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This study details a scanning tunneling microscopy investigation into the mechanism of chiral grain growth in highly
ordered, self-assembled monolayer films composed of cruciform π-systems. Although the molecules themselves are
achiral, when they adsorb from solution onto graphite, they adopt a gear-like conformation that, by virtue of the surface,
is chiral. These handed subunits arrange themselves into enantiomeric two-dimensional domains. The unique finding
from this study is that Ostwald ripening is frustrated between domain boundaries that are of opposite chirality because
direct interconversion between the chiral units on the surface is energetically inhibited.

Introduction
Detailed below is a scanning tunneling microscopy investigation into the mechanism of grain growth in highly ordered, selfassembled monolayer films composed of cruciform π-systems
(1-4) (Figure 1A).1,2 Although the molecules themselves are
achiral, when they adsorb from solution onto graphite, they adopt
a gear-like conformation that by virtue of the surface is chiral
(Figure 1B). These handed subunits arrange themselves into
enantiomeric two-dimensional domains.3-11 Typically, monolayers at the liquid-solid interface evolve over time so that the
small grains are consumed by larger domains in a two-dimensional
version9,11-15 of Ostwald ripening.16 Monolayers of the cruciform
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molecules ripen normally when the boundary is between grains
that have the same handedness. The unique finding from this
study is that Ostwald ripening is frustrated between domain
boundaries that are of opposite chirality. There are other twodimensional self-assembled systems that show similar frustrated
ripening, but they involve strong and directional intermolecular
interactions, such as hydrogen bonding, that are not present
here.10,14,17-22 For the cruciform π-system, the exchange of
molecules at a boundary between two domains of opposite
handedness involves either complete or partial molecular
desorption, a process that is inhibited by strong surface binding
and the energy gained by close packing of molecules in each
enantiomeric domain.

Results and Discussion
We monitor the coarsening dynamics of the cruciform
molecules on graphite using scanning tunneling microscopy
(STM) in a phenyloctane solution.9,11-15 Figure 2a shows an
STM topographic image for 1 that is typical for each of the
derivatives (1-4), revealing a well-ordered, monolayer assembly.
The bright crosses indicate that the cruciforms are lying parallel
to the graphite surface. The two-dimensional unit cell of 1 (2.85
nm × 1.53 nm with γ ) 98.3°) was determined by Fourier
transform autocorrelation analysis of the STM image. The alkyl
chains interdigitate as shown in the STM image in Figure 2C.
Nearly identical STM images for 2-4 are contained in the
Supporting Information (Figure S1). When the molecules adsorb
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Figure 1. (A) Structure of the gear-shaped, cruciform π-systems with different end groups studied by STM. (B) The geometry optimized
structure of 4 on a model graphite surface is chiral with right-handed (R) and left-handed (S) forms.

to the surface, the horizontal plane of symmetry within the
molecule is broken (Figure 1B).23 The molecules adopt either R
or S chirality and assemble into monolayers that are homochiral.
Although the molecules themselves are achiral, the domains have
a supramolecular chirality upon adsorption.3-11,24 In Figure 2A,
the rotation of the cruciform molecular core relative to the lamellar
axis by 30° is clearly resolved, providing an unambiguous marker
of the domain chirality.
The chiral molecular and supramolecular structures observed
in the STM images for the assembly of 1-4 are essentially
identical to the calculated structures. These structures, shown in
Figure 1B, were generated using classical force field calculations
and molecular dynamics simulations on a model graphite surface
under vacuum conditions.25,26 To simplify the calculations, we
used the hydrogen-terminated cruciform (4). For the individual
molecule, we find that the binding energy on graphite is -147
kcal/mol. This energy is largely (∼78%) composed of the van
der Waals interactions, with the remainder being due to the image
charge interactions between the molecule and the surface. The
flat conformation on the surface strains the molecule relative to
the gas-phase configuration (∼2 kcal/mol strain energy). The
calculated structure for 36 molecules of the hydrogen-terminated
cruciform (4) on a model graphite surface in a vacuum is shown
in Figure 2D. The calculated energy gain upon formation of an
ordered assembly is 10 kcal/mol. Whereas the structure agrees
with the experimental observation, it also provides a better picture
of the location and arrangement of the alkyl chains. The model
shows that the spacing between alkyl chains has two characteristic
length scales: one at ∼9 Å (red line in Figure 2D) and another
at 4.5 Å (yellow line in Figure 2D). The 4.5-Å spacing is consistent
with the ideal packing distance (between 4.2 and 4.6 Å) for alkyl
chains lying parallel to the graphite substrate.20 To maximize
these relatively short contacts between the alkyl arms of
interdigitated molecules, the core adopts a 30° tilt with respect
(23) The primary achiral feature of the adsorbed cruciform molecule is the
alkyl orientation. A secondary achiral feature, the N and O positions in the core
of the molecule are not expected to influence the assembly.
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to the lamella axis. Although the larger spacing suggests that the
alkyl chains may have some fluidity, the orientation of the alkyl
arms facilitates the packing and contributes to the domain’s
handedness.
At lower magnification, we observe multiple domains, ranging
in area from 400 to 10 000 nm2. The domains appear highly
dynamic, particularly along the grain boundaries, as expected.
A series of consecutive STM images exemplifying the dynamic
nature of the boundaries is shown in Figure 3. This series of
images was taken some 8 h after deposition, during which time
the system was left unperturbed with the tip disengaged. A marker,
identified with a white circle in Figure 3, that allows the thermal
drift to be controlled and corrected between scans was present
in each of these images.
Quantitative analysis33 of the dynamics in the sequence of
images in Figure 3 was performed to determine the area of the
ordered domains and of the disordered and “vacant”27 patches.
We calculate the surface coverage to be 80% on average. For
each image in the sequence in Figure 3, there are two primary
domains, labeled 1 and 2, that remain fairly constant in size
throughout, while many other small domains grow and disappear
around them. Such an observation is not consistent with Ostwald
ripening. Coarsening in 2D is characterized by a reduction in the
interfacial (line) energy by a decrease in the perimeter-to-area
ratio.15 The perimeter-to-area ratio of the two largest domains
(1 and 2) does not vary much over time. If the system exhibited
perfect ordersa single domain covering the entire 100 nm by
100 nm imagesthe perimeter-to-area ratio would be 0.04 nm-1.
(27) Vacant of solute molecules, but solvent is likely present.
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SAMs of Cruciform π-Systems

Figure 2. (A) STM topographic image (30 nm × 30 nm) of cruciform
1 at the 1-phenyloctane-graphite interface obtained at -1.45 V, 45
pA, and 5.5 lines/s in constant current mode. The unit cell parameters
(a ) 2.85 nm, b ) 1.53 nm, and γ ) 98.3°), illustrated in red, are
deduced from a Fourier transform autocorrelated image. (B) Line
profiles taken along the green (top graph) and blue (bottom graph)
arrows in the STM image (A) allow a direct measurement of the row
spacing (2.82 nm) and the nearest-neighbor distance (1.46 nm). (C)
STM image (10 nm × 10 nm) revealing the interdigitation of the
alkyl chains. (D) An optimized structure of 36 molecules of 4 on
a model graphite surface forming a macroscopically chiral monolayer.

It is expected that as the surface ripens, the perimeter-to-area
ratio of a given domain would decrease and eventually plateau
at 0.04 nm-1. The perimeter-to-area ratio for domains 1 and 2
fluctuates around 0.1 nm-1, suggesting that Ostwald ripening is
not occurring for these two domains on the time scale of the
experiments.
As observed for other systems,20 grain boundaries of the
cruciforms are consistently imaged with poor resolution due to
the mobility of molecules along these high potential energy edges
of the domains. The white arrow in Figure 3, t ) 22 min, indicates
such a grain boundary. In contrast, edges of domains neighboring
portions of the graphite substrate without adsorbed cruciforms
appear crisp and well-resolved (green arrow), suggesting that
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these boundaries are of lower potential energy than the ones
between cruciform domains. Solvent adsorption along the edge
is likely the source of the stabilization because 1-phenyloctane
molecules can easily fit into the space between the alkyl chains
of neighboring cruciforms.
There are two types of domains in the polycrystalline films
that can be designated R or S, depending on the rotation of the
molecules with respect to the lamella axis (either +30° or -30°),
as shown in Figure 2D. Other than the different enantiomeric
domains, we find no evidence of polymorphism in these
samples: the domains are persistent over time 28 and unaffected
by the presence of the STM tip.29 The angular orientation of the
domains with respect to each other does not correspond to
expitaxial alignment along the graphite lattice vectors (see
Supporting Information, Table S2).9, 20
The domain dynamics and size were very sensitive to the
temperature and concentration of the solution. 30,31 This is shown
in Table S3 in the Supporting Information. In general, higher
temperatures yielded small domains with numerous voids, and
low temperatures gave quantitatively larger domains with no
voids. During a given STM experiment, the temperature was
held constant to within about (0.25 °C. At intermediate
concentrations near 1 × 10-5 M, where there are roughly enough
molecules to form a complete monolayer,32 we observe the type
of grain structure that has holes or open areas in the monolayers,
described above for Figure 3 and shown in Figure 4A-D. These
submonolayers are a direct consequence of the large surfacebinding energy holding the molecules to the substrate. At solution
concentrations below 7.5 × 10-6 M, no self-assembly was
observed. At concentrations above 1 × 10-5 M for 1, we observe
one type of grain structure in which domain boundaries are tightly
packed adjacent to each other (shown in Figure 5A-C).
The STM images in Figure 4A-C and Figure 5A-C have a
serendipitous marker that allows the thermal drift to be controlled
and corrected between scans so that a time sequence can be
recorded to quantify the degree of homochiral (S T S, R T R)
versus heterochiral (S T R) conversion. Color-coded maps
showing the change in each domain as a function of time
graphically display two different ripening processes, as shown
in Figures 4D and 5D. The unchanged portions of the S and R
domains are dark blue and dark green. The interconversion
between regions of the same chirality is shown in light green or
light blue, and the interconversion between grains of the opposite
handedness is shown in the yellow areas. This behavior is tabulated
in Table 1 as the change in area or perimeter between the different
types of domains.33 The interconversion of grains when the
domains are tightly packed next to each other as in Figure 5 is
much slower when the adjacent grains are of opposite handedness
than when they are of the same chirality. If the films contain
holes or disordered regions at grain boundaries, as in Figure 4,
the interconversion becomes significantly faster.
Figure 6 shows a model that offers a possible explanation of
how the homochiral and heterochiral interconversion can be so
different in films with adjacent grains. The interdigitation of the
alkyl arms of the molecules, which lowers the total potential
energy of the assembly, results in the gearlike structures shown
in Figure 6a. At a boundary between domains of the same chirality,
a simple surface translation and rotation can shift a single molecule
from registry with one domain into registry with another domain.
Although the energy gain per molecule upon assembly is
significant (calculated to be 10 kcal/mol for the vacuum-solid
interface), at a well-ordered domain boundary, the barrier for
shifting a single molecule will be a small fraction of that energy.34
(34) Rabe, J. P.; Buchholz, S. Phys. ReV. Lett. 1991, 66, 2096-2099.
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Figure 3. Time sequence (t ) 0-15 min) of STM topographic images of 1 taken over the same 100 nm × 100 nm area. All images were obtained at -0.5 V, 75

pA, and 6.1 lines/s. The marker is shown in the white circle. The final image (t ) 22 min) is a higher-magnification micrograph showing a fuzzy interface between
grains (white arrow) and a sharp interface with the unresolved solvent molecules (green arrow).

Figure 4. Sequential STM images (70 nm × 70 nm) for 1 in 1-phenyloctane showing monolayer grain evolution at boundaries that are not tightly packed. (A) t )

0 s, (B) t ) 2 min, and (C) t ) 4 min. (D) Composite map showing the change in the grain size over time. S domains are blue, and R domains are green. Regions of
S-to-S conversion are light blue, regions of R-to-R conversion are light green, and regions of interconversion between R and S are yellow. Black areas could not be
assigned.

Figure 5. Sequential STM images (60 nm × 60 nm) for 3 in 1-phenyloctane showing monolayer grain evolution at boundaries that are tightly packed. The
notched step in the bottom left is the marker that is used to control the drift. (A) t ) 0 s, (B) t ) 1 min, and (C) t ) 2 min. (D) Composite map showing
the change in the grain size over time. S domains are blue, and R domains are green. Regions of S-to-S conversion are light blue, regions of R-to-R conversion
are light green, and regions of interconversion between R and S are yellow. Black areas could not be assigned.

On the other hand, the gearlike meshing of the molecules inhibits
transfer of a molecule between domains of opposite chirality
(Figure 6B). The incorporation of an S molecule (for example)

into an R domain is sterically restricted. Conversion must take
place prior to incorporation. For a single molecule, conversion
between R and S configurations can follow two pathways. It can

SAMs of Cruciform π-Systems
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Figure 6. (A) Interconversion between domains of the same chirality requires only an in-plane translation and rotation. (B) Interconversion
between domains of opposite chirality is more difficult. (C) To interconvert between domains of opposite chirality requires a complete
desorption or in-plane rotation and chain flip (partial desorption).
Table 1. Quantitative Analysis of the Domain Dynamics from
Figures 4 and 5
data set

color code

transition

∆area
(nm2)

∆perimeter
(nm)

Figure 4da

light/dark green
light/dark blue
yellow

RTR
STS
STR

57
29
498

74
67
246

Figure 5db

light/dark green
light/dark blue
yellow

RTR
STS
STR

608
191
82

311
113
91

a The total image area is 4900 nm2 (70 nm × 70 nm). b The total
image area is 3600 nm2 (60 nm × 60 nm).

undergo a 180° out-of-plane rotation involving complete desorption (Figure 6C). This is essentially indistinguishable from
molecular exchange with the supernatant. Alternatively, the
molecule can rotate 120° in-plane followed by a reorientation
of the alkyl chains (Figure 6C). The second step involves partial
lifting of the alkyl chain off of the surface. Calculations of this
partial desorption (at the vacuum-solid interface) suggest that
the barrier for this process is substantially less than the barrier
for full desorption, but still large (∼38 kcal/mol). Taken together,
this explains the facile conversion for heterochiral domains but
conversion between enantiomeric domains at close packed
boundaries is inhibited. The situation at disordered domain
boundaries or open spaces on the surface is more complex; in

part, because it is no longer reasonable to ignore the role of the
solvent in the dynamics. Moreover, the solvent could have a role
in the supramolecular structure by packing within the spaces
between the alkyl arms.

Conclusion
In conclusion, we have demonstrated a hierarchy of assembly
properties in a series of cross-shaped molecules at the liquidgraphite interface. At the molecular level, information is encoded
that renders the molecules chiral when they adsorb to the surface.
The chiral subunits organize themselves into homochiral monolayer domains. This organization creates two distinct types of
grain boundaries: ones that are between domains of the same
chirality and ones that are between domains of opposite chirality.
Interconversion between grains that are of opposite chirality
appears to be energetically or temporally inaccessible at closepacked domain boundaries, and Ostwald ripening is thereby
frustrated.
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