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The present paper explores the possibility of orienting columnar discotic liquid-crystalline
(LC) materials and causing a uniaxial “in-plane” orientation of the columns along the
orientation direction. The discotic LCs employed were based on 2-hydroxy-3,6,7,10,11-penta-
(1-butoxy)triphenylene, which was derivatized with 1-adamantenecarboxylic acid (Ada-PBT)
and 10-undecenoic acid (ω-undecenoyl-PBT), respectively. As unequivocally shown by optical
microscopy, uniaxial alignment of columnar Ada-PBT structures was readily achieved by
spin-coating this material onto a poly(tetrafluoroethylene) orientation layer. Annealing of
the films at temperatures at which the Ada-PBT was in its hexagonal plastic or hexagonal
ordered mesophase slightly increased the degree of orientation. The optical absorption and
photoluminescence spectra of oriented Ada-PBT films were significantly polarized, with
absorption and emission dichroic ratios of 6.5 and 3, respectively. The optical anisotropy is
unambiguously related to the uniaxial “in-plane” orientation of the cylindrical stacks of the
LC molecules rather than an alignment of individual Ada-PBT molecules. Interestingly, this
orientational behavior could not be mirrored when attempting to orient blend films of
ultrahigh molecular weight polyethylene (UHMW-PE) and Ada-PBT or ω-undecenoyl-PBT
by tensile deformation.

Introduction

In recent years discotic liquid crystals (LCs) have
attracted considerable interest because their unique
structural behavior promises exciting and unusual
material characteristics.1-3 In particular, the optic and
electronic properties of this class of materials have been
a focal point of substantial research efforts, triggered
by the prospect to merge the unique self-organizing
propensity of discotic LCs with the exceptional, readily
tailored characteristics of functional organic molecules.
Moreover, the orientation of columnar discotic phases
can often be frozen into an ordered glassy state,4 which
is a most desirable feature from an application point of
view. As a result, discotic LC systems are considered
for use in devices such as organic light-emitting diodes
(LEDs),5,6 photoconducting layers for xerography,7,8 and

chemical sensors.9,10 Columnar discotic LCs in which the
disklike molecules spontaneously form one-dimensional
molecular stacks that further assemble in a two-
dimensional lattice have been shown to exhibit high
charge-carrier mobilities (of the order of 10-3-10-2 cm2/
V‚s) along the column direction.8,11 As a result, these
materials may be particularly useful for applications in
which an efficient unidirectional charge transport is
desired; examples include the semiconducting layer in
organic field-effect transistors12,13 and the charge-
transport or emitting layer in organic LEDs.14 Because
of their particular photophysical characteristics, some
columnar discotic LCs are also attractive for use in
polymer-dispersed liquid crystals.15

Interestingly, however, despite the substantial activi-
ties related to the synthesis, processing, and application
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of columnar discotic LC materials, the understanding
of how such materials can be macroscopically oriented
is still rather limited. While a homeotropic orientation
of columnar discotic LCs is rather easily induced (Figure
1b),16 their uniaxial in-plane orientation has been
proven difficult to achieve (Figure 1a).17 In view of the
rather favorable driving force for self-organization that
is inherent to this class of materials,18 this situation is
somewhat surprising. One may speculate that the
problems encountered when attempting to orient dis-
cotic LCs are related to the strong intermolecular
interactions in these materials, which translate into a
comparatively high viscosity and high mesophase tem-
peratures.1,2 Conventional methods for the uniaxial
alignment of discotic LCs include the slow growth in a
magnetic field19 or drawing of freely suspended strands;20

however, these methods are either rather complex or
simply not suited for the fabrication of thin mon-
odomains on planar substrates. In another recent
example, a modest degree of uniaxial orientation of
columns of a discotic LC has been achieved by mechani-
cally stretching blend films of a ductile host polymer
and a discotic guest.21 Encouraged by these findings,
we have embarked on developing and investigating
methods for the uniaxial orientation of discotic columnar
LC materials and here report our initial results regard-
ing the in-plane alignment of two different 2-hydroxy-
3,6,7,10,11-penta(1-butoxy)triphenylene (PBT) deriva-
tives, Ada-PBT and ω-undecenoyl-PBT (Figure 2). These
particular materials, created and used by one of us
before, are readily available through the esterification
of PBT, display interesting electronic properties, and are

employed here because of their convenient phase be-
havior (vide infra).22,23 The orientation techniques used
in the present study are (i) the spin-coating of the
discotic LC on a poly(tetrafluoroethylene) (PTFE) ori-
entation layer24 and (ii) the tensile deformation of blend
films of the discotic LC and ultrahigh molecular weight
polyethylene (UHMW-PE), a method which has proven
to be highly efficient for the preparation of uniaxially
aligned guest-host systems.25,26The orientation of the
discotics was carefully investigated by means of polar-
ized optical absorption and photoluminescence (PL)
emission spectroscopy, as well as by polarized micro-
scopy. As discussed in detail below, the hexagonal
plastic columnar (Colhp) phase of Ada-PBT was found
to uniaxially orient on friction transfer PTFE orienta-
tion layers. Glasses of Ada-PBT, produced by quenching
the oriented Colhp phase, exhibited a pronounced bire-
fringence and polarized absorption and emission spectra
reveal dichroic ratios of more than 6. Interestingly, this
orientational behavior could not be mirrored when
attempting to orient blend films of UHMW-PE and Ada-
PBT or ω-undecenoyl-PBT by tensile deformation.

Experimental Section

The two discotic LC materials used in the present work,
Ada-PBT and ω-undecenoyl-PBT, were synthesized according
to the procedures published elsewere22,23 and are characterized
by the following phase sequences: Ada-PBT, g 80 °C Colhp 168
°C Colho 188 °C i; ω-undecenoyl-PBT, g -43 °C Colho 86 °C i.
The abbreviations denote the character of the observed
states: g ) glass, Col ) columnar, hp ) hexagonal plastic, ho
) hexagonal ordered, and i ) isotropic.

To prepare the PTFE orientation layers24 on glass and
Suprasil quartz slides, the respective substrate was heated to
330 °C on a Gel Instrumente AG hotstage in connection with
a TC2 temperature controller, and a PTFE bar was manually
rubbed at a speed of ca. 5 mm/min over the substrate surface.
For the purpose of comparison, PTFE orientation layers were
also prepared by using a DACA Instruments Tribotrak instru-
ment at a speed of 1 mm/s and a temperature of 330 °C.

Solutions of Ada-PBT in CHCl3 (1% w/w) were used for spin-
coating thin fims on the PTFE orientation layers. The average
thickness of these films, determined with a Detak3 surface
profiler, was 40 nm. Unless otherwise noted, experiments were
conducted on the pristine films thus produced. Selected
samples were annealed under a stream of argon on the above-
mentioned hotstage for the time and at the temperature
indicated in the text.

Blend films of Ada-PBT and ω-undecenoyl-PBT in UHMW-
PE (GUR 412, Hoechst, TICONA) were prepared via gel
casting from a p-xylene solution as described before,25 keeping
the concentration of the discotic LC between 0.05 and 5% w/w
(with respect to the UHMW-PE matrix). The films were
stretched on a Wagner&Munz WME hotstage at a temperature
of 120 °C to draw ratios of up to 50.

Optical absorption studies were carried out using a Perkin-
Elmer Lambda 800 spectrometer equipped with a Glan-Thom-
son polarizer. Emission studies were performed in front-face
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Figure 1. Schematic representation of possible arrangements
of a hexagonal columnar discotic phase: (a) uniaxial in-plane
orientation; (b) homeotropic orientation.

Figure 2. Chemical structure of the 2-hydroxy-3,6,7,10,11-
penta(1-butoxy)triphenylene derivatives Ada-PBT (R1) and
ω-undecenoyl-PBT (R2) investigated in the present study.

Orientation of Columnar Discotic Liquid Crystals Chem. Mater., Vol. 14, No. 5, 2002 2219



Xe lamp, the instrument throughput, and the detector re-
sponse. A reference detector accounted for fluctuations in lamp
intensity. Polarization microscopy was performed on a Leica
DMRX light microscope equipped with a Mettler Toledo FP82
HT hotstage.

Wide-angle and small-angle X-ray scattering experiments
of the drawn UHMW-PE films have been performed on a
Siemens D5000 goniometer and a Huber Laue Camera 802,
respectively.

Results and Discussion

Wittman and Smith have demonstrated that a broad
variety of materials exhibit highly oriented growth on
aligned PTFE orientation layers, which are readily
produced by friction transfer of the polymer onto
smooth, rigid substrates.24 Speculating that this process
might allow the orientation of the discotic 2-hydroxy-
3,6,7,10,11-penta(1-butoxy)triphenylene derivatives in-
vestigated here, we have elected to employ this meth-
odology in our present study. Indeed, spin-coating of
Ada-PBT/CHCl3 solutions on PTFE orientation layers
deposited on glass substrates resulted in Ada-PBT films
of a thickness of 40 nm, which exhibit an appreciable
degree of uniaxial orientation, as unequivocally dem-
onstrated by means of polarized optical microscopy
(Figure 3). This finding is somewhat surprising, given
the rather delicate nature of the orientation method
employed24 and considering that the glass transition
temperature of Ada-PBT (80 °C) is substantially higher
than the processing temperature (≈20 °C). The result
seems to suggest that the deposition of Ada-PBT from
solution either involves an intermediate lyotropic phase
upon evaporation of the solvent or, alternatively, occurs

through epitaxial growth. Interestingly, the orientation
of Ada-PBT was not equally high and/or homogeneous
when comparing different pristine samples. As a matter
of fact, some of the samples prepared appeared rather
inhomogeneous when investigated by means of polarized
optical microscopy, possibly because minor differences
in the spin-coating process and/or the uniformity of the
orientation layer exert a major influence on the deposi-
tion of the LC. Gratifyingly, in all cases, annealing the
films at 100 °C (i.e., in the Colhp mesophase of the LC)
or at 175 °C (in the Colho mesophase) for a short time
(5-15 min) and quenching the samples into the glassy
state resulted in homogeneous samples that were
characterized by a comparably high degree of uniaxial
orientation, presumably facilitated by the pronounced
self-organizing propensity of the LC triphenylenes.
(Note that the same orientation and uniformity were
found for films deposited on orientation layers produced
by manual rubbing and, for the purpose of reference and
comparison, under more controlled conditions on a
dedicated rubbing machine; cf. Experimental Section for
details). Temperature-dependent polarized microscopy
further revealed that the orientation of the Ada-PBT
films does not change until the isotropization temper-
ature, Ti, at 188 °C is reached, at which point de-wetting
takes place and droplets are formed. Interestingly, these
droplets do not adopt any appreciable in-plane orienta-
tion upon cooling to the LC state, as is also evident from
polarized optical micrographs. The fact that Ti of the
thin Ada-PBT films is identical to the one of the bulk
materials suggests that the phase behavior remains
unchanged when processing the LC into thin films.

Figure 3. Optical micrograph of an Ada-PBT film, which was produced by spin-casting the LC onto a PTFE orientation layer.
The picture was taken immediately after preparation of the film and before any thermal treatment. The sample was positioned
between two crossed polarizers and arranged such that the director of the PTFE orientation layer formed a 45° angle with the
directors of the polarizers. The top right inset shows the same sample arranged such that the director of the PTFE orientation
layer was parallel to the director of the first polarizer. As a reference, the bottom left inset shows only the glass substrate with
the PTFE orientation layer (but without the LC) arranged such that the director of the PTFE orientation layer formed a 45°
angle with the directors of the polarizers.
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To investigate the degree of orientation in a more
detailed manner, and with the objective to prove the fact
that the optical anisotropy observed by polarized mi-
croscopy is indeed related to the uniaxial in-plane
arrangement of columns of the discotic LCs, polarized
absorption and PL emission spectra of the above-
discussed Ada-PBT films were measured. Alkoxy-
derivatized triphenylenes usually show an absorption
band with a peak maximum between 260 and 280 nm
and an emission band between 380 and 400 nm, but a
shift in the absorption and emission peaks is observed
if the LC order is subject to geometrical confinement.15

The polarized emission spectra of pristine (not shown)
and annealed samples of Ada-PBT (Figure 4) were
recorded under isotropic exitation at 275 nm, and the
emitted light was detected through a linear polarizer,
the optical axis of which was oriented parallel (p) and
perpendicular (s), respectively, to the director of the
PTFE orientation layer. The data reveal that the
emission of both pristine and annealed films is linearly
polarized, featuring a higher intensity for the s-polarized
component than for the p-polarized component. Since
the main transition dipole moment of the triphenylene
moiety is in the plane of the disk-shaped moleculesand
therefore inevitably perpendicular to the director of the
columnssthis finding is consistent with the uniaxial in-
plane orientation as shown in Figure 1a. The discotic
molecules form columns, which deposit in an organized
arrangement on the orientation layer, such that the
column director coincides with the director of the PTFE
layer. For a pristine Ada-PBT film, which was measured
directly after spin-coating, an emission dichroic ratio,
DRE, (defined as the ratio of the intensity of the
s-polarized and the p-polarized components of the emit-
ted light) of about 2.5 was determined at the wavelength
of the emission maximum, 400 nm. Upon annealing of
the same sample for 15 min at 100 °C (i.e., in the Colhp
mesophase of the LC), DRE was found to slightly
increase to a value of ≈3 (Figure 4). Polarized optical
absorption spectra (Figure 5) of an annealed (5 min at
100 °C) Ada-PBT film on a PTFE orientation layer
(which for this experiment was deposited on a quartz
substrate that, in contrast to the conventional micros-
copy slide, is transparent in the UV regime and allows
for proper measurement of the PBT absorption) cor-
roborate the structural picture painted by optical mi-

croscopy and polarized emission spectra: the data reveal
a significantly polarized absorption, characterized by an
absorption dichroic ratio, DRA (defined as the ratio of
the intensity of the s-polarized and the p-polarized
components of the absorbed light) of about 6.5 at the
wavelength of the absorption maximum, 264 nm. Polar-
ized optical absorption spectroscopy has also been used
in a series of further annealing experiments and shown
that extending the time of the annealing process (up to
20 min) or annealing the Ada-PBT film in the Colho
phase (175 °C) does not lead to an increase of DRA. The
notable difference between the dichroic ratios observed
in emission and absorption is at this time not fully
understood and may be explained by a number of
reasons, including different directions of the involved
electronic transitions and de-polarizing energy transfer
processes. Importantly, although the observed optical
anisotropy is not extraordinarily high, the present
experiments, to the best of our knowledge, represent the
first demonstration of polarized PL emission from a
uniaxially oriented columnar LC material.

In view of Zhao’s encouraging finding that columns
of a discotic LC in mechanically stretched blend films
may adopt some uniaxial orientation,21 we have also
explored the tensile deformation of blends of discotic
triphenylene derivatives and UHMW-PE, which we
selected because of its uncompared drawability. Blend
films of Ada-PBT (1-5% w/w) and UHMW-PE were
prepared through solution processing and gel casting
as described before25,26 and the films thus-prepared were
mechanically stretched to draw ratios up to 50. The
drawing process was conducted at a temperature of
≈120 °C, i.e., in the Colhp phase of the triphenylene. The
orientational behavior of the triphenylene guest mol-
ecules upon deformation was monitored by the PL
emission spectra of the films. Unfortunately, in contrast
to the observations reported by Zhao et al.,21 no pref-
erential orientation of the LC guest molecules was
observed in the case of the presently investigated
system, reflected by a DRE of close to unity, independent
of the draw ratio. The shape of the emission spectrum
of the pristine Ada-PBT/UHMW-PE blend films was
found to correspond to the characteristic, highly diag-
nostic spectrum of the bulk Ada-PBT,15 indicating the
phase separation of the two components. The spectral
features did also not change upon tensile deformation,
implicating thatsin contrast to other, previously inves-

Figure 4. Polarized emission spectra of a film of Ada-PBT
on a PTFE orientation layer, recorded after annealing the
sample under an inert atmosphere at 100 °C for 15 min. The
spectra were acquired under isotropic excitation and detection
through a polarizer, which was oriented parallel (dotted line)
and perpendicular (straight line), respectively, to the director
of the orientation layer.

Figure 5. Polarized absorption spectra of a film of Ada-PBT
on a PTFE orientation layer, recorded after annealing the
sample under an inert atmosphere at 100 °C for 5 min. The
spectra were acquired through a polarizer, which was oriented
parallel (dotted line) and perpendicular (straight line), respec-
tively, to the director of the orientation layer.
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tigated systems28sno homogenization takes place upon
deformation. Further, the Ada-PBT phase is also not
subjected to a significant geometrical confinement dur-
ing the stretching process, which has been demonstrated
to result in a pronounced hypsochromic shift of the
emission band.15 Thus, these findings are consistent
with the presence of an unoriented two-phase system
at all draw ratios in which the Ada-PBT phase remains
essentially unperturbed by the highly oriented matrix
polymer. In view of this somewhat surprising result, we
opted to conduct the tensile deformation process above
the isotropization temperature of the LC guest. Since
UHMW-PE can only be drawn in a limited temperature
regime, we elected to employ ω-undecenoyl-PBT for
these experiments. This discotic LC material features
a similar phase behavior to Ada-PBT, but the transition
temperatures are considerably lower and the isotropic
melt is reached at 86 °C. Thus, blend films of ω-unde-
cenoyl-PBT and UHMW-PE were prepared as described
above and the films were mechanically stretched at
≈120 °C, i.e., at a temperature at which the triphen-
ylene component forms an isotropic melt. Polarized PL
spectroscopy of films comprising 5% w/w of the PBT and
featuring draw ratios of between 10 and 50 revealed a
modest polarization (DRE < 1.5) of the emitted light.
Remarkably, the intensity of the polarization component
parallel to the drawing direction was found to be higher
than that of the orthogonal component, very much in
contrast to the uniaxial orientation of Ada-PBT columns
on PTFE orientation layers discussed above. To further
investigate the orientation behavior of the ω-unde-
cenoyl-PBT/UHMW-PE blend films, we conducted po-
larized absorption measurements on the latter. To keep
the optical density of the films within the measuring
range of the instrument, we investigated ω-undecenoyl-
PBT/UHMW-PE blend films with a substantially lower
concentration of the PBT (0.05% w/w) than that used
before. The polarized absorption data obtained for films
of draw ratios between 10 and 30 have revealed DRA
values of the order of 1.25 (Figure 6). The spectra show
a high degree of vibronic resolution, which is charac-
teristic for isolated molecules in solution15 and suggests

a molecular distribution of the triphenylene molecules
in the UHMW-PE matrix.28 Absorption spectra obtained
for unstretched films, by contrast, show the typical
absorption band of triphenylenes in the bulk LC phase.
Hence, we suggest for the present polymer blend that
the structure changes upon drawing (at least under the
conditions employed here) from a phase-separated
system to a structure in which the triphenylene appears
to be molecularly dispersed in the UHMW-PE host. This
finding is supported by wide- and small-angle X-ray
scattering experiments on drawn UHMW-PE/PBT blend
films (5% of PBT, draw ratio of 30). The diffraction
patterns of these films exclusively revealed reflections
of the PE matrix. Thus, these observations lead to the
conclusion that the orientation behavior in the present
PBT/UHMW-PE blend films is not related to the align-
ment of columns of the discotic PBT guest. Instead, the
modest optical anisotropy observed for the present films
seems to be associated with the individual orientation
of the PBT guest molecules along the stretching direc-
tion of the polymer matrix in-line with their individual
molecular shape. This situation is conceivable when
considering the extended nature of the ω-undecenoyl
moiety, which not only seems to adequately compatibi-
lize the PBT derivative with the matrix polymer but also
appears to be responsible for the “uniaxial” orientation
of the guest molecules within the oriented polyethylene
matrix. Assuming that the ω-undecenoyl tail adopts the
orientation of the matrix, the aromatic cores of the PBT
moieties are likely to be arranged such that the (imagi-
nary) core axis along the direction of the aliphatic tail
coincides with the stretching direction of the film. The
second imaginary axis of the PBT core (orthogonal to
the direction of the aliphatic substituent) does not adopt
any preferential orientation, and the cores are statisti-
cally arranged around the stretching direction of the
film. As a result, light that is polarized parallel to the
stretching direction of the film will be absorbed (and
possibly re-emitted) by all PBT molecules in an equally
efficient manner, while light that is polarized perpen-
dicular to the stretching direction of the film faces a
statistical average of the PBT’s transition dipole mo-
ments due to the “rotation” of the PBT disks about the
film axis. Thus, in contrast to Zhao’s finding that
columns of a discotic LC in mechanically stretched blend
films may adopt some uniaxial orientation,21 no colum-
nar orientation was found for the presently investigated
UHMW-PE/PBT blend films. It can be surmised that
in the case of the UHMW-PE/Ada-PBT blend films the
viscosity Ada-PBT phase is simply too high to allow the
LC guest to adopt the orientation of the highly oriented
matrix. By contrast, in the case of the of the ω-unde-
cenoyl-PBT/UHMW-PE blend films, the PBT guest
molecules seem to molecularly blend with the matrix
polymersat least when deforming the blend at a tem-
perature above Ti of the LC guest and in the case of a
low concentration of the latterspreventing the forma-
tion of columnar structures. Consequently, the resulting
orientation of the PBT guest molecules occurs in-line
with their individual molecular shape as opposed to a
columnar ensemble.

Conclusions
In summary, we have shown in the example of Ada-

PBT that a uniaxial “in-plane” orientation of a columnar
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Figure 6. Absorption spectra of stretched blend of ω-unde-
cenoyl-PBT/UHWM-PE (draw ratio 30, film thickness ≈1 µm,
content of ω-undecenoyl-PBT 0.05% w/w), recorded through a
polarizer aligned parallel (straight line) and perpendicular
(dotted line), respectively, to the stretching direction of the
blend film.
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discotic LC material can readily be accomplished by
spin-casting the LC material onto a PTFE orientation
layer. While for the presently investigated triphenylene
derivative an appreciable uniaxial orientation of colum-
nar ensembles was observed for pristine, spin-cast films,
the highest degree of uniaxial orientation was achieved
by annealing the samples above the Tg of the discotic
LC for a short period of time. The optical absorption and
photoluminescence spectra of oriented Ada-PBT films
were significantly polarized, with absorption and emis-
sion dichroic ratios of 6.5 and 3, respectively. After
Ichimura et al. recently demonstrated for the first time
the polarized fluorescence from a nematic discotic LC,27

our present experiments, to the best of our knowledge,
represent the first demonstration of polarized PL emis-
sion from a uniaxially oriented columnar LC material.
In view of the ease of the fabrication method employed,
these findings are most encouraging, although the

modest optical anisotropy observed leaves ample room
for further improvement. We further should point out
that the question if the orientation behavior of Ada-PBT
on PTFE is unique for this particular compound or is a
more general behavior of triphenylenes remains to be
answered.
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