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Abstract: This study utilizes atomic force microscopy and electrostatic force microscopy to investigate the
orientation of overcrowded aromatics in films with submonolayer coverage. The results demonstrate that
the side chains in the molecules can be used as a tool to control the molecular order and orientation in thin
films. For molecules that do not self-associate well, the interaction with the substrate dominates, and the
molecules orient with their aromatic planes parallel to the surface. These monolayers have measurable
polar order. For molecules that self-associate well, the opposite orientation is observed. These films are
comprised of isolated stacks of molecules parallel to the surface.

Introduction

Measurable polar order is a highly desirable attribute that is
responsible for many useful properties such as piezo-, pyro-,
and ferroelectricity. Creating spontaneously polar materials on
nanometer length scales1-6 is an important challenge that
requires finding alternatives to the poling fields used to align
the dipoles of bulk materials.7 The molecules shown in Figure
1A consist of benzene rings with alternating amide and alkoxyl
substituents. These molecules were recently shown to self-
assemble through a combination of hydrogen bonds andπ-π
interactions into regular cylinders.8 Because the crowding on
the central ring positions the amides out of the ring plane, each
monomer should have a dipole moment that could sum as the
molecules stack in one-dimensional superstructures (Figure 1B).9

The study below shows the assembly characteristics and polar
properties of1A and 1B in mono- and multilayers using
scanning probe microscopy. For1A, the molecules prefer the
face-on orientationwith the aromatic rings parallel to the surface
in monolayers, and the films are uniformly polar and negatively
charged. For1B, the molecules preferentially form one-
dimensional nanostructures- the edge-on orientation- that
in some cases consist of isolated molecular stacks parallel to
the surface.

Results and Discussion

For this study, atomic force microscopy (AFM) and electro-
static force microscopy (EFM) were utilized to simultaneously
measure topography and polarity of monolayer and multilayer
films of 1A,B.10 EFM measures the long-range electrostatic
attraction between a conductive AFM cantilever and a conduc-
tive substrate. A schematic of the EFM setup is shown in Figure
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Figure 1. (A) Mesogens1A,B. (B) Dipolar stacks of1.
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2. Surface charges (Q) and permanent dipoles (P) generate
images in the tip by interacting with the total charge on the
EFM tip through a Coulombic interaction. The attraction
between the cantilever and the substrate is proportional to the
square of the voltage difference between them. Thus, application
of a sinusoidal voltageV ) Vdc + Vac sin(ωt) yields components
of the attractive force at zero frequency,ω and 2ω. The force
at ω gives a local measure ofQ and P, and the force at 2ω
gives information about the dielectric constant of a material.11

The details of the EFM experiment setup and theory are
described elsewhere.11

EFM is extremely sensitive, being able to measure a net
charge of about 0.1 electron at a distance of 10 nm.11 Therefore,
EFM could potentially detect the difference in dipole moment
from columns of opposite polarity. For this study, conditions
were found by varying the spin-rate, solvent, and concentration
to produce films of1A and 1B on the basal plane of freshly
cleaved highly oriented pyrolytic graphite (HOPG) that had less
than monolayer coverage.12 The film morphology is reproducible
and always shows drastically different features when comparing
1A and1B. 1A and1B were employed in this study because
their associations in bulk were shown previously to be controlled
by the constitution of the side chains.8 Molecular models indicate
that stacking1A into the idealized structures, such as those in
the model in Figure 1B, is difficult because the bulky side chains
are encumbering hydrogen bonds between amide substituents.
Accordingly, X-ray diffraction and IR spectroscopy have shown
that the molecules stack through hydrogen bonds either canted
or offset creating a distortion from an idealized hexagonal
lattice.8a Alternatively, modeling of1B shows that its methyl
and phenyl substituents in the side chains are able to contact
each other to stabilize the structures in Figure 1B.8b Supporting
this model are the X-ray diffraction and polarized light
microscopy results for1B that reveal a liquid crystalline phase
with a two-dimensional, hexagonal arrangement of columns.8b

Shown in Figure 3A and 4A are AFM images at various scan
sizes (1 and 100µm2) of a submonolayer film of1A on HOPG.
The features are uniformly 0.54( 0.04 nm high13 as displayed
in the cross section of the topographic image (Figure 3B). This
height is consistent with the distance through the aromatic plane
(ca. 0.5 nm) but much too small for the diameter of the
molecules measured in molecular models and bulk to be ca.
1.8 nm.8 Presumably, the bulky glycine ester side chains of1A
decrease the intermolecular attraction relative to the attraction
with the graphite surface so that the molecules form two-
dimensional,monolayersheets with their aromatic cores parallel
to the substrate- a face-on configuration(Figure 3C).14 In the
bulk, the liquid crystalline phase from1A is comprised of
micrometer-sized domains with column growth perpendicular
to the surface8a - a homeotropic alignment.15 Possibly, this bulk
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Figure 2. EFM setup for measuring surface charges and permanent dipoles
in self-assembled columnar films. Schematic of columns of different polarity
interacting with biased EFM tips.

Figure 3. (A) 100 µm2 AFM image of less than monolayer coverage for
1A on graphite. (B) Cross-section profile of a submonolayer film of1A.
(C) Schematic of the “face-on” orientation of1A on graphite substrates.

Figure 4. (A) 4.8 µm2 AFM height image. (B) EFM 1ω image of the
same film. (C) Dipole and electron transfer in thin films of1A.
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arrangement arises from an initial monolayer of molecules, like
the one in the Figure 3A, controlling the direction of stacking.16

The EFM images of the monolayers formed from1A (Figure
4B) trace the same morphology as the height image (Figure
4A). These films have a universal netnegatiVecharge. The EFM
signal is a convolution of the molecular charge (Q) due to charge
transfer from the substrate and/or the perpendicular, permanent
dipole moment (P). The molecules are dipolar because the
amides are forced out of the aromatic plane. The positively
charged amide N-H is then in a conformation favorable to form
a N-H/π interaction with the graphite substrate (Figure 4C).
Effectively, the surface serves to orient the amide substituents
and thereby direct the molecular dipoles.17 Direct evidence for
the N-H/π interaction has not been obtained, but similar
interactions have been observed between amines and carbon
nanotube surfaces.18 Electron transfer from the graphite to the
monolayers is likely also a contributor to the EFM signal (shown
in Figure 4C). EFM images of bilayer and trilayer films still
retain their net negative charge.

1B was next investigated to see how altering intermolecular
interactions affected film formation and column growth. A large
area (16µm2) AFM image from submonolayer films of1B is
shown in Figure 5A. The dominant feature in the micrograph
is the large number of molecular-scale, fibrous regions. Under
optimized conditions varying concentration and spin-casting
speed, the fibers formed can be as long as 6µm. Each of the
striations within a fiber is ca. 2 nm in diameter (Figure 5B),
and the height of these features is 1.80( 0.22 nm (Figure 5C).19

These values correlate well with the 1.8 nm spacing measured
from bulk synchrotron X-ray diffraction.8b The implication is
that each of the fibers consists of stacks of molecules with the
aromatic cores perpendicular to the substrate as shown in Figure
5D. That1B preferentially forms long fibers is a direct result
of the increased association between subunits from the positive
interaction between the side chains.8b Performing EFM on these
stacks reveals that they have essentially no measurable dipole
or charge (Figure 6), consistent with the column axial dipole
moment being parallel to the surface (Figure 5D). Moreover,
the hydrocarbon exterior insulates these stacks against charge
transfer from the substrate. Typically, discotic liquid crystals
do not form isolated one-dimensional structures but rather two-
dimensional sheets because the relatively weakπ-stacking forces
holding the column together are nearly equaled by the numerous
van der Waals contacts between alkyl side chains.20 For 1B,

the self-association in the stacking direction outweighs these
van der Waals contacts, and isolated stacks for1B can form.

Conclusion

In summary, we have demonstrated that we are able to use
the side chains of the molecules as a tool to control the molecular
order and orientation in thin films of overcrowded aromatics.
The data above provide direct imaging of the order and
alignment previously seen in bulk samples of1A and1B.8a,bIn
1A, the molecules form monolayers that have a measurable polar
order. These monolayers could be useful as a tool to orient the
dipole moments of molecules they stack- a hydrogen bond
surface template. This could create arrays of polar columns that
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Figure 5. AFM images of1B on graphite at various scan sizes: (A) 16
µm2, (B) 1 µm2. (C) The cross-section profile of a fiber. (D) Schematic of
orientation of1B on graphite substrates.

Figure 6. (A) 4 µm2 AFM height image of less than monolayer coverage
for 1B on graphite. (B) EFM 1ω image of the same film.
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are perpendicular to the substrate. Experiments are underway
to use scanning probe microscopy21 to determine if these films
have properties that are a consequence of their polar order such
as pyro-, ferro-, and piezoelectricity. For1B, the films have
their column axis parallel to the substrate. By further tuning
the property of these the aromatic rings, these nanostructures
could be used to study electronic transport properties in one-
dimensional, organic semiconductors.22
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