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Ambipolar organic semiconductors are considered promising for organic electronics because

of their unusual electric properties, but many hurdles remain before they can be used for

practical applications, especially because their orientation is hard to control. Here, we

demonstrate a method to control the orientation of columnar structures, based on a hydrogen

(H)-bonded donor-acceptor complex between a star-shaped tris(triazolyl)triazine and

triphenylene-containing benzoic acid, using physicochemical nanoconfinement. The

molecular configuration and supramolecular columnar assemblies in a one-dimensional

porous anodic aluminium oxide (AAO) film were dramatically modulated by controlling the

1



pore-size and by chemical modification of the inner surface of the porous AAO film. In situ
experiments using grazing-incidence X-ray diffraction (GIXRD) were carried out to
investigate the structural evolution produced at the nanometer scale by varying
physicochemical conditions. The resulting highly ordered nanostructures may open a new

pathway to effectively control the alignment of liquid crystal ambipolar semiconductors.

Introduction

The two most important parameters of organic semi-conductors in electronic devices are
the high crystallinity!"* and orientation®*> of the active layer. Extensive studies have
consequently investigated the relationship between charge carrier mobility and the stacking
sequence of the active layer,[®’! which is commonly known as the pi-orbital overlap
phenomena. Pentacene, whose aromatic moieties are used as the active layer, is a
representative material for studying this relationship.[®*! However, the lack of tools to control
the fine orientation of pentacene molecules hinders the use of this ideal semiconductor
material in practical organic electronics. To solve the orientation problem, studies have
focused on aromatics containing molecules with aliphatic spacer groups, to induce segregated
self-assembly in columnar structures,!®!!! where disc-like molecules that have aromatic
moieties and alkyl tails are closely stacked together. These structures exhibit high charge
carrier mobility along the columnar axis. Previous studies dealing with discotic molecules
have shown that, usually, either an electron or hole is individually transported %, although
both electron and hole transport layers are required for the p-n junction, which is essential for

organic electronics.!' 12!

As a result, it has been necessary to develop ambipolar organic semiconductors that can
transport both electrons and holes simultaneously. In a recent study on the use of columnar
liquid crystals in organic electronics, the synthetic homologues showed good properties for
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both electron and hole mobility by using a combined supramolecular/columnar liquid crystal
approach; specifically, donor-acceptor supramolecules formed by H-bonding a star-shaped
tris(triazolyl)triazine acceptor to three triphenylene-derived donors.'3 In that work, the
orientation of the columnar structures could not be controlled in a large area because of the
lack of long range order, ! although there reported some successes with columnar structures

of common discotic liquid crystals. To control the orientation of ambipolar discotic

15-19] [20-22

molecules,! conventional alignment methods such as surface treatment, I mechanical

[23-25

shearing, I'and rubbed polymer layer!?®?"! cannot uniaxially guide the columnar structures.

(28-32] has emerged as a powerful tool, and is useful to

To solve this problem, nanoconfinement
generate well-orient supramolecular structures in various kinds of organic materials. Porous
anodic aluminum oxide (AAO) nanochannels!*’! are used to maximize the surface anchoring
effect on the molecules because these confined geometries can have a very high
surface/volume ratio. In addition, a self-assembled monolayer (SAM) can be used to modify

the surface energy of the inner surface of the nanochannel, providing an additional effort to

control the orientation of the organic molecules.

In the present work, we employ the physicochemical nanoconfinement approach using
AAO nanochannels and SAM to obtain uniaxially oriented columns made of a hydrogen (H)-
bonded donor-acceptor complex. Grazing incidence X-ray diffraction (GIXRD) experiments
with synchrotron radiation were performed to directly investigate the orientation and
configuration of the assembled columnar structures under different conditions at the
molecular level. The resulting highly aligned columns in the nanochannel might be used as
“modules” to fabricate organic electronics, such as organic field effect transistors and solar

cells, in the near future.



Results and Discussion

To implement our strategy, the supramolecular complex T3Cs4-TPCs was prepared by
dissolving the tris(triazolyl)triazine core and the triphenylene-containing benzoic acid in a 1:3
ratio in dichloromethane (Figure la). The mixture was evaporated to dryness, dried under
vacuum and subjected to a thermal treatment consisting of heating at 155 °C and fast cooling
to room temperature. Formation of the H-bonded complex was confirmed by FTIR, and was
in agreement with previously reported complexes (Figure S1, Supporting Information).[!*-4]
The brown, red, and purple discs are all the same moieties or molecules, but are represented in
different colors to show their detailed molecular configuration with varying physicochemical
conditions (Figure la). Using polarized optical microscopy (POM), differential scanning
calorimetry (DSC) (Figure S2) and powder X-ray diffraction (XRD) analysis, it was
confirmed that the fast-cooled complex arranges in a hexagonal columnar mesophase, Coly, at
room temperature, with a lattice parameter of a = 37.3 A. A diffuse halo in the wide angle
region around 4.5 A corroborated the liquid crystal nature of the phase, and a relatively sharp
reflection at 3.4 A indicated intracolumnar order (Figure S3, Table S1). The observed
reflections are consistent with a highly ordered columnar arrangement with T3C4-TPCj4 as the
stacking unit. The phase is not thermodynamically stable and the bulk sample tends to
crystallize if the sample is slow cooled from the isotropic liquid. This is clearly observed in
the diffractogram by the appearance of sharp reflections in the wide angle region (Figure S4).

Therefore, this is a case where, in bulk, the Col, phase is a metastable phase observed on

supercooling.

For the nanoconfinement, a porous AAO nanochannel was synthesized as previously
reported.l?!%! Oxalic and sulfuric acids were used with an applied electric field to form ~ 100
nm- and ~ 20 nm-pores, respectively, in high-purity annealed aluminium foil. The depth of

the channel (L) used in this experiment was fixed at 5 um, and the pore diameters (daao) were
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20 nm and 100 nm (Figure 1b). The resultant nanochannel was composed of aluminium
oxide, and offered high surface energy for organic molecules, to induce planar anchoring.[*!]
In general, the orientation of small molecular weight discotic molecules on the substrate is

governed by the chemical affinity between the surface and molecule.

To change the orientation of the T3C4-TPC4 molecules and the corresponding columnar
structures, the inner surface of the nanochannel was modified with a SAM material that can
induce the molecules to perpendicularly align to the substrate; here, tri-deca-fluoro-1,1,2,2-
tetrahydrooctyl-trichlorosilane(FOTS) was used.*!) As a result, the molecules arranged
differently, as shown in Figure lc. To perform the experiment, three kinds of distinctive
experimental conditions were prepared. The first compared the effects of physical
nanoconfinement in the columnar structures of varying pore sizes; 20 nm and 100 nm pore
pristine AAO nanochannels were used (Figure 2). The second involved chemical varied-
affinity experiments, comparing an aluminium oxide/FOTS-surface with T3C4-TPCy in the
100 nm-nanochannel (Figure 3). The third was a physicochemical treatment combining the
two conditions mentioned above, using the FOTS-treated 20 nm and 100 nm pore-
nanochannels (Figure 5).

The physicochemical nanoconfinement sample preparation method employs a simple to
use capillary to infiltrate T3C4-TPC4 in the isotropic phase, ~ 140 °C, then after carefully
removing the residuals on top of the channel with fabrics, which selectively removed the
complex molecules outside the pores of AAO films, the sample is cooled to room
temperature, ~ 20°C at a slow rate of 0.2 °C/min. This maximizes the surface anchoring effect
by providing enough time for the molecules to align in a given condition. Since the heating
stage is placed under the sample, a cooling thermal gradient is generated in the nanochannel.
Temperature is the lowest at the top of the nanochannel because the sample is open to air. The

nucleation of the columnar structure begins at the isotropic to Coln phase transition



temperature. This sort of gradient cooling helps to minimize nucleation sites in the
nanochannels, leading to the sequential growth of columnar structures along the channel
direction, or radial/perpendicular to the inner surface of the nanochannels, depending on
surface energy conditions (Figure 1c).

Grazing-incidence X-ray diffraction (GIXRD) experiments using a synchrotron radiation
source were performed to analyze the columnar structures in bulk and under nanoconfinement
conditions (Figure 2 and Figure S5). In our experiment, the orientation of the columns and
molecular configuration were the two most important factors, thus a two-dimensional (2D)
CCD camera was used as a detector, to give both in-plane and out-of-plane information of the
aligned columnar structures. Quite different GIXRD patterns were obtained (Figure 2) by
varying the physical nanoconfinement conditions in the bulk state, 100nm- and 20nm-
nanochannels, and showed a clear tendency as the physical confinement conditions changed.
Here, each surface was pristine condition aluminium oxide, so we expected that most of the

molecules would be arranged parallel to the aluminium oxide surface.

Here, two important XRD peaks, (200) in the small angle region and (001) in the wide
angle region, are mainly discussed because they provide information about the inter-columnar
and intra-columnar assembly behavior, respectively.[*!! In the bulk state, a powder sample was
simply dropped on the substrate, heated up to the isotropic phase and cooled to room
temperature. The resultant 2D GIXRD results show typical polycrystalline-like diffraction
patterns that have no specific orientation (Figure 2a, 2d, 2g). In the 100 nm-nanochannel
sample, sharp (001) peaks at y ~ 0° and 180° in the wide angle region are observed (Figure
2b), while a strong (200) peak at y ~ 90° is observed in the small angle region (Figure 2e, 2h).
This indicates the T3C4-TPCs molecules and the corresponding columnar structures are

mostly-aligned in the nanochannel.



Interestingly, totally different patterns were obtained from the sample confined in the 20
nm-nanochannel, where a relatively large arc (001) peak was observed at y ~ 90° in the wide
angle region (Figure 2c), while three sharp peaks appeared at y ~0°, 90°, and 180° at the (200)
position with a little variation in intensity (Figure 2f, 2i1). Based on these results, one can
observe that nanostructures with different orientations are formed as the geometrical scale
decreases from bulk to 20 nm. The orientation of the stacks of the aromatic core and the
columns can be inferred from the position of the (001) and (200) peaks, which are related to
intra-columnar and inter-columnar scattering, respectively. In the bulk, no specific orientation
is observed in the (001) and (200) lattice which means a lack of orientation in the macroscale.
In contrast, the specific alignment of molecules in the nanochannel can be confirmed by the
(001) and (200) peaks. In the 100nm-nanochannel, discotic molecules are aligned parallel to
the inner surface of the channel with face-on orientation and the corresponding columns are

321 or radial

aligned vertically; this could reflect either a log pile configuration
configuration.*®! However, in the 20nm-nanochannel, Most of the stacks of aromatic cores are

aligned perpendicularly to the surface and the columns are axially oriented, even though there

are some possible escaped-radial morphology which can be inferred by the peak at 90° in the

(200) reflection.

The GIXRD patterns of the supramolecular structures in the 100nm pore-AAO
nanochannels with different surface anchoring conditions in aluminium oxide and FOTS are
shown in Figure 3a and 3b, indicating the structural changes that occur with varying chemical
affinities. Totally different GIXRD patterns can be observed in the two samples: In the FOTS
condition, strong (001) peaks are observed at ¥ ~ 90°, which means that the stacks of the
aromatic cores are aligned parallel to the axis of the nanochannel. However, in the aluminium
oxide condition, the same peaks are oriented at y ~ 0° and 180°, which indicates

perpendicularly aligned aromatic cores. In order to fully understand the orientation of the



columnar structure, extra GIXRD experiments were performed with T3C4-TPCs in the FOTS-
treated 100nm pore-nanochannel upon heating (Figure S6). Because the peak positions of the
(200) plane are distributed at x ~ 0°, 90° and 180° (Figure Sé6a and S6d), it is difficult to
define the orientation of the columns in the nanochannel at low temperature. But, as the
temperature rises, the GIXRD patterns show clearer orientational directions in the small angle
region (Figure S6). Since the strong (200) peaks only occurred at y ~ 0° and 180°, the
columns are oriented axially in the AAO nanochannel. Probably, thermal treatment caused the
partial melting of minor radial structure and clearly make the axially oriented peak. This
helped us to conclude the final structure is based on the major axial orientation with minor
radial orientation. All of those patterns disappeared in the isotropic phase (Figure S6c¢). From
these results, it was confirmed that the diffraction patterns originated with the T3Cs-TPC4
molecules, and the nanostructures are basically aligned uniaxially with small distortion at

room temperature with small portion of radial orientation .

This phenomenon is unusual in bulk environments where molecules are located between
glass substrates under different surface conditions (Figure 3¢, 3d). Like the case mentioned
above, two types of different surface conditions were used, FOTS/Si0,. In the bulk substrate,
due to the low surface/volume ratio, the Cr(Coln) domain was not successfully controlled,
although it was already reported that those two conditions in the bulk state offer different
surface anchors to general organic molecules. This result in the bulk substrate clearly
demonstrates the effectiveness of the nanoconfinement system for manipulating
supramolecular structures. Figure 4 shows how T3C4-TPCs is self-assembled in the FOTS-
treated 100nm pore-nanochannel based on the confirmation of the molecular and columnar
orientation. Four parallel patterns marked in Figure S6b indicate a helical assembly, which
has been already been previously demonstrated.®”! The four parallel lines, which are

perpendicular to the axis of the columns in Figure S6b, suggest a 4; helical columnar



structure. As the T3C4-TPCs molecule itself has 3-fold symmetry (Figure 4a), the
supramolecular structure forms a 123 helical columnar configuration (Figure 4b) and the
rotation angle between the adjacent molecules is around 30°. These helical columns
hierarchically assemble together and eventually form the in-plane hexagonal packing, as
shown in Figure 4c., the diffraction patterns in Figure 3a and 3b can also be explained
precisely by this helical columnar structure. Once again, in the FOTS-treated 100nm pore-
nanochannel (Figure 3a and 5a), the crystal structure forms helical columnar structures which

are uniaxially aligned in the channel.

In comparison to this, in the aluminium oxide nanochannel, the molecules form the same
helical columns but are aligned perpendicularly to the channel, which can be explained by
either log pile configuration or radial configuration. In other words, by changing the chemical
affinity between the surface and molecule, the stacking direction of the aromatic cores, which

is related to the electrical properties, can be controlled.!*®!

More interestingly, another diffraction pattern appeared in the 20nm pore-channel (Figure
5b). In conditions tighter than the 100nm pore-channel, it seems that the crystal phase is
suppressed, and the sample has the typical diffraction pattern of the liquid crystal phase
(Coly).?! Regardless of the surface treatment, the T3Cs-TPCs molecules make the same
diffraction pattern (Figure 2¢ and 5b). The (001) diffraction in the wide angle region is
observed at y ~ 90° without any parallel line pattern in the middle angle region, which is
observed in the 100nm pore (Figure 5a). This resulting pattern indicates a simple columnar
structure without any helix, with the columns oriented uniaxially in the nanochannel (Figure

5d).

A direct comparison of the self-assembled structures in the 100nm and 20nm pores,
which were both treated by FOTS, is summarized in Figure 5. In the larger pore environment,

the molecules tend to crystallize and form a helical columnar structure (Figure 5c). However,
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in the tighter geometrically confined system, the crystallization is suppressed and normal

columns are generated, just like the columnar liquid crystal phase (Figure 5d).

Conclusions

In summary, we successfully controlled the orientation of a donor-acceptor
supramolecular columnar liquid crystal. As the size of the substrates which confine the
organic materials decreased, the increased surface/volume ratio of the template enhanced the
surface anchoring condition and successfully controlled the orientation and configuration of
the organic molecules, which have previously been difficult to control. Furthermore, the low
surface energy condition provided by the FOTS induces a uniaxial orientation in the columns,
forming a distinct GIXRD pattern. The structure was determined to be a helical columnar
hexagonal structure. Previously, because of the lack of uniaxial alignment, detailed molecular
configurations such as the helical assembly were not observed. Only hexagonal packing is
possible based on the XRD pattern of the unoriented structure. This AAO nanochannel based
organic/inorganic composite can not only be useful as an approach for internal visualization,
but can also be used as a “module” to fabricate advanced organic electronics like vertical field

effect transistors and solar cells.

Experimental Section

Materials and methods. T3Cs-TPCs4 was prepared from the precursors 2,4,6-tris[1-(4-

butoxyphenyl)-1,2,3-triazol-4-yl]-1,3,5-triazine and 4-[2-(3,6,7,10,11-
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pentabutyloxytriphenylen-2-oxy)ethoxy]benzoic acid, that were synthesized by adapting
previously described procedures [13,34]. NMR spectra were acquired on a Bruker AV400
spectrometer and referenced using the solvent residual peak. Infrared spectra were recorded
on a Nicolet Avatar 380 spectrometer with KBr pellets. DSC thermograms were acquired with
a TA instruments Q-20 apparatus at a rate of 10 °C min!. Powder X-ray experiments of bulk
samples were performed in a Pinhole diffractometer (Anton Paar) operating with a point
focused Ni-filtered Cu-Ka beam. The sample was held in a Lindemann glass capillary (0.9
mm diameter). The diffraction patterns were collected on photographic film. The grazing
incidence X-ray diffraction (GIXRD) experiments were performed at the 9A U-SAXS and 6D
C&S UNIST-PAL beamlines of Pohang Accelerator Laboratory (PAL). The focused energy of
the beam source was 11.06 keV and the sample-to-detector distance (SDD) was set to be
around 323 mm to observe the intercolumnar and intracolumnar orientation. The diffraction

patterns were recorded with a 2D CCD camera (Rayonix SX165).

Synthesis of T3C4-TPC4To prepare the supramolecular complex, a mixture of 2,4,6-tris[ 1-(4-
butoxyphenyl)-1,2,3-triazol-4-yl]-1,3,5-triazine (0.049 mmol, 35.8 mg) and 4-[2-(3,6,7,10,11-
pentabutyloxytriphenylen-2-oxy)ethoxy]benzoic acid (0.148 mmol, 113.9 mg) were dissolved
in dry dichloromethane (20 mL). The solution was stirred to dryness in an orbital shaker (240
rpm) at room temperature. Once the solvent was evaporated, the mixture was introduced into
a vacuum desiccator at 40 °C for 24 hours. Finally, a thermal treatment was performed, which
consisted of heating the mixture at 155 °C with a fast cool down to room temperature. 'H
NMR (400 MHz, CD2Clz) ¢ 9.01 (s, 3H), 8.09 — 8.07 (m, 6H), 7.96 (s, 3H), 7.84 — 7.77 (m,
21H, ArH), 7.09 — 7.07 (m, 12H), 4.65 — 4.57 (m, 6H), 4.57 — 4.47 (m, 6H), 4.29 — 4.14 (m,
30H), 4.05 (t, J = 6.5 Hz, 6H), 1.96 — 1.78 (m, 36H), 1.65 — 1.49 (m, 36H), 1.09 — 0.98 (m,
54H). 3C NMR (100 MHz, CD,Cly) § 170.7, 167.3, 163.8, 160.5, 149.8, 149.7, 149.7, 149.6,

148.7, 146.3, 132.8, 130.3, 124.9, 123.8, 123.8, 122.8, 115.9, 115.0, 109.7, 107.7, 107.5,
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107.4, 107.4, 107.3, 69.8, 69.7, 69.7, 69.2, 68.8, 67.9, 32.1, 32.0. 31.8, 19.9, 19.8, 14.3, 14.2.

FTIR (KBr, cm™): 1708 (C=0 st).

Preparation of nanochannels. High-purity annealed aluminium foil (Alfa Aesar) was rinsed
with acetone, ethanol and deionized water. The aluminium foil was then electrochemically
polished in a solution which contained perchloric acid and ethanol at 20V. Depending on the
target diameter of the nanochannel pore, either oxalic acid (100 nm) or sulfuric acid (20 nm)
were used as an anodizing electrolyte. The final pore diameter (Dp) was determined by
chemical etching process, called pore widening, in a phosphoric acid solution. To give them a
different surface anchoring condition, tri-deca-fluoro-1,1,2,2-tetrahydrooctyl-trichlorosilane
(FOTS) was coated on the inner surface of the channel. The AAO nanochannels were initially
treated by O> plasma for 10 min to give them hydroxyl groups for subsequent silanization.
The FOTS molecules were deposited onto the substrate via vapor deposition method under

vacuum condition for 1 h. After removing the excess FOTS molecules, thermal annealing was

performed at 120 °C for complete chemisorption between the substrate and FOTS.

Imaging the optical textures in sandwich cells. The sandwich cells were made with two
glass substrates which were rinsed with acetone, ethanol, and DI water. Silica particle spacers
were used to maintain a 3 pm distance between the cell substrates. Polarized optical
microscopy (POM) (LV100POL, Nikon, Tokyo, Japan) was used to examine the birefringence

textures of the organic materials.

Supporting Information
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Figure 1. Schematic illustration of ambipolar discotic molecules and AAO nanochannels. (a)
Molecular structure and thermal phase transition of T3C4-TPCa. (b) Schematic illustration of
porous AAO nanochannels and different molecular alignments inside the channel depending

on the surface conditions with (¢) FOTS and aluminium oxide.
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Figure 2. GIXRD results for T3Cs-TPCs depending on the various physicochemical
confinement conditions. Two-dimensional GIXRD patterns of T3Cs-TPC4 placed on (a) a flat
aluminium oxide substrate, and in nanochannels with different pore diameters (b)
daao=100nm and (c¢) daao=20m. Enlarged GIXRD patterns showing the (200) planes of
T3C4-TPC4 for various substrate conditions, (d) on bulk, (¢) in a daao=100nm nanochannel
and (f) in a daao=20nm nanochannel, and their 1D circular cut graphs (g-1) in the (200)
lattice, respectively.
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Figure 3. Structural analysis of T3C4-TPC4 based on chemical affinity-varied interactions in
100nm pore-AAO nanochannels, and on a bulk substrate. Two-dimensional GIXRD results
depending on the surface energy of the AAO nanochannel (daao=100nm) with (a) FOTS and
(b) aluminium oxide. Polarized optical microscope images in sandwich cells which have
different surface conditions with (¢) FOTS and (d) SiO..
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Figure 4. Sketch of a columnar structure model inside the FOTS treated 100nm-AAO
nanochannel. (a) Molecular structure of T3Cs4-TPCs4 with 3 fold symmetry. Schematic
illustration of (b) a single column that is made of helically assembled molecules and (c)
bundles of columns which have hierarchically assembled into an in-plane hexagonal lattice.
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Figure 5. Structural modification under tight geometrical condition (in FOTS condition). (a-
b) 2D image of GIXRD under FOTS condition but in different Dp, (a) 100nm and (b) 20nm.
(b) The tighter geometrical condition suppresses the helical structure and made much simpler
diffraction pattern. Each diffraction can be explained by (c) a helical columnar hexagonal
structure and (d) ca o-axial columnar hexagonal structure.
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