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ABSTRACT: The formation of highly anisotropic organic thin films
based on the designed self-assembly of mixed-stack liquid crystals is
reported. A series of alkoxyanthracene donors is combined in a
modular fashion with a naphthalenediimide acceptor to generate new
charge-transfer columnar liquid crystals. Materials characterization and
molecular modeling provides insight into structure−function relation-
ships in these organic materials that lead to the striking bulk dichroic
properties of certain molecular assemblies.

Control over the molecular alignment of organic liquid
crystals, resulting in functional anisotropic properties, has

led to their ubiquitous use in technologies.1 Development of
new organic materials offers potential advantages in cost,
processing, and lightweight functionality for a wide range of
applications.2 Strategies in supramolecular chemistry, partic-
ularly directed noncovalent interactions, offer creative ap-
proaches for designing the ordered self-assembly of organic
materials having anisotropic features required of many
functional applications.3

Aromatic donor−acceptor or charge-transfer (CT) inter-
actions are directed π−π interactions that have often been used
to achieve elegant control of molecular structure in solution.4

Related bulk-phase materials consisting of alternating electron-
rich and electron-poor aromatics are currently enjoying a
renaissance in organic materials research.5,6 These mixtures
often exhibit CT absorption properties distinct from those of
the component molecules due to the direct excitation of the
donorHOMO to acceptorLUMO in π−π-stacked components
(Figure 1a,b). Recent reports highlight emerging anisotropic
properties of CT cocrystals relevant to developing functional
organic materials, including polarized absorption and emission
of light,7 ambipolar charge mobility,8 photoconductivity,9 and
ferroelectric behavior.10 However, these crystalline systems
require complex design elements beyond donor−acceptor
interactions to achieve highly ordered materials, and stable
film formation and processing is extremely challenging.7−11 It is
therefore highly attractive to develop CT liquid crystalline
systems with the anisotropic properties of CT cocrystals.
Inspired in part by early work from Ringsdorf and co-workers,12

examples of CT liquid crystals, termed donor−acceptor
columnar liquid crystals (DACLC), have been reported.13

However, anisotropic properties in this fascinating class of
materials remains unexplored and undeveloped.
Here, we report the formation of several new DACLC

materials based on the straightforward 1:1 combination of n-

alkoxyanthracene donors (1−4) with a naphthalenediimide
acceptor 5 (Figure 1c). All mixtures exhibit mesophase
behavior and new CT absorbance in the visible spectrum. Of
particular interest, DACLC materials incorporating tetrasub-
stituted donors 3a−d were found to yield thin films with well-
ordered structures with strong dichroic properties. This was not
observed in the other mixtures in this study. Structure−
property relationships in these materials related to the ordered
anisotropy of certain DACLC films are investigated. To the
best of our knowledge, the DACLCs presented here are
unprecedented in their dichroic absorption properties as bulk
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Figure 1. (a) Schematic of mixed-stack DACLCs and CT absorption.
(b) Representative bulk color change of mixtures upon melting. (c)
Donors and acceptors used in this study.
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organic small molecule films containing no directing dye
component. This work illustrates the ability to design
anisotropic properties of stable CT liquid−crystalline films
using only supramolecular aromatic donor−acceptor inter-
actions.
The UV/vis spectra of all DACLCs investigated show a

significant CT band in the visible spectrum, clearly evident in
bulk samples as a dramatic color change on initial melting of
each mixture (Figure 1b). This is attributed to the direct
excitation of electrons from donorHOMO to acceptorLUMO in
neighboring π−π stacked components (Figure 1a). Consistent
with previous studies, DFT calculations on component
molecules accurately predict the onset of absorption in these
mixed-stack materials.14 Comparing mixtures made with
anthracene donors 1−4, there is substantial variation in the
intensity of absorption at λmax‑CT (εCT) (Figure 2a).

Interestingly, mixture 3a·5 exhibited an εCT significantly greater
than mixtures with donors 1, 2, and 4. This intense CT
absorption persists on altering the side chain, illustrating that
core geometry largely dictates this property (Figure 2b).
The phase behavior of DACLCs was characterized using

differential scanning calorimetry (DSC) and polarized optical
microscopy (POM). All mixtures exhibited at least two phase
transitions distinct from those of the component molecules
(Table S2, Supporting Information). Mixtures 3a·5, 3b·5, and
3c·5 have initial transitions that are remarkably similar in both
energy and temperature suggesting commonality in the
structure of their respective mesophases. Thin film samples of
mesophase materials were formed by sandwiching ∼1 mg of
material between cleaned glass coverslips, heating, and then
cooling at 1°/min from the isotropic melt. Comparing the
optical textures of these mixtures further supports the similarity
of their initial mesophases (Figure 2c,d,e). In each mixture the
phase grows from the isotropic liquid as narrow, colorful
structures that propagate linearly over areas on the order of 1
cm2. The moderate phase transition energy and flat, long-range
linear texture observed for these DACLCs suggests a 2-D
ordered columnar ColL phase. On cooling to the second phase

transition, each of the 3x·5 series materials maintains this
overall structure, the only visible change being an apparent
widening of the linear formations. Mesophase samples all have
fluid character, passing a slip test in both the first and second
mesophase. Of these materials, only 3b·5 transitions to a
crystalline state on further cooling, evidenced by the loss of any
fluid character. In contrast, mixture 1·5 shows a schlieren texture
consistent with a columnar nematic phase (NCol), and the high-
energy amorphous transition of 2·5 indicates direct formation
of a Colp phase (Figure 2f,g). Upon further cooling, both 1·5
and 2·5 crystallize with a coinciding loss of color, emphasizing
the unpredictable effect of crystal packing forces on CT
properties.15 The low energy initial transition of mixture 4·5
yields thin reticular structures indicative of a Colr phase (Figure
2h). This mixture also loses its CT absorption on phase
transition, likely due to the steric interactions of the adjacent
substituents, which perturb stacking.
Viewing DACLC films with linearly polarized light (LPL)

illustrates the impressive ordered anisotropy of the ColL phase
materials (Figure 3a−f). When the transmission vector (I) of

the LPL is directed perpendicular to the long-axis of the ColL
film structures (I90), the films appear off-white/pale yellow. On
rotating the polarizer 90° to align I parallel to the film
structures (I0), a dramatic change of color to a dark blue-green
is observed. All of the 3x·5 mixtures exhibit this stark dichroic
behavior. Viewing the advancing edge of the films reveals the
sheet-like layers of the ColL phase; thin layers of the material
can be seen growing from the isotropic liquid with the
formation of several layers (Figure 3c,f). As these DACLCs
transition to the Colp phase the strong anisotropy persists and
is present at room temperature in 3a·5 and 3c·5.
The intense dichroic absorption in these materials results

from a directional dependence of CT absorption in the highly
ordered aromatic donor−acceptor stacks. Polarized UV/vis
spectroscopy of the ColL phase shows a strong CT band when

Figure 2. Normalized thin-film UV/vis absorption spectra taken in the
first mesophase of (a) 1·5, 2·5, 3a·5, 4·5; (b) 3a·5, 3b·5, 3c·5, and 3d·
5. (c−h) Representative polarized optical microscopy images of initial
mesophases under cross polarized light at 40× magnification.

Figure 3. LPL microscopy with I oriented perpendicular (a−c) and
parallel (d−f) to the propagation direction of the films, 200×
magnification. (a, d) 3b·5, 100 °C; (b, e) 3b·5, 70 °C; (c, f) 3a·5, 120
°C. (g) Normalized LPL absorption spectra of 3c·5 with polarization
aligned parallel and perpendicular to the long-axis of the film. (h)
Absorption of 3c·5 at specified wavelengths on rotation of a single
polarizer.
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incident light is oriented at I0 and a complete lack of CT
absorption at I90 (Figure 3g). Measurement of λCT at 5°
intervals of I confirms a maximum and minimum εCT at I0 and
I90, respectively, with a dichroic ratio >30 for combinations of
all compounds 3a−d with 5 at their respective λmax-CT (as
illustrated for 3c·5 in Figure 3h). This is in contrast to
absorbance at 475 nm, which has no CT component and shows
no dependence on I. As direct excitation of the donorHOMO to
acceptorLUMO can only occur if the transmitting light has a
vector component in the stacking direction, these results
unambiguously establish that the direction of donor−acceptor
stacking is perfectly parallel to the long axis of the ColL
structures. No dependence of CT absorption on I was observed
for DACLCs 1·5, 2·5, or 4·5.
Phase structures of DACLC 3b·5 were investigated using

variable-temperature powder-XRD to gain insight into the
distinctive molecular assembly leading to dichroic films (Figure
4; Table S3 in Supporting Information). In the ColL phase, only

five discrete peaks are observed, all relating to the (001) Bragg
reflection in a ratio of 1:2:3:4:6. Broad peaks are also observed
at a d spacing of ∼12.5 Å due to the alkyl chain halo and at
∼7.3 Å corresponding to the π−π−π spacing of the donor−
acceptor−donor mixed stack. The broad 7.3 Å peak represents
the (100) reflection, establishing the 2-D order of the ColL
phase. On cooling, the (001) reflections are maintained, and
two new sharp peaks are observed at 19.1 and 9.5 Å at a 1:2
ratio, corresponding to the (010) index. This phase also
exhibits sharpening of the (100) peak at 7.3 Å but maintains the

alkyl halo and lack of additional large-angle reflections
consistent with 3-D order in a Colp phase. On crystallization
the (010) index shifts and is divided into two new peaks, and
the (100) index is no longer observed. This supports adoption
of a new donor−acceptor stacking orientation, consistent with
the observed change in CT absorption.
Geometry optimization was performed at the DFT 6-31G*

level on components and donor−acceptor dimers to gain
insight into the relative orientation of the 3x·5 donor−acceptor
cores in the anisotropic films (Figure 5). The electrostatic
potential of components are well matched, and calculations
yield a face−centered geometry with a donor−acceptor π−π
distance of 3.6 Å (±0.15 Å) with a significant dipole of 2.08
debye for the 3x·5 dimer (Figure 5a,b). The optimized
torsional position places alkyl chains at a reasonable distance
and appears to be dominated by electrostatic interactions
between the oxygens at the 1,5 positions of the donor with the
electropositive hydrogens of the NDI core. This suggests self-
assembly of the alternating mixed-stack columns is governed by
the complementary electrostatic potential of the aromatic
surfaces, while the positional orientation of stacked aromatics is
dominated by electrostatic interactions between concentrated
areas of electron density on core substituents.16,17

Interestingly, orbital overlap between the donorHOMO and
acceptorLUMO is nearly optimized at the calculated torsional
orientation for the 3x·5 cores (Figure 5c). Compared to mixed
stacks with donors 1 and 2, there is significantly less freedom of
rotation for 3x donors to rotate within a column relative to the
NDI acceptor due to the four alkyl substituents (Figure 5b,d).
This structural element likely leads to increased orbital overlap,
on average, for the 3x·5 series. Better orbital overlap will
increase the likelihood of productive photon absorption and
may explain the relatively intense CT absorbance observed for
the 3x·5 materials compared to that of 1·5 and 2·5.
The intercolumnar assembly and phase structure of 3b·5 was

further modeled using the minimized stacking geometry and
van der Waals radii of the 3b·5 alkyl chains, informed by the
powder-XRD data. The resulting molecular arrangement fits
remarkably well with the measured d spacing of reflections,
corresponding to an a, b, c lattice geometry of 7.3, 19.6, and
25.6 Å (Figure 5e). The (001) spacing of 25.6 Å represents the
full “width” of a donor−acceptor complex. This packing
geometry would result in the high intensity of the (001) peak

Figure 4. (a) X-ray diffraction data of the ColL phase of 3b·5 at 110
°C. (b) Magnified X-ray diffraction data of the phases of 3b·5 at 110,
60, and 20 °C. *The sharp peak at 2θ = 18.35 is an artifact of the
sample holder; it is identical in position and intensity/scan at all
temperatures.

Figure 5. Modeling of 3x anthracene and NDI cores (B3LYP functional with 6-31G*; Spartan 14 Mac): (a) electrostatic surface potential; (b) top
and side view of optimized stacking orientation; (c) donorHOMO−acceptorLUMO overlap; (d) relative rotational flexibility of the 1·5 and 2·5 cores; (e)
packing geometry modeled on optimization and powder-XRD data; (f) representation of ColL and Colp phases.
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and is consistent with a 2-D ColL phase in which rows of
mixed-stack columns form lamellar sheets that have some
freedom to slide with respect to each other (Figure 5e). Upon
transition to the Colp phase, the lamellar degree of freedom is
frozen, leading to observation of the (010) reflection, while the
overall structure and anisotropic properties of the donor−
acceptor stacks are maintained. This model suggests that the
combination of substituent positioning and relatively restricted
torsional movement between neighboring molecules leads to
the stable, highly ordered structure seen only in the 3x·5 series.
The remarkable dichroic behavior of the 3x·5 series

illustrates unprecedented supramolecular control over long-
range anisotropic properties in bulk films of organic CT liquid
crystalline materials. The tetrasubstitution pattern of the 3x
anthracene core yields an electrostatic surface that is well
matched to the NDI acceptor while limiting orientational
freedom of the CT stacking geometry. These structural features
lead to formation of a ColL phase with highly ordered mixed
stacks directed along the long axis of film morphology. An
intense CT band is only observed on illumination with light
having a transmission vector parallel to the stacking direction;
films are almost completely transparent to visible LPL oriented
in the orthogonal direction. These features are maintained on
transition to a Colp phase and present at room temperature in
two organic materials. Work is currently underway exploring
these structure/function relationships further, as well as
investigation of additional anisotropic properties and control
over bulk alignment of these stable organic CT mesophases.
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