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The control of spatial arrangements of molecular building blocks
on surfaces opens the foundational step of the bottom-up approach
toward future nanotechnologies.1,2 Molecular self-assembly seems to
be an effortless strategy to shape supramolecular architectures via the
spontaneous association of tailored molecular constituents which,
however, develop a complex balance of intramolecular, intermolecular,
and molecule-substrate interactions.1 The interplay of these weak and
subtle interactions is difficult to harness and consequently results in
polycrystallinity or amorphism at the submicrometer level. Only very
recently, well-defined stacking of porphyrin trimers was periodically
patterned up to 1 mm at a solid/liquid interface by Elemans and co-
workers who ingeniously had the macroscopic dewetting of solvent
guide the alignment of porphyrin macrocycles.3 A close resemblance
to such a hierarchical control in which the forces at the macroscopic
level govern over those on the nanometer scale can be found in Couette
flow,4 namely, the laminar flow between two concentric walls, one of
which rotates and creates viscous shear proven useful to align
macromolecules.5 Although liquid crystals can be oriented to a high
degree by simple shear,6,7 examples of millimeter-scale uniaxially
aligned monolayers of small molecules at solid surfaces are still
unprecedented. Here we report the assembly of polyaromatic mono-
layers that exhibit predominantly one single-domain up to 7 mm by
planar Couette-like flow4 whose anisotropic shear induces an edge-
on orientation for alkoxylated dibenzo[g,p]chrysene8 (DBC), which
would otherwise adopt the face-on arrangement on graphite surface.

To acquire the uniaxially aligned features, the films were prepared
on atomically smooth highly orientated pyrolytic graphite (HOPG) and
characterized by scanning tunneling microscopy (STM). The effect
of the Couette-like shear on the orientation of DBC in phenyloctane
is demonstrated in Figure 1 where the films in panels a and b were,
respectively, with and without being subjected to the shear treatment
(vide infra). The symmetries of the adlayers were distinctly different.
Without the shear (Figure 1b) DBC adopted a face-on orientation,
characteristics of polyaromatics on HOPG.9,10 Remarkably, the shear
treatment induced a transition from a face-on to an edge-on orientation
and drove the molecules stacked along the [011j0] direction of HOPG,
judged by the change in the adlattice symmetry and by the decrease
of the nearest neighbor spacing from 1.7 to 0.5 nm. To show the
generality of this method, displayed in Figure S1 (Supporting Informa-
tion) are images of the shear-treated films of alkylated tetrabenz[a-
,c,h,j]anthracene and hexa-peri-hexabenzocoronene, representing mol-
ecules of rectangular and discotic shapes, respectively. Also shown in
Figure S1 is coronene, representing unsubstituted polyaromatic hy-
drocarbons. After the Couette-like shear treatment, stacking features
appeared and they generally aligned continuously across local defects,

such as step edges (e.g., Figure 1e), indicative of fairly strong
intermolecular interactions.

Typical images of the uniaxially stripe-patterned monolayers are
presented in Figure 2. The 0.2-µm scan size of images b1-b5

approaches the limit allowing the individual stripes to be discernible
and simultaneously demonstrates the degree of the long-range order
across the connected images. Locations a and b were spaced apart by
about 7 mm yet both exhibited streaks propagated along the same
direction (Figure S2).

Two approaches were designed to easily prepare extraordinary long
stacks of polyaromatics. The shear flow was generated by a peristaltic
pump (method 1) or by the capillary force from a piece of lens paper
(method 2).

A movie, video 1, presenting the ease of method 1 is provided.

Briefly, a drop of sample was placed on HOPG over which a glass
slide was glided by a syringe pump or a peristaltic pump. STM revealed
that the molecules faced on at a slow speed (e0.2 mm/s) and became
stacked stripes when the glass slide moved faster than 8 mm/s, where
the respective rates corresponded to the maximal speed of the syringe
pump and the minimum of the peristaltic pump. The dependence of
the molecular orientation on the moving speed of the glass slide
manifests that certain strength of the shear at the liquid/solid interface
was required to agitate the adsorbed molecules and to prompt the face-
to-face packing arrangement. However, the stripes appeared wavy
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Figure 1. Adlattice structures of 3,6,11,14-tetradodecyloxydibenzo[g,p]-
chrysene for films (a) being subjected to the shear treatment sketched in Figure
2 and (b) prepared by drop cast. (c and d) Proposed adlattices. (e) Face-to-face
molecular packing extending across local defects. |ab|, |bb|, and R for images a
and b are, respectively, 1.04 ( 0.09 nm, 3.06 ( 0.13 nm, 115° ( 3°, and 1.70
( 0.11 nm, 1.92 ( 0.12 nm, 95° ( 4°. Note that in panels a and c there are
two molecules per unit cell because the molecules are zigzagged along ab, parallel
to [011j0] of the underlying HOPG (lattice is not drawn for clarity). DBC was
dissolved and imaged in phenyloctane. The Ebias, Itunneling, and imaging sizes
for images a, b, and e, are, respectively, -0.80 V, 60 pA, 12 × 12 nm2, -0.85
V, 36 pA, 12 × 12 nm2, and -0.80 V, 60 pA, 30 × 30 nm2.
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(Figure S3). Because the mechanical movement of the glass slide was
not perfectly smooth, linear, and parallel to the HOPG substrate, the
flow likely carried pulsating unevenness and resulted in stacking faults
here and there. Alternatively, after placing a drop of the sample solution
on HOPG, a piece of cellulose paper, lens tissue, or Kimwipe (Figure
2) was employed to absorb, to pull the solvent, and thus to drag a
shear at the surface for 8-10 s. The linear flow rate was ca. 0.5-0.6
mm/s.11 This procedure furnished the laminar flow with great
steadiness. The striped arrays (e.g., Figure 2) were better aligned and
less interrupted than those prepared by method 1.

To obtain a predominantly single domain assembly on the millimeter
scale, it was crucial to steer the solution flow direction parallel to that
of the unit cell vectors of HOPG which were predetermined by STM.
For example, displayed in Figure 3a was a film subjected to a shear
deliberately not parallel to [011j0] of HOPG. The angle of ca. 60°
between the domain patches accommodates the symmetry of HOPG
and suggests a significant molecule-substrate interaction.

The effect of solvent dewetting is a significant factor on the thin-
film assembly.12–15 For films prepared as sketched in Figure 2, the
dewetting of the solvent disturbed the span of the aligned arrays. For
example, Figure 3b was obtained near location c and exhibited the
coexistence of edge-on and face-on structures of DBC where the latter
was identical to those without the shear treatment, suggesting that the
shear either became ineffective at long distance propagation or was
frustrated by the nonuniform evaporation of the solvent.12,13 The length
of the stripes appeared smaller for solvents with lower boiling points
and thus faster evaporation rates. In 1,2,4-trichlorobenzene (bp 213 °C)
and 1,2-dichrobenzene (bp 178 °C), the domain size of DBC became
3 mm or smaller. In the case of toluene (bp 140 °C), careful handling
was necessary to obtain a domain size of 1 mm. The influence of
solvent evaporation could be precluded by using method 1. When a
cover slide was utilized to suppress solvent evaporation, even for
toluene, features of edge-on orientation were imaged on every location.

In conclusion, presented here are STM images with spatial resolution
at the molecular level to demonstrate that long-range arrays of edge-
on polyaromatics can be assembled predominantly in one single
domain. This procedure of a planar Couette-like flow is shown
applicable to DBC and other polyaromatics (Supporting Information).
Factors such as the flow rate, the steadiness of the flow, the flow
direction relative to the unit cell vector of the substrate, and dewetting
of solvents are found important to the domain size and the packing
quality. Further investigation will be focused on films prepared on
substrate suitable for molecular electronics such as glass or silica wafer,
which are not conductive for STM imaging and thus are challenging
for acquiring molecularly resolved images.
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Figure 2. Scheme illustrating how the monolayers were aligned and indicating
where the STM images were acquired for monolayers of DBC in phenyloctane.
The lens paper was placed at the corner and vertical to [011j0] of HOPG. The
blue arrows indicate the flow direction of the sample solution. Locations a, b,
and c were, respectively, near the origin where the sample solution was blotted,
at the center of the HOPG (ca. ∼7 mm from the corner), and at the opposite
corner from location a. The five frames on the left were obtained from location
b. The dashed squares of b1-b5 were magnified (200 × 200 nm2, Ebias, -0.85
V; Itunneling, 36 pA) to show that the striped patterns span for at least a 2-µm
distance. The images at locations a and c were similar to those of b1-b5 (stacked
molecules) and Figure 1b (face on), respectively, and thus were not shown.

Figure 3. STM image exhibiting multidomains for DBC films. (a) The film
was prepared when the shear was ∼30° off from [011j0] of HOPG. (b)
Coexistence of edge-on and face-on orientations of DBC near location c in
Figure 2. Conditions: Ebias, -0.80 V; Itunneling, 60 pA. Image size: (a) 350 ×
350 nm2, 50 × 50 nm2 (inset), (b) 40 × 40 nm2.
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