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M ost associate liquid crystals with their everyday use in laptop
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computers, mobile phones, digital cameras, and other electronic

devices. However, in contrast to their rodlike (calamitic) counterparts,
first described in 1907 by Vorlinder, disklike (discotic, columnar)
liquid crystals, which were discovered in 1977 by Chandrasekhar et al.,
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offer further applications as a result of their orientation in the

columnar mesophase, making them ideal candidates for molecular
wires in various optical and electronic devices such as photocopiers,
laser printers, photovoltaic cells, light-emitting diodes, field-effect
transistors, and holographic data storage. Beginning with an overview
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of the various mesophases and characterization methods, this Review

will focus on the major classes of columnar mesogens rather than
presenting a library of columnar liquid crystals. Emphasis will be
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given to efficient synthetic procedures, and relevant mesomorphic and
physical properties. Finally, some applications and perspectives in
materials science and molecular electronics will be discussed.

1. Introduction

Since the end of the 19th century when Friedrich
Reinitzer, Otto Lehmann, and others introduced the liquid-
crystalline state of matter into science, the exact connection
between the formation of liquid-crystalline phases and the
structure of the constituent molecules became a major topic
of debate.[' In his classic study on the Influence of molecular
configuration on the crystalline-liquid state,’) Daniel Vor-
lander reported in 1907 that “... the crystalline-liquid state
results from a molecular structure which is as linear as
possible”. Over the next seventy years the linear rodlike
shape of mesogenic molecules became a generally accepted
principle in liquid-crystal research, which then developed into
a mature field of science.

In the year 1977, however, when the thermotropic liquid
crystals of rodlike molecules started to revolutionize com-
mercial display technologies, Sivaramakrishna Chandrase-
khar et al. reported “... what is probably the first observation
of thermotropic mesomorphism in pure, single-component
systems of relatively simple plate-like, or more appropriately
disc-like, molecules” ! Even though there had been theoret-
ical predictions!*” and experimental hints® that assemblies of
disklike molecules might also form thermotropic mesophases,
this study was the first clear-cut evidence for “Liquid crystals
of disc-like molecules”™ by Chandrasekhar et al. which then
opened a whole new field of fascinating liquid-crystal
research. Soon after this study by Chandrasekhar et al., the
French research groups of Dubois and Levelut reported
further liquid crystals formed by disklike molecules.”*'"!

Today with the liquid-crystal displays an essential part of
our everyday life, it seems quite clear that liquid crystals of
disklike molecules (“discotic liquid crystals”) cannot compete
with their rodlike counterparts (“calamitic liquid crystals”) in
terms of electrooptic performance. Their unique structural
and electronic properties, however, open completely different
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aspects of possible applications in top-

ical research fields such as molecular

electronics and high-efficiency organic
photovoltaics.''? Discotic liquid crystals thus now receive
increasing attention. This Review aims to summarize the
rapid development of the field in recent years from the
chemist’s point of view.

A more general survey on the self-organization of discotic
mesogens in comparison to their calamitic (rodlike) counter-
parts will be discussed before a detailed description. The
rodlike configuration of a typical calamitic mesogen such as
methoxybenzylidene-p-n-butylaniline (MBBA, the first
room-temperature nematic material for display applica-
tions"®) is usually represented by an elongated uniaxial
ellipsoid or cylinder (Figure 1), and the structure of its liquid
crystalline phase(s) described as a packing of these cylinders.
Even though the representation of the detailed molecular
structure by a simple elongated cylinder seems to be a rather
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(a)

Figure 1. A calamitic (a) and a discotic (b) mesogen, and a representa-
tion of their effective molecular shapes as rods and disks, respectively.

crude simplification, this approach turned out to be quite
successful since mesogens in fluid phases are basically free to
rotate (at different rates) around their molecular axes and the
cylinder thus represents the average (or effective) shape of
the molecule in the liquid-crystalline packing.

Simple discotic mesogens such as the triphenylenes
(Figure 1b) have a more or less rigid planar core with
typically six or eight flexible chain substituents laterally
attached to the core. Following the same reasoning as in the
calamitic case its effective shape is represented by a flat disk.
While disks and cylinders both represent rather anisometric
molecular shapes, the principal axis of the calamitic mesogen
is given by the long axis of the cylinder, whereas the short axis
(normal to the plane of the disk) represents the principal axis
of a discotic mesogen.

The self-organization of (calamitic as well as discotic)
mesogenic molecules into the various liquid-crystalline
phases (that is, spontaneously anisotropic ordered fluids) is
driven by the anisotropy in the intermolecular interactions
(mainly steric and dispersion interactions) between the highly
anisometric molecules. In the simplest case the usual nematic
phase (N) is formed when calamitic mesogens align their
principal axes to a certain degree along a common direction,
which defines the so-called director n (see Figure 11). Thus a
long-range orientational order with full rotational symmetry
around n results, whereas the molecular centers of mass are—
as in an ordinary fluid—translationally disordered in all
directions. Basically the same nematic structure is obtained
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when the short molecular axes of discotic mesogens align
along n (N, phase, Figure 11).1 In addition to this Ny, phase,
another option for disklike molecules to form a nematic phase
has been observed.™™ The disklike mesogens pile up into
extended one-dimensional (1D) columns which tend to align
with their column axes parallel to each other to form the so-
called columnar nematic phase (N¢). The columns thus act as
supramolecular rods which—similar to single rodlike mole-
cules—are the building blocks of a nematic phase. Even
though it has become common practice to distinguish
between N, Nj,, and N phases, these three phases all have
the same symmetry and thus—in terms of strict crystallo-
graphic notation—the distinction seems unnecessary.

The stacking of disklike molecules into 1D columns is a
rather characteristic motive in the self-organization of
discotic molecules, and inherent to their most typical liquid-
crystalline phases: the family of columnar phases. Different
types of stacking are observed depending on the details of the
intracolumnar interactions: “disordered columns” with an
irregular stacking of the disks, “ordered columns” in which
the cores are stacked in a regular ordered (equidistant)
fashion while the flexible tails are still disordered, and “tilted
columns” where the cores of the disks are tilted with respect
to the column axis. As none of these types has perfect
translational order, these extended supramolecular columns
can in general be considered as 1D fluids."*! In the columnar
phases these columns are arranged in a 2D lattice with the
column axes parallel to each other. The variety of columnar
phases can thus be thought of as 1D fluid (along the columns)
and 2D crystalline (along the 2D lattice vectors) structures;
the different types of which are distinguished by their
intracolumnar order (disordered, ordered, tilted) and the
symmetry of the 2D intercolumnar lattice (hexagonal,
rectangular, oblique) (Figure 2 and 3).

Even though columnar phases are most characteristic for
discotic mesogens, they are by no means unique: surfactants
which aggregate into columnar micelles to form lyotropic
columnar phases (“middle soap”)'” have been known for a
long time, and even some calamitic mesogens were found to
show thermotropic columnar phases."® The general picture is
completed by smectic (or lamellar) phases that are all
signified by a 1D periodic stack of “smectic layers” formed
by orientationally ordered mesogenic molecules. In the
typical cases of fluid and hexatic smectic mesophases, each
layer can be seen as a 2D liquid. Smectic phases thus have a
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(d): rectangular (C2/m)
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Figure 2. Plan views of the 2D lattices in hexagonal (a), rectangular
(b—d), and oblique (e) columnar mesophases. Point-group symmetries
in parentheses are according to the “International System”.
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Figure 3. The stacking of the mesogen cores in the columns:

a) ordered stacking, b) disordered stacking, and c) symmetry elements
of a Col, mesophase: the point group Dy, has one C; axis, and
perpendicular to this axis, six C, and a mirror plane o,. For clarity, only
the cores of the molecules are shown.

fluid structure in two dimensions combined with a (quasi)
long-range translational order in the third dimension, normal
to the smectic layers.'™ In the case of disklike mesogens,
smectic phases are quite rare.
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In light of these principles, a comment on the current
terminology is necessary: soon after the discovery by
Chandrasekhar et al. of the columnar liquid-crystalline
phases formed by disklike molecules, terms such as “discotic
phases” or “discotics” were coined to denote the disklike
molecules as well as the (mostly but not exclusively) columnar
phases formed by them. As this incorrect synonym for the
structure of a (macroscopic) phase and the shape of its
constituting molecules created a constant source of ambigu-
ities, in 1998 Chandrasekhar himself pointed out: “Strictly
speaking, it is the molecules that are discotic and not the
mesophases, which may be columnar, nematic, or lamellar” )
In this Review we will thus clearly distinguish between
“discotic molecules” and “columnar liquid crystals”.

2. Structures of liquid crystalline phases

This chapter will be devoted to the detailed structures of
the various liquid-crystal phases of discotic molecules,*! their
chiral variants, and their experimental identification and
characterization by X-ray diffraction and polarizing optical
microscopy.

2.1. The hexagonal columnar mesophase Col,

The planar space group of a hexagonal columnar meso-
phase is P6/mmm, which is equivalent to P6/m2/m in the
International System (Figure 2) and belongs to the point
group Dy, in Schoenflies notation. The symmetry elements
are shown in Figure 3c.

The 2D diffraction pattern and the small-angle X-ray
scattering (SAXS) profiles of an unorientated (powder)
sample of a Col, mesophase are shown in Figure 4 and
Figure 5. In the small-angle regime a few distinct peaks can be
observed. The sharpness of these reflections is due to the
long-range intercolumnal order. According to Fontes et al.,
the correlation length of the 2D hexagonal lattice, measured
in strands, is at least 4000 A or approximately 200 columns.?!!
This lower limit of the correlation length is set by the
instrumental resolution.

Figure 6 shows the 2D lattice planes that correspond to
the (10) and (11) reflections, d,, and d,;, respectively. These
two d spacings follow the Equation (1).

le le

i ~ 2cos30° :7§ (1)

Thus, the d spacings of the (10) and (11) reflections show
the ratio 1:1/+/3. More geometric considerations result in the
characteristic ratios of 1:1/v/3:1/v/4:1/v/7:1/v/9:1/3/12:1/1/13
for the d spacings of the (10), (11), (20), (21), (30), (22), and
(31) reflections of a 2D hexagonal lattice in the small-angle
regime.

As can also be seen in Figure 6, the d,,, spacings (in which
h and k are the Miller indices of the associated reflection) are
related to the lattice constant a according to Equation (2).

www.angewandte.org
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Figure 4. 2D X-ray diffraction patterns of an unorientated sample of
tetraphenylene 78e. a) Crystalline phase and b) liquid-crystalline
phase: A) diffuse halo caused by the liquidlike order of the alkyl side
chains; B) distinct reflections in the small-angle regime, which result
from the long-range intercolumnar ordering. c) A diffuse ring is
observed in the isotropic melt in the small-angle regime as a result of
the loss of long-range order of the columns.

One example that demonstrates these characteristic ratios is
shown in Table 1.

1 4Kn 4+ K +hk
&3 @ @
hk

Further evidence of the hexagonal arrangement of the
columns is obtained by a 2D diffraction pattern of a
monodomain sample. For a powder sample of a columnar
hexagonal mesophase, scattering rings are observed. If a
monodomain sample is available, six point-shaped reflections

www.angewandte.org
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Figure 5. Small-angle X-ray scattering profiles of tetraphenylene 78
(R=COC,,H,). a) Isotropic melt, b) Col,, mesophase: the reflections
(10), (11), and (20) are due to the long-range intercolumnar ordering.

b
0

Figure 6. In a hexagonal lattice, the d spacings of the (10) and (11)
reflections show the characteristic ratio 1:1/\/§.

Table 1: d Spacings and lattice parameter for a columnar hexagonal
mesophase Col, of 78 (Figure 5).

dops [A1 hk®! d.ca A Lattice parameter
23.4 (10) 23.5 a=27.2A

13.6 ) 13.6

1.8 (20) 1.8

[a] dos and d 4 denote the observed and the calculated diffraction
spacings; [b] hk are the Miller indices of the 2D hexagonal lattice.

are arranged in a perfect hexagon in the small-angle regime
(Figure 7).

If it is possible to draw aligned fibers from a Col,
mesophase (for example, by shearing or extrusion), all
small-angle reflections related to the 2D hexagonal lattice
are located on the equator of the X-ray pattern and the diffuse
halo in the wide-angle regime is found on the meridian.”"

While the reflections in the small-angle regime belong to
the large periods of the hexagonal lattice, short distances
correlate to the reflections in the wide-angle regime (wide-
angle X-ray scattering, WAXS). The broad diffuse halo found
for disordered columnar phases such as Col,, in the wide-

Angew. Chem. Int. Ed. 2007, 46, 4832 —4887
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Figure 7. Monodomain sample of a Col, mesophase of tetraphenylene
77d. Six point-shaped reflections are arranged in a perfect hexagon in
the small-angle regime.

angle regime (Figure 4b) corresponds to the
liquidlike order of, for example, the alkyl side
chains. Additionally, the diffraction pattern of a
Col,, phase shows a second relatively narrow
diffuse ring in the wide-angle regime that is
related to the regular stacking of the mesogenic
cores along the column long axis. In the isotropic
melt the hexagonal arrangement of the columns
is lost and thus in the small-angle regime a
diffuse ring is also observed (Figure 4c). On the
other hand the diffraction pattern of a crystalline
phase shows distinct Bragg reflections in both
the small-angle and the wide-angle regime
(Figure 4a). In addition to the long-range order
of the 2D lattice as in Col, mesophases, the alkyl
side chains are regularly packed and the columns
are crystalline.

Liquid-crystalline phases are anisotropic
fluids which in general are optically birefringent
(see 3.2.). In a polarizing microscope (between
crossed polarizers) each mesophase shows a
typical pattern (“texture”). These textures
result from the symmetry-dependent elasticity
of the liquid-crystalline phase in combination
with defects and the surface conditions of the
sample. For Col, mesophases, conic fan-shaped
(pseudofocal conic) and focal textures (Fig-
ure 8a and b, respectively) are characteristic.
Mosaic and dendritic textures® are not as common. When
dendritic textures grow in all directions from one point,
“flowerlike” texture are formed.” Furthermore, relatively
rare spherulitic-like (Figure 8c) and fingerprint textures
are known. It is important to note that these fingerprint
textures do not bear analogy to those of cholesteric meso-
phases, in which the equidistant stripes are related to the
periodicity of the chirality-induced helical modulation. On
the other hand, fingerprint textures of columnar hexagonal
phases can be described as broken focal conics. Textures of an
ordered hexagonal columnar mesophase typically exhibit

Angew. Chem. Int. Ed. 2007, 46, 4832— 4887
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straight linear defects (Figure 8d).””! However, the problem
often occurs that only small domains are formed that could
not be attributed to a typical texture.

2.2. The columnar rectangular mesophase Col,

Three different columnar rectangular mesophases Col,
have been identified (Figure 2b—d).”®! In general the mole-
cules are tilted with respect to the column axis,”” whereby the
cross section, orthogonal to the long axis of a column, is
elliptic.

The symmetries of the 2D lattices are specified by three
different planar space groups P2,/a, P2/a, and C2/m,*"*
belonging to the subset of space groups without any transi-
tional periods in the direction of the principal symmetry axis
(that is, the direction of the columns).” As a result of the
elliptical projection of the molecules in the plane, the
symmetry of the Col, phases deviates from a proper hexag-

onal arrangement. Rectangular phases sometimes are also
called pseudohexagonal. However, stronger core—core inter-
actions are needed for the formation of Col, mesophases than
for the formation of hexagonal phases because the cores of
one column have to “know” how they must be tilted with
respect to the cores of the neighboring columns. Therefore,
crossover from columnar rectangular to hexagonal meso-
phases with increasing side-chain lengths has often been
observed.20-27:31-34]

The 2D X-ray patterns resemble those of a columnar
hexagonal mesophase with a diffuse halo in the wide-angle

www.angewandte.org
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Figure 8. Textures of Col, mesophases. a) Fan-shaped focal conic texture (149, R=C;H;;),

b) focal conic texture (78, R=COC;,H,s), c) spherulitic-like texture with maltese crosses (77,
R=C¢Hs3). d) The straight linear defects are characteristic for ordered columnar mesophases
(78, R=COC,;Hy,).
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regime and sharp reflections in the small-angle regime.
However, a closer look to the SAXS profiles reveals certain
differences (Figure 9). The (10) peak of the Col, mesophase
splits in the (20) and (11) reflection of the Col, phase. This
observation is explained in Figure 10. Here, in a hexagonal

’rel.

Figure 9. SAXS profiles of a hexagonal (a) and a rectangular columnar
mesophase (b) of tetraphenylene 78c. The (10) reflection of the Coly,
phase divides into two peaks of the Col, phase. The scattering
maximum (x) is a satellite peak of the strong (10) and (20) reflections,
respectively, and originates from the parasitic Fe, radiation.

Figure 10. Symmetry breakdown at the transition from a hexagonal (a)
to a rectangular columnar phase (b). For better clarification the
rectangle in (b) is shown in a disproportionate way. Normally the
lattice of a rectangular mesophase is closer to that of a hexagonal
columnar phase.

lattice a rectangular unit cell with the lattice constants a’ and
b’ is shown (Figure 10a). Since 6=30° in a hexagonal
arrangement, b'= a'/V/3, and thus dy; =dyy, since for a
rectangular lattice, Equation (3) is valid.

1 w”oK
=t ©)
2 2 2
dy 4@ b
www.angewandte.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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As soon as the lattice deviates from perfect hexagonal
symmetry, that is, 0 #30° (Figure 10b), the degeneracy of d;;
and d,, is broken and two separate reflections appear in the
small-angle regime.

The indexation of a columnar rectangular mesophase and
the determination of the lattice structure (space group) are
complex and often not completely unambiguous. As can be
seen from the reflection conditions given in Table 2, the clear

Table 2: Reflection conditions of the three space groups of columnar
rectangular mesophases.®”

Space group Reflection conditions

P2,/a hk: -

hO: h=2n®

Ok: k=2n
P2/a hk: -

Ok: k=2n
Cm hk: h+k=2n

[a] nis an integer.

discrimination between the different lattice structures
requires the observation of a large number of peaks in the
X-ray pattern. Since only a quite limited number of reflec-
tions are actually observed, in practice an unequivocal
determination of the symmetry is questionable. Furthermore,
it can be helpful to consider the lattice constants a and b,
which can be calculated from Equation (3), in relation to the
molecular dimensions obtained, for example, by molecular
modeling.

Two-dimensional X-ray patterns of aligned samples can
be most helpful to further clarify the symmetry of rectangular
phases. The angle in the azimuthal scattering directions of
adjacent small-angle reflections deviates from 60° from that
expected for a perfect six-fold symmetry (cf. Col, mesophase).
Donnio et al. interpreted the origin of this arrangement of the
Bragg spots.” Moreover, Billard et al.* and Morale et al.*"
give further examples of X-ray analyses of columnar rectan-
gular mesophases.

As a result of the minor differences in the structures,
textures known for Col, phases (Figure 8) can also be
observed for Col, phases. However, broken fan-shaped and
mosaic textures are more common for columnar rectangular
mesophases than for columnar hexagonal ones.

2.3. The columnar oblique mesophase Col,,

Figure 2e shows the arrangement of the columns in a
columnar oblique mesophase, in which the tilted columns are
represented by elliptic cross sections. The symmetry of this 2D
lattice corresponds to the space group P;. Examples for
columnar oblique mesophases are rare because strong core—
core interactions are required.

Since P, is a primitive planar space group, there are no
reflection conditions and therefore all peaks (hk) are allowed.
In Table 3, an example from literature is given for the

Angew. Chem. Int. Ed. 2007, 46, 4832 —4887
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Table 3: d Spacings and lattice parameter for a columnar oblique
mesophase Col,, (from [CoCl,(L,)])®"

d.ps [AIP ! hki e [AI Lattice parameter
17.8 vs (20) 17.8 a=35.7A
16.75 vs ) 16.75 b=18.4A
15.9 vs an 15.9 y=86.4°
102 s 31) 103
9.65 m 31 9.7
7.55 m (32) 7.5
7.3 w (1) 7.1

L=2,6-Bis[3',4',5,-tri (octyloxy) phenyliminomethyl]pyridine. [a] d,,s and
d..q denote the observed and calculated diffraction spacings; [b] inten-
sity of the diffraction signal (vs: very strong, s: strong, m: medium, w:
weak); [c] indexation in the 2D oblique lattice.

reflections actually observed for a Col,, mesophase. Beside
fan-shaped textures,”” spiral textures are characteristic for
Col,, phases.?3!

2.4. The discotic nematic mesophase N,

In a discotic nematic mesophase, the flat molecules
possess full translational and rotational freedom around
their short axis, whereas their long axes (spanning the plan
of the discotic mesogen) orient, on average, parallel to a
general plane (Figure 11b). Nematic phases are fluid,

(a) (b) (c)

Figure 11. Different types of nematic phases: a) nematic phase N of
calamitic mesogens, b) discotic nematic phase Np, and c) columnar
nematic mesophase Nc induced by the charge-transfer interactions
between a disk-shaped donor (black) and an electron acceptor (gray).
The respective building blocks of the phase (disk-shaped molecules or
columns) are long-range orientationally ordered with no longe-range
translational order, so that all phases have the same symmetry.

whereas the Col,, Col, and Col,, liquid-crystalline phases
normally have a rather waxy consistency. N mesophases
typically show the Schlieren texture,® similar to that of a
nematic phase of calamitic molecules. However, the discotic
nematic phase is optically negative, which clearly contrasts
with the optically positive nematic phase of calamitic liquid
crystals (see also Section 3.2.).

The diffraction profile of a N, phase resembles that of an
isotropic phase (cf. Figure 4c). The wide-angle diffraction
peak is related to the lateral distance between the cores, while
the small-angle diffraction peak is attributed to the diameter
of the core.

Angew. Chem. Int. Ed. 2007, 46, 4832— 4887
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When the molecules are chiral®™ or a chiral dopant is
added,™ the resulting chiral nematic mesophase, called the
cholesteric phase Np*, shows a modulated structure—a
twisted nematic phase, which is illustrated in Figure 12. The
director n is continuously twisted along the z axis with the
pitch P of the helical structure, which is equal to one complete
turn of the local director by 2m.

PI2

Figure 12. The cholesteric mesophase Ny*: the director n is periodic
along the helix axis z with the pitch P of the helical structure, equal to
a turn of the local director by 2. Reproduced from Ref. [40].

Similar to the textures of cholesteric phases of calamitic
molecules, oily streaks, fingerprint, and polygonal textures!’!
can be observed for N* phases.

2.5. The columnar nematic mesophase N

When the electron donor, for example, alkynylbenzene 7d
is doped with an electron acceptor, for example, 2,4,7-
trinitrofluorenone (TNF) (Scheme 3, Scheme 4),[*# ordered
columns are formed as a result of the charge-transfer
interaction. If the difference between the different lengths
of the side chains is large enough, the arrangement of the
columns in a 2D lattice (for example, hexagonal or rectan-
gular) is disturbed. Therefore, the columns show only orienta-
tional order to each other and form a columnar nematic
mesophase N¢ (Figure 11c¢). The columns can be regarded as
building blocks of the N phase instead of single molecules (as
in the nematic phases of calamitic mesogens). Since all these
nematic phases (N, Np, N¢) have the same symmetry, the
similar characteristic textures are observed. As a result, the
N¢ mesophase shows Schlieren textures,>*! which, because
of the formation of charge-transfer complexes, exhibit deep
colors.

An X-ray pattern of a columnar nematic phase
(Figure 13)!! shows relative sharp reflections in the wide-
angle regime that correspond to the regular stacking of the
donor and acceptor molecules on top of each other. The
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v Figure 15. Structure of the lamellar D, phase proposed by Sakashita et

al. Reproduced from Ref. [44].

Figure 13. X-ray pattern of a columnar nematic mesophase: A) rela-

tively sharp reflection in the wide-angle regime caused by the long- . . .

range intracolumnar ordering, B) diffuse reflections attributable to the In a 2D diffraction pattern of an orientated sample,
liquidlike arrangement of the columns. Sakashita et al. observed only one diffraction maximum and

its corresponding higher order peaks in the equatorial
direction; Figure 16 shows this behavior for the crown ether
reflections in the small-angle regime are rather diffuse and
broadly related to the liquidlike arrangement of the columns.

In a 2D diffraction pattern of an aligned N sample, the
small-angle reflections are normal to the reflections in the 0
wide-angle regime. Therefore the columns are orientated ° (0o1)
more or less parallel and have only short-range positional °
order, which is characteristic for a nematic mesophase. o
o}
o
2.6. The lamellar mesophase D, I o
As the word “lamellar” implies, in a D; mesophase the et ;b
molecules are arranged in layers similar to calamitic meso- @
gens in smectic phases.[¥! Also, the textures of the lamellar S
mesophase are similar to the textures of calamitic smectic o (003) (004) (005)
phases. Typically, broken fanlike textures with large domains g
(Figure 14) can be observed for D, phases. L v l/
The structure of the lamellar mesophase has not yet been 5 . . : n : .

completely clarified. A suggestion by Sakashita et al.* is
shown in Figure 15.

6/° —»

Figure 16. X-ray scattering profile of a lamellar (smectic) mesophase
of the ortho-terphenyl crown ether 150¢c. Only one diffraction maxi-
mum and its corresponding higher order peaks are observed, related
to pure 1D translational order. Example taken from Ref. [45].

150 c.1*] This observation indicates a layer structure, whereby
the interlayer spacing is comparable to the molecule length.
However, the diffraction pattern exhibits fine peaks along the
vertical direction that suggests that there is also some (layer)
structure normal to the first named layers. The lines that
connect the points of the highest intensity of the peaks, which
lie along the horizontal and the vertical direction, do not cross
each other perpendicularly. Therefore, it was deduced that the
molecular plane is tilted against the layer normal by about 5°
(Figure 15). Furthermore, no columnar structure in a D
Figure 14. Broken fanlike texture of a lamellar mesophase of tetraphe- mesophase was observed, and the molecules possess a
nylene 77e. liquidlike order in the layers. Thus the structure of the
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lamellar mesophase deduced by Sakashita et al. is very similar
to that of a SmC phase of calamitic mesogens.

Méry et al. presented a further lamello-columnar meso-
phase, in which the molecules of [1]benzothieno[3,2-b]
[1]benzothiophene-2,7-dicarboxylate were proposed to
assemble in microcolumns made of alternatively crossed
molecules within the smectic layers.[*"]

3. Physical properties of columnar mesogens
3.1. Electrical conductivity

As a result of the assembly of discotic aromatic mesogens
into columnar stacks with typical intercore distances of about
3.5 A, an overlap of the w*~n* LUMOs (lowest-unoccupied
molecular orbitals) should be possible, which would lead to a
conduction band for charge transport along the column axis
(Figure 17).

LUMO

HOMO

I

—

=

Figure 17. Electronic band formation from a single molecule (left) to
the column (right).

The columns would form molecular wires with conductive
channels surrounded by insulating peripheral chains,*”! so
that the columnar liquid crystal may display photoconductiv-
ity. Model systems for conductivity studies were based on
triphenylene derivatives, which do not usually possess intrin-
sic charges.*! To investigate the charge transport along the
columns, charges were created by doping or through photo-
generation. Vaughan et al.*”! doped 44b with iodine, which
increased the conductivity by several orders of magnitude.
Boden et al. used 35b with AICI;, "> which transformed the
insulating 35b into a p-doped semiconductor, in which the
conduction along the columns was three orders of magnitude
greater than in the perpendicular direction. This result clearly
indicates the high anisotropy of conduction in the columnar
phase and the columnar phase can be considered a practical
one-dimensional conductor along the columnar axis.

For studying charge transport in discotic liquid crystals,
the time-of-flight (TOF) technique, which relies on charge
photogeneration, is most widely used. Charges are generated
by light irradiation of discotic films in a typical sandwich-cell
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configuration (Figure 18). A light pulse with a defined
wavelength and a short duration is sent, so that the absorption
and the following charge generation occurs in a very thin layer
at only the first interface. An electric field is applied to induce

ITO ITO

—_—
Light pulse

Oscilloscope

Resistance

Figure 18. Setup of the TOF experiments.

a drift of the charges. Depending on the polarity of the
applied field, holes or electrons will move across the sample,
thus inducing a transient current, which is recorded in an
external circuit, and allowing the deduction of the type of
charge carriers involved. The time that these charges take to
travel between the electrodes allows the mobility u to be
estimated. In fact, 4 depends on the applied voltage V and
transit time t, according to Equation (4), where v is the drift
velocity, d is the film thickness, and E is the applied electric
field.

)

The disadvantage of the TOF method is that monodo-
mains with the columns aligned perpendicular to the electro-
des (homeotropic alignment) are required. Any defect in the
path has a strong effect on the mobility, so the values can
underestimate the true transport potential of the material.
Discotics that do not align accordingly might be impossible to
investigate with the TOF method.

Transport in triphenylenes was modeled by Haarer and
co-workers.”? Despite the remarkable results in terms of
mobility because of the high degree of order in the columns,
the transport seems not to be described by a bandlike model
but rather by a hopping process, in which the charges stay in
one site until they jump to the next. A 1D hopping model was
used that was based on a Gaussian distribution in the energy
levels involved in the conduction (for example, the HOMOs,
the highest-occupied molecular orbitals) and dependent on
the disorder and on a “jump rate” between adjacent sites. This
rate is a function of the hopping distance (taken as the
intermolecular distance) and temperature. By using a Monte
Carlo simulation, the photocurrent was predicted, and from
this the mobility was deduced. The dependence of the electric
conductivity on the field and the temperature were derived
from this model, and this dependence agrees with the
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measured temperature dependence of the mobility in the
triphenylene dimer 46b in its glassy phase (Scheme 18). For
higher temperatures, however, other factors, such as the
variation of the order parameter with the temperature and
thermal activation effects, should be taken into account in the
model.

When samples cannot be properly aligned, the pulse-
radiolysis time-resolved microwave conductivity technique
(PR-TRMC) has been used.”™ A schematic illustration of the
PR-TRMC technique (Figure 19) indicates the two main
stages of creation of the charges and detection of the
conductivity.

microwave source

van de Graaff
accelerator

l

cell

microwave detector digitiser

Figure 19. Simplified setup of the PR-TRMC experiments, reproduced
from Ref. [53].

Charges are uniformly created in the whole sample by
irradiation by a high-energy electron pulse from a Van de
Graaff accelerator. The detection mechanism is based on the
use of microwaves sent to the sample that propagate through
the sample and at the opposite side, reflect back. The
observed change in power of the reflected microwaves is
connected to the induced change in conductivity in the
material. This change is in turn related to the charge mobility
u; and the induced charge-carrier concentration N; in the
sample [Eq. (5)].

Ao(r)=e Z (Ni(tui] (5)

Van de Craats et al.* compared TOF and PR-TRMC
techniques investigating the conductivity of 47b as function of
temperature. The times of the process with PR-TRMC are in
the nanosecond range, which allows the monitoring of the
conduction in stacks of a few molecules even if it is not
possible to distinguish the sign of the charge carriers. More-
over, PR-TRMC is advantageous because no electrodes are
needed, the samples do not require uniform alignment (as
already mentioned), and, unlike TOF, it is possible to obtain
mobility values even in the crystalline state.

The effect of the type and size of the core is investigated
by PR-TRMC with a comparative study of the mobility of five
families differing in the core (triphenylene, porphyrin,
azocarboxyldiimidoperylene, phthalocyanine, hexa-peri-
hexabenzocoronene; Scheme 1 and 22).%% Data of derivatives
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with various peripherally substituted alkyl chains for each
family were presented. The peripheral chains influence the
phase-transition temperatures from crystalline to liquid
crystal as well as from liquid crystal to isotropic. For
phthalocyanine and triphenylene, the chains have very little
influence on the mobility in the mesophase. In contrast, the
element that connects the core to the chains plays an
important role. If oxygen is used as the linking atom, a
mobility lower than with direct coupling (for example,
through a methylene moiety) or through a sulfur atom results.
This decrease in conductivity is attributed to the fact that the
oxygen atom is less bulky and thus allows higher mobility,
which in turn gives higher intracolumnar disorder, detrimen-
tal for charge transport. As a general finding, the bigger the
core size, the higher the mobility—probably due to better -
orbital overlap and/or higher intermolecular forces that
increase the columnar stability. For all the compounds
studied, the highest mobility values were measured in the
crystalline phase,” but this phase is not attractive because of
the formation of domains with subsequent creation of charge
traps at the domain boundaries. In contrast, liquid-crystalline
phases avoid this limitation through the formation of columns
and possessing the unique feature of self-annealing of defects.
The values measured with the PR-TRMC technique can be
useful to optimize the desired molecular structure, and to
determine which structure gives the highest mobility within
few molecular stacks. In macroscopic samples measuring with
DC fields, these values could be expected only in case of a
well ordered monodomain. Notably, while molecules with big
cores have higher stability and conductivity, they are often
more difficult to process, which can be cumbersome for
applications where macroscopically aligned films are needed
(see Section 5 for applications)."!

A quantum-chemical approach was used to correlate
structure with properties,”’! considering four molecular
structures (triphenylene, hexaazatriphenylene, hexaazatri-
naphthylene and hexabenzocoronene; Scheme 1 and 37).
The proposed model is based on a hopping mechanism, which
describes the rate of charge hopping from one site to the
nearest in terms of the molecular reorganization energy and
of the intermolecular transfer integral. On studying the
reorganization energy, first its reduction was found when
the size of the core was increased. Second, while alkylthio
chains only slightly affect the energy, the alkoxy chains
decrease the energy, thus adversely affecting the charge
transport. Another indicator of the efficiency of transport is
the intermolecular transfer integral that is related to the
electronic coupling between molecules. The impact of the
possible movements that occurred, such as molecular rota-
tion, variation of the intermolecular distance, and translations
were evaluated. Although small variations of distance do not
have a great effect, rotations do have an effect, independent
of the core size, with the complication that the change as a
function of the angle is not really predictable. This makes it
impossible to estimate the effect of rotation from just the
molecular structure. However, in case of bigger molecules, the
effect of translational movements is smaller. The theory
predicted that transport occurs predominantly by holes, in
agreement with the common experimental finding. On the
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other hand, for hexaazatrinaphthylene derivatives, a substan-
tial electron transport as well as a charge-carrier mobility of
an order of magnitude higher than in triphenylene was
predicted.

3.2. Optical properties

Liquid crystals (LCs) are optically anisotropic media
whose properties, as the name suggests, depend on the
direction in the medium. The optical properties of a material
can be visualized using a geometrical representation of the
dielectric tensor, known as the index ellipsoid. The intercepts
of the ellipsoid surface with its three principal axes give the
principal refractive indices of the medium. If the system is
isotropic, that is, the properties are independent of direction,
the index ellipsoid becomes a sphere. The most common
liquid-crystalline phases have one optic axis (they are
optically uniaxial), with two principal refractive indices n,
and n, (the ordinary and the extraordinary refractive index,
respectively). The index ellipsoid in this case is an ellipsoid of
revolution. Moreover, liquid crystals are most often uniaxial
positive, which indicates that the value of n, (the refractive
index of the light propagating along the optic axis) is lower
than that of n, (the refractive index of the light propagating
perpendicular, but with polarization parallel, to the optic
axis). Many discotic LC phases, like the nematic and the
columnar phases, are optically uniaxial, but with negative
anisotropy, that is, n,> n., which makes the index ellipsoid
oblate (Figure 20). This property has been fundamental for
the application of discotic films as optical compensators for
LC displays (see section 5). The magnitude of the optical
anisotropy An=n—n, is generally lower for discotics than
calamitics. Experimental values are scarce, but some reports
give values in the range of -0.08 to -0.04.5%

to. a.

1
No
Mo

I uniaxial positive: ne > ng

(@)

to. a.

Ne

nNo
Mol

uniaxial negative: ne < ny

Figure 20. Index ellipsoids for uniaxial positive (a) and negative (b)
liquid crystals.
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4. Classes of compounds used for columnar liquid
crystals

As molecular shape is an important factor in determining
whether certain molecules will self-assemble into liquid-
crystalline phases, molecules may be usefully classified
according to their shape as calamitic or columnar (discotic)
mesogens, as long as no additional interactions (such as
hydrogen bonds or tethering into dimers, oligomers, or
dendrimers) are present.” Most columnar LCs typically
consist of a rigid central core (planar, pyramidal, conical, or a
similar geometry; Scheme 1), surrounded by several flexible
groups.'*

£}
[:‘

triphenylene (X = CH)
azatriphenylene (X = N)

perylene

hexa-peri-hexabenzo-

Q } coronene
N
SO O

tetraphenylene

tribenzocyclononatriene (n = 1)
tetrabenzocyclodecatetraene (n = 2)

X

TN
N
X
SO, {y
N N HN

\‘X//

porphyrin (X = CH)
phthalocyanine (X = N)

Sk
Co \jj@

tricycloquinoxaline crown ether

Scheme 1. Some selected core units for columnar liquid crystals.

4.1. Benzene derivatives

Since the seminal findings by Chandrasekhar et al. that
hexaesters of benzene display columnar mesophases,”! meso-
genic benzene derivatives have been developed into different
areas. The most common columnar benzene derivatives are
hexa- and 1,3,5-trisubstituted benzenes.

In an attempt to overcome the problem of the viewing
angle for twisted and supertwisted nematic LC displays,
Kumar et al. prepared the hexaalkynylbenzene derivative 4!
from the 4-bromophenyl ketone 1 by Wolff-Kishner reduc-
tion and subsequent Pd-catalyzed coupling with 1,1-dime-
thylpropargylic alcohol to give the alkynol 2, which under-
went base-induced fragmentation to the phenylacetylene
derivative 3a. Sonogashira coupling of 3a with hexabromo-
benzene finally yielded hexakis[4-(4-methylnonanyl)pheny-
lethynyl]benzene (4), which indeed displayed the desired
nematic discotic phase at ambient temperature (Scheme 2).[°?
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Scheme 2.

When the symmetry of such compounds is reduced by
replacing one alkynyl substituent with an ether moiety,
systems such as 7 were obtained, which display both nematic
discotic and hexagonal columnar mesophases depending on
the side chain (Scheme 3).1°]

While alkyl- and alkoxy-substituted derivatives 7a and 7b
form nematic discotic phases, a hexagonal columnar disor-
dered mesophase was found for the thioether 7¢. The

(@]
i O*
CoHas 5b (X = O)
5a 5c (X=8)
1) PClg 1) DMF, POClI,
2) KOtBu, DMSO  2) H,0, NaOAc Do

c
=
7" NaOH, Bu,NCI /@MH
-
dioxane CoHiaX

CeHiaX
3b X =CH, 6b.c
3c X=0
3dX=S
BrsCs-O(CHy);1OH, [PACL,(PPh,),], PPh,, Cul, NEt,
¢H XCeH
JCHu o e
o) R=
R R F
7a X =CH, (Cr39 Ny 52 )
R R 7b X=0(Cr71 Ny 1181)
R 7¢ X =S (Cr56 Col,g 167 1)
R1
R= 7d R'=H
F 7e R'=CsH,; (Cr67 Np 94 1)
Scheme 3.
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terminal hydroxy group in pentaalkynylbenzenes 7a-c
allows further tethering to a polyacrylate backbone.[*!
Picken and co-workers also studied the change of the
mesophase behavior of pentaalkynylbenzenes 7 by charge-
transfer interactions. When 7b was doped with the electron
acceptor TNF (Scheme 4) a nematic discotic phase was still
produced, while the corresponding 1:1 complex of 7b and
2,4 7-trinitrofluoren-9-ylidenemalonitrile (TNF-DCM)
formed columnar plastic (Colp),[("” hexagonal columnar and
nematic discotic phases.

o}
O
NO, NO,
TNF TNF-DCM

7b - TNF (Cr 64 N, 94 )
7b - TNF-DCM (Col, 50 Col, 91 Np, 128 1)

Scheme 4.

Ichimura and co-workers have successfully applied photo-
patterned discotic LC films of pentakis(arylethynyl)benzene
7e to elucidate orientational behavior (Scheme 3). Polarized
photoluminescence measurements of these systems provided
information on the aggregation and spatial orientation at a
microscopic level®! System 7e also represents a building
block for the formation of star-shaped dendrimers as shown
by Janietz and co-workers.[*!

Stilbenoid compounds play an increasingly prominent
role in materials science and are already used as optical
brighteners and laser dyes. These compounds might be
potentially interesting for light-emitting diodes, photoresists,
photoconductive devices, imaging and optical switching
techniques, and nonlinear optics (NLO). However, a
major limitation with respect to their application is their
decomposition by [2+2] photocycloaddition and photopoly-
merization reactions. To circumvent this problem, Meier,
Lehmann, and co-workers investigated a series of stilbenoid
dendrimers such as 13 (Scheme 5).1®! The convergent syn-
thesis used the triphosphonate 12 as the core and dendron 11
that were finally linked together through a threefold Wittig—
Horner olefination to give the all-E-configured second-
generation dendrimer 13. This synthetic strategy also gave
access to higher generation stilbenoid dendrimers. Compound
13 displayed a hexagonal columnar mesophase at ambient
temperature and a columnar oblique phase at elevated
temperatures. By using temperature-dependent “H NMR
studies of selectively deuterated dendrimers such as 13,
Lehmann et al. found that molecular motion is a necessary
condition for photooligomerization. Thus, the suppression of
molecular motion is a prerequisite for a successful application
of these materials.[**

Several groups have explored the structural motif of Dy;-
symmetrical star-shaped columnar liquid crystals based on
either trimesic acid or phloroglucinol. For example, Chang et
al. synthesized compound 17 to stabilize columnar structures
in a polymer network through 1,4-photopolymerization of
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R' 1) NBS, FelH,0
2) MeOH, HC(OMe),

H,C
RO CHO
R' 3)
RO
. OR 10a
8 R'=Br
. P(OEt),
9 R'= OP(OEt), RO OR M
(Et0),0P
KOtBu, THF
(Et0),0P PO(OEY), 70%
R? =

RN

13 R=CyyHys
(Cr 0 Colyg 32 Coly, 99 1)

Scheme 5. NBS = N-bromosuccinimide.

diacetylenes. 4-hydroxyphenylacetylene (14) and 1-ethynyl-4-
(hexyloxy)benzene (3¢) were coupled using Cu(OAc), to
yield the diacetylene precursor 15, which was treated with
benzenetricarbonyl trichloride 16 to give the benzene tricar-
boxylates 17 with pendant diacetylenic groups (Scheme 6).1!
The phloroglucinol analogue 18, however, was nonmesogenic
in contrast to 17.

Lehmann et al. prepared phloroglucinol-derived meso-
gens 21 as nonconventional columnar liquid crystals which
possess an E-shaped conformation (in the columnar meso-
phase) rather than a star-shaped conformation to avoid empty
space in the columnar mesophase (Scheme 7).""! The mono-
tropic columnar mesophase of star-shaped mesogen 21a can
serve as a template for crystal growth.Vl Real-time AFM
measurements revealed that mesophase-assisted crystalliza-
tion can be viewed as 1D growth, whereby the growing
crystalline phase preserves the orientation of the “parent”
mesophase. Crystal growth occurs along the tracks of the
columnar axes. This control of the crystal structure by the
mesophase template should allow for the tailoring of crystal-
line morphologies at the scale of individual columnar
diameters.

The existence of both thermotropic and lyotropic meso-
morphism in disk-shaped compounds is rather unusual.
However, the latter can be stabilized by hydrogen bonds as
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Scheme 6. M, denotes an unknown mesophase. py=pyridine.

Ar
0“0
OH ArCO,H
20a
DPTS DCC
HO OH  ch,cl, RT
19
o)
Ar)J\
OC12Hps 21a n=1, 79% (g 20 Col,4 53 I)
Ar= 21b n=2, 86% (Col, 79 Col, 98 1)
Oc12H25

21¢ n =3, 66% (Col, 170 Col, 172 1)

OC12H2s 21d n =4, 57% (Col, 240 Col, 249 I)

Scheme 7. DPTS = 4-(dimethylamino)pyridinium 4-toluenesulfonate,
DCC=N,N'-dicyclohexylcarbodiimide.

was shown by Meijer and co-workers for 22a, which was
based on 3,3'-di(acylamino)-2,2"-bipyridine (Scheme 8).>7!
Between glass plates, the lyotropic solutions adopt a
uniaxial, planar orientation. In an electric field, the columns
can be switched to a homeotropic alignment, and such
voltage-induced formation of large monodomains might be
useful for 1D charge transport of ions.”” The corresponding
chiral derivatives 22¢ and 22d with dihydrocitronellol side
chains self-assemble into a dynamic chiral helix in apolar
solvents (Figure 21).7 By detailed CD spectroscopy, Meijer
and co-workers were able to demonstrate the “majority-
rules” effect: a slight excess of one enantiomer leads to a
strong bias toward the helical sense, preferred by the major
enantiomer, in such a noncovalently bound aggregate.
Comparison of the experimental data with the calculation
yields a mismatch penalty, that is, the free-energy penalty on a
monomer present in a helix of its nonpreferred screw sense
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R

bipyridine side chain

Figure 21. The helical orientation of the amides 22¢,d. Reproduced
from Ref. [74].

(0.94 KImol™"), which is almost a factor of eight lower than
the penalty on a helix reversal (7.8 KImol ™).

Second-order materials with NLO effects are required for
high-performance electrooptic modulators, frequency dou-
blers, and holographic memories. One approach towards
NLO properties uses octopolar systems with a D, symmetry
such as 1,3,5-trihydroxy-2,4,6-trinitrobenzene (23), which was
synthesized by the nitration of phloroglycinol (19;
Scheme 9).17”

Compound 23 was esterified with the gallic acid chloride
20b to give 24 and the anhydride 25 as a byproduct.
Surprisingly, 25 was also found to be mesomorphic and its
Col;, mesophase might be explained as shown in Figure 22.

The observed second-order polarizability fs;; of 24 was
similar to the value observed for the parent system 23, which
demonstrates that it can be combined with mesogenic side
chains without any loss of NLO activity.

Organic molecules for polyelectrochromic materials and
multielectron redox catalysts should exhibit multiple-electron
transfer and significant absorption in the visible range. In this
respect, the use of azulenes as redox-active chromophores is
interesting because their electrochemical reduction is strongly
facilitated by the formation of the cyclopentadienide subunit.
Ito et al. recently reported hexakis(6-octyl-2-azulenyl)ben-
zene (31) that displays a complex polymorphism with several
hexagonal columnar mesophases (Scheme 10).7¢!
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Figure 22. The stacking of 25 in the Col, mesophase./

The synthetic sequence to 31 consists of the bromination
of azulene diester 26 a, followed by Sonogashira coupling with
1-octyne, and subsequent catalytic hydrogenation of the C=C
bond to give 27. Saponification and decarboxylation yielded
28, which was converted with PBr; into 2-bromo-6-octylazu-
lene (29a). Sonogashira coupling with trimethylsilylacetylene,
deprotection, and Sonogashira coupling with 2-iodo-6-oct-
ylazulene (29b) afforded bis(6-octyl-2-azulenyl)acetylene
(30), which displays a rectangular ordered columnar meso-
phase along with a smectic E (SmE)”” and a nematic
mesophase, despite its linear shape. Compound 30 was
converted into the desired hexasubstituted benzene deriva-
tive 31 by a [242+2] cycloaddition induced by [Co,(CO)g]. A
reversible reduction wave at —2.01V for the product
indicated a one-step multiple-electron transfer to produce
an anionic species 31°~.%

It should be mentioned that Rabinovitz and co-workers
determined by variable-temperature NMR a remarkable
distortion of symmetry on reduction of hexa(4-dodecylbiphe-
nylyl)benzene (32b) with alkali metals, which led to a twisted
conformation of the central benzene ring in the hexaanion
32b°" (Scheme 11).¥ The activation enthalpies for pseudo-
rotation of the twist form and the phenylene rotation were
16.3 kcalmol ™' and 8.1 kcalmol ™', respectively.
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CO,Et
) KOH, H,0
0 OR! 4» CeH17 O OH
H3PO,
CO,Et
26aR=R'=H 1)Br,, (MeO);PO 28 X = OH
2) CH,N PBrs
26bR=H R'=Me 22 29a X =Br
1) P, =—C¢H, CuliKI
27 R = CgHyy, R' = Me =2) PA/C, H, 2bX=1
1) Pd?, =—TMS | 2) KF
3) 29b, Pd°

CgHy7 OQ CO CeHiz =—

(Cr, 44 Cr, 119 Col,, 146 SmE 159 N 215 )
l [Cox(CO)e]

CBHW

CgHy7

31 (Cr; 88 Cr, 108 Cry 116 Colyoq 125 Colygy 138 Colyy 144
Colpoq 183 X 200 1)

Scheme 10.

Scheme 11.

4.2. Triphenylene derivatives

Triphenylenes are one of the most extensively investi-
gated classes of columnar liquid crystals.®7%l The “working
horse” of LC chemists are symmetrical hexakis-
(alkyloxy)triphenylenes 35, which were obtained either by
oxidative trimerization of 1,2-dialkoxybenzene 33(-5¢
(Scheme 12, Patha) or alternatively by the “biphenyl
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path b
for 34
OR
path a O
OR RO
L = T
X OR RO ‘
33X=H OR
34 X =Br
35a R= CH3
35b R=CgHy,
35¢ R =CyH,

Scheme 12. Preparation of triphenylenes 35.

route”, that is, by oxidative cocyclization of dialkoxybenzene
33 and tetraalkoxybiphenyl 36 with FeCl; in CH,CI,
(Path b).’”! The latter route was conveniently available by
the base-induced biaryl coupling of the bromide 34 as was
shown by the research group of Laschat.[%%)

While HBr/HOAc completely demethylated hexakis-
(methoxy)triphenylene 35a to the corresponding hexahy-
droxytriphenylene, which can be further modified by alkyla-
tion or arylation,™ procedures were developed to obtain
selectively mono-, di-, or trihydroxytriphenylenes for subse-
quent functionalization (Scheme 13).

Seminal contributions came from Ringsdorf and co-
workers,”"*l who reported the demethylation of triphenylene
37a with Ph,PLi to give the monohydroxy derivative 38b,
while the 2,3-dihydroxy-functionalized triphenylene 38¢ is
accessible from 37b by cleavage of the methoxy group with
BBr; by means of intramolecular assistance.”'? Treatment of
hexakis(pentyloxy)triphenylene 35b with the hindered Lewis

CeHytO
OR " method A-C
—_— =
OR'
CeHysO

OCsHy,
35b R=R'=CgzHy,
37a R =Me, R" = (CH,);CH=CH,
37b R=Me,R'=H

OCsH,

38a R'=CgH, (70%)
38b R' = (CH,)sCH=CH, (87%)
38¢c R'=H (52%)

[e]
A @ "BBr (1.2 equiv), CH,Cl,
[¢]

B: Ph,PLi

for 35b lg-BrBBN, CH,Cl,

HO C: 1) BulLi, 2) BBr3, 3) H,0O

OH
+ nonsymmetric isomer
OCsHy4
CsH4qO
OH 39
20°C, 4 h: 38% 47%
-30°C, 3 h: 55% 35%

Scheme 13. 9-BrBBN =9-bromo-9-borabicyclo[3.3.1]nonane.
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acid 9-bromo-BBN gave a mixture of the C;-symmetric
trihydroxytripentyloxytriphenylene 39 and its nonsymmetric
counterpart. The product ratio was reverted in favor of the C;-
symmetric derivative 39 by simply lowering the reaction
temperature to —30°C."?) Kumar and Manickam further
improved the yield of 39 by using 3.6 equivalents of the highly
selective  B-bromocatecholborane in CH,CL.”®! Only
1.2 equivalents of B-bromocatecholborane were needed to
selectively cleave one pentyl group in 35b to give monohy-
droxytriphenylene 38a in good yield. Reacting compound
35b with BBr; also leads to selective removal of one pentyl
group.'

Monohydroxytriphenylenes such as 37b are available by
direct FeCl;-mediated cocyclization of guaiacol (40a) and
dipentyloxybenzene (33b) in a ratio of 2:1®) or alternatively
by the method reported by Bushby and Lu,” which involved
aryl oxidative coupling of isopropoxyguaiacol 40b and the
biphenyl 36a with FeCl; followed by MeOH quenching

(Scheme 14).5%
OCeH;, OH
L. QX
OCsH; OMe

33b 40a
FeCly, H,S0,
H,O,RT.1d | 27"
37b
1) FeCls, CH,Cl,
2) MeOH 2%
oy oon | oy
+
CsH,O OCsHy4 OMe
36a 40b

Scheme 14.

As a result of their high photoconductivity, hexaalkoxy-
triphenylenes are of significant interest as fast photoconduc-
tors for applications in xerography and laser printing."
However, the relatively high melting point of symmetrical
hexakis(alkoxy)triphenylenes limits their application. There-
fore, several series of unsymmetrical alkoxytriphenylenes 41
have been prepared and their mesomorphism studied by the
research groups of Kelly,”” and of Marcelis and Zuilhof®®
(Scheme 15). The results in Scheme 15 show a subtle balance
between combination of different chain lengths and melting
or clearing points, respectively, but the melting points indeed
could be lowered close to ambient temperature while keeping
the clearing temperature sufficiently high (for example, 41f).

Since the seminal finding of ferroelectrically switchable
chiral columnar liquid crystals by Bock and Helfrich,” a
large number of studies have been devoted to the preparation
of chiral triphenylene derivatives and the investigation of
their mesophase behavior and ferroelectric properties."!
Esterification of 42 with chiral carboxylic acids resulted in
chiral triphenylene esters 43 which still display hexagonal
columnar mesophases (Scheme 16).1° On mixing of the
nematic discotic phase of hexakis[(4-nonylphenyl)ethynyl]-
benzene (4, R = CyH,y, Cr 67 Ny, 83 I) with chiral 43, induction
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35d R'=R?=R%=R*=C¢H,; (Cr 68 Col, 97 1)

41a R'=R?=R3=CgH,3, R*=CgH;; (Cr55 Col, 911)

41b R'=R?=R%=CgH,;, R*=C,gH,; (Cr45 Col, 7211)
41c R'=R?=R%=C4H,3, R*=Cy,Hps (Cr 46 Col, 51 1)
41d R'=R?=C4H,;, R3=R*=Cg4H,; (Cr47 Col, 84 1)

41e R'=R?=CgH,;, R®*=R*=C,oH,; (Cr 58 Col,, 74 1)
41f R'=R?=CgH,,, R®=R*=C,,H,s (Cr 39 Col, 75 1)
41g R'=R?=C,H,q, R®=R*=C,H,s (Cr 43 Col, 51 1)

Scheme 15.

R*

A

0o~ O

R*\]éo
R*COCI 0©° O‘
B ——
Py, DMAP R*J\O ‘
o)
0.0

R

O __R*
hig
O

a2 R*
43a R= :"i/ﬁ/ (Col, 267 1)
Cl
43 R= 2 (Col, 244 1)
é
43¢ R*= f’\/\/\)\
i (Coly1121)

Scheme 16. DMAP = 4-dimethylaminopyridine.

of a chiral nematic discotic phase Np* was observed. When
the D¢ symmetry of 43 is further reduced by replacing one to
three ester moieties by n-alkoxy chains, contact preparation
did not show any chiral induction in the host nematic discotic
phase.['!

Chiral triphenylenes do not necessarily result in helical
mesophases. Grubbs and co-workers studied hexakis(dihy-
drocitronellyloxy)triphenylene 35e (Scheme 17).11%%

While the neat compound displays a hexagonal columnar
mesophase with only 20°C mesophase width, the correspond-
ing charge-transfer complex of 35e with hexakisfluorotriphe-

35e R= ;:S.’O/\/E\/\)\

(Cr19 Colyy 36 1)

35f R= ;5‘70/\‘/\(\‘/\

(Cr, -132 Cr, -36 1)
35g R =OCgHy,

44a R=F (Cr109 )

44b R = S(CH,)sCH,

44c R = CgH,(CH,)sCH,

Scheme 17.
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nylene 44a has an extended mesophase width up to 104°C
(Colyg; 21 Colyg, 104 1). In contrast, the chiral triphenylene
35f with highly methyl-branched alkoxy chains was non-
mesomorphic.'"” Nevertheless 35f was completely miscible
with hexakis(octyloxy)triphenylene 35¢g and the (1:1) mixture
formed a columnar mesophase (Cr 47 Col 67 I). Adam and co-
workers measured the charge mobility in the mesophase of
35b (Scheme 12), which is easily aligned homeotropically in a
sandwich cell, to detect holes and electrons. A quasi-intrinsic
transport for holes and a multiple shallow transport for
electrons were found."™ The electron mobility of
0.001 cm*V~'s™! was lower than that of holes. A much
higher hole mobility of 0.1 cm*V~'s™' was measured with
TOF!' in the helical columnar phase of 44b, independent of
the temperature within the phase and of the applied electric
field. Measurements reveal a very low mobility in the
isotropic phase where no columnar order is present, a step-
like increase when the columnar structure formed in the
hexagonal columnar phase and a further abrupt increase after
the transition into the helical phase, which reflects the
increase in molecular order of these subsequent phases.
Transient photocurrents decreased with increasing chain
length of the triphenylene. Kato and co-workers!'® succeeded
in the enhancement of the hole mobility of triphenylene 35d
(Scheme 15) by a factor of three by gelation with hydrogen-
bonded fibers made of peptide derivatives.'” Compound 35d
and a mixture of 35d and triphenylene 44 ¢ were investigated
with respect to quantum efficiency of the photogeneration of
charge carriers"® From the DC photocurrent, Bushby,
Boden, and co-workers deduced the generation efficiency of
the photocarriers based on the relation between the current
and quantum efficiency, and on the probability that recombi-
nation does not occur. The addition of 44¢ to 35d largely
improved the hole mobility of pure 35d, but the efficiency of
the pure 35d was drastically reduced. The photocharge was
also found to be produced exclusively because of 35d.

By tethering the achiral triphenylene 38d to a chiral
monohydroxytriphenylene 38e, the achiral-chiral twin 46a
was obtained (Scheme 18). Compound 46a gave intermediate
phase-transition temperatures between those of hexadec-
yloxytriphenylene (Cr 58 Col, 69 I) and the chiral analogue
35e. Again no chiral nematic discotic phase was detected.!'"

A completely different approach to chiral triphenylenes
was almost simultaneously reported by the research groups of
Bushby!"'"! and Praefcke."'"! From semiempirical calculations,
it became evident that suitable a-substitution of the triphe-
nylene moiety converts it from a planar into a propellerlike
geometry. Halogen substituents were chosen as particularly
promising candidates (Scheme 19).

The reaction of hexakis(hexyloxy)triphenylene 35d with
ICl to the chloro derivative 47a was accompanied by
formation of di- and trichloro-substituted byproducts
(Scheme 19, Method A). An alternative route used sulfuryl
chloride in the presence of AlCl; (Method B). Bromination
was realized by treatment of 35d with bromine at subambient
temperatures (Method C). Although direct proof of the
molecular chirality has not been achieved until now, both
compounds 47a and 47b, and the corresponding fluoro-,
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38d R = CygHyy, X = OH

3st
45 R = CyoHyr, X = Br(CH,)1o steps
K,COs, DMFl 38e R= /M

X=0H

OR! OR
R'O OR
(O opo S
(L e 0
O OR' RO O
R'O OR

OR’ OR

46a R =CyoHy, R' = /\/\/\)\ (Cr 34 Col, 45 1)

46b R=R'=C,Hy (g-20 Col,, 148 )

Scheme 18. Col,,, =hexagonal plastic.

method A-C Coft1s0
35 ——— >

CeHi30

method A 47a X = Cl (25%) (Cr 37 Col, 98 1)
method B 47a X = Cl (32%)
method C 47b X = Br (17%) (Cr 37 Col, 83 1)

Scheme 19. Method A: ICI (1.5 equiv), CH,Cl,, RT, 20 min; Method B:
SO,Cl,, AlCl;, 1,2-C¢H,Cl,, RT, 4 days; Method C: Br,, CCl,, 0°C, RT,
4 days.

nitro-, and amino-derivatives displayed hexagonal columnar
mesophases.

Also the modification of mesophase behavior of triphe-
nylenes by substituents, additives, charge-transfer interac-
tions, and pressure has been studied. Some general trends
were observed regarding substituent effects. The introduction
of additional alkoxy groups (for example, 48a) results in a
pronounced decrease of the melting temperature as com-
pared to the Dg-symmetrical analogue (Scheme 20)."?
Kettner and Wendorff reported that replacement of one
alkoxy group by an ester function (48b,c) destabilized the
mesophase when the steric bulkiness and polarity of the ester
moiety were increased.""” For the adamantoate 48d, an
additional plastic columnar phase was characterized'¥ that
shows promising charge-carrier mobilities greater than
102 cm*V~'s™!, which makes this type of compounds attrac-
tive as organic photoconductors and organic light-emitting
diodes (OLEDs). Brandl and Wendorff anticipated that the
charge-carrier mobility might be increased by increasing the
pressure as a result of decreased intracolumnar distances.!""”!
The induced decrease of molecular distances of 6% for
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48a R=R'=OC.H,, (Cr22 Col65I)
48b R=H, R'=C,H,COO (Cr 47 Col, 178 )
48¢ R=H, R'=naphthoyl-O (Cr 103 Col,, 158 I)

48d R=H, R1:@coo (Coly, 135 Coly,, 186 1)

48¢ R=H, R'=Br (g-47 Col, 14 Col, 163 |)
48f R=H, R'=CN (Cr 51 Col, 85 Col, 226 I)

Scheme 20.

pressures up to 17 kbar is too small to modify the electronic
structure and thus optoelectronic properties. In contrast, as
was independently found by the research groups of Rings-
dorf 1% Kumar"'”! and Bushby,'"®! strongly electron-with-
drawing substituents such as bromo- or cyano (for example,
48e and 48f) not only stabilize the mesophase, but also
increase the fluorescence quantum yields, important for the
development of optoelectronic devices. However, most
known triphenylenes have only poor fluorescence efficiencies
as a result of their high symmetry.

A very different solution to this problem was presented by
Shinkai and co-workers, who attached 2-hydroxy-N-alkylace-
toamide side chains to the triphenylene core. The resulting
compound 49 (Scheme 21) immediately forms an organogel
on mixing with cyclohexane (2.7 wt/vol % )."”) The organogel
represents a rectangular columnar mesophase and exhibits
unusual fluorescence emission that results from the unique
eclipsed overlap of the triphenylene moieties.

While charge-transfer interactions are well known to
stabilize columnar mesophases,'**'?!] Luz and co-workers

Craflas o o}
oA o cutt
o H
1 J
CroHas™ Y[~ 0
© O
o kfo
Has < L HN .
Cutn o MMhehy,

eclipsed overlap

staggered overlap

Scheme 21.
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reported the induction and stabilization of triphenylene-
based columnar mesophases by trifluoroacetic acid.'?? In the
study of eutectic mixtures of triphenylenes that display highly
ordered phases with nondiscotic com-
pounds such as 3,4,3' 4'-tetrakisbuty-
loxybiphenyl, Brandl and Wendorff
found that the mutual arrangement
of the columns and the intracolumnar
order are unaffected by the dilution
of the discotic compound, whereas
the phase morphology and kinetics of
phase separation change significantly
with dilution. Rod-shaped discotic
domains with a hexagonal cross-sec-
tional area are formed (Figure 23)
and the rods grow linearly as a
function of time.*

Along with the mesophase behav-
ior, the important properties of align-
ment on surfaces, the molecular
motion, and the photoconductivity
have been studied in detail. Boden, Bushby, and co-workers
studied self-assembled monolayers (SAMs) of a pentahex-
yloxytriphenylene-based LC with an ethyleneoxythiol side
chain on a gold surface.l'” Thickness measurements of these
SAMs indicated an “edge on” attachment of the triphenylene
moieties with the columnar director lying parallel to the
surface. The structure and conformation of the triphenylene
35b (Scheme 12), which was spin-coated on amorphous
carbon, were determined by electron diffraction, high-reso-
lution electron microscopy, and computer simulations.'””) A
surprising outcome of these studies was that the triphenylene
core is not perpendicular to the column but tilted by 9°. Bai
and co-workers investigated the arrangement of SAMs of
hexaalkyloxytriphenylenes with various chain lengths on
highly ordered pyrolytic graphite (HOPG) by scanning
tunneling microscopy (STM).'?! The molecular superlattices
strongly depend on the chain lengths. With C;, chains, the
molecular interaction dominates the crystallization, and the
whole arrangement contains threefold symmetry. With C,,
chains, part of the alkyl chains form a highly packed structure.
With C4 chains, the alkyl moiety directs the intermolecular
ordering and the molecules lose their symmetry.

The alignment on surfaces can be controlled by different
parameters.'"”’! For example, host-guest complexes of penta-
pentyloxytriphenylene-2-yl-cyclohexanoate and the chromo-
phore tris[(E)-4-pyridinyl-4-styrenyl]amine on a polyimide-
coated glass surface resulted in a dewetting-induced forma-
tion of hexagonal microstructures, which can be visualized by
AFM (Figure 24).12

Photoalignment is another technique used to obtain
discotic LCs with a preferred orientation. Poor thermal
stability of the molecular ordering of the aligning layer was
overcome by Ichimura et al.,'* who studied the photoalign-
ment of hexakis(4-octyloxybenzoyloxy)triphenylene on a
poly[4-(4-cyanophenylazo)phenylmethacrylate] as the photo-
aligning film (Figure 25).

Irradiation with oblique nonpolarized light resulted in a
3D photoreorientation of the longitudinal axis of the

Figure 23. Phase mor-
phology for a 1:1 mix-
ture of pentabutoxytri-
phenylene-2-yl-(1-ada-
mantenoylmethanoate)
and tetrakisbutoxybi-
phenyl. Reproduced
from Ref. [123].
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Figure 24. AFM image of a hexagon and a scheme showing the
orientation of the discotic columns. The diameter and the height of
such a hexagon are typically of the order of 10 um and T um,
respectively. The original film thickness (80-200 nm) is thus smaller
than the height of the hexagon. In contrast to the original unannealed
film, the columns are oriented parallel to the surface. Reproduced
from Ref. [128].

a) b)
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the aromatic C=C stretching band at 1615 cm™' with a free-
electron laser.™™ Spontaneous homeotropic alignment in a
hexagonal columnar mesophase was achieved by introducing
perfluoromethylene groups into the peripheral chain of
triphenylenes.'*! Spiess, Ringsdorf, and co-workers"*? stud-
ied the molecular motion of hexaheptyloxytriphenylene, a
corresponding dimer and a main-chain polymer, as well as
their charge-transfer complexes with TNF, by means of
H NMR spectroscopy. Fast rotation of the disks around
their column axis takes place in the monomer, and is
quenched in the dimer and the polymer. In the charge-
transfer complex with the triphenylene monomer, almost all
the electron-acceptor molecules stack in the columns, even at
temperatures close to the clearing temperature, while for the
dimer and the polymer, a significant fraction of the TNF
molecules exhibit isotropic motion.

4.3. Perylene derivatives

Perylene-derived pigments are important tech-
nical dyes, although their applications are hampered
by their low solubility.'*® This limitation, however,
was overcome by the introduction of functional
groups such as carboxylic acids.'* The first attempt
towards liquid-crystalline perylene derivatives was
published by the research group of Miillen.!'*
Suzuki coupling of the naphthylbromide 50a with
the corresponding boronic acid 50b gave the 4,4'-
disubstituted binaphthyl 51. Subsequent reductive
coupling yielded the perylenes 52, which underwent
smooth Diels—Alder reactions with N-alkyl-3,5-
dioxotriazole 53 to give the perylene bisimides

1 54a and 54b in good yields (Scheme 22).

director of DLC

N=N

Figure 25. a) Tilted and b) homeotropic alignment of discotic tripheny-
lene mesogens (disks) in the Ny phase on a thin film with para-
cyanoazobenzene residues (rods) exposed to irradiation with oblique
nonpolarized and linearly polarized light."””

E isomer of azobenzene towards the direction of the incident
light to minimize their light absorption. This reorientation
induced an overall change of the director of the triphenylenes.
Irradiation with linearly polarized light, however, resulted in
a homeotropic alignment with an orientational director of the
columnar liquid crystal perpendicular to the substrate plane,
similar to the cases for a nonirradiated film of the poly[4-(4-
cyanophenylazo)phenylmethacrylate] or a hydrophobic silica
plate. This procedure may open up ways to fabricate optical
compensatory sheets for twisted nematic LC displays.
Shimizu and co-workers reported the alignment change of
LC domains of 35d (Scheme 15) by vibrational excitation of
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Surprisingly, even perylene 54a, which contains
short alkyl chains and has a low aspect ratio,
displays a broad mesophase. Solid-state *H NMR
spectra of selectively deuterated derivatives of 54

R

R R I I

[Pd(PPh3),], Ko.CO4

OO . OO toluene, reflux OO
—_—

Br B(OH),
50b 51

K, DMEl
O R

R
NA
3OO0 Y, CO
»\N N’/< O 53 ‘
xylene, reflux OO

R R
54a R=R'"= CsHy, (Cr27 Col 319 1) 52
54b R = CygHs7, R' = C4Hy4 (Cr 69 Col 261 1)

50a

N-R'

Scheme 22.
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revealed the nonplanarity of the triazole unit and the dynamic
behavior of the N-alkyl chains.!**"!

A different approach was pursued by Wiirthner et al.,l1%
who prepared columnar perylene bisimides 57 by condensa-
tion of perylene tetracarboxylic acid dianhydrides 55 with
3,4,5-tridodecyloxyaniline (56) in the presence of a Lewis acid
(Scheme 23).

OC12H25

Cy2H250 OCi5Hys
NH,
OsN_O

Cy2Ha50 OCi2Hy5
CL, R
56

Zn(OAc),, quinoline
180°C, 3 h

R I R
R ] R

o~ 0" "0

o N™ O
55
57a R=H (Colyy 373 1)
Ci2H250 OC2Ha25

o)

57b R = O\ (Colng 346 1) OCy2Has
o tBu 57

57¢ R= \© (Cr243 1)

Scheme 23.

The mesomorphic properties of 57 depend on the
substituents in the bay region of the perylene core. In
solution, the derivatives §7 form fluorescent J-type aggre-
gates, that is, absorption and emission maxima are red-shifted
with respect to the isolated chromophore, and no quenching
of fluorescence occurs in the aggregate, which makes these
compounds useful as polarizers and electroluminescent
devices. The AFM image of thin-film spin-coated solution
of analogues of 57 (in which the dodecyloxy groups are
replaced with dodecyl chains) onto HOPG shows the
formation of 1D nanoaggregates, in which the columns are
oriented coplanar to the HOPG surface.['*”!

As a result of their electronic properties, perylene
bisimides are well suited as n-type semiconductors. Therefore,
Zuilhof, Sudholter, and co-workers studied the architecture
and charge-carrier mobilities of perylene bisimide 58a
(Scheme 24).0138

According to X-ray diffraction data, 58 a is highly ordered
in the two mesophases that are both smectic and columnar
discotic in nature. A charge-carrier mobility of
0.11cm*V~'s™" in the mesophase was detected by PR-
TRMC (see Section3.1), thus making compound 58a a
promising candidate for electron-transporting materials in
photovoltaic devices. Perylene bisimide 58 b, with alkyl chains
that bear an internal Z alkene, displays a lamello-columnar
mesophase (L.,)."**’ However, on mixing 58b with a hex-
agonal columnar phthalocyanine derivative (1:3 mixture),
only a very broad hexagonal columnar mesophase is
observed, with a 260 °C phase width, thus demonstrating the
miscibility of disk- and lathlike mesogens.’**! Méry et al.
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58a R = CgHs, (Crq 111 Cr, 141 Cry 180 S,y 216 S, 312 1)

58b R= HiCs  CgHyy (Cr178 Ly 292 1)
58¢ R = CH(CH,CH,),

ROOC .O COOR
000 9 )-coon

59a R=C,H; (Cr, 134 Cr, 150 Cr, 244 Col,, 313 1)
59b R =CsH; (Cr193 Col, 287 1)
59¢ R = CgH,; (Cr62 Col, 1321)

Scheme 24.

observed exceptionally high charge-carrier mobilities for
smectic thiophene and anthracene derivatives.**!*" Also
tetra(n-alkyloxycarbonyl)perylenes are mesomorphic. Bock,
Kitzerow, and co-workers found that even tetraethylperyle-
netetracarboxylate (59a) displays a columnar mesophase that
is stable over a temperature range of 70 K.I"*! The orientation
of 5§9a in the mesophase correlates very well with the crystal
packing in the solid state.'*”) From UV/Vis photoelectron
emission spectra, STM spectroscopy, and cyclic voltammetry,
a HOMO-LUMO gap of 2.3 eV was calculated, thus making
59a suitable as an electron-transfer layer in OLEDs. Mixing
various perylenecarboxylates 59 with short alkyl side chains
leads to formation of columnar liquid-crystalline glasses
which are stable at room temperature and show electro-
luminescence.['*?"!

4.4. Hexa-peri-hexabenzocoronene derivatives

The interesting physical properties of graphite, for exam-
ple, electric conductivity, have motivated many researchers to
investigate polyaromatic hydrocarbons as graphite model
systems.'"”] However, their low solubility and poor processi-
bility severely hampered detailed studies. This situation has
dramatically changed since the pioneering studies by Miillen
and co-workers on liquid-crystalline hexa-peri-hexabenzocor-
onenes (HBCs) such as 63a"* (Scheme 25).1']

The synthesis of 63a started with a Sandmeyer reaction of
4-alkylaniline 60 to the iodide 61a. Subsequent Sonogashira
coupling, deprotection of the silyl group, and a second
Sonogashira coupling with iodide 61a yielded 4,4'-dialkylto-
lane 62a, which was cyclotrimerized under [Co,(CO);]
catalysis to the hexaphenylbenzene 32a. The key step was
an oxidative cyclodehydrogenation of 32a in the presence of
AICI,; to give the hexaalkyl-substituted HBC derivative 63a,
which displayed an extremely broad columnar mesophase
with a phase width of 339°C. The corresponding hexaalkyl-
triphenylenes, however, are nonmesomorphic. One possible
reason for this different behavior might be that larger disks
can form columns with substantial overlap of the aromatic
regions more easily than the smaller ones. Thus, the HBCs
exhibit extremely broad columnar mesophases, yet are less
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R
o O«
X 9999
b I [Co,(CO)] O
= TMS dioxane O O
) 9 Qg T
R
60 X = NH, 62a,b
6laX=1 AICL,, Cu(OT¥),, CS,
R
63a R=C,H, (Cr60 Col, 399 I)

C12H25
63b R= (Cr 80 Col, 399 1)

Scheme 25. Reagents and conditions: a) 1. CsH,;NO,; 2. KI.
b) 1. [PdCl,(PPh,),], Cul, PPh,, piperidine; 2. KF, DMF; 3. [Pd(PPh,),],
Cul, piperidine. Tf=trifluoromethylsulfonyl, TMS = trimethylsilyl.

ordered within the columns than conventional triphenylenes
(Figure 26).11*

Figure 26. Stacks of small and large disks."* To obtain strong —m
interactions, the stacking of small disks requires substantially higher
orders as compared to large disks.

Based on an X-ray single-crystal study of an unsubstituted
HBC by Kriiger and co-workers,* a so-called “herringbone”
pattern and an interplanar distance of 0.342 nm was assumed
for the mesophase.’¥”) The major degree of freedom was
found to be due to axial rotation. As high molecular mobility
decreases the overall charge-carrier mobility, 63b with 4-
alkylphenyl substituents was prepared by a twofold Kumada
coupling to alkyne 62b, [2+24-2] trimerization to the hexa-
phenylbenzene 32b, and final cyclization of 32b in the
presence of FeCl; in nitromethane/CH,Cl, instead of AlCly/
Cu(OTf), in CS,.'"¥! Double-quantum 'H solid-state NMR
spectroscopy indeed revealed an improved inter- and intra-
columnar order of the alkylphenyl HBC 63b as compared to
63a.
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Although the cobalt-mediated alkyne trimerization and
subsequent Lewis acid catalyzed cyclization provides a
convenient entry to highly symmetrical HBCs, a practical
route to unsymmetrical HBCs was developed by Miillen and
co-workers (Scheme 26).*) The synthesis of unsymmetrical

61b X = CH,Br, R = Cy,Hys

61c X = CH,Br, R=Br 62a

i [Fe(CO)s], KOH, BnEtNCI l I, DMSO,

CH,Cl,, H,0O, A 155°C, 69%
O O
R R
s Ue P!
CioHys CiaHas
64 65

| KOH, EtOH, A |

68a R=Br, X=Cj,Hys
68b R=X=Br

C12H25

Scheme 26. Bn=Benzyl.

HBCs commenced with the preparation of diarylacetones 64
from benzylbromides 61b and 6lc¢, and 1,2-diketone 65
(obtainable by iodine oxidation of tolane derivative 62a).
Diarylacetones 64 underwent base-catalyzed aldol condensa-
tion with 65 to give the tetraarylcyclopentadienones 66, which
were heated with the bromotolanes 67, and subsequently
treated with FeCl; to give the unsymmetrical HBCs 68a and
68b. The bromo substituent in 68 a was particularly useful for
the introduction of further functional groups such as ethers,
amines, esters, and nitriles."* Scheme 26 shows the acrylate-
containing unsymmetrical HBC 68 ¢, which is accessible from
bromo HBCs such as 68a."""! The HBC 68 ¢ (Cr 75-100 Col,
140-180 polymer) was polymerized by simply heating the
columnar mesophase above 100°C, while maintaining the
columnar structure in the polymer, as was proven by X-ray
powder diffraction.

Chirality was introduced in symmetrical HBCs by several
approaches. For example, phase chirality was found for the
hexaalkynyl HBC 63 ¢ (Scheme 27).1'5!
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(Col, 86 Coly)

R
63c R= —©%05H4'4'(OC12H25)
63d R= ‘1,,1/\)\/\)\ (Cr 96 Col*,, 430 I)

63e R= ‘}L{\)\/\/l\ (Cr 81 Col,, 420 1)
63f R=?H/\,P\/4\/k (Cr—36 Coly,, 231 1)

3
Ph ~ Ph
63g R= Ph
H Ph

Ph  Ph
63h R= Ph

C12H25 Ph
i C12H25
B RS 3Ny

63j R= ‘:H{\/Cst (Crqy 122 Cr, 138 Cr3 180 Col, 300 decomp)

C8':17
63k R=/©/\/ (Cr, 227 Cr, 236 SmA 300 decomp)

631 R= xy~CeMiz  (Cr124 Col, 300 1)

63m R=%~_CiuH2s  (Cr; 52 Cr, 109 Col, 250 decomp)

Scheme 23.

The presence of a novel helical plastic phase at room
temperature is attributed to the rigid diphenylacetylene arms
that have a large empty wedge that can be filled efficiently
when discs are rotated successively by 15°. In contrast, from a
THEF solution, 63¢ forms nanoribbons (21 nm wide, 3.8 nm
high) on HOPG.!""! The introduction of a dihydrocitronellyl
moiety leads to the chiral HBC derivative 63d, which
displayed a helical superstructure within the hexagonal
columnar mesophase!™®? as confirmed by CD spectroscopy.
The corresponding racemic analogue 63 e enters the columnar
mesophase at lower temperature.

Different strategies are amenable to improve electronic
and optoelectronic properties of HBCs towards applications
in solar cells and field-effect transistors (FETs). For example,
the size of the graphite subunit might be enlarged. Such
superphenalenes 70 or extended HBCs, accessible from the
thermal Diels-Alder reaction of 1,3,5-trisalkynylbenzene 69
and tetracyclone 66¢ followed by cycloaromatization in the
presence of FeCl; (Scheme 28), have been investigated
also by Miillen and co-workers.['*

The aggregation behavior of extended HBCs such as 63g-
i (Scheme 27) in solution could be easily controlled by the
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66¢c
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c12H25

2) FeCly, MeNO,, CH,Cl,, 70%

l1) o-xylene, 170°C, 97%

CioHps  70a (Cr 38 Coly)

Scheme 28.

bulkiness of the dendrimer subunit.** While compound 63 g
dimerizes in solution, 63h does not form any aggregates. To
improve the long-range self-assembly of HBCs, dovetailed
alkyl substituents were attached to the HBC core (for
example, in 63i) by Miillen and co-workers.'*® Well-ordered
spherulite textures with a diameter of 200 um (Figure 27)
were observed, which indicates an exceptionally long-range
self-assembly.

Figure 27. POM image of 63i during isothermal crystallization at 35°C.
Reproduced from Ref. [156].

Jenny and co-workers anticipated that HBCs with per-
fluoroalkylated chains constitute an insulating “mantle”
around the central m-stacked aryl moiety and thus facilitate
their self-organization into single dispersed columns."™! The
perfluoroalkylated chains increased the rigidity of the mol-
ecule and resulted in an increased melting temperature for
63j (Scheme 27) as compared to the nonfluorinated counter-
part 631. Incorporation of a phenyl spacer gave a fluorinated
HBC 63k, which was claimed to have a biaxial smectic A
mesophase instead of a columnar mesophase (Figure 28). The
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Figure 28. Mesomorphic structure (SmA) of 63k and 63j."")

raised transition temperatures are explained by the existence
of much longer columnar aggregates, which compensate for
the reduced lateral interactions.

The combined properties of wide mesophase range, high
thermal stability and 1D charge-carrier mobility make alkyl-
substituted HBCs promising candidates as vectorial charge-
transport layers in xerography, electrophotography, or as
nanowires in molecular electronic devices. Warman, Miillen,
and co-workers studied the charge-carrier mobilities of a
series of HBCs by PR-TRMC.'"**!*l The mobility in the
crystalline phase of the homologues 63a,lm (Scheme 25 and
27) increases with the longer chains to values of the order of
1 ecm*V~'s™!, while in the mesophase there is little variation.
For HBC 63a, an intramolecular mobility Xu;,=
0.38 cm*V~'s™! at 110°C was found. Derivative 63m showed
a mobility of 0.13 cm®*V~'s™" in the Col, phase. Incorporation
of a phenyl ring into the side chain resulted in increased
mobilities, as expressed by Su;p=0.46 cm*V~'s™! at 192°C
for 63b (Scheme 25).1%)

Watson, Miillen, Bard, and co-workers synthesized a
hexakisphytyl HBC 63 f (Scheme 27), which shows a hexag-
onal ordered mesophase between —36 and 231°C."*! From
photoconductivity measurements, two orientation of the
molecular columns were proposed, in which the columns
are either parallel to the ITO layer or perpendicular with a
slight tilt (Figure 29).

ITO

Figure 29. Proposed limiting orientations of the molecular columns of
63 f relative to the electrode surface. Reproduced from Ref. [160].
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The optical and charge-transport properties of a variety of
polycyclic aromatic hydrocarbons (PAH), including HBCs
and superphenalenes 70 were investigated.'®"! The highest
intramolecular mobility was measured for the superphena-
lene with C;H,s chains, which showed Yu;p=1.26 cm?>V!s™!
in the columnar mesophase. The experimental results also
revealed that a larger size of the aromatic core does not
necessarily mean high charge-carrier mobility. For a PAH
with 132 carbon atoms in the core unit, the ¥u,;, was much
less than for the superphenalene 70 with 96 carbon atoms. In a
more recent study, Warman, Miillen, and co-workers reported
that the decay time of the conductivity depends exponentially
on the effective diameter of the discotic molecules.*® Thus,
the chain lengths have an important influence on the decay
time.

Nuckolls and co-workers presented a contorted HBC
derivative 71, whose aromatic core is nonplanar as a result of
the steric congestion of the proximal C—H bonds
(Figure 30).'"Y Nevertheless, 71 possesses a columnar meso-
phase and displays a charge-carrier mobility Xu;p=
0.02 cm?V~'s™!, which allows its successful application in a
field-effect transistor.

CioHpsQ 71 (Cr 91 Col, 285 1)

Figure 30. Compound 71 and side view of its crystal structure.l"

Processibility, alignment, and formation of thin films are
major issues with regards to possible applications. It has been
independently shown by the research groups of Miillen and
Bjgrnholm['®! and Tsukruk!'®! that HBCs with amphiphilic
side chains easily form Langmuir Blodgett (LB) films. Bunk,
Friend, et al. reported the fabrication of HBC 63e films by
crystallization from solution onto friction-transferred poly(-
tetrafluoroethylene) (PTFE) layers, and thus the alignment is
induced by the PTFE layer.'>1%! Recently, Tracz, Miillen,
and co-workers developed a zone-casting technique, which
allowed the alignment of HBC 63a on untreated glass by
solution processing (Figure 31).1"1%] These thin films
(15 nm), which are composed of uniaxially aligned excep-
tionally long columns with single-crystalline-like order over
several centimeters have been used for FETs.

Miillen, Warman, and co-workers were also able to induce
thermal switching of the optical anisotropy of a macroscopi-
cally aligned film of the HBC derivative 63b through a change
in the intracolumnar tilt angle (Figure 32).'%*'™ This phe-
nomenon is quite useful for optical data-storage media. The
advantage over the previously reported mechanism for
switching the optical properties of columnar LCs is that the
columnar arrangement remains intact and therefore their
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Figure 31. Setup of the zone-casting process. The disks represent the
HBC molecules."" %8

c=d
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0
107°C
“szc [T
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Figure 32. The columnar arrangement in crystalline phase at room
temperature.l'®”

excellent semiconductive properties could be exploited along
with their unique optical behavior.

4.5. Tribenzocyclononatriene, tetrabenzocyclododecatetraene,
metacyclophane, and tetraphenylene derivatives

Although structurally different at first glance, the triben-
zocyclononatrienes, tetrabenzocyclododecatetraenes, meta-
cyclophanes, and tetraphenylenes share some common fea-
tures. They are nonplanar and adopt either a cone-shaped,
crown-shaped, or saddle-shaped conformation depending on
the ring size and the substituents. In particular, the cone-
shaped conformation is very interesting for possible applica-
tions because the resulting mesophases are potentially ferro-
electric or antiferroelectric (Figure 33).'"!! Furthermore, the
different conformations exist in a dynamic equilibrium and
several of these compounds are able to form host-guest
complexes.

Most of liquid-crystalline tribenzocyclononatrienes and
tetrabenzocyclododecatetraenes have been explored by the
research groups of Luz and Zimmermann,'”” Malthéte, '’
Percec,'™ and Tschierske and Pelzl.7>'1 As shown in
Scheme 29, the tribenzocyclononatrienes (cyclotriveratry-
lenes) 74 are obtained by the acid-catalyzed condensation of
veratrol (33a) and formaldehyde, while the synthesis of the
tetrabenzocyclododecatetraenes (cyclotetraveratrylenes) 75
is preferably carried out with 3,4-dimethoxybenzyl alcohol
(72) rather than 3,3’ 4,4'-tetramethoxydiphenylmethane (73).
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antiferroelectric
stacking

ferroelectric
stacking

Figure 33. Parallel (ferroelectric) and antiparallel (antiferroelectric)
packing of columns of bowl-shaped molecules. Reproduced from

Ref. [171].
MeOD D/\ MeO:‘/\‘:“OMe
MeO MeO OMe
lCHZO, HOAc \ ,S0, )/CHZO HCI

33a
OR

74a R =Me 75a R =Me
1) BBr3, CHCI3
2) RBr, K,CO3, DMF, A
or RCO,H, DCC, DMAP
74b R=C,,H,5 75b R=C;,H,5

(Cr 26 Col, 63 )
74¢c R=COC;Hys
(Cr 33 Col 146 1)

(Cr 94 Col, 122 Col, 133 I)
75¢ R=COC;Hy;
(Cr 72 Col, 246 1)

Scheme 29.

After BBr;-induced demethylation, the hydroxy groups were
either submitted to etherification or esterification to give the
compounds 74b,c and 75b,c. It should be noted that the
mesophase width of the columnar phase dramatically
increases when going from the ethers 74b, 75b to the
corresponding esters 74 ¢, 75¢. In addition, the tetrabenzocy-
clododecatetraenes 75b,c display much higher melting and
clearing points than the corresponding tribenzocyclonona-
trienes 74b,c.l'72>177]

Laschat and co-workers identified octamethoxytetraphe-
nylene 77 a as the most suitable key building block for liquid-
crystalline tetraphenylenes (Scheme 30).017817]

The synthesis started from 4-bromoveratrol (34) via the
biphenyl 76, which was treated sequentially with nBulLi,
ZnBr,, and CuCl, at subambient temperatures to give the
octamethoxytetraphenylene 77a.'® Demethylation with
BBr; yielded the octahydroxy derivative 77b, which turned
out to be very sensitive to oxidation. Thus, the yields of both
the ethers 77 c—e and esters 78 c—el'™! are compromised by the
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|
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oy O
OMe

) BuLi, THF, -78°C
ZnBrz, -50°C
3) CuCly, -78°C - RT

;l BBr,, CH,Cl,, MeOH, —-50°C

lRI, Cs,C0O;, NMP, 60°C

77¢ R = C;Hys
77d R = CyoHy,
77e R = CyyHag

RCOCI, DMAP, CH,Cl,,
Py, RT

78¢ R = COCgH
78d R = COCgH,q
78e R = COCy3H,;

Scheme 30. NMP = N-methylpyrrolidone

rapid oxidation of 77b. Ethers 77c-e and esters 78c-e
differed remarkably in their mesomorphic properties. In the
series of ethers 77, compounds with a C,—C,, alkyl chain
display enantiotropic hexagonal columnar mesophases, those
with longer alkyl chains (C;;—Cs) display smectic meso-
phases."! In contrast, esters 78 with a minimum chain length
of C, exhibit columnar mesophases."””}

Luz, Zimmermann, and co-workers studied the dynamic
behavior of nonasubstituted tribenzocyclononatrienes 74d
(Scheme 31).% This compound exhibited a special form of
mesomorphism, in which the crown and the saddle conformer
exhibit (two) different columnar mesophases. The clearing
temperature of the crown conformer is much higher than that
of the saddle isomer, which demonstrates the thermodynamic
stability of the crown conformer. The saddle conformer slowly
transforms into the crown mesophase apparently by sublima-
tion. The *C MAS NMR spectra show that the molecules in
the crown mesophase reorient about the column axis, whereas

OR OC12H25

74e R= (N751)

OC12H25
OC12H25

[(74e),7Cgo] (cubic)

74d R=C(O)CgH,q

RO RO OR OR
crown conformer of 74d
(Cr 39 Coly,; 160 1)

saddle conformer of 74d
(Cr39 Col,, 115 1)

Scheme 31.
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in the saddle mesophase they are static. Nierengarten and co-
workers synthesized the hexagallic ester 74e which formed a
nematic mesophase (Scheme 31).1*!) However, on complex-
ation of 74e with 0.5 equivalents of fullerene Cy, a cubic
mesophase was detected. In contrast to the mesomorphic
(2:1) complex, a (1:1) complex was observed by UV/Vis
titration in solution and an association constant K, =330M""
was determined.

4.6. Triazine derivatives

Most organic semiconductors reported so far exhibit p-
type (electron-rich) characteristics. However, for the fabrica-
tion of real “plastic electronics” such as bipolar transistors, p—
n junction diodes or complementary circuits, both p- and n-
type (electron-deficient) materials are needed.'® For this
purpose electron-poor heteroaromatics are of particular
interest; for example, triazine might be a useful core unit.
However, previous studies by the research groups of Latter-
mann,'® Mormann,["® and Mahlstedt!"® indicated that the
substituents in the periphery have a strong influence on the
mesomorphism of triazines.

C;-symmetrical triazines 81 were prepared by treatment
of cyanuric chloride (79a) with biphenyl derivatives 80
(Scheme 32).%! Whereas compound 8la formed only a
nematic phase, the corresponding derivative 81b exhibited a
smectic mesophase which coexisted with a hexagonal colum-
nar mesophase. The mosaic texture pointed to a smectic
phase; X-ray analysis, however, supported the Col;, phase.
Chang prepared the polymerizable Cs-symmetrical triazine
derivative 82 also starting from 79a (Scheme 32).8" On
heating at 250°C or UV irradiation, the hexagonal mesophase
polymerized into an ordered solid.

CIWN\W/CI

NN
Cl 79a
|
/©/R NEty/ THF /©/ R!
HO HoN
80a,b 15b
R R’

N N NH
T /©/ ~
Y oow e
R R'
81a (Cr212N2181) 82 (Cry 189 Cr, 197
81b (Cr; 154 Cr, 174 Col,q 202 1) Coly, 250 polym.)

80a, 81a R?=CzH,
80b, 81b R? = CgH.g

OCgHyy

Scheme 32.
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Triazines are octupolar molecules and thus should be
useful for NLO applications. Octupolar NLO molecules have
several advantages over traditional dipolar NLO molecules,
in that they lack permanent dipole moments so are better able
to adopt a noncentrosymmetric packing in the solid state
compared to dipolar molecules. Also, where the [ value
reaches a maximum and thus declines with increasing bond-
length alternation for dipolar molecules, 8 increases steadily
with the extent of the charge transfer in octupolar molecules.
To achieve macroscopic orientation, liquid-crystalline tria-
mines would be perfectly suited.

Kim and co-workers reported a novel approach to both
achiral and chiral triazines 85 by the Suzuki coupling of 79a
with boronic acid 84 (Scheme 33).'%! While the achiral

oo OH oo 1NeH NBS CHOl OR or
e \@/ € 2) BBr,, CH,Cl,
3) RBr, K,CO,, KI, DMF
4) tBuLi, B(OMe),, THF B(OH),
83 84
79a, Na,COj, [Pd(PPhs),], toluenel
OR OR
RO OR
RO IN\ OR
= 2NN NN
85aR =% N. N
(Cr 36 Colyy 145 1)
85bR = ?,;\_/\/\(
: RO OR
(Cr 15 Col* 56 I) OR

Scheme 33.

triazine 85a displayed a hexagonal columnar mesophase,
the chiral triazine 85b exhibited a chiral rectangular columnar
mesophase, in which the columns form a helix as illustrated in
Figure 34. In CD spectra, no circular dichroism was observed

a=464A,b=23.14A

i

Figure 34. dealized representation of the Col, mesophase of 85a and
the Col*, mesophase with a left-handed helix of 85b.I"®!
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with a solution of 85b. Circular dichroism of a film of 85b
supported the proposal that its optical activity is not derived
from the stereogenic center of the alkyl tails, but rather from
the helical arrangement of the molecules induced by the
chiral tails. Reduction of the symmetry of 85, for example, by
replacing a nitrogen atom by a CH moiety, resulted in
lamellar columnar mesophases.!'®!

Recently the research group of Oriol and Serrano
reported very interesting phosphorus analogues of triazine,
that is, cyclotriphosphazenes 88 (Scheme 34)'*) in which

| |
C ,__P ,C
Nc \N /©/OBH
Clupy poCl +
ca” NN Ho
86 87
Ci2H250 OCy2Hs 1) Cs,CO4
2) cyclohexene, Pd(OH),
Ar = OC12Has 3) 20b, NEt,
o) Ar~Q O-Ar
0 4
_P<
/-\r\o Nr N OAF
PLN X
or N
88 (Cr2Col,591) Ar Ar
Scheme 34.

columnar mesophases are stable even at subambient temper-
atures. The phosphazenes are very promising because of their
synthetic versatility, remarkable chemical stability, optical
transparency from near-infrared to about 210-190 nm in the
ultraviolet spectrum, and low flammability.

4.7. Azatriphenylene and tricycloquinoxaline derivatives

The logical extension of triazines towards n-type materials
are the azatriphenylenes and tricycloquinoxalines. Surpris-
ingly, this issue has been studied only very recently with
seminal contributions from the research groups of Ohtal'!
and Keinan."™ On the way to porphyrin complexes, Ohta
observed a broad hexagonal columnar mesophase for the
diazatriphenylene 92a, which was obtained from the benzil
derivative 89a by acid-catalyzed condensation with diamino-
malodinitrile 90 followed by Lewis acid mediated cyclization
(Scheme 35).°!] Even unsymmetrical systems such as 92b
displayed columnar mesophases."” Replacing the nitrile
groups in 92a by a hydrogen atom or an additional annelated
benzene ring gave nonmesomorphic compounds.'™ The
electronic properties of the electron-withdrawing nitrile
groups seem to be responsible for the mesogenic behavior
as they may enhance the m—m interactions between the
aromatic cores that would stabilize the mesophase.

Condensation of phenanthrene-9,10-dione 93 with methyl
3,4-diaminobenzoate (94a) or 3,4-diaminobenzoic acid (94b)
yielded the extended azatriphenylenes 95 (Scheme 36).['")
Surprisingly, a carboxylic acid instead of the ester group in
95 changed the mesophase from a hexagonal ordered
columnar to a rectangular ordered and a nematic phase. In
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VOF;, BF3-OEt,, RTl Né©/
RS /N:(jill\l
X
92aR = R = CyoHay RS NT Y N
N NS
(Cr 72 Col,, 254 )
92b R = CygHyy, R" = CgHys \Q\SR
(Cr 38 Col,, 216 ) SR
98a R = C4H;5 (Cr 205 Colyy)
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Scheme 37.
0O
OR HoN D)LOX R was found to be strongly dependent on the nature of the side
RO RO . s
O N O o} chain (the sum of the hole and electron mobilities Su;p
o 94ab Ny ox <0.01cm?V~'s™! for 98a, and Yu;p=032cm*V's™ for
‘ o HOAG | NDA 98b). The combination of a low reduction potential
O O (=1.09 V), which should facilitate electron injection, and
RO RO high charge-carrier mobilities make these compounds good
OR OR electron transporters. However, the transition temperatures
93 R =CigHy 95a X = Me (Cr 98 Coly, 136 1) are currently too high for practical use.
95b X =H (Cr 122 Col,, 196 N 209 1) Based on their previous results with photoconducting
Scheme 36. thioether-substituted tricycloquinoxazolines, Keinan and co-
workers investigated the corresponding alkoxy-substituted
analogues 101 (Scheme 38).1*?! First 4,5-dimethoxy-2-nitro-
addition, both melting and clearing points and the stability of  benzaldehyde (99) was reduced with tin in acetic acid to give
the mesophase were varied. This behavior could be explained  the oxazoline 100. The latter was further condensed to give
by the formation of hydrogen-bonded dimers (Figure 35) the Cs-symmetrical target compounds 101a and 101b with a
which are better suited for a rectangular lattice as compared  hexagonal columnar mesophase. Later Boden, Bushby, et al.
to the hexagonal lattice. synthesized hexakis[2-(2-methoxyethoxy)ethoxy]tricycloqui-
nazoline 101¢, which not only has a very broad columnar
S mesophase, but also facilitates n-doping with potassium metal
N'\ /‘N H‘\N f:;] because of the electron-poor/n-deficient nature of the core
3 ; and the complexing ability of the diethylenoxy side chains
OMe 0
95a O |:|' 0 CHO e
@ & |:> NO2  sn, HoAc N
’ —_—
@ MeO MeO
OMe OMe
O i 99 100
N N 95b 1) NH,OAc, HOAc
Ry 2) HCl, Py
Figure 35. Simplified arrangement of the disk-shaped ester 95a and of 3) RBr, KOH, DMSO l R OR
the dimers of the acid 95b.
101aR =C3H, NI
While C;-symmetrical triazatrinaphthylenes have only (Cr, 237 Cr, 286 Col,, 306 1) RO NTIN
been studied with regard to 2D self-assembly on HOPG,!*! 101b RC= ?ﬂ% 188 Col. 301 | m
the hexaazatrinaphthylenes 98 were shown by Lehmann, 101¢ Eq :(CHZCEQO)ZM: " JRO N
Geerts, and co-workers to behave as m-deficient discotic (Cr77 Col,, 233 1) OR
mesogens, thus displaying rectangular and hexagonal colum- OR
nar mesophases (Scheme 37).*”! The charge-carrier mobility  Scheme 38.
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toward K* counterions.'”® In the Col,, phase, the conductivity
increases from 0 =6.073 x 10~® Sm™! by five orders of magni-
tude on doping with potassium to give 6=1.058x 107> Sm™!
at 160°C. Furthermore, for 101¢, both hole and electron
transport were observed, and a electron mobility u, <4.5 x
107* cm*V~'s™! was determined by TOF experiments.

4.8. Phthalocyanine and porphyrin derivatives

Porphyrins and phthalocyanines are interesting materials
because their physical and chemical properties can be tuned
both by the substituents in the periphery and by the central
metal ion. One of the main advantages of mesomorphic
phthalocyanines' over many other discotic macrocycles is
their strong absorption in the visible and NIR regions.
However, for possible applications, the long-time stability of
the mesophase as well as easy alignment is highly desira-
ble.”™ Drenth and co-workers prepared phthalocyanines 103
by the cyclocondensation of dinitriles 102 (Scheme 39).2%%]

e
=R,

103a R= R\ (Cr94Col,)
103b R= ?L{\/\H/S\/\ (Cr 83 Col,,)
103¢ R= :’w{\)\/\/k (Cr 70 Col,4 295 1)

103d R= %L\,P\/\]\)\ (Col,, 34 Col,, 185 1)
R= %ﬁ\)\/\)\ (A 45-65 Col,* 111

Col, 295 1)

103e

Scheme 39. A=amorphous phase.

A comparison of the side chains showed that the
phthalocyanines 103 ¢,d with branched alkoxy chains display
more phase transition than 103ab with unbranched side
chains. Thus, the introduction of branching points in the
alkoxy chain reduces the melting transition to such an extent
that a stable mesophase was observed even at room temper-
ature.” If the metal-free phthalocyanine 103 e bears chiral
aliphatic tails derived from (S)-citronellol, a novel chiral
columnar mesophase Col,” was observed at room temper-
ature, and an achiral rectangular columnar mesophase Col,
was observed at elevated temperature.'” Three different
helical arrangements of 103e in the chiral mesophase
(Figure 36) were discussed by Nolte and co-workers.”"'l In
the first, the phthalocyanine rings are arranged in a spiral
staircase-like manner (a); in the second, the rings are
positioned on top of each other, but the staggering angle
between the neighboring molecules is nearly constant and
always the same direction (b); in the third, the normal of the
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(a)

Figure 36. Possible helical arrangements of 103 e, represented as disks
(a and c) and as a square (b). Reproduced from Ref. [201c]

plane of each phthalocyanine ring is tilted and gradually
rotating along the stacking axis (c). Although X-ray analysis
and CD results support an arrangement of 103 e as depicted in
Figure 36¢, the second arrangement (b) could not completely
ruled out. To resolve this problem, 103 e was complexed with
Si(OH), and the resulting dihydroxy(phthalocyaninato)sili-
con polymerized. The CD spectra of the monomer 103 e and
its polymer are completely different. The phthalocyanine
rings in the polymer are suggested to arrange in a left-handed
helix, that is in agreement with the structure in Figure 36b.
This novel type of main-chain chirality in a polymer was
termed “shish kebab” chirality“?"'! and might prove useful
for nonlinear optical materials and optical switches.

Ino etal® measured the hole mobility in
1,4,8,11,15,18,22,25-octaoctylphthalocyanine (103 with CgH;,
instead of OR; Scheme 39) in the rectangular and hexagonal
columnar phases, as well as in the isotropic phase by using the
TOF technique because of the good long-range homeotropic
alignment of the columns. In agreement with the expected
higher charge mobility for molecules with a bigger core, a high
mobility of 0.2cm?’V's™ was found in the rectangular
columnar phase, with a decrease to about 0.1 cm*V~'s™" in
the lower-order hexagonal phase.

Nolte, Rabe, and co-workers studied the self-assembly of
the crown ether phthalocyanine 104 at the gel-graphite
interface by using STM (Figure 37)."! The molecular
arrangement comprises two “face-on” phases and one
“edge-on” lamellar phase. In organic solvents, 104 forms a
gel in which helical fibers are present.

A bis-pocketed porphyrin 107 was prepared by Patel and
Suslick?®™ by condensation of dialkyl 5-formylisophthalate
105 with pyrrole (106, Scheme 40).”**! From both homo-
logues, the decyl-substituted compound 107b displays a
hexagonal columnar mesophase even at room temperature.

4.9. Metallomesogens

The discussion of porphyrins and phthalocyanines in
Section 4.8 is also true for liquid-crystalline metal complexes,
that is, metallomesogens in general. The combination of the
unique absorption, emission, fluorescence, and redox proper-
ties of the central metal cation with solubility, processibility,
mesomorphic properties, and self-assembly of the ligand
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Figure 37. Self-assembled phthalocyanine 104 at the gel-graphite inter-
face.?”!

creates a set of unprecedented materials.”* With respect to
columnar mesomorphism, mainly metal complexes with
diketonate, salicylaldimate, glyoximate, phthalocyanine, por-
phyrin, pyridine, and pyrazole groups have been successfully
explored.

Swager and co-workers investigated in detail the chemis-
try of copper bis-p-diketonate complexes. Surprisingly, even
the unsymmetrical systems such as 108 display stable enan-
tiotropic hexagonal columnar mesophases (Scheme 41).2%
Substituent effects of various unsymmetrical copper and
palladium f-diketonate complexes 108 were systematically
studied by Lai and co-workers.”™ The formation of columnar
phases strongly depends on the electronic and/or steric factors
of substituents. Whereas bulky substituents (X=Me, Et)
seem to favor rectangular columnar mesophases, electron-
withdrawing substituents (X = Cl, Br, CN) induce hexagonal
columnar mesophases.

Chiral oxovanadium(IV), copper(Il) and palladium(II)
diketonates 111, which are accessible from the mixed aldol
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RO,C CO,R
107a R = CgHy7 (Cr1321)
107b R = CyoHy; (Cr -3 Col, 121 1)

Scheme 4o0.

A O OC5Ho5

OC12H25
OC12H25
(Cr 60 Colyg 115 1)

F
CF5 (Cr114 Col,y 129 1)
OMe (Cr 78 Col,q 83 1)

;Q

108a
108b
108c

X X X
i mn n
TIT
< < <

Scheme 41.

reaction of acetophenone derivative 109 a and gallic ester 20c¢,
followed by hydrogenolytic removal of the benzyl groups and
subsequent esterification with (S)-2-hexyloxypropanoic acid
(110), show columnar mesophases (Scheme 42).?® CD data
of spin-coated films confirmed a helical arrangement within
the columns in the rectangular mesophase. In solution, no CD
was observed, which indicates that the optical activity of the
complexes does not arise from the individual stereocenters
but from the columnar structures in the mesophase. In
addition, compounds 111 undergo ferroelectric switching, and
by application of an alternating electric field, an electrooptic
effect can be observed for the complexes, which results from
the strong tilting (= 40°) of the molecules with respect to the
columnar axis.

Xie and co-workers prepared a binuclear discogen 114
based on the (-diketonate structural motif in a two-step
procedure (Scheme 43).*") Complex 114 not only shows two
different rectangular columnar mesophases, but also displays
reversible monoelectron oxidation at 0.76 V, which indicates a
HOMO with high-hole injection ability. Indeed, the conduc-
tivity of iodine-doped 114 is raised more than hundredfold
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Q,COMe D/COZMG

109a Oc
1) NaH, DME 3) HO,C._OCgH, , DCC,
2) Pd(OH),, cyclohexane 110 DMAP
EtOH
4) M(OAc),H,0, EtOH
or MSO,, NEt,, EtOH
C6H130 C6H130
CeHmO
o o O,  OCeHys
o
v o O O d
CeHis0 O \
\ O, OCgHss
e O O S
O
CeHi O 0 0 o0 ©
—2:0 _2:0 OCeHis
OCgHys OCgHs3

111a M = Cu?* (Cr-20 Col*, 130 )
111b M = VO?* (Cr —20 Col*, 125 1)
111c M= Pd2* (Cr-20 Col*, 149 [)

Scheme 42. DME =1,2-dimethoxyethane.

OR

/©/COMe
RO

12
CO,Me

NaH, DME
CO,Me

o O 6 O
RO I OR I RO I OR
113

Cu(OAc),, MeOH
THF

RO OR RO OR
T AT

o O o O
ol el
VARRS VAR

o O o O
RO OR RO OR

114 R = CgH,; (Cr 119 Col,; 149 Col,, 153 1)

Scheme 43.

(from 10~ to 107® Scm ™) as compared to the corresponding
mononuclear copper diketonate complex. Furthermore, STM
revealed an ideal square-planar orientation, which makes
these dinuclear complexes well suited for OLEDs.
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A logical extension to the -diketonate complexes are the
enaminoketone complexes. The effect of a fluorinated side
chain on the mesomorphism of nickel, copper, and oxovana-
dium complexes 117 with diaminoaryl-bridged enaminoke-
tone ligands (Scheme 44) was studied by Szydlowska et al.”'"!

J@)‘\)

115

1) HOAC, MeOH, RT — A
2) Ni(OAc),, EtOH

OCgH,7

CeHO NH,

CgH470O /
CaHﬁO]@L
CgH47,0
117b R = C4F, (Cr 116 Col, 254 1)

117a R = CgHy; (Cr511)

OR

(\”/@[ r/; : :OR
RO N\ 0
Xy,
RO N 0

118a R = CgHy,
(SmA 78 Iso,, 95 Col, 198 1)

118b R = CgHy,
(Is0,, 43 Col,, 136 1)

Scheme 44.

Replacing the alkyl chains by perfluorinated chains resulted
in a hexagonal columnar phase. The perfluorinated chains are
more rigid than their linear alkyl analogues because of higher
energy barrier between the trans and gauche conformations.
This rigidity gives more extended and more disklike mole-
cules with stretched side chains that stabilize the Col,, phase.
A reentrant isotropic phase (Iso,), in which the isotropic
phase transforms into a mesophase on heating, is a very rare
phenomenon among mesomorphic compounds. Szydlowska
and co-workers discovered such reentrant isotropic phases for
cis-enaminoketone nickel complexes 118a,b with additional
hydrogen bonds.*!!!

Salicylaldimato ligands are electronically related to the
enaminoketones and thus should also be suitable for colum-
nar LCs. While the majority of metal salicylaldimato com-
plexes described so far display smectic and nematic meso-
phases, relatively few columnar mesophases have been
published. For example, Serrano and co-workers prepared
bis(salicylaldiminate) copper(II) complexes 120 (Scheme 45),
which displayed rectangular columnar mesophases.”') Date
and Bruce found that an extension of the mesogenic core
leads to hexagonal columnar mesophases.”*'”!

A mixed copper-lanthanide f-d metallomesogen 121,
which bears a di(salen) core, was reported by Binnemans et al.
(Scheme 46).214

Ohta et al. found a novel disklike lamellar rectangular
mesophase (Col ,.) for bis(diphenylglyoximato)nickel(II)
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OR 56a
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0
RO RO  OR
o A\
RO N OR
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RO Ny OR
0
RO OR OR
0
120 R =CgHy (Cr2Col, 55 1) OR
Scheme 45.
RO /\ OR
[} =N_ N= 0
RO cu OR
e} o’ o o
RO N OR
RO HaNOa)s OR
o) o. O 0
RO Cu OR
e} =N N= 0o
RO — OR
121 R =Cy4Hyg (Cr 77 Coly, 220 decomp)
Scheme 46.

complexes 123d and 123 e (Scheme 47).?" If further alkyl or
alkoxy chains were added to the periphery, hexagonal
columnar mesophases resulted.

1) NH,OH-HCI

X X
RO O RO O 0-H-0
O " koH NGNS
O TS, Y YL
RO RO O-H-0
X

..
X
122a-e R=C,H,, X=0C ,H,s (Coly)
X=OMe (Col,, 297 I)
X=Me (Cr 42 Col,, 229 )
X=OH (Cr 105 Col, .. 170 1)

X=H (Cr69 Col, . 149 1)

123a
123b
123¢
123d
123e

Scheme 47.

Complexes 124 with two different mesogenic ligand
systems that employed ortho-metalated 2-phenylpyrimidine
and a diketonate ligand have been designed by the research
groups of Diele and Tschierske (Scheme 48).1'°)

Lewis basic nitrogen heterocycles such as pyridine,
pyrazole, and 1,3,4-oxadiazole have been used in a variety
of columnar metallomesogens. For example, discotic silver
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C1OH210 OC’\OHZ’\
C10H21

H
H\ O OC1qHa

/O -

Q OC10H21
OCsHyr

CWOH21O
124 (Cr 79 Col, 169 1)

Scheme 48.

pyridine complexes 128 were described by Bruce and co-
workers??'”! (Scheme 49). Complexes 128 were prepared by
base-catalyzed condensation of the imine 125 with 3,5-
lutidine (126) and subsequent coordination of AgOTf. Even
the bent-core pyridine 127 displays columnar mesophases,
probably because of an antiperiplanar stacking in the
columnar phase (Scheme 49).

A A Ar Ar
X, -Ph r r
Ar/\N | | w
125 KOtBu 7 N
+ —_— | \N'I
x DMF, 80°C \N
N/ 127 (Cr56 Col, 601) | Ar Ar
antiperiplanar
126 stacking
AgOTf, CH,Cl,
RT
Ar
OC‘!ZHZE —
Ar : OC12H25 N- i i
OCyoHos TfO -
Ar
128 (Cr 47 Col, 113 Col,, 185 1)
Scheme 49.

Douce, Ziessel, and co-workers prepared the first liquid-
crystalline metallohelicate 130. The bipyridine subunits 129
are nonmesomorphic and the macroscopic ordering was
induced by the Cu®* ion (Scheme 50).*!

It should be noted that the central bipyridine subunit acts
as a bridging ligand rather than a chelating ligand. The
iminopyridine binding motif can be found in several other
metallomesogens, for example 131%% and 1322
(Scheme 51).

Pyrazoles have also been introduced as mesogenic sub-
units in metallomesogens. Serrano and co-workers described
trinuclear gold complexes 133 which display hexagonal
columnar mesophases (Scheme 52).”*'! Noteworthy, lumines-
cent superhelical fibers were obtained on attachment of
dendrimer subunits to these “golden triangles” and these
fibers were studied by STM.’? This is one of the rare
examples where an achiral building block self-assembles into
a helical aggregate.
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132a—¢ R = CyyHys o)

132a Ln=Tb (g 160 Cub 171 decomp)
132b Ln = Er (g 150 Col,, 180 Cub 185 decomp)
132¢ Ln=Yb (g 175 Col,, 195 decomp)

Scheme 5.

133 R = CygHay
(Cr 59 Col,q 64 1)

Scheme 52.

Symmetrical pyrazoles are capable of acting as mono-
dentate ligands, as exemplified for the palladium(II) 1,2,3-
oxadiazole complex 135, which was prepared from the

hydrazide 134 (Scheme 53).7*

Either hydrogen bonds or sulfur—sulfur interactions, as in

octakis(2-benzyloxyethylsulfanyl)copper(Il)phthalocyanine

(137a), may be wused to promote the self-assembly

(Scheme 54).224
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OR
1) SOCl,, A
20d ——————»
2) NyHyH,0 OR
THF
134

1) PCl;, THF, A
2) PdCl,, EtOH, H, O

\ , OR
135 R = CyoHy,

(Cr 1 Col, 126 1) Pd.,
RO !

RO OR
OR OR

Scheme 53.

1) KSCOMe, Ki
2) NaOMe/MeOH

3) Dowex H*

BnO/\/S CN
BnO\/\S CN

Br(H,C),0

61d CeH,10H

SR

cl CN
4) :@i 136
cl CN l DBU, CuBr,

K,CO,, DMSO
RS

RS

137a R =(CH,),0Bn
(Cr 134 Col,4 299 decomp)

RS

Scheme 54. DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene.

Studies of LB films of these compounds by AFM showed
two different column-column spacings on annealing, a
behavior that was also found for the polycrystalline material
of 137a. Some very common features of phthalocyanine
complexes are their broad mesophase range and the absence
of any isotropization under the decomposition temperature,
which does not allow the observation of typical textures.**!
Compound 137b was obtained by cyclocondensation of the
dicyano-substituted triphenylene 138b in the presence of
Zn** (Scheme 55). Magnetic uniaxial alignment of the
columnar superstructure of discotic octa(n-dodecylthio)por-
phyrazinecobalt in the centimeter scale was very recently
reported by Choi and co-workers.!

The coordination of lanthanides to porphyrins gave the
square-pyramidal complexes 139a and 139b, in which the
lanthanide ion lies above the porphyrin plane
(Scheme 56).*1 As shown by Simon and co-workers, deriv-
atives of lutetium phthalocyanine display interesting mag-
netic properties.’!

Although the chemistry of (n’-arene)tricarbonylchro-
mium complexes is well known and some calamitic deriva-
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2) Zn(CN),, [Pdy(dba)s],

138a X=H ]1)Br2, CH,Cl,
N~ dppf, DMF

138b X=C

R DBU, CgH450H
Zn(OAc),, A
RO OR

137b R = CgHy;3 (Col,, ~300 decomp)

Scheme 55. dba=trans,trans-dibenzylideneacetone; dppf=1,1"-bis(di-
phenylphosphanyl)ferrocene.

139a Ln=Er(Cr0 Col, 211)

139b Ln =Dy (Cr0 Col, 151) OC1gHgs

Scheme 56.

tives have been reported,”” there are few examples of
discotic arene chromium complexes. Deschenaux, Levelut,
and co-workers reported an interesting change of the
mesomorphic properties of compound 143 on complexation
with {Cr(CO);} (Scheme 57).12

While the uncomplexed compound 143 displayed a
hexagonal columnar mesophase,®!! columnar mesomorphism
vanished on complexation with {Cr(CO);} and a smectic C
mesophase was obtained instead. Laschat and co-workers also
observed a dramatic effect with (triphenylene)tricarbonyl-
chromium complexes 144 (Scheme 58).*2 Whereas com-
plexes 144 with short alkyl chains were nonmesomorphic, the
nonyl derivative 144 (R=C,H,y) displayed a Schlieren
texture typical for a nematic discotic phase which was further
supported by X-ray diffraction experiments.
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4.10. Crown ethers and macrocycles

The combination of crown ethers (or azacrowns) with
mesogenic subunits is interesting for several reasons. 23234
The crown ether unit is able to either modify existing
mesophases or induce novel ones because of complexation
of metal ions and self-assembly processes. In addition, as a
result, the solubility and conductivity are improved. Depend-
ing on the particular size of the crown metal ions, the crown
ethers can be used as sensors. Three different design strategies
have been reported with respect to columnar mesophases.

The first strategy uses rodlike mesogens that were
tethered to crown ether units. Typically, most of these
molecules form smectic or nematic phases,™ and are
known as components of liquid-crystalline polymers.”>!
Tschierske and co-workers reported compounds such as
145, which consist of a rigid calamitic 4,4'-didecyloxy-para-
terphenyl unit and a crown ether subunit in the lateral
position.?! For the uncomplexed crown ether 145, a mono-
tropic smectic A and nematic phase were observed
(Figure 38).

The situation completely changed on complexation. When
145 was saturated with aqueous 1m alkali metal salts MCl
(M = alkali metal), a lyotropic system was obtained. The size
of the cation significantly influenced the stability of the
induced rectangular columnar mesophases and resulted in
different clearing temperatures: the maximum mesophase
stability was found for K* (Figure 38) and the clearing
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Figure 38. Crown ether 145 and the dependence of clearing temper-
atures of the mesophase of 145/1 M MCI/H,O on the cation M* 2%

temperature also changed depending on the anion (KCl<
KBr < KI).

Bruce, Schroder, and co-workers synthesized a 1,4-dithia-
7-azacyclononane 146a, which is tethered terminally rather
than laterally to the mesogenic subunit (Scheme 59).%*! This
hemiphasmidic compound 146a forms a hexagonal columnar
mesophase. If the three peripheral dodecyloxy chains were
replaced by one octyloxy chain as in 146b, smectic A and
nematic mesophases were obtained instead of hexagonal
columnar mesophases.**%!

(o]
o R
146a R = R'= OC,,H,s (Cr 37 Col, 48 1) R!
R

146b R=H, R" = OCgH;7

Scheme 59.

The second strategy uses propellerlike mesogens that are
tethered to crown ether units. To obtain a columnar LC with a
central crown ether core, Laschat and co-workers prepared
the dibenzo[18]crown-6 derivatives 149 by a convergent
synthesis route (Scheme 60).¥! First, 4-bromo-1,2-dialkoxy-
benzenes 34 were converted into the corresponding boronic
acids 148, which, by subsequent Suzuki coupling with the
tetrabromide 147b (obtained by bromination of diben-
zo[18]crown-6 147a) gave the crown ether derivatives 149.
Even compounds 149 with short alkyloxy chains such as R =
CsH;, display hexagonal columnar mesophases. However, a
remarkable stabilization of the columnar mesophases was
observed on complexation with KI. The benzo crown
structural motif with only one ortho-terphenyl unit was
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further explored®! to determine whether benzo[15]crown-5
derivatives 150 (Scheme 61) might display columnar meso-
phases even in the absence of metal salts.

™
o

O
Co 9
150a R=CyHyy (Cr651)  OR

150a-Nal (Cr 43 Col, 163 1)

150b R=Ci,Hss (Cr40Sm711)
150b-Nal (Cr 55 Col,, 162 )
150¢ R=CiHy, (Cr55Sm771)
150c-Nal (Cr 43 Col 171 1)

Scheme 61.

Indeed, the metal-free crown ethers 150 were mesomor-
phic, with a minimum chain length of C,,, and a smectic rather
than a columnar mesophase was obtained.*’ In contrast, the
corresponding Nal complexes display either columnar rec-
tangular phases (chain length of C,,) or hexagonal columnar
phases (> Cy,). In agreement with results by Percec et al.,*”
Laschat and co-workers also observed an improved meso-
phase stability for benzo[15]crown-5 complexes 150-Nal
because of complexation with the Na* ion.

The third strategy uses wedge-shaped mesogenic units
that were attached to a crown ether head group. Percec et al.
reported that complexation with Na* or K* ions destabilizes
the crystalline phase and induces the self-assembly of
supramolecular columns, in which the polar crown core
forms the center of the column while the nonpolar alkyl
chains are radiated towards its periphery, which results in
cylindrical ion channels.

These crown ether derivatives were first described by
Percec et al.”! and later explored by the research group of
Beginn and Moller.**” Crown ether 154 was prepared from
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methyl 4-(10-undecenyl-1-oxy)benzoate 151, which was con-
verted in four steps into the tris-methacrylated acid 152. The
latter was finally attached to the (2-hydroxymethyl)ben-
zo[15]crown-5 ether (153, Scheme 62).2*%! The wedge-shaped
crown ether 154 displayed a columnar mesophase, whose

Ocone
+
NAro

11
151

OH 20f
1) LiAlH,, SOCI, 3) )\ by
2) 9-BBN, NaOH/H,0, | ~~ ¥ "COCl"

O O

)\mv@ﬂv 0
O O

(0]

ﬁ)oko/\H:\o/©A o
)\(O\WO

HO CO,H

HO

OH

o 152
(\O”
HO S
o | bcc, bPTs
° o)
153

Scheme 62.

stability was improved by complexation with NaOT£.**! The
self-assembly of crown 154 was used to design matrix-fixed
supramolecular channels, as the amphiphilic compound was
found to be an excellent organogelator forming well-defined
supramolecular cylindrical fibers. Membranes were prepared
from a lyotropic system of 154 in methylacrylate as solvent
along with a photoinitiator. Cooling induced the thermore-
versible gelation of the mixture as a result of the formation of
networks of cylindrical aggregates. Finally, the olefinic
terminal groups were copolymerized with the solvent and
the aggregates became embedded in a polymer matrix, in
which the supramolecular channels were maintained
(Figure 39).

The observed differences in the ion-transport rate for Li*,
Na*, and K" ions in the matrix are consistent with a hopping
transport mechanism, where the least-interactive Li* ion
migrates most quickly. Substitution of the methacrylate-
terminated chains in 154 with semifluorinated alkyl chains
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CH2=C(CH3)—COO—(CH2]|@—@—CH;-O
0

CH2=C(CH3}—C00"(CH2)110—@CH2"04%3—<0/‘©:0|—/\ oy

0

CHZ:C(CH3)~COO~(CH2)11O—< >—CH2-0 0

154

Figure 39. Self-assembly of 154 into columnar superstructures and
formation of oriented matrix-fixed supramolecular channels. Repro-
duced from Ref. [240c].

generated amphiphilic crown ethers, which form planar-
aligned columnar mesophases upon casting on a warm
water surface.*!!

Macrocyclic mesogens based on areno-condensed annu-
lenes are interesting because they are well suited towards
aggregation and photodimerization. The research group of
Meier prepared a variety of liquid-crystalline annulenes.***#!
For example, the [12]annulene 158 was available from
Arbuzov reaction of the tetrabromide 155, followed by
Horner olefination with 156, and acetal cleavage to give the
resulting tetraaldehyde 157, which underwent a twofold
McMurry reaction (Scheme 63).2#!

Br Br
Br Br
155 1) P(OEt),

2) KOH
+ E——

ome 3 HCI

RO CHO

166

RO

158 R = CgHy;
(Cr 165 Col 280 decomp)

Scheme 63.

www.angewandte.org

Chemie

4867


http://www.angewandte.org

Reviews

4868

Areno-condensed annulenes such as 159a (Scheme 64)
are photoconductors. Above 150°C, an irreversible photo-
reaction takes place that leads to the belt cyclophanes 159b or
to a nonspecific cross-linking of the disks.?*"! Meier et al. used
compounds 159a and 159b to study the mechanisms of
fluorescence.**"¢

OR 159a (Cr 57 LC 105 LC 250 decomp)

Scheme 64.

In contrast to the annulenes 159, which can undergo
conformational changes, the phenylacetylene macrocycle 160
resists a change in shape (Scheme 65).2+

Scheme 65.

Based on seminal work by Zhang and Moore,** the
research group of Hoger demonstrated that the alkoxy chains
in these systems are oriented toward the internal volume to
avoid empty space and thus result in a discotic LC with an
inverted structure as depicted in Figure 40.%%]

o~

Figure 40. Schematic representation of a conventional cyclic molecule
and a macrocycle such as 160 with inverted structure. Reproduced
from Ref. [245¢].
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4.11. Columnar mesogens based on hydrogen bonds

The issue of liquid-crystalline aggregates has been cov-
ered extensively by a recent review by Kato et al.,*! and
thus, only two examples will be discussed with regard to
applications.’™ According to Ivanov and co-workers, the
columnar order of hexacarboxamidohexaazatriphenylenes
161 (Scheme 66) is strongly enforced by the amide hydrogen

H
a) N b) :
N0 6 : K
N N7,
RonH N7 N & &
NN M \of =N N—<
07 N7 s Y N
| —N_iv N N N—
G \N ZN H 7 N i
NH N R LoD Vo f
t “
R N ‘R . M
R~N o 0] ,'O“”"'H’N\

161 R = CyoHys (COls 47 Coloy)

Scheme 66. The structure b illustrates the various possible arrange-
ments of intra- and intermolecular hydrogen bonds.?*?

bonding between the neighboring molecules in the stacks,
which helps to preserve the structural order and allows only a
small thermal expansion of the intracolumnar distance.**

The interdisk distance of 3.18 A in 161 is the smallest ever
found in columnar liquid crystals. The intracolumnar corre-
lation length varies between 120 and 180 A, and thereby
extends over 40-55 disks. PR-TRMC experiments revealed an
improved charge-carrier mobility (Zup=0.04—
0.08 cm?V~'s™") as compared to non-hydrogen-bonded tri-
phenylenes. These results make 161 attractive for applications
as semiconductor.

Kishikawa et al. synthesized N,N’-bis(3,4,5-trialkyloxy-
phenyl)ureas such as 162 that exhibited both rectangular and
hexagonal phases, in which the molecules in each column
were stacked in one direction with strong hydrogen bonds.
This result leads to ferroelectric switching of columnar areas
even in the absence of any chirality (Scheme 67).2"!

OC12H25 OC12H25
CDI Cy2H250 o OC;Hos
56 —
DMF CoHp0 ﬁJ\H OC15Hs

162 (Cr 110 Col, 149 Col, 178 )

Scheme 67.

4.12. Columnar mesogens based on ionic interactions

Tonic interactions for the stabilization of mesophases have
only recently been introduced.”*” The noncovalent strategy is
advantageous because the properties might be tuned sepa-
rately by altering both the cation and the anion. An early
example was published by Veber, Levelut, and co-workers
who synthesized the dithiolium salt 164a by condensation of
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4-alkoxybenzaldehyde 163 with acetophenone 109b, and
subsequent cyclization with P,S,, (Scheme 68).%!]

MeOC
o)
\f/)ﬁ/ \©\ + \©\001OH21
CHO
163

OCygHa4
109b

1) cat. NaOH, EtOH, A
2) P4S10, A
3) HBF,, HOAG, A

o OR
T O
Oy
S=S BF,”

164a R = CygH,, (Cr 107 Col, 126 Col, 144 N, 174 1)

Scheme 68.

Careful temperature-dependent SAXS experiments of
derivative 164b (R = C,,H,;) revealed the presence of three
different mesophases: rectangular columnar, hexagonal col-
umnar, and nematic columnar (Figure 41).

=
T = 150°C oc%o N,
0.14 015 0.16 0.17 0.18 Q0

g/A?

Figure 41. SAXS experiments of 164b. Intensities of the profile on
cooling and the corresponding 2D space groups. The N, to Col, and
Col, to Col, transitions are described by a and b, respectively.”"!

The supramolecular organization is proposed to arise
from the amphipathic feature of the dithiolium salts, which
form long columnar aggregates similar to long inverted
cylindrical micelles. The arrangement of the columns in a
nematic columnar phase at higher temperatures support the
supposition that specific interactions are necessary to obtain
N, mesophases (see Section 2.5).

Several groups have investigated a new class of ionic
liquids such as 165 and 166 (Scheme 69). Compound 165
exhibited a columnar hexagonal mesophase over a wide
temperature range, and Kato and co-workers successfully
measured a 1D ionic conductivity.™ The conductivity
parallel to the columnar axis of 165 is much higher than
that perpendicular to the axis because the alkyloxyphenyl
moieties operate as an insulator. The incorporation of lithium
salts led to the enhancement of the ionic conductivity from

Angew. Chem. Int. Ed. 2007, 46, 4832— 4887

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

OCyaH2s OC1oH24
+
Ci2H250 CyoH210 NH, X~
NN
CioHas0 N CioH210 N~ "NH,
BF,~ H

165 (Cr 17 Col, 183 1)
165-LiBF, (Cr 17 Col, 193 1)

166a X=HC=CCO, (Col, 93 1)
166b X=BF, (Cr37 Col, 173 1)
166c X=NO, (Cr 97 Col, 140 1)
166d X=CI (Cr 78 Col, 114 Cub 165 I)

Scheme 69.

3.1x107°Sem™! (for 165) to 7.5x 1075 Scm™! (for LiBF,-165)
at 100°C. Probably the ions are incorporated in the central
ionic part of the column.

Kim et al. observed several different self-organized
structures for guanidinium salts 166 that depended on the
guest anion (Scheme 69).*! With polyatomic anions such as
BF,” and NO;™, 166 form only columnar hexagonal phases,
while 166a, which contains a cylindrical carboxylate as the
guest, has a rectangular phase. The chloride 166d not only
arranges in a columnar, but also a micellar cubic phase. The
mesogenic subunit can also be extended to alkoxytripheny-
lenes that are tethered to pyridinium ions (167a),>* or one
(167b), or six imidazolium ions (168).2°>%% These tripheny-
lene-based salts were found to be mesomorphic and exhibited
columnar mesophases (Scheme 70).

+

Br—

OCsH4
OC;H;;4

167a X = @ (Cr, 76 Cr, 96 Col; 113 Col, 121 1)
-

~
167b X ;N@N\ (Cré7Col 1011) o

OR

OR

- RO
168R = )\
NN

2
L BF,~ RO

(Cr 47 Col 111 1) OR

Scheme 7o0.

The research group of Faul presented an elegant strategy
to liquid-crystalline material, in which a water-soluble tricy-
cloquinazoline core is generated by the hydrolysis of the
nonionic hexaacetate 169, itself being a potential mesogen.
The intermediate core fragment was then used as a hexa-
anionic building block for assembly into the liquid-crystalline
aggregates 170 using the ionic self-assembly (ISA) technique
(Scheme 71)." The authors found that the balance between
alkyl volume, fragment shape, and number of charges was
important for the phase architecture and properties. The
transition temperatures can be controlled very easily, thus
providing “liquid crystals on demand”.
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ACO;@\)\N \N
AcO N
OAc
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1) OH™
2) Ry;Me,N* R,
AN
0" \
O""/NRZ
R,
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© NN
/ ~ =
R,N+-0O N
\ \
O~ +*NR,
0 /

170a R = C4H,; (Cr 185 Col, 299 1)~}
170b R = CgHyg (Cr80 Coly 2371) R,

Scheme 71.

This technique can also be applied to metallomeso-
gens.™ As shown in Scheme 72, Cu** salts were coordinated
with the phenanthroline 171 to yield the Cu*" complex 172,
which undergoes ionic self-assembly with an ammonium salt
to give 173.

X+t ~0,
172 R=H, X = - "
3 _ (C1gHa7)2MexN
173 R =H, X = (CygH37),Me,N <
(Colge, Coly)

Scheme 72.

4.13. Columnar mesogens based on charge-transfer or donor-
acceptor systems

Ringsdorf and Wendorff?**! were the first who studied the
behavior of polymeric columnar main-chain and side-chain
LCs when mixed with strong nonmesomorphic electron
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acceptors such as TNF or TNF-CN (Scheme 4).?*! The
electron acceptor not only induces mesophases, but also
strongly increases the mesophase stability, as exemplified for
mixtures of triphenylenes 37 and TNFE.?* Later studies using
the UV/Vis spectroscopy of oriented thin films revealed that
the charge transfer occurs through alternating stacks of
donors and acceptors,*® and is also observed in LB films.[**!]
Recently, Lee and Chang reported the molecular ordering of
photoreactive nonmesogenic 1,3,5-triazine 174 into columnar
mesophases by charge-transfer (CT) interaction with TNF
(Scheme 73).2¢%

R
NJ§N
CoH N)l\N/ NH
R = = gH17 N
4
174 (Cr641)
174-TNF (Col 134 1) R

Scheme 73.

Besides TNF and TNF-CN, other electron acceptors have
been used in CT complexes. Park et al. studied complemen-
tary Cs;-symmetric donor-acceptor components based on
electron-rich mesogenic hexaalkoxytriphenylenes 35 and
electron-poor nonmesogenic tri-n-alkylmellitic triimides 175
(Scheme 74).261

175a R = C,H,
175b R = C;oHyq (Cr 117 1)

175b-35i (Cr 40 Col,, 136 1)

Scheme 74.

An X-ray crystal structure of tri-n-butylmellitic triimide
175a and hexahydroxytriphenylene 42 (Scheme 16) revealed
discrete acceptor-donor-acceptor triads with essentially com-
plete overlap of the xt faces (Figure 42).

Perfluoroarene—arene interactions, which can also influ-
ence the phase behavior of liquid-crystalline materials, are
related to the charge-transfer interactions, as was demon-
strated by Grubbs and co-workers.'" A novel method for
improving the applicable properties of discotic liquid crystals
was recently introduced by the research group of Bushby."
Significant enhancement of mesophase ranges was obtained
by mixing hexagonal columnar triphenylene 35d with one
equivalent of the large-core polynuclear aromatic compounds
176 (Scheme 75).
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(@) (b)

Figure 42. a) Side and b) top view of the acceptor-donor-acceptor triad
in the X-ray structure of 175a-42. Reproduced from Ref. [263].

CoHig

176a X = N(Cr, 71 Cr, 81 ) CoHig

176b X =CH (Cr 59 1)

35d-176a (Cr 130 Col, 240 1)
35d-176b (Cr 66 Col, 155 1)

CQH’IQ

Scheme 75.

The special stability of these novel m-stacked systems
arises from a complementary polytopic interaction (CPI), that
is, a sum of atom-centered van der Waals and quadrupolar
terms.

4.14. Dimers, oligomers, dendrimers, and rod-disk-shaped
mesogens

Triphenylene-based columnar liquid-crystalline dimers,
oligomers, and polymers have been reviewed recently by
Kumar,® and therefore the following discussion will be
limited to some illustrative examples.”*>2%l Mesogenic dimers
(twins) or oligomers are formed by tethering two or more
mesogenic subunits. If the tether length is chosen correctly
and the subunits are identical, the mesophase properties can
be improved compared to the corresponding monomer. In
contrast, the combination of two different mesogenic subunits
or one mesogenic and a nonmesogenic subunit might result in
twin materials with novel properties. The same is true for
oligomers and dendrimers.

The effect of the spacer length has been studied by Luz
and co-workers for a series of homologous dimers 182
(Scheme 76).2%1 Tetrahydroxybenzoquinone 177 was first
sequentially acylated and, after reduction with SnCl,/HCI,
intermediate 179 was obtained. Acyl transfer of 179 with 181
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182a n=6 (Cr,75Cr, 116 1)

182b n=12 (Cr 75 Col 97 1)
182¢ n=10 (Cr1281)

Scheme 76.

gave the monohydroxy compound 180, which was finally
esterified with the o,w-diacid chloride to the desired twin
compounds 182. In the case of 182a and 182¢ with tether
lengths of n=6 and 10, respectively, the mesophases com-
pletely disappeared. However, with a correct tether length
(182b with n=12), a rectangular columnar mesophase with
an increased temperature range was generated.

The remarkable effect of additional mesogenic subunits
on the mesophase stability was found for the tetramer 183 a,
which was prepared by fourfold Williamson synthesis
(Scheme 77).) Compound 183 a displayed a broad hexagonal

RO @)

C o )

RO OR R
RO O}{O OR
RO o) ¢] OR
OR
RO OR

RO
RO  OR

183a R = C;H,5 R' = Me (g 40 Col, 80 )

Scheme 77.
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columnar mesophase that was stable even at room temper-
ature.

Novel mesophases could be induced, even for symmetrical
twin compounds, if rigid tethers are used (Scheme 78).06%]
While the monomer 184 displayed a hexagonal columnar

mesophase, the twin 185 displayed a nematic discotic
mesophase.
OCsH13
X

%O OCGH13
O OCeH1s

CeH130

CgH430
OCgHiz 184

Cu(OAc),, THF
Py, MeOH

CsHi30

OCqgH13

OCgHis 185 (Cr 135 Np, 173 )

Scheme 78.

Charge-transfer or donor-acceptor twin compounds are
especially attractive targets with regard to novel mesomor-
phic properties. Wendorff, Ringsdorf, and co-workers were
among the first who prepared tethered donor-acceptor
twins.2!

Laschat and co-workers prepared the triphenylenes 186,
which were tethered to an anthraquinone moiety, to obtain
redox-active liquid-crystalline twin compounds
(Scheme 79).1 Although compound 186 displayed quasi-
reversible redox behavior in solution, the mesophase width
was quite small, and unfortunately the type of mesophase
could not be established. Probably the anthraquinone moiety

RO
‘O O~
Sa
RO
OR 186 (Cry 37 Cr, 49 M 63 1)
RO

“ O/\/\/\/O O‘O

187aR=R'=CgH,;;  (Cr 53 )
OR  187b R = C4H,3, R" = Me (Cr, 59 Cr, 89 Col 102 I)

RO

Scheme 79.
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disturbs the columnar self-assembly. Almost simultaneously
Cooke et al.”’! reported a related system 187 (Scheme 79),
which yields a columnar mesophase.

Nonsymmetric donor-acceptor triples 188 with disklike
and rodlike characteristics were published by Janietz, Wen-
dorff, and co-workers (Scheme 80).*" Compound 188 can be
used for holographic data storage because of the presence of
the chromophoric azo moiety.

O NO,
’o

188 (g 69 Col, 105 1)

Scheme 8o.

The simultaneous supramolecular arrangement of both
electron-deficient p-type and electron-rich n-type m-conju-
gated systems is especially important for organic photovoltaic
cells. To this goal, Janssen and co-workers envisioned the
preparation of a liquid-crystalline perylene bisimide 189 that
is connected to two peripheral oligo(para-phenylene vinyl-
ene) units (Scheme 81).7”! On photoexcitation of the donor, a

Scheme 81.

sub-picosecond electron-transfer reaction occurs in 189. The
lifetime of the charge-separated state in (ordered) thin films is
markedly larger than in solution as a result of a decrease of
geminate recombination by migration and spatial separation
of charges in the film.

Unsymmetrical liquid-crystalline twin compounds that
consist of rod-shaped and disk-shaped subunits have exten-
sively been studied by the research groups of Mehl *™
Luckhurst and Bruce.”” While the building blocks 20g and
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190 displayed nematic and monotropic hexagonal columnar
mesophases, respectively, a smectic A phase was observed for
the twin 191 (Scheme 82).12>

OR’

R'O
O 9
(L
(o
Ke)

OR' 190 (Cr [23 Col, 51] 1)
J

RO CO,Et
RO: :
OR

20g (Cr 96 N 105 1)

1) KOH, EtOH, THF, A l 2) DCC, DMAP, TsOH

OR' R= <CH2)1OO
R'O
O
O
o
R'O
OR' 191 (g 3 SmA 39 1) = CgHyz

Scheme 82. Ts = para-toluenesulfonyl.

The possibility to grow highly ordered 2D and 3D
structures of hybrid organic architectures has been demon-
strated by Miillen and co-workers by using a soluble hexa-
peri-hexabenzocoronene-pyrene hybrid 68d (Scheme 83).127!

68d R= tn,:\)\/\/k (Cr 105 Col,,, 136 1)

Scheme 83.

The novel dyad 68d exhibits a more highly ordered columnar
phase, but with a dramatically lowered isotropization temper-
ature, which facilitates the homeotropic alignment in com-
parison with the symmetrical HBC derivative 63e
(Scheme 27).

These two features are important for processing such
material into photovoltaic devices. STM studies allow a direct
view on such highly ordered adsorbate of 68d on HOPG with
submolecular resolution (Figure 43).

4.15. Lyotropic systems

Lyotropic systems, based on rigid rodlike amphiphiles,
have been extensively investigated by the research group of
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Figure 43. STM image of 68d at the solid-liquid interface. Dimer row
structures with smaller and darker bright spots between the dimer
gaps. Figure taken from Ref. [276].

Tschierske,”””! and were discussed in a review by Kato.*"!
Therefore, only 4-benzyloxy-4'-(2,3-dihydroxypropyloxy)bi-
phenyl 192 will be presented (Scheme 84).”%! The neat

OH

50_8°§

192 (Cr 128 Col, 151 1) HO
saturated with glycerol 192 (Col 125 SmA 143 |)

Scheme 84.

amphiphile 192 displays an oblique columnar mesophase.
However, the mixture of 192, which was saturated with
glycerol, behaves differently. In the contact region between
192 and glycerol, the columnar mesophase is destabilized and
the formation of a smectic A phase is observed.””’"

Figure 44 presented the proposed arrangement of mole-
cules of 192 in its mesophases. As the hydrophobic inter-
actions between flexible alkyl chains in classical amphiphiles
are replaced by interactions of rigid aromatic units in 192,
ribbon structures are formed.

A

ggg;g;s)hlllc ‘// ‘/ ”[/ &
- NS f
w1 E "‘\ 7 V
) ‘ "“'
J CO|°b
+ Glycerol

Col

Figure 44. Proposed arrangement of 192 in its mesophases. Layer of a
ribbon (C) and cylindrical aggregate (D). Reproduced from Ref. [277f].
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4.16. Miscellaneous systems

Linear molecular structures are not excluded to generate
columnar mesophases by themselves. Two typical examples
193 and 194 were reported by Nicoud, Donnio, and co-
workers™ and Ribeiro et al. (Scheme 85)."

Ro
\\OR

193 R = C,,;H,s (Cr 64 M,, 143 Col, 156 1)

O o O

194 R = C,,H,; (Cr 129 Col, 149 Col, 183 1)

Scheme 8s.

Columnar LCs based on bent-shaped mesogens with large
lateral dipoles should be well-suited for optimal energy
transport characteristics. To this goal, Swager and co-workers
prepared 2,5-bis[4-(3,4,5-tridodecyloxyphenylcarbonyloxy)-
phenylethynyl]-3,4-dicyanothiophene 195 (Scheme 86).%

NC CN

I\
Z7

i O O i
R R
0} o o Ol

RO 195 R = C,,H,s (Cr 43 Col, 69 1) OR
OR

Scheme 86.

The emissive nature of the mesogen varies over the temper-
ature range of the Col, phase. The variation of the fluores-
cence emission band in this phase of 195 is due to varying
degrees of rotational disorder between the mesogens. Fur-
thermore, the bent-rod shape and highly dipolar nature of the
mesogen promotes a high degree of antiparallel intermolec-
ular correlations between the nearest neighbors.

The discovery of the so-called “banana phases” has caused
much excitement because antiferroelectric switching is pos-
sible with these phases.”®"! Tschierske and co-workers synthe-
sized bent-core mesogens 196, which form both an antiferro-
electric switchable smectic and a rectangular columnar
mesophase (Scheme 87).2
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197 R'= CypHys
(Cr, 120 Cr, 165 Col, 203 )

L,

196 R' = CoHyy
(Cr 89 SmCP, 107 Col, 108 1)

Scheme 87.

On extending the central meta-benzene core to a meta-
terphenyl core, the stability of the columnar phase was
improved at the expense of the SmCP, phase. A structural
model for the Col, phase is given in Figure 45.

a=126°

Figure 45. Structure model of a stable Col, phase of molecules 196 and
197 with short chains or with large bent rigid cores. Reproduced from
Ref. [282].

According to Kishikawa et al., even such structurally
simple half-disk molecules such as 3,4,5-trialkoxybenzoic
anhydrides 198 are able to form columnar mesophases
through uneven-parallel association and one-directionally
geared interdigitation (Scheme 88).*”) In the case of chiral

RO CO,H Ac OH
RO TsOH
toluene
OR

198

20d,h
198a R = C,oH,,(Cr 15 Col 61 1)
198bR = }F/\‘/\/\(
(Col 34 1)
Scheme 88.

substituents, a chiral columnar structure (Figure 46) was
found by CD spectroscopy. The mesogens 198b with a central
large dipole in a columnar phase are organized into a column,
in which the molecules are piled up with an alternately
antiparallel manner, and the columns interdigitate each other
in one direction to give smaller intercolumnar distances than
their columnar diameters.

The importance of microseggregation of incompatible
molecular parts for mesophase formation was demonstrated
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independently by the research groups of
Tschierske®? and Laschat®®! for meso-
gens such as 199 and 200 to form
tetrahedral columnar LCs
(Scheme 89). Helical columnar LCs
based on helicene systems 201 have
been proposed by the research groups
of Katz and Eichhorn (Scheme 90).12%

Despite their propellerlike shape,
tetraphenylethenes 203 are potential
o building blocks for liquid crystals. Tet-
raphenylethenes possess interesting
photophysical properties and can easily
undergo redox processes and photocyc-
lizations (Scheme 91).**! Compounds
203c¢ were obtained by McMurry cou-
pling of benzophenone 202 followed by
demethylation and esterification with
gallic acid (20).

On irradiation of tetraphenylethene
203c¢ in the presence of iodine, the
corresponding diphenylphenanthrene
204 was formed.”*! Although both compounds 203¢ and
204 displayed columnar mesophases, the mesophase range of
204 was shifted to higher temperatures probably as a result of
the increased rigidity. Diphenylphenanthrene 204 differs by

OR
OR
o)
RO o)
OR

A oL
0 o o° OR

0

OR

OR
199a R = CygH,, (Cr 54 (Col, 47) 1)
199b R = (CH,),CqF 13 (Cr 88 Col, 131 1)

=

Figure 46. Model
structure of a chiral
columnar phase of
compound 198b.
Reproduced from
Ref. [37].
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only one extra C—C bond from its precursor 203¢, and the
overall size of both molecules is identical. However, the
lattice constant of phenanthrene 204 was much larger than the
corresponding value for 203 ¢ (Figure 47). This result may be
explained by a different packing behavior of the two
mesogenic units.

A
n
;go

Scheme 91.

R R
R R
R { _R R R
R R
R R
R R
203c R 204 R

Figure 47. Possible arrangement of tetraphenylethenes and phenan-
threnes in the Col,, phase.”l

A related example was reported by Toyne, Goodby, and
co-workers (Scheme 92).%%2%1 Only the octasubstituted
board-like mesogen 206b forms columnar mesophases,
while the tetrasubstituted analogue 206a displays a soft
crystal phase (Scheme 92). A novel biaxial smectic liquid-
crystalline phase formed by the rodlike 1,3-diazaazulene 207
was recently reported by Tschierske, Mori, and co-workers
(Scheme 93).2%)

X X X X
RO OR RO OR
SN s U e
FeCl;

—_—

OO0 OO
RO OR RO OR
X X X X

205a X = H (Cr1031)
205b X = OC4H,,
(9-30Col, 74 1)

Scheme 92.
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Scheme 93.

Tetrathiafulvalenes are very useful materials, in particular
for organic conductors, and thus their chemistry has been
extensively explored.” Nevertheless, it took until 1998 for
the first columnar mesogen with a TTF core to be
reported.”! A TTF derivative 211b with a rectangular
columnar mesophase was prepared by the research group of
Boden and Bushby by using the synthesis route outlined in
Scheme 94.% Tt should be noted that its synthetic precursor,
that is, the anhydride 211a, displayed a smectic A mesophase.
Compounds 211 behave as organic semiconductors.

s._S
s=<( 208 OH
s THE A s__S CO,Me
S
ST s CO,Me
CcO,Me OH
210
CO,Me 1) Ac,0, DMAP
O 209 R= = | 2 Hg(OAc), HOAc
% 3) P(OMe)s, A
7 4) RX, K,CO3, DMF
5) KOH, THF, MeOH, A
6) A
o) OR OR o
S S S S
X I < I X
s7 S $7 s
0  oR orR ©
211a X = O (Cr 92 SmA 107 1)
211b X = NMe (Col, 65 1)
Scheme 94.

In 1998 the research group of Ros and Torroba made the
surprising observation that even polarizable atoms such as
sulfur or halogens, or polar groups such as cyano or carbonyl
can act as the “soft regions” in the periphery of the discotic
molecule.”” Some typical examples are given in Scheme 95.

5. Applications

5.1. Phase-compensation filters in TN and STN liquid-crystal
displays

In contrast to calamitic LCs, columnar LCs cannot be used
as switching units in liquid crystal displays (LCDs).?**?**! This
is mainly due to the fact that these disk-shaped molecules do
not have a central dipole moment, typically have a much
higher viscosity than rod-shaped molecules of similar molec-
ular weight, and are therefore difficult to orient by an electric
field. Even if switching is possible, that is, reorientation of the
bulk sample, switching times are too slow as compared to the
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Scheme 95.

corresponding nematic or smectic compounds. However, this
does not mean that columnar mesogens are completely
useless for display applications. One serious limitation of
current LCDs is the problem of the viewing angle: the
brightness, contrast, and sharpness of focus are only optimal
when the display is viewed at a certain angle. Furthermore an
image inversion is observed because of the positive birefrin-
gence of the liquid-crystal layer. These effects can be sup-
pressed by the use of compensation films, which should
ideally have negative birefringence. The most promising
materials for negative birefringence films are columnar LCs.
Fuji has recently commercialized an optical phase compensa-
tion film using a triphenylene-based crosslinked polymer to
overcome these problems.” These films are usually pre-
pared by aligning the reactive monomer, a triphenylene
benzoate ester, with up to six epoxide or acrylate groups
homeotropically in the nematic discotic phase followed by
photopolymerization. It should be noted that along with the
optical-compensation films, the columnar LCs are not yet
been ready for the market, but organic field-effect transistors
(OFETs) and photovoltaic cells, particularly the OLEDs,
seem likely to reach the market in the next couple of years.””!

5.2. Xerographic processes

A commercially available photocopier or laser scanner
consists of a rotating cylinder that is covered with a photo-
conducting surface, which moves over the original document
with simultaneous irradiation.!'*! The light reflected by the
document hits the photoconducting surface thereby leading to
charge separation. An electrostatic image is generated on the
cylinder surface. In the next step, the cylinder is covered with
black toner particles (dry ink) that preferentially adsorb at the
positive charges of the cylinder surface. On rotation of the
cylinder over blank paper, the toner particles are transferred
to the paper and the crude hardcopy is generated and
submitted to thermal fixation.

There are several requirements for photoconducting
materials for them to be useful for applications. To achieve
a high contrast potential for image development, the photo-
receptor must be an insulator or have low conductivity in the
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dark and become conductive on exposure to light. A highly
sensitive photoconductor not only requires less energy to
generate the electrostatic image, but also increases the speed
of the xerox process. Thus, photosensitivity and dark con-
ductivity of a certain material must be assessed. In addition,
the lifetime and processibility of the material must be
considered. While copier applications require that the photo-
conductor is sensitive in the visible region (400-650 nm), the
corresponding photoconducting materials of laser printers are
sensitive in the IR region (750-850 nm).

A class of compounds which are particularly well suited
for photoconducting devices that operate in the visible region
are the perylene bisimides such as compound 57a
(Scheme 23).1%¢ The formation of 1D luminescent aggregates
in solution and thin films from this compound was discussed
in Section 4.3. In contrast, phthalocyanines have a strong
absorption both in the visible and near infrared region.
Eichhorn et al. discovered that mixtures, which contained
amphitropic phthalocyanines such as 215 (Scheme 96) with a

SCgHi7

SCgH17
CgHzS M =Cu?", Zn?* ClI

Scheme 96.

different substitution pattern, display much higher inter- and
intracolumnar order than the single compounds.”*® In
addition, macroscopic homeotropic alignment was simply
achieved by mechanical shearing, thus providing an easy way
to orient the material for laser printers.

5.3. Photovoltaic cells

The photovoltaic effect requires 1) the absorption of solar
radiation and the photogeneration of electrons and holes, and
2) the charge separation, and the transport of electrons and
holes for collection at the cathode and anode, respectively.
For a typical photovoltaic blended device under short-circuit
conditions, the energy-level diagram is in Figure 48.2%

Both processes should be highly efficient and charge
recombination should be kept to a minimum. Absorption is
achieved by exciton formation. Charge separation is achieved
by ionization of an exciton over a distributed interface
between electron-donating and electron-accepting species.
The separated carriers drift to external electrodes in the built-
in field introduced by dissimilar electrodes. Miillen and co-
workers have shown in a seminal contribution!'*! that thin
films precipitated by self-organization of a mixture of
columnar LCs and crystalline-conjugated materials directly
from an xylene solution showed a photovoltaic response with
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Figure 48. Energy-level diagram shows the charge separation and
transport in a mixture that consists of an electron donor and acceptor

placed between a dissimilar anode and cathode to provide a built-in
field.”®

external quantum efficiencies of greater than 34 % at 490 nm
and power efficiencies up to 2 %. This material contains the
vertically segregated nonmesomorphic electron-accepting
perylene bisimide 58¢ (Scheme 24) and the columnar-phase
forming hole-accepting hexa-peri-hexabenzocoronene 63a
(Scheme 25) with a high interfacial surface as was shown by
AFM, STM, and optical polarizing microscopy. The high
efficiencies result from an efficient photoinduced charge
transfer between 58c¢ and 63a and an effective charge
transport through the layered structure.

5.4. Organic light-emitting diodes

An OLED is a device, in which light is generated by
electrical excitation. In a single-layer OLED, a thin film of an
organic emitter is sandwiched between a transparent anode
(for example, indium tin oxide (ITO)) and a metallic
cathode.”®*1 A multilayer device (Figure 49) consists of
separate hole-transporting layer, emitter layer and electron-
transporting layer. Electrons and holes, which are injected
into the LUMO and HOMO, respectively, drift through the
organic film under the influence of the applied electric field.
The coulombic attraction between an electron and hole at the
same chromophore site results in the formation of an exciton,
a bound electron-hole pair, whose recombination produces

EF, cathode
)

electron-
transport
layer

ITO
hole-transport
layer

/ -
Eg, anode i emitter
| i layer

metal

Figure 49. Energy diagram of a multilayer diode.”*
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luminescence. Efficient devices require the matching of
energy levels to minimize the barriers for carrier injection
and to trap both electron and holes exclusively in the emitter
region. For OLED applications, columnar perylene deriva-
tives have again been successfully used. For example, the
research groups of Kitzerow and Bock!'***3"] described an
all-columnar bilayer OLED that consisted of fluorescent
columnar 3,4,9,10-tetra(alkoxycarbonyl)perylenes 59
(Scheme 24) as the luminescent electron-transport layer
combined with columnar hexaalkoxytriphenylenes 35
(Scheme 12) as the hole-transport layer. A particular advant-
age of columnar LCs in such devices is their ability to expel
defects in an annealing process which leads to increased
lifetimes.

5.5. Organic field-effect transistors

The self-assembly properties of columnar LCs, in combi-
nation with their ability to provide anisotropic charge-carrier
transport along the channel, makes them viable candidates for
OFETs. A typical OFET device is shown in Figure 50.

channel width 1.5 nm, length 25 um

source and drain
electrodes (Au)

PTFE template

insulator insulator Si0, dielectric

gate

substrate

n-doped silicon substrate
as gate electrode

Figure 50. Schematic representation of an organic field-effect transis-
tor.

For a p-type semiconductor, conduction of charge
between the source and the drain electrodes is governed by
the gate voltage. When the gate is positive with respect to the
source, the semiconductor is depleted of carriers. When the
gate is biased negatively, carriers accumulate in the channel
between source and drain. The drain current is then propor-
tional to the material mobility.”*! The extraordinary hole
mobility for aligned hexa-peri-hexabenzocoronene 63f
(HBC-C8,2; £ =0.5-1.0x10" cm?V~'s™") films on oriented
PTFE has been used by the research group of Miillen. %168
By meso-epitaxial solution-growths of the HBC semiconduc-
tor devices were built, which displayed on/off ratios of more
than 10* and a turn-on voltage of —5 to —10 V. The solution
processibility, uniaxial parallel orientation (by use of the
PTFE alignment layer), and promising material and device
stability under ambient conditions pave the way to the
industrial production of these OFETs.

5.6. Holographic optical data storage

One of the common principles of reversible optical data
storage relies on the E/Zisomerization of dyes such as
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azobenzenes and stilbenes. The imprinting with two linear-
polarized laser-light beams induces a reorientation of the
chromophores, which results in a change of the refractive
index at the irradiated areas. The dye molecules are incorpo-
rated in a liquid-crystalline matrix, which strongly enhances
the change in refractive index. The periodic modulation of the
refractive index, induced by the writing laser beam, can be
read out by a reading laser beam.

The columnar donor-acceptor triple compound 188
(Scheme 80) bears an azobenzene moiety as the chromo-
phoric group.??¥U The strong electron-acceptor TNF
(Scheme 4) in combination with the electron donor pentakis-
phenylalkynylbenzene resulted in the improved stability of
the nematic columnar mesophase. As can be seen in
Figure 51, at ambient temperature the refractive index of
the photoinduced grating in this material differs by only
0.5%. On heating the sample to the nematic columnar
mesophase, the diffraction efficiency increases to 4 %.

401
heating into
3.0 the mesophase 89°C
T
diffraction  2C0[
efficiency / %
1.01 light induced
lattice, = 0.5%
0 1 1
0 500 1000 1500
tls —>»

Figure 51. Thermal gain effect of the diffraction efficiency. Reproduced
from Ref. [301].

Along these lines Wendorff, Janietz, and co-workers
found that triazomelamine 216 (Scheme 97) is not only
suitable for the light-induced isomerization of the azobenzene
units to give rise to photo-reorientation, but also causes
surface modulations.’” Once more, a gain effect of these
surface modulations was achieved by thermal treatment
(Figure 52). It should be noted that triazomelamine 216
displays smectic and nematic mesophases despite its flat Cs-
symmetrical structure.

H
N

N.__NH
SRS
AN N\fN

HN\©\

N

216 4
(@32Sm221N2391) Ar

Scheme 97.
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Figure 52. AFM image of an irradiated area after thermal treatment.?®

5.7. Models for complex biological systems

Lyotropic columnar systems will not be discussed in this
Review because of the recent discussion by Kato on this
subject.?*”! A single exception are the glycolipids such as 217
(Scheme 98), which were described by Plusquellec, Goodby

HO
HO OH
H
° o]
H
= 0 /k/\/L/\ s
z I H
X ARAS o]
H o o
o1t on I
OH
217 (g 65 Colyy 1151) w
HO
H

© 0
H
20 '
- O/\[ W\'U\/%OTH
H 0

OH 4

AN

HO OH
OH 218

Scheme 98.

and co-workers.’® Compounds 217 and their derivatives
serve as useful models for the self-organization of membrane
lipids (for example, 218) of archae bacteria. These extrem-
ophile microorganisms form a third class besides the classical
procaryontic and eucaryontic cells. The most interesting
feature of these membrane lipids is their bipolar structure
and the presence of glucofuranose moieties, which are usually
more easily hydrolyzed than the corresponding glucopyrano-
ses.

Model lipids such as 217 form both thermotropic and
lyotropic columnar mesophases. While a hexagonal columnar
packing with polar head groups that point towards the center
of the column (Figure 53) was assumed for the thermotropic
mesophase, which is only partly miscible with water, the
opposite orientation, and thus good miscibility with water,
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molecules in disordered columns

sugar head groups  aliphatic chains

Figure 53. The disordered hexagonal columnar structure of derivatives
217 and 218.P%

was observed for the lyotropic mesophase, that is, the head
groups that point to the outside of the columns. Furthermore,
217 forms tubes of about 10 um long.

Induced fit is an important principle by which enzymes
bind to substrates to convert them into certain products. Some
binding proteins of nucleic acids also follow an induced-fit
mechanism. These proteins are dimers and have the shape of
a clip, as in the case of geneV protein encoded by
bacteriophage M13, which binds to single-stranded DNA
and changes the physical properties of the nucleic acid.”* To
mimic these biological recognition processes, Nolte and co-
workers®™™! developed a synthetic clip molecule 219
(Scheme 99), which can bind to a polymer chain by an
induced-fit mechanism, thereby making it liquid crystalline.
While the host-guest complex of 219 with methyl 3,5-
dihydroxybenzoate (220) formed a nematic phase, a columnar
phase was found for the corresponding host-guest complex of
219 with the copolymer 221. Compound 219 exists as a
mixture of three conformers. The guest changes the equilib-
rium of the conformers and thus the phase-transition temper-
ature and aggregation behavior.

o] OO o}
RO:Q)‘\ o/”\ o OR
RO N PhN OR

% oo &

RO Ph OR
RO ° © OR
0 0

219 R = CypHyg
CO,Me .\ ) 5
HO” i ~OH ‘ ‘ ‘
220 0.0
219220 (1:1) (Cr—4 N 110 1)
219-221 (1:1) (Cr 30 Col 141 1) HO o CH

Scheme 99.
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Figure 54. Formation of mesoporous materials by structure-directing agents: a) true and b) cooperative LC template mechanism. Reproduced

from [306].

5.8. Mesoporous solids by template synthesis

Finally, one of the most important applications of
columnar liquid crystals in general, and lyotropic liquid
crystals in particular, is the template-assisted formation of
mesoporous solids for heterogeneous catalysis. This issue has
been discussed in detail in a recent review by Froba and co-
workers.’® A ground-breaking discovery by the research
group of Stucky™"” was that the self-assembly of amphiphiles
such as hexadecyltrimethylammonium bromide into lyotropic
hexagonal columnar rod-micelles could be used as a template
for mesoporous solids. As shown in Figure 54, the initially
formed composite of a mesostructured polysiloxane is
converted into the mesoporous solid such as MCM-41 by
removal of the tenside, and subsequent calcination. Such
mesoporous materials have been found applications in
adsorption and heterogeneous catalysis.F*

6. Conclusions and Outlook

The tailormade synthesis of a wide variety of columnar
mesogens is possible, thus giving access to novel materials that
may be used as 1D molecular wires or have other applications
in plastic electronics. Along with the optical compensatory
films for LCDs based on thermotropic triphenylene deriva-
tives and template-directed synthesis of zeolites based on
lyotropic quaternary ammonium salts, the development of
OLEDs based on perylenes, OFETs based on hexa-peri-
hexabenzocoronenes and the LC-derived solar cells seem to
be most advanced. However, applications of columnar liquid
crystals are still in their infancy. For example, photovoltaic
cells require both p-type and n-type materials. Whereas most
columnar LCs are p-type materials, relatively few n-type
materials are known. Thus, novel n-type liquid crystals with
high electron mobilities are required.
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Another problem is the stability of columnar liquid
crystals over long periods that effect their application in
optical and electronic devices. For example, blue-emitting
OLEDs are severely hampered by the fact that the UV
absorption and thus C—C bonds of the liquid-crystalline
material are effected. Along with the development of possible
applications in molecular electronics, further studies are
needed to understand the correlation between molecular
structure, that is, the type of core unit and side-chain lengths,
and the physical properties such as mesophase type and phase
transition temperatures. Currently we are a long way off
predicting physical properties of a specific molecular struc-
ture. In addition, exciting results from the field of molecular
biology should be expected. Although the columnar meso-
phases of DNA P! cellulose,*'” and other biomolecules have
long been known, the mesophase behavior of biological
systems needs to be intensively investigated to understand the
influence of supramolecular assemblies and phase transitions
on biological functions. Also, composite systems between
columnar liquid crystals and polymers, inorganic solids, and
biomolecules have only been rarely explored. It is our opinion
that the field of liquid-crystal research and in particular the
columnar systems will lead to exciting new discoveries.
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