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ABSTRACT: A series of propeller-shaped 77-conjugated molecules based on
2,4,6-tris(thiophene-2-yl)-1,3,5-triazines has been designed and synthesized
to obtain ambipolar charge-transporting liquid-crystalline materials. The
3-fold electron-donating aromatic units are attached to the electron-accepting
triazine core, which forms electro-functional octupolar 77-conjugated struc-
tures. These octupolar molecules self-organize into one-dimensional colum-
nar nanostructures and exhibit ambipolar carrier transport behavior, which
has been revealed by time-of-flight measurements. In this approach, electron-
donor and acceptor electro-active segments are assembled individually in each
column to give one-dimensional nanostructured materials with precisely

tuned electronic properties. Their desirable electronic structures responsible for both hole and electron conductions have also
been examined by cyclic voltammetry and theoretical calculations. The present results provide a new guideline and versatile
approach to the design of ambipolar conductive nanostructured liquid-crystalline materials.

B INTRODUCTION

The controlled self-assembly of 77-conjugated molecules into
ordered supramolecular architectures is a subject of increasing
research interest for the tailoring of their functionalities, and for
application in organic electronic devices.”” The induction of
liquid crystallinity in 77-conjugated materials is one of the promising
approaches to control molecular self-organization processes, and
thus to enhance the dynamic and anisotropic properties.** Amon:
various functional soft materials, columnar liquid crystals®~
deserve particular attention because of their ability to form highly
ordered one-dimensional (1D) superstructures that can be used
for transgortation of charges® and ions,® molecular separation,”
catalysis,” and photonics applications.” Over the last two decades,
discotic mr-conjugated molecules such as triphenylenes,”"
hexabenzocoronenes,” © and phthalocyanines® have been well-
established as columnar liquid-crystalline (LC) semiconductors.
For the development of electro- and photofunctional columnar
liquid crystals, it is crucial to design new 7T-conjugated structures
and to fabricate nanostructured materials having accurate spatial
arrangement of the functional entities. In this context, we pre-
viously reported that linear elongated 7-conjugated oligothio-
phene derivatives self-assemble into columnar LC nanostructures
and exhibit anisotropic functions."®

Recently, octupolar'' 7-conjugated molecules possessing
electron donor—acceptor (D—A) hybrid characteristics have
attracted much attention in a variety of research areas as
promising materials for nonlinear optics (NLO).""'* However,
to our knowledge, their potential usability for the application to
charge-transporting materials has not been explored. Our de-
sign strategy here is to integrate the octupolar 7r-conjugated
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Figure 1. Design of the octupolar 71-conjugated molecule and its self-
assembled nanosegregated structure for ambipolar conductive columnar
materials (top). Electronic properties of aromatic units (bottom). EA,
electron affinity; IP, ionization potential.

molecules that consist of an acceptor core and peripheral multi-
donor arms, into 1D columnar nanostructures for the develop-
ment of electro-functional liquid crystals (Figure 1). The
central 1,3,5-triazine core possesses an electron affinity con-
siderably larger than those of other aromatic rings'* and serves
as an electron-accepting unit, whereas the thiophene-based
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Figure 2. Chemical structures of 1,3,5-triazine-based octupolar 77-conjugated molecules.
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Figure 3. Synthetic routes for octupolar 77-conjugated liquid crystals.
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segments can provide electron-donating properties. These
electronic and structural features can make these molecules
promising as ambipolar charge- transportlng LC materials.
Some triazine-based columnar liquid crystals'* and star-shaped
columnar hqsuld crystals bearing different functional s7-conju-
gated arms > have been developed; however, no ambipolar
conduction behavior has been achieved in those columnar LC
materials. Thus, it still remains a challenge to develop new
processable ambipolar materials forming ordered LC states for
optoelectronic applications.

We demonstrate here the first experimental study toward the
realization of ambipolar conductive columnar materials by 1D
self-organization of octupolar 77-conjugated LC molecules 1—3
(Figure 2). In contrast to conventional linear-type D—A
molecules, our new molecular design offers a possibility for
the donor and acceptor electro-active constituents to stack indi-
vidually in coaxial concentric shells to provide 1D hole and
electron transport pathways in the columnar nanostructures.
For these molecules, the electronic and photophysical proper-
ties can be tuned by merely changing the donor and/or acceptor
motifs.

B RESULTS AND DISCUSSION

Synthetic Strategy and Characterization. 7-Conjugated
molecules 1—3 based on 1,3,5-triazine have been synthesized
as shown in Figure 3. These compounds were obtained using
the palladium-catalyzed 3-fold coupling methodology. The Cs-
symmetrical precursor, 2,4,6-tris(S-bromothiophene-2-yl)-1,3,
S-triazine (4), was prepared by trimerization of S-bromothio-
phene-2-carbonitrile (5). Suzuki—Miyaura cross-coupling reactions'®
of tribromide 4 with 3 equiv of the corresponding phenylboronic
esters afforded compounds 1la—c in the presence of a catalytic
amount of Pd(PPh;),. Compound 2 possessing three phenyl-
bithiophene arms was synthesized by the Stille cross-coupling
reaction.'” The carbazolyl-substituted compound 3 was obtained
via Buchwald—Hartwig amination'® using a mixture of Pd,-
(dba); (dba = E,E-dibenzylideneacetone) and [(t-Bu);PH]BF,
as the catalyst." In these experimental conditions, all of the final
compounds were isolated in high yields (80—97%) after pur-
ification (see the Supporting Information for details). These
compounds were readily soluble in common organic solvents by
virtue of the attached flexible chains and were fully characterized by
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Figure 4. Space-filling representation of the crystal structure of lc:
(a) molecular conformation with intramolecular S- - -N interactions
and (b) packing view along the b-axis. Atom color code: C, gray; N, blue;
O, red; S, yellow. In the crystal packing, the molecules are rotationally
displaced with respect to the adjacent molecules and are stacked via
7T—7 interactions along the g-axis.

HOMO LUMO with LUMO+1
-5.45 eV -1.91 eV

Figure S. The frontier orbital distributions of 1c calculated at the B3LYP/
6-31G(d) level. The LUMO and LUMO+1 are degenerate.

"H and °C NMR spectroscopy, matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry, and
elemental analysis.

Crystal and Molecular Structures. X-ray crystallographic
analysis for compound 1c¢ with the terminal methoxy substituents
provides useful insights into the self-assembled structures of the
propeller-shaped 7z-conjugated molecules (Figure 4). The crystal
structure of 1c indicates that the molecule adopts a nearly planar
conformation with dihedral angles between the central triazine
and three thiophene rings in the range of 1—11°. A fairly high
degree of coplanarity in the whole molecule is attained through
intramolecular nonbonded S- + *N interactions,”® in which the
lone pair of sp>-hybridized nitrogen atoms can interact with the
unoccupied orbital on the neighboring sulfur atoms. The ob-
served S+ « +N contact distances of 2.9—3.0 A are indeed shorter
than the sum of the corresponding van der Waals radii (3.35 A)
Such attractive intramolecular interactions would restrict rota-
tion of the nearby thiophene rings and allow an efficient
1D stacking of the propeller-shaped molecules (Figure 4b).

Table 1. Thermal Properties and XRD Data of Compounds
1-3

XRD data
compound phase transition behavior” T (°C) ab (A)
Ia Cr 24 (6) Col, 107 (4) Iso 100 36.7
1b Cr 25 (7) Col, 114 (2) Iso 100 319
2 Cr 48 (25) Col, 125 (31) Iso 110 45.0
3 G 8 Col 80 (3) Iso 70 344

“ Transition temperatures (°C) and transition enthalpies (k] mol ") in
parentheses, determined by DSC on heating. Cr, crystalline; G, glassy; Coly,
hexagonal columnar; Col, columnar; Iso, isotropic. b Lattice parameters for
the hexagonal (p6mm) lattice.

Figure 6. (a) Polarizing optical photomicrograph of 1b in the Col;,
phase at 100 °C. (b) Dendritic growth of a homeotropic domain of 1b
on slow cooling (1 °C min~") with uncrossed polarizers. The arrows
indicate the directions of polarizer and analyzer axes.

The intermolecular distance between the longitudinally stacked
propellers is estimated to be 3.5-3.6 A, indicative of the
existence of 71— electronic interactions in the self-assembled
structures.

The electro-active molecular structures have been examined
by density-functional theory (DFT) calculations (Figure S). In
principle, carrier transport behavior is closely related to the
electronic structures of the materials. The DFT studies on
compound 1c, which is the shorter chain homologue, reveal that
the highest occupied molecular orbital (HOMO) is expanded
over the peripheral three phenylthiophene arms, as seen in
Figure S. In contrast, the distributions of the lowest unoccupied
molecular orbital (LUMO) and its degenerate orbital (LUMO+1)
are mainly located on the central triazine core and fade out
toward the periphery. Accordingly, the HOMO—LUMO photo-
excited transitions in the octupolar molecules are accompanied
by a displacement of the electron density from the three
peripheral donor segments to the central acceptor core, resulting
in an effective intramolecular charge transfer (ICT) through the
JT-conjugation framework.

Liquid-Crystalline Properties. The thermotropic liquid-
crystalline (LC) properties of compounds 1—3 are summarized
in Table 1. Compounds lab and 3 having flexible alkyl chains
exhibit columnar LC phases from room temperature upon heating,
while the columnar phase of 2 with an enlarged 77-conjugated core
exists over relatively higher temperatures in the range of 48—
125 °C. The isotropization temperature of 2 is about 10—20 °C
higher than those of 1a,b. When the sample of 1b is cooled from the
isotropic state, a fan texture characteristic of a hexagonal columnar
(Coly,) phase is observed under polarizing optical microscope
(Figure 6a). On slower cooling, dendritic growth of homeotropic
Col,, domains formed by 1b is seen with uncrossed polarizers
(Figure 6b) at the phase transition from the isotropic state. The
transition enthalpy of 2 (AH = 31 kJ mol ") from the Colj, to the
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Figure 7. (a) High-resolution XRD pattern (small-angle region) of 1b in
the Coly, phase at 100 °C. The inset shows a magnified view. (b) Electron-
density map (surface and contour plot) calculated from the XRD data.

isotropic phase is considerably larger than those observed for 1a,b
(AH = 2—4 kJ mol "), implying the presence of well-organized
molecular association in the Col;, phase of 2 as a consequence of
enhanced intermolecular 77— interactions. The difference in the
columnar packing mode of 2 is currently under study in detail.

To confirm the columnar LC structures, X-ray diffraction
(XRD) measurements have been performed for 1—3 (Table 1,
see also the Supporting Information). A representative XRD
pattern for 1b in the Col, phase taken under synchrotron
radiation is depicted in Figure 7a. In the small-angle region,
one intense peak at 27.6 A and three weak peaks at 16.0, 13.8, and
10.4 A with the reciprocal d-spacing ratio of 1:32:2:7"* are
observed. These peaks are indexed as (10), (11), (20), and (21)
reflections of a two-dimensional hexagonal (p6mm) lattice. In the
wide-angle region, two diffuse peaks are also observed at 4.0 and
3.3 A (see the Supporting Information for details). These peaks
should come from the peripheral alkyl chains and 77— stacking
of the adjacent aromatic cores.

The formation of the Col,, structures is further supported by the
electron-density map (Figure 7b) that has been reconstructed from
the XRD data. In the density map, each supramolecular column
indeed has a circular cross section with high electron density
(purple/blue) that should be dominated by the electron-rich 7-
conjugated cores. The terminal aliphatic chains are located in the
low electron-density moats (yellow/red) surrounding the 77-con-
jugated cores. Accordingly, the propeller-shaped molecules would
stack successively with a rotation along the column axis to fill the
allotted space inside the column (Figure 8). The nanosegregation of
the 77-conjugated cores from the surrounding flexible chains as well
as longitudinal intermolecular 77—JT interactions cooperatively
facilitate the organization of the molecules into the columnar
nanostructures. The Colj, structures of the homologous compounds
are similar to that described for 1b, while the intercolumnar distance
increases from 31.9 A (for 1b) through 36.7 A (for 1a) to 45.0 A

Figure 8. Representation of a hexagonal columnar nanostructure of 1b
(density = 0.98 g cm™>) using molecular dynamics simulation. The
Jr-conjugated aromatic cores and alkyl chains are shown with space-
filling and stick models, respectively.

Figure 9. Schematic illustration of the homeotropically aligned Col,
structure of 1a. The blue, pink, and gray portions stand for the triazine
cores, phenylthiophene units, and alkyl chains, respectively. The cono-
scopic image of 1a at 100 °C in an ITO cell is also shown.

(for 2) upon elongation of the alkyl chain and/or the 77-conjugated
core (Table 1). The intercolumnar distance of 1b estimated
from the XRD data is shorter than the calculated molecular length
(ca. 37 A) because of the interdigitation of the outer chains between
the neighboring columns.

Charge Carrier Transport Properties. The well-organized
columnar nanostructures, which are composed of extended 7-
stacks of the molecules, can provide 1D pathways for mobile
charge carriers. To evaluate the carrier transport properties of
1—3, time-of-flight (TOF) measurements have been performed
for the compounds in the LC states (see the Supporting
Information for details). We have prepared cells filled with the
LC samples between two indium—tin—oxide (ITO)-coated
glass electrodes. Compounds 1a,b and 2 spontaneously align in
a homeotropic manner such that the columns run between the
electrodes in the cell without surface treatment. The home-
otropic alignment has been confirmed by the observation of a
cross-shaped conoscopic interference pattern with a polarizing
microscope (Figure 9). This propensity of the propeller-shaped
molecules to self-organize into a large columnar domain with a
face-on alignment increases the applicability to 1D conductive
materials. In contrast, compound 3 does not show such a tendency
toward spontaneous homeotropic alignment in the Col phase.

Figure 10 displays the transient photocurrent curves for holes and
electrons, respectively, in the Col;, phase of 1a under different
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Figure 10. Transient photocurrent curves for (a) holes and (b) electrons in
the Coly, phase of 1a at 100 °C. The insets display double-logarithmic plots.

applied voltages. The photocurrents for holes exhibit a characteristic
plateau and a well-defined transit, whereas those for electrons are
relativelZ dispersive presumably due to trap sites formed by
oxygen.”* The transit time for the photogenerated charge carriers
consistently increases upon reducing the applied electric-field
strength. These observations unambiguously indicate the occur-
rence of both hole and electron conductions, that is, ambipolar
carrier transport, in the octupolar 77-conjugated LC materials. It is
noteworthy that such an ambipolar conductive behavior is uncom-
mon in the general case of single component organic materials. Only
a few examples of LC semiconductors such as triphenylenes™*©
and oligothiophenesmdfg exhibiting ambipolar characteristics have
been reported. On the basis of the TOF data (Figure 10), the hole
and electron mobilities of 1a are calculated to be z, = 3 x 10> and
U =4x10>cm’V s " at 100 °C, respectively. Compound 1b
also exhibits ambipolar conduction behavior, giving rise to hole and
electron mobilities on the order of 10 > and 10 > ecm* V ' s},
respectively, in the Coly, phase (Supporting Information). These
mobilities are nearly field-independent in the accessible electric-field
ranges (S X 10*to 1 x 10° chfl).

The photoconductive properties of 1—3 have been further
examined over a range of temperatures. The results for their
carrier mobilities as a function of temperature are shown in
Figure 11. In the isotropic phase of la, quite low carrier
mobilities on the order of 107% cm® V™! s ! are observed, which
can be rationalized with Arrhenius-type temperature depen-
dence. As for compound 1a, the hole and electron mobilities
(O and @ in Figure 11) discontinuously increase by about 1 and 3
orders of magnitude, respectively, at the isotropic—Colj, phase
transition upon cooling, reflecting the formation of ordered 1D
st-stacked structures in the Col;, phase.

Remarkably, the transport of electrons in the Col;, phases of 1a,b
is more than 100-times faster than that of holes. We infer that this
behavior should originate from the octupolar structure of the
propeller-shaped molecules containing both the electron-accepting
triazine core and the trigonally ramified electron-donating phe-
nylthiophene units (vide infra). In the Coly, phases, the triazine
cores stack one another in the center of the columns (the blue parts
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Figure 11. Temperature dependence of carrier mobilities of 1a, 2, and 3
upon cooling: (@) electrons and (O) holes for 1a at 1.0 X 10° Vem™;
(O) holes for2at 1.0 x 10°Vem ™ '; (A) holesfor3at 1.3 x 10°Vem ™ ..
The dashed lines denote the isotropic— Colj, phase transition upon cooling.

in Figure 9), thereby providing efficient 1D electron-transporting
n-channels with relatively high electron mobilities. The observed
electron mobilities of 1ab (14— =10 >—10 > ecm>V 's ') in the
nanostructured LC states are 1—4 orders of magnitude higher than
those of widely used electron-transporting amorphous materials,**
including tris(8—hydroxy%uinoline)aluminum (Algg), > %5
1,3,4-oxadiazole derivatives, 54 and other 1,3,5-triazine derivatives.”®
On the other hand, the relatively low hole mobilities observed for
la,b are ascribed to less effective sr-overlap of the electron-
donating phenylthiophene segments (the pink parts in Figure 9)
between the nearby molecules because the propeller-shaped
molecules can rotate around the column axis even in the Coly
phases.”” Thus, it is conceivable that hopping of holes should
become slower under the influence of the energy barriers
(energetic disorder) produced by the rotational displacement
of the 77-conjugated units along the column.

For compounds 2 and 3, no distinct electron mobility could be
evaluated due to highly dispersive features of the photocurrents in the
experimental conditions. However, the hole mobilities of both 2 and
3 (O and A in Figure 11) in the Col phases are found to be higher
than those of 1a,b and reach values of £, =1 x 10 > em*V 's ..
The enhanced hole mobilities in 2 and 3 as compared to
la,b may arise from an increased intermolecular sr-overlap
attributed to the expanded electron-donating segments (the
phenylbithiophene units in 2 and the carbazolylthiophene units
in 3) within the columns.

Photophysical and Electrochemical Properties. To clarify
the photophysical properties, UV/vis absorption and photolu-
minescence (PL) spectra of 1—3 have been measured both in
solutions and in LC films on quartz substrates (Figure 12 and the
Supporting Information). The photophysical data are also sum-
marized in Table 2. The lowest energy absorption maxima (4,,)
of 1a, 2, and 3 are observed at 385, 440, and 415 nm, respectively,
in the Col phases. The red-shifted absorption of 2 (4, = 440 nm)
in comparison with 1a (A, = 385 nm) should be attributed to its
extended 7T-conjugation length. Moreover, in the condensed LC
state, the absorption spectrum of 2 becomes broader as compared to
that observed in solution, indicating the occurrence of intermole-
cular electronic interactions. As for 3, the replacement of the
outermost phenyl groups of la by N-carbazolyl units results in
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Table 2. Photophysical and Electrochemical Data of Compounds 1—-3

UV/vis Aoy (nm) photoluminescence Ay, (nm)

redox potential® (V)

CH,CL* LC film” CH,CL* LC film” Stokes shift* (nm) Eox Ered Euomo” (6V)  Epumo’ (eV)  E{ (eV)
la 392 385 528 519 6600 +0.79 —220 —5.46 —2.90 2.56
1b 392 385 528 521 6600 +0.80 —2.19 —5.46 —2.90 2.56
2 434 440 560 585 5200 +0.61 —2.04 —524 —3.03 221
3 296,415 299,415 503 490 4200 +0.78 —2.13 —5.37 —3.00 2.37

? Measured in CH,Cl, solution (1 X 10°° M) at room temperature. ¥ Measured in the Col phases at 90 °C for 1a,b, at 110 °C for 2, and at 70 °C for 3.
‘ Determined by cyclic voltammetry in CH,Cl, solution of Buy,NCIO, (0.10 M). E,, and E,4 stand for oxidation peak and reduction peak potentials,
respectively, vs Fc"/Fc. ¢ Calculated from the onset oxidation potential with the assumption that the energy level of ferrocene is 4.8 eV below vacuum
level: Eomo = —Eonset(ox) — 4.8 €V. © Calculated from the onset reduction potential: E; ymo = —Eonset(red) — 4-8 eV. HOMO—-LUMO energy gap

according to E; = ELumo — Enomo-
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Figure 12. (a) UV/vis absorption and (b) photoluminescence spectra
ofla(—),2 (———),and 3 (---) in the Col phases.

a bathochromic shift of A, by 30 nm despite the disruption of
JT-conjugation in the molecule.

It has been revealed that the PL emission color of the
octupolar LC materials can be tuned from blue-green to orange
by changing the electron-donating segments (Figure 12b).
Compound 3 in the Col phase exhibits an emission maximum
(Aem) at 490 nm, which takes place at a higher energy with a smaller
Stokes shift than those of 1a (A, = 519 nm) and 2 (A¢p, = 585 nm).
This result suggests that the electron-donating N-carbazolyl
units in 3 can behave as a fairly independent electronic entity®
and should not possess strong electronic coupling toward the
triazine-based core.

The redox properties of 1—3 have been characterized by cyclic
voltammetry, as listed in Table 2 (see also the Supporting In-
formation). It has been demonstrated that all of the compounds
undergo both electrochemical oxidation and reduction processes
because of their D—A hybrid characteristics. Compound 2 having the
phenylbithiophene arms is more easily oxidized and presents an
oxidation peak (E,,) at 0.61 V vs ferrocenium/ferrocene (Fc*/Fc),
which is about 0.2 V less positive than 1a,b and 3. Upon scanning in
the negative potential region for 1—3, a reduction peak (E,.q)
assigned to the reduction of the triazine core appears in the
range from —2.0 to —2.2 V vs Fc*/Fc. The HOMO and LUMO
energy levels (Epyono and Erumo) can be estimated from the
onset potentials of oxidation and reduction waves, respectively
(Table 2), with the premise that the energy level of Fc is 4.8 eV
below the vacuum level.”” All of the compounds possess low-
lying E;umo values of approximately —3.0 eV, which are
comparable to that of Alqs,** one of the most widely used
electron-transporting materials.

B CONCLUSIONS

We have designed and synthesized a new class of nanostruc-
tured columnar liquid crystals based on octupolar 7T-conjugated
structures, where three electron-donating segments are symme-
trically attached to an electron-accepting triazine core. We have
elucidated the influence of the molecular design on photocon-
ductive properties and self-organizing behavior of the octupolar
columnar liquid crystals. The time-of-flight experiments have
revealed that these molecules are capable of transporting both
holes and electrons in the columnar phases, functioning as ambi-
polar 1D conductive materials. The strong electron-accepting
capability of the triazine core results in an intramolecular charge-
transfer, leading to such ambipolar charge transport properties.
The structural versatility of our molecular design can contribute
to the further development of electro-functional LC materials
with tailor-made properties. We envisage that octupolar -
conjugated liquid crystals will be new promising functional soft
materials for applications in optoelectronic devices, such as
organic light-emitting diodes, ambipolar field-effect transistors,
and photovoltaic cells.

B ASSOCIATED CONTENT

© Supporting Information. Experimental details, "H NMR
spectra, polarizing photomicrographs, DSC thermograms, WAXD
patterns, TOF data, UV/vis and PL spectra, cyclic voltammo-
grams of 1—3, and crystallographic information file (CIF) of 1c.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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