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Organic materials have a wide range of uses including
applications in the optical and electronic fields. Supra-
molecular assembly and self-organization strategies
provide important approaches to control properties of
organic materials both in solution!=2 and in the solid
state.*~10 In addition to the manipulation of the proper-
ties of individual molecules and intermolecular interac-
tions, the molecular level control of solid-state properties
often requires the control of molecular order.1=13 In a
recent publication, we reported the design of compound
1, which exhibits dichroic (direction-dependent absorp-
tion of light) and liquid-crystalline properties.'* Mesogen
1 self-organizes in aqueous solutions to generate a
chromonic liquid-crystalline phase'®~17 in which the
molecules stack into columns possessing short-range
structural regularity and liquidlike mobility. Induced
orientation of the liquid-crystalline columns under a
mechanical shearing force followed by the evaporation
of solvent under ambient conditions resulted in aniso-
tropically (direction-dependent) oriented solid films of
1.1 These films linearly polarize light at long wave-
lengths (from about 600 to 800 nm) and have potential
uses in optical isolators and applications in conjunction
with commercially available GaAlAs lasers that emit
at 780 nm.181 |n this manuscript, we describe the
extension of this control of molecular orientation and
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anisotropic properties to solid films that are composed
of a mixture of chromonic mesogens, demonstrating the
versatility of this approach. The employment of multi-
component liquid-crystalline materials allows the gen-
eration of anisotropic films that linearly polarize light
over a much wider spectrum of wavelengths and broad-
ens their potential utility. For example, films that
polarize visible light are essential components of liquid-
crystal displays.
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The criteria for the structural design of the molecules
used to fabricate broad spectrum polarizers are il-
lustrated using compounds 1 and 2 and include the
following: (1) The difference in the surface areas of the
aromatic regions of 1 and 2 is not too large to preclude
the formation of mixed aggregates of these compounds
by solvophobic interactions and z-stacking. The forma-
tion of mixed aggregates (instead of self-aggregates)
minimizes large regions of inhomogeneous color in the
polarizing films. (2) Compounds 1 and 2 possess differ-
ent aromatic ring systems that absorb at different
wavelengths so that their mixtures absorb over a large
wavelength range. (3) Both compounds are dichroic and
the principle electronic transition axes align with the
long molecular axes to ensure that their mixed ag-
gregates and the anisotropic films produced subse-
guently exhibit direction-dependent optical properties.
(4) Both components display chromonic liquid-crystal-
line properties in a common aqueous solvent permitting
shear-induced alignment. The control of solubilities and
chromonic liquid-crystalline properties of 1 and 2 were
achieved by adjusting the number of bulky ionic groups
attached to their aromatic rings.

Compound 2 was synthesized according to the pro-
cedure outlined in Scheme 1. When compounds 1 and 2
were dissolved separately in 16.5 N HCOOH(aq), the
visible absorption spectra of their solutions (Figure 1a
and 1b, respectively) showed a blue shift in the Amax
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Figure 1. Series of offset visible spectra of 16.5 N HCOOH(aq)

solutions that contained (a) 2 only, (b) 1 only, and (c) a mixture

of 1 and 2 (~1:1 molar ratio).

Figure 2. (Left) Optical photomicrograph of a liquid-crystal-
line solution of both 1 and 2 (~1:1 molar ratio, 10 wt % total
in 16.5 N HCOOH(aq)) when viewed between crossed polar-
izers. (Middle and right) Photomicrographs of an oriented film
prepared from the liquid-crystalline solution when viewed
using a single polarizer. The polarization axis of incident light
was (middle) parallel to the shearing direction and (right)
perpendicular to the shearing direction. The light color strips
in the film occur during the shearing and are a result of the
3-mil wire that is coiled around the coating rod.

values as the concentrations of the solutions were
increased from ~10~7 to ~10~* M. This indicates the
formation of H-aggregates?® by each compound when
present alone in solution. However, when mixed in a
mole ratio of ~1:1, red shifts in Amax values of 1 and 2
were observed (Figure 1c), providing evidence for inter-
molecular interactions and the formation of mixed
aggregates (probably J-aggregates)?! of 1 and 2. At a
concentration of about 107* M, the Amax value of 1 in
the solution containing both 1 and 2 was almost 70-nm
longer (to the red) than the solutions of 1 alone.
When a solution of both 1 and 2 at high concentration
(e.g., 10 wt % total of 1 and 2) in HCOOH (aq, 16.5 N)
was viewed between crossed polarizers under an optical
microscope, the optical textures observed were consist-
ent with a chromonic, nematic liquid-crystalline phase
(Figure 2, left).’> In this type of phase, the mesogens
typically stack to form columns (not necessarily simple
one-molecule-wide columns), but there is no positional
order among the columns. Under a mechanical shearing
force that spreads the liquid-crystalline solution con-
taining both 1 and 2 onto a glass substrate, the liquid-
crystalline domains are aligned and the degree of
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Figure 3. Optical properties of an oriented solid film on glass
prepared from a 10 wt % solution of 1 and 2 (~1:1 molar ratio)
in 16.5 N HCOOH(ag). T(0°) is the transmittance when the
aligned film'’s shearing axis is parallel to the polarization axis
of the incident light. T(90°) is the transmittance when it is
perpendicular. The mean transmittance (To) is calculated as
[T(0°) + T(90°)]/2 and is a measure of the transmittance of
unpolarized incident light. The efficiency polarization is
calculated as 100% x [T(0°) — T(90°)J/[T(0°) + T(90°)].22
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orientational order of the molecules can be extended
over a substantially longer range. This order can then
be transferred to the solid state upon removal of the
solvent. The anisotropic optical properties of the sheared
films formed from a mixture of both 1 and 2 were
apparent when the films were examined by polarized
optical microscopy. The films were transparent and very
light in color (Figure 2, middle) when the polarization
axis of the incident light was parallel to the shearing
direction of the films. In contrast, an intense blue color
was observed when the polarization axis of the incident
light was orthogonal to the shearing direction (Figure
2, right).

Figure 3 shows the polarized visible spectra (in
transmission mode) of a sheared film formed from a
mixture of 1 and 2, with the incident radiation normal
to the film surface. Significant broadening of the spectra
of the solid films occurred compared to the spectra of
the solutions, presumably because of intermolecular
interactions in the solid phase. Furthermore, the ori-
ented films exhibited intense absorption of light when
the polarization axis of the incident light was perpen-
dicular to the shearing direction, while only weak
absorption occurred when the polarization axis of the
incident light was parallel to the shearing direction
(Figure 3). This indicates that the majority of the
molecules on the glass substrate are oriented with their
long axes orthogonal to the shearing direction since the
electronic transition moments for these transitions of
both 1 and 2 are aligned with the long axes of their
molecular planes. The oriented films showed anisotropic
optical properties over a broad range of wavelengths
(~450—890 nm); the degree of polarization of these films
was typically over 80% from about 470 to 800 nm
(Figure 3).

Polarized transmission IR spectroscopy was used to
further elucidate the molecular orientation in the
sheared films of the mixture of 1 and 2. With the
substrate in the XY plane and the shearing direction
and the polarized IR radiation parallel to the X-axis,
the C—H perylene wagging resonance will be strongest
when the molecular planes of 1 and 2 are in the YZ
plane. This will be the case whether the long axes of
the molecules are aligned with the Y-axis or the Z-axis
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Figure 4. Schematic diagram showing a possible orientation
of a molecule of 1 in a sheared film of both 1 and 2 on a
substrate with defining axes labeled and the planes of the
relevant IR dynamic dipoles of the molecule indicated. Com-
pound 2 possesses similar IR dynamic dipoles, although 2 is
not shown in the diagram for simplicity.
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Figure 5. (Top) FTIR spectrum of a randomly oriented
mixture of 1 and 2 in a KBr pellet. (Middle) Polarized FTIR
spectrum of an oriented film of 1 and 2 on a KRS-5 substrate,
with the incident light polarized parallel to the shearing
direction. (Bottom) The same film and same incident polariza-
tion as (middle) with the sample rotated 90° about the z-axis.
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or something between (Figure 4). This molecular ori-
entation causes the dynamic dipole vector (u«) of the
C—H perylene wagging mode to lie along the X-axis (the
axis of polarized IR irradiation). If the average molec-
ular planes of 1 and 2 were in the XZ plane or in the
XY plane parallel to the substrate surface, the dipole
vector of the C—H wagging mode would be perpendicu-
lar to the axis of polarized IR radiation, and the C—H
wagging resonance would not be observed.

As shown in Figure 5 (middle), when the shearing
direction of the film and the electric vector of IR polar-
ization were parallel, the out-of-plane C—H wagging
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resonances of 1 and 2 at about 750—810 cm~! were
greatly enhanced in intensity relative to the normally
dominant in-plane stretches at 1570—1690 cm~. Upon
rotation of the sheared sample 90°, so that the shearing
direction was perpendicular to the electronic vector of
the incident IR radiation, the opposite effect was seen
as all of the in-plane imide and aromatic stretches
(1570—1690 cm™1) of 1 and 2 increased in relative
intensity while the peaks at 750—810 cm~! almost
disappeared (Figure 5, bottom). These results provide
strong evidence that the molecular planes of 1 and 2 in
these oriented films are aligned with the YZ plane. The
studies by polarized visible spectroscopy discussed above
show that the long molecular axes of 1 and 2 align with
the Y axis, although the results cannot exclude the
possibility that the long axis of some molecules in the
films are aligned with the Z axis.

In summary, dichroic mesogens 1 and 2 were de-
signed to absorb at very different wavelengths and yet
display chromonic liquid-crystalline properties in a
common aqueous solvent. These properties allowed the
induced orientation of the mixed liquid crystals by a
mechanical shearing force and subsequently produced
solid films that exhibit anisotropic optical properties
over a broad spectrum. In addition to the fabrication of
polarizing films useful for display technologies, this
work presents the design principles for mixed chromonic
liquid crystals that should be broadly applicable to other
mesogens and may benefit other alignment techniques
such as the induced orientation of chromonic liquid
crystals by photoaligned polymers.2324 Future research
includes detailed studies of the aggregation properties
of 1 and 2 in solution and determination of the molec-
ular order in the anisotropic films by X-ray diffractom-
etry.
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