 g,
5 mmol), copper iodide (115 mg, 0.6 mmol), Pd(P(Ph);),Cl,
(210 mg, 0.3 mmol), aqueous 2-aminoethanol (2 M, 20 mL),
and THF (30 mL) under N,. After the reaction mixture was
degassed three times, 2-naphthylacetylene (1.52 g, 10 mmol) was
added. The reaction solution was stirred overnight at 80 °C under
N, atmosphere. The aqueous layer was extracted with dichlor-
omethane. The combined organic layer was evaporated under
reduced pressure. The crude mixture was purified by recrystalliza-
tion from toluene to provide BNEA 1b as crystals (yield: 1.6 g,
67%). Mp: 263 °C. MS (EI) m/z: 478 [M *]. "H NMR (400 MHz,
CDCly): 8.79 (q, 4H), 8.31 (s, 2H), 7.82—7.95 (m, 8H), 7.70 (q,
4H), 7.56 (t, 4H). Anal. Caled for CsgH,y: C, 95.37; H, 4.63.
Found: C, 95.15; H, 4.64.

9,10-Bis(thiophen-2-ylethynyl)anthracene (BTEA 1c). BTEA
1c was prepared according to a procedure similar to that of 1b.
Yield: 61%. Mp: 276 °C. MS (EI) m/z: 390 [M*]. '"H NMR
(400 MHz, CDCl3): 8.62 (q, 4H), 7.65 (q, 4H), 7.51 (d, 2H), 7.42
(d,2H), 7.13 (t,2H). Anal. Calcd for CosH 4S,: C, 79.96; H, 3.61.
Found: C, 79.69; H, 3.67.

Device Fabrication and Electrical Characterization. The SiO»/
Si substrates used were heavily doped n-type Si wafer with
500 nm-thick SiO, layer and capacitance of 7.5 nF cm ™ 2. After
being rinsed with concentrated H,SO4/H-0O,, water, and iso-
propanol, they were modified with n-octodecyltrichlorosilane
(OTS). Before solution was drop cast, the substrates were rinsed
with hexane, chloroform and iso-propanol successively. Single
crystals of la—c¢ were grown directly onto the OTS-modified
Si0O,/Si substrates from chlorobenzene solutions (1 mg/mL).
FET devices were fabricated in situ by gluing Au films onto
single crystals as drain and source electrodes. Device character-
istics were obtained with a Keithley 4200 SCS and Micromani-
pulator 6150 probe station in a clean and shielded box at room
temperature in air.

(38) Swager, T. M.; Gil, C. J.; Wrighton, M. S. J. Phys. Chem. 1995, 99,
4886.
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Figure 1. (a) UV—visabsorption spectra, (b) cyclic voltammograms, and
(c) orbital levels of BPEA 1a, BNEA 1b, and BTEA 1lc.

Results and Discussion

The cruciforms were synthesized through modified
Sonogashira reaction in which stronger base aqueous
ethanolamine was used to replace trialkylamine.* All
cruciforms were soluble in normal solvents and could be
purified through recrystallization. They were totally char-
acterized by '"H NMR, MS, and elementary analyses.

The absorption spectra of la—c in dilute solution were
illustrated in Figure 1. According to the UV—vis spectra
(Figure 1a), the optical band gaps determined from the
initial absorption were 2.57, 2.50, and 2.49 eV for la—c,
respectively. Cyclic voltammograms of la—c showed
irreversible oxidation peaks in CH,Cl, solution
(Figure 1b). The highest occupied molecular orbital
(HOMO) energy levels of these compounds determined
at the onset oxidation potentials (using ferrocene
as internal standard substance) were —5.49, —5.49, and
—5.46 eV for la—c, respectively. The similar chemical
structures, band gaps, and HOMO/LUMO energy levels
(Figure Ic) of these cruciforms made it reasonable to
summarize the relationships among chemical structures,
molecular arrangements, morphologies, and properties.

With the concentration of BPEA 1a increasing, a new
peak at 310 nm (with a shoulder) was observed (see
Supporting Information). At the same time, the initial
absorption was red-shifted, and the absorptions peaks

(39) Ahmed, M. S. M.; Mori, A. Tetrahedron 2004, 60, 9977.
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became broader. Similar phenomena were observed for
BNEA 1b and BTEA 1c. The absorption—concentration
dependence suggested the strong intermolecular interac-
tions and good self-assembly characteristics of these
cruciforms. Figure 2a—c illustrated the scanning electron
microscopy (SEM) images of 1a—c self-assembled from
chlorobenzene (4 mg/mL) at the same experimental con-
dition using drop-cast method. BPEA 1a showed 1D
micro/nanometer wires with a diameter from hundreds
nanometers to several micrometers and length about
hundreds micrometers (Figure 2a), BNEA 1b formed
2D microribbons with a width about tens micrometers
and length from tens to hundreds micrometers
(Figure 2b), and BTEA 1c¢ displayed 3D polyhedron
morphology (Figure 2c¢). It is well-known that the assem-
bly morphologies of materials are controlled by their
intermolecular interactions. Such 1D to 3D morphology
transformation of these materials indicated the marked
changes of intermolecular interactions in la—c¢, which
could be proved by their single crystal diffraction results.

Single crystals of la—c qualified for X-ray diffraction
were grown by slow solvent evaporation. The single
crystals of la—c revealed all compounds had nearly
planar structures (The angle between the plane of anthra-
cene and that of the substituents was 0.26° for BPEA 1a,
10.35° for BNEA 1b, and 5.72° for BTEA 1¢, respec-
tively).** And they adopted herringbone packing in the
crystals, similar to that of anthracene*'** (see Supporting
Information). But different from anthracene at the same
time, w—u stacking was observed in these compounds.
This confirmed that the side substitutions facilitated 7—sm
stacking. Figure 3 showed the packing diagrams of 1la—c¢
along the w—m stacking direction. For BPEA 1a, the
herringbone angle was 80.5° and the t—u stacking dis-
tance was about 3.46 A. The 71—z overlap between one
BPEA molecule and its adjacent molecules was almost a
benzene ring (about 30% of the anthracene plane). Be-
sides the sw—o interactions, there were also C—H-: -z
interactions between BPEA and its four neighbor mole-
cules. As for BNEA 1b, the herringbone angle was 69.6°
and the m—u stacking distance was about 3.44 A. But
there was only about half a benzene ring’s 7— overlap
between one BNEA molecule and its adjacent molecules
(about 15% of the anthracene plane). Different with
BPEA, one BNEA molecule interacted with 10 neighbor
molecules through C—H- - -7 interactions. This might be
resulted from the extending st system, which gave more
opportunities to form C—H - - - interactions. For BTEA
1c, its packing was very different from those of BPEA and

(40) X-ray data for BPEA 1la: monochmc space group C2/le, D, =

1230 gem S, Z = 4, a = 22866(5) A, b = 53567(11) A,
16.9303) A, B = 99.723)°, V = 2043. 8(7) A3, X-ray data

for BNEA lb monoclini¢ space group P2/c, D, = 1.244 g cm 03
Z =2 a= 11787(2)A b = 59569(12)A ¢ = 18.334(4) A,
p = 97 17(3)°, = 1277.2(4) A3, X -ray data for BTEA lc:
orthorhombic space group Pbca, D, = 1.404 g em®, Z = 8,a =
16.508(3) A, b = 10.367(2) A, ¢ = 21 587(4) A, V = 3694. 2(13)A3
Details provided as Supporting Information.
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14,99.
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Figure 2. (a, b) SEM images, (d, ) TEM images, and (g, h) SAED patterns of an individual wire or ribbon of 1a,b. (a, d, g) BPEA 1a; (b, e, h) BNEA 1b.
(c) SEM image and (f, i) theoretically predicted growth morphologies of BTEA 1¢ single crystal.
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Figure 3. Left: Packing diagrams of BPEA 1a, BNEA 1b, and BTEA 1c. Right: Overlap between adjacent molecules (viewed perpendicularly to the plane of

anthracene). Protons are omitted for clarity.

BNEA. Two adjacent molecules of BTEA formed a dimer
due to the strong w—sm and S- - -S interactions (the 7—x
overlap and the distance between BTEA molecules in a
dimer were two and a half benzene rings (about 83% of
the anthracene plane) and 3.51 A, respectively). Although
BTEA exhibited much larger 7—s overlap than those of
BPEA and BNEA, there was no w— stacking between

any two dimers. We attributed this different arrangement
to the disorder of the S atom positions and the more
complex intermolecular interactions (every BTEA mole-
cule interacted with 12 molecules through short contacts
(mr—m, C—H---m, and S---S interactions)). From the
crystal structures of BTEA, BNEA, and BPEA, the
molecular arrangements suggested a tendency that a
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Figure 4. (a, b) the SEM images of an example device based on an individual single crystal of 1a,b; (c, d) their corresponding transfer curve in the saturate
regime at a constant source-drain voltage of 30 V and square root of the absolute value of the current as a function of the gate voltage; (e, f') output curves at
different gage voltages; and (g, h) mobilities distribution. (a, ¢, e, g) BPEA 1a; (b, d, f, h) BNEA 1b.

long-range w— interaction emerged and became dom-
inating gradually in the crystals, and this tendency might
be the reason that the assembly morphologies of BTEA,
BNEA, and BPEA transformed from 3D to 1D according
to the preferred orientation crystal growth mechanism.
Transmission electron microscopy (TEM) images and
their corresponding selected area electron diffraction
(SAED) patterns of an individual micro/nanostructure
of BPEA and BNEA are showed in Figure 2d.e,g.h,
respectively. No change was observed in the different
parts of an individual wire or ribbon, indicating that
the whole wire or ribbon was a single crystal. Both
compounds grew along the [010] (7— stacking) direc-
tion, which fit very well with the theoretical calculated
results (using the Bravais—Friedel—Donnay—Harker
(BFDH) method).**** As a result of the thickness of
BTEA, its TEM and SAED patterns could not be ob-
tained. The theoretical predicted BFDH morphology of
BTEA is presented (Figure 2f,i). We could see it was nicely

(43) Donnay, J. D. H.; Harker, D. Am. Mineral. 1937, 22, 446.
(44) Beyer, T.; Day, G. M.; Price, S. L. J. Am. Chem. Soc. 2001, 123,
5086.

consistent with the SEM image (Figure 2¢) on the visible
shape (Figure 2f) and relative angles (Figure 2i). This
consistency suggested that the micro/nanosized crystals
of BTEA adopted the same molecular arrangements with
the single crystal structure. The SAED data together with
BFDH results further proved that the assembly morphol-
ogies of la—c¢ were determined by their molecular inter-
actions, and the self-assembly mechanism was preferred
orientation crystal growth mechanism

The charge transport properties of la—c¢ were exam-
ined to study their potential applications in OFETs. First,
single crystal micro/nanometer wires or ribbons were
grown directly on n-octadecyltrichlorosilane (OTS) trea-
ted SiO,/Si substrates via drop casting from chloroben-
zene solutions. Then transistors were fabricated in situ by
gluing Au films onto these micro/nanometer wires or
ribbons as source-drain electrodes.*>*® And the channel
was formed simultaneously, along with the lengths about
several tens of micrometers and the width depending on

(45) Tang, Q.; Tong, Y.; Li, H.; Hu, W. Appl. Phys. Lett. 2008, 92,
083309.

(46) Tang, Q.; Tong, Y.; Ji, Z.; Li, H.; Hu, W.; Liu, Y.; Zhu, D. Adv.
Mater. 2008, 20, 1511.
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the wires or ribbons themselves. Figure 4 showed the
SEM images of an individual micro/nanometer wire and
ribbon transistors and their corresponding device char-
acteristics of BPEA and BNEA. More than 30 devices
were tested for both BPEA 1a and BNEA 1b, and all
devices exhibited p-type FET properties under ambient
conditions. The mobilities were in the range of 0.03 to
0.73 cm?/(V s) for 1a and 0.01 to 0.52 cm?/(V s) for 1b,
respectively. Statistical results showed more than 70%
devices of BPEA exhibited mobilities higher than 0.2 cm?/
(V s), while the data for BNEA was only about 20%
(Figure 4g—h). The mobilities based on selected thin
crystals of BTEA 1c¢ (107> cm?/(V s)) were much lower
than those of 1a,b because of its thickness and disrupted &
stacking which hindered charge transport. The device
performance (mobility decreased in the sequence of
BPEA, BNEA, and BTEA) together with crystal growth
of BPEA and BNEA along m—mx stacking direction
indicated the strong effect of w—s interactions to the
morphology and mobility.

Conclusion

In summary, nearly planar cruciform organic semi-
conductors were synthesized, and their self-assembly

Chem. Mater., Vol. 21, No. 13, 2009 2845

properties were studied. Morphology tune of single crys-
tal micro/nanostructures from 1D to 3D was facilely
achieved by changing one axis of these cruciforms. From
BTEA and BNEA to BPEA, the molecular arrangements
suggested that a long-range 71— interaction tended to
emerge and become dominating gradually in the crystals,
and this tendency was the reason that led to a 3D to 1D
assembly morphology transformation. Single crystal
field-effect transistors based on individual micro/nan-
ometer-sized wire/ribbon were fabricated and exhibited
high performance. All these results suggested the signifi-
cant roles of intermolecular interactions in morphology
control and the potential applications of cruciforms in
organic electronics.
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