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STM observation of molecular chirality and
alignment on solid surface
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Abstract

Two-dimensional adlayer of a helically shaped aromatic compound, hexathia[11]heterohelicene ([11]TH), which consists
of fused five benzene rings and six thiophene rings, was prepared on Au(1 1 1), Au(1 1 0) and polycrystalline gold under
UHV condition. LEED and STM were used for characterization of alignment, ordering and chirality of [11]TH on these
Au substrates. A [11]TH monolayer on Au(1 1 1) showed the presence of an adlayer lattice with six-fold symmetry, while
[11]TH on Au(1 1 0) did align along〈11̄ 0〉 direction, and [11]TH adsorbed on a step bunching area formed chiral sensitive
arrays, being one-dimensionally aligned chains. These observations are discussed in terms of stereoselective interaction among
[11]TH’s, which is strongly affected by the surface structure of a substrate.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chirality is usually recognized by chemists in the
form of molecular structure, not as a bulk property.
Accordingly the mechanistic models for asymmetric
syntheses or optical resolution are postulated in terms
of stereoselective molecular interaction. So far, how-
ever, experimental observation that leads to the eluci-
dation of such mechanisms has been mostly restricted
to the properties of a gross material. For example, mea-
surements by circular dichroism (CD) and optical ro-
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tatory dispersion (ORD) give the averaged chiral prop-
erties of a large number of molecules in a sample. A
commonly used index, “enantiomer excess (e.e.)”, is
merely a balancing factor of two opposite enantiomers.

In contrast to these traditional studies on chem-
ical reactions involving chiral molecules, it is now
attempted to reveal the role of molecular chirality
by direct observation of an individual molecule. For
that purpose, it is most desirable to discriminate
each optical isomer. The possibility of realizing such
observation is highly dependent on the spatial res-
olution of observation techniques. Scanning probe
microscopy (SPM) provides us with resolution high
enough for identification of isomer states. In the pre-
vious works, enatiomorphous and racemic domains
were structurally discriminated successfully by the
application of SPM for two-dimensional systems such
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Fig. 1. The structure and models of M-isomer of thia[11]heterohelicene ([11]TH). The structure and the electron distribution were calculated
using MOPAC93. The antipode of M-isomer is called P-isomer. Middle-left: calculated structure of M-[11]TH; middle-right: electron
distribution viewed along the helical axis; far-right: viewed along the two-fold symmetry axis.

as Langmuir–Blodgett films, self-assembled films,
liquid crystals, etc.[1–9]. Chiral patchwork systems
(racemic conglomerates) investigated in the previous
works are of a promising candidate for homo-chiral
two-dimensional systems. They are possible to be
used as heterogeneous catalyst of asymmetric reaction
or separation media for optical resolution.

SPM images under sufficiently high resolution
[10–20] will discriminate not only domain chirality
but also molecular chirality, from which the absolute
configuration of a discrete molecule can be deter-
mined[21–24]. Image resolution is further enhanced
by the cooperation of other factors such as the size
and shape of a target molecule.

In this study, we have attempted the direct discrim-
ination of molecular chirality on gold surfaces us-
ing scanning tunneling microscope (STM)[25,26]. A
compound imaged here is hexathia[11]heterohelicene,
denoted as [11]TH. [11]TH consists of five benzene
rings and six thiophene rings being an angularly an-
nulated aromatic molecule[27–31]. It has such a he-
lical shape as can be compared to a spring washer of
double decker. As expected from its structure, [11]TH
has a high energy barrier for racemization (�G‡ >

200 kJ/mol at 500 K), and the formation of chiral sen-
sitive domain may not be accomplished by racemiza-
tion but by lateral diffusion/rearrangement on a sur-
face.

The asymmetric structure of helicenes has been
studied by spectroscopic methods such as non-linear
optical spectroscopy and circular dichroism[32,33].
The series of helicene moiety are introduced in
polymers and in macromolecules as a chiral center,
asymmetric chromophore, and optical sensitizer. In
the imaging of molecular chirality by STM, helical

anisotropy in�-orbital shape of [11]TH ofFig. 1
is expected to be more favored than an asymmetric
carbon atom constituted by organic functional groups.

2. Experimental

[11]TH, prepared according to[27–29], was va-
porized to form adlayer on an Au substrate in a
home-made evaporator directly mounted onto the
main UHV chamber as follows. The base pressure
of the system was lower than 5× 10−8 Pa after the
baking-out at 135◦C for 24 h. No contamination
caused by [11]TH evaporation was found when it
was kept at room temperature. Twenty milligrams
of racemic-[11]TH powder was stuffed into a Pyrex
glass tube of 2 mm∅ with tungsten heating coil.
[11]TH adlayer preparation was controlled by chang-
ing the exposure time as the heating power was kept
constant. A gold substrate was kept at room temper-
ature during [11]TH adlayer preparation. It took ca.
600 s for adlayer preparation by monolayer in a typ-
ical condition (Tevap ∼= 430 K). Pressure during the
preparation was kept lower than 2× 10−7 Pa.

Au(1 1 1) and Au(1 1 0) single crystals (purchased
from MaTecK GmbH, Germany) were cleaned by
Ar+ sputtering and annealing, respectively. These
gold surfaces showed reconstructed (1 1 1)-

√
3 × 23

and (1 1 0)-1× 2 LEED patterns after cleaning. A
gold film epitaxially grown on mica in the same UHV
system was also used as a substrate. The film was
imaged to ensure a reconstructed-(1 1 1) surface with
hexagonal facets. Thereafter, [11]TH was evaporated
without exposure to an atmosphere. All STM topo-
graphic images were acquired in the constant current
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mode using JEOL JSTM-4600 scanning tunneling
microscope with home-built sample treatment facility.
No enhancement except background correction was
performed.

3. Results

In the low coverage region (θ = 0.05), [11]TH was
found to be adsorbed preferentially on either narrow
terraces or steps but not on a wide (1 1 1) terrace. With
the increase of coverage, molecules were adsorbed to
form a monolayer on a wide terrace.Fig. 2 shows
one of the molecular resolution images under such
conditions. The molecular spacing was found to be
nearly constant at 1.2 nm though the lateral ordering
of molecules was not clearly seen. Most interestingly
the helicity of an individual molecule can be distin-
guishable when its image is compared to the molecu-
lar model inFig. 1. As a result, it was concluded that
there was no regularity in either in-plane distribution
of P- and M-isomers or lateral orientation. Thus the
molecules were interacting with little discrimination
of chirality at a lower coverage.

With the further increase of coverage, [11]TH was
found to form an ordered monolayer on (1 1 1) ter-
races as shown inFig. 3. Domain size was found to be
larger than 50 nm in a flat region. The [11]TH mono-

Fig. 3. The [11]TH monolayer imaged on Au(1 1 1). (a) On the wide terrace: 20 nm×20 nm; bias:+1.2 V; current: 1.8 nA. (b) Monoatomic
islands covered by [11]TH. Inset: LEED pattern (Ep = −59 eV) showing the orientation of the crystal imaged in (b).

Fig. 2. The [11]TH monolayer imaged on a terrace top region
of Au(1 1 1). Scanned area: 20 nm× 20 nm; sample bias+1.6 V;
tunneling current 1.0 nA.

layer showed a hexagonally packed lattice with the
molecule–molecule spacing of 1.2 nm. The molecular
spacing observed here (1.2 nm) well corresponds to the
molecular geometry when projected with its aromatic
rings lying flat on the substrate. [11]TH overlayer was
found to show similar structure on two substrate or
reconstructed Au(1 1 1)-

√
3 × 23 and its analogue of

gold film epitaxially grown on mica.
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Fig. 4. Size comparison between the hexagonal lattice of Au(1 1 1) and the tentatively proposed [11]TH lattice.

The rotation angle of [11]TH layer was determined
to be 30◦ against hexagonal lattice of Au(1 1 1) in
comparing the LEED pattern with STM image in
the hexagonal lattice as shown inFig. 3. The pattern
changed from

√
3 × 23 to diffuse 1× 1 with the in-

crease of the evaporation amount. This suggests the
rebounds of the substrate structure to 1× 1 by the
adsorption of [11]TH molecules.

Fig. 4shows a proposed model showing the relative
position between the substrate lattice and the [11]TH
lattice. At rotation angle 0◦, the simpleP(4×4) struc-
ture (lattice size: 1.15 nm) is suggested for the ob-
served structure. The lattice mismatch is negligible un-
der this condition. Contrary to this, when the rotation
angle was 30◦ as the lattice size 0.996 nm (2

√
3×√

3)
R 30◦, no consistent model with the image inFig. 3
was found.

High ordering and symmetry indicated no chiral-
ity recognition between P- and M-enantiomers in this
hexagonal phase. This is because the formation of

ordered racemic phase must have lower symmetry
and domain boundaries on the six-fold symmetry sub-
strate. A racemic pair of P- and M-enantiomers is
not expected to show the six-fold symmetry but some
lower symmetry such as three-fold symmetry includ-
ing periodic vacant sites or such as two-fold symme-
try of fully packed racemic pairs. The fact that the
large hexagonal domain with no phase boundary was
observed suggested that P- and M-enantiomers were
randomly distributed in a glassy phase with no chiral-
ity recognition between two enantiomers.

A [11]TH monolayer on Au(1 1 0) substrate shows
a lower symmetry and ordering as shown inFig. 5,
which shows theP(1×4) LEED pattern and the corre-
sponding STM image. When [11]TH was evaporated
on Au(1 1 0)-1× 2 surface, [11]TH/Au(1 1 0) showed
1 × 4 or 4× 1(2) LEED patterns separately. The ap-
pearance of the 4× 1(2) structure was less frequent
in the present experiments. The 1× 4 structure ap-
peared to be stable even after annealing the sample at
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Fig. 5. [11]TH evaporated on Au(1 1 0). Scanned area: 50 nm× 50 nm; sample bias:+2.5 V; tunneling current: 0.5 nA. The inset is the
P(1 × 4) LEED pattern;Ep = −59 eV.

360 K. TheP(1×4) pattern was observed in the LEED
electron energy regionEp higher than 40 eV and no
superstructure was observed in the lower energy re-
gion. Therefore theP(1× 4) LEED pattern should be
assigned to the Au(1 1 0) substrate. The STM images
of [11]TH/Au(1 1 0) are of one-dimensional alignment
to form chains along〈11̄ 0〉 direction but being dis-
ordered in〈0 0 1〉 direction. The molecular spacings
measured in the local domain were 1.1 nm〈11̄ 0〉 and
2.0 nm〈0 0 1〉, respectively.

The missing row structure of Au(1 1 0)-1× 2
has a lattice of 0.288〈11̄ 0〉 × 0.814 nm 〈0 0 1〉. In
〈0 0 1〉 direction, the quadruple periodicity (1.6 nm)
obtained fromP(1 × 4) LEED pattern was large
enough to accommodate [11]TH molecules. But
in 〈11̄ 0〉 direction, the lattice size is too small to
accommodate them. Though [11]TH chains were
clearly imaged on (1 1 0) surface, the chirality of each
molecule in a chain was not distinguished yet. The
anisotropic property of (1 1 0) substrate was reflected
on the ordering of [11]TH but the misfit of lattice

Fig. 6. The [11]TH array imaged in the multi step region of
polycrystalline gold film evaporated over mica. Scanned area:
20 nm× 20 nm; bias:−1.6 V; current: 0.91 nA.
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size seemed to weaken the selective interaction of
chirality.

Fig. 6 shows the image taken in the region consist-
ing of narrow steps on a gold film grown on mica.
The film on some higher index surface than (1 1 1) and
(1 1 0) did not give an ordered [11]TH chain as ob-
served on (1 1 1) and (1 1 0) substrates. These profiles
of [11]TH adlayer suggest that the adsorption geome-
try on a stepped region is different from that on a flat
terrace.

Close examination ofFig. 6 shows that the
molecules in each row showed the same handedness.
Each row consisted of [11]TH molecules of the same
chirality. We emphasize here that the observed twist
was not an artifact because different handedness was
visible depending on each row in the image ofFig. 6.
Moreover the difference between two sequentially
acquired images showed a flat featureless image, re-
flecting that the twist information was sustained in
spite of lateral drift. To our knowledge, this is the
first direct observation of chiral discrimination in
one-dimensional array.

4. Discussion

The behavior of [11]TH adlayer showed a clear
dependence on the structure of gold substrate as

Fig. 7. P-, M-isomers in the bulk crystal ofrac-[11]TH drawn by ORTEP-III. (a) Sliced in (−1 0 1) plane. (b) Projected alongb-axis.
The lattice parameters used for these drawings are as follows:a = 20.109 Å, b = 11.388 Å, c = 11.472 Å; α = 92.077◦, β = 101.386◦,
γ = 89.568◦. Z = 4, space group:P 1̄.

shown in the cases of (1 1 1), (1 1 0), and epitaxial
film on mica. In a racemic crystal, P- (or M-) [11]TH
molecules form homo-chiral columns as shown in
Fig. 7(a) [34,35]. The P/M-columns are ordered al-
ternatively in the (−1 0 1) plane. Contrary to this
pseudo-square lattice, no hexagonal-like packing as
observed on (1 1 1) surface was found in the bulk
crystal viewed in different cross sections (Fig. 7(b)).

On a gold surface, [11]TH molecules are ordered in
a chirality sensitive manner on a step bunching area
but not on a flat (1 1 1) area. In the former case, the
structure consisted of homo-chiral chain of [11]TH
molecules as found in the bulk crystal structure. In the
latter case, the molecules are hexagonally packed with
no appearance of chiral interaction.

Even in the anisotropic case such as the (1 1 0) sur-
face, no chiral sensitive interaction was not dominant
when molecular interaction was operative only in one
direction.

It is noteworthy that the molecular array located in
ledge site arrays showed some registry mismatch with
that of terrace area of the same step plane as shown in
Fig. 8. The structure around a step edge suggests the
possibility of an ordered lattice with chiral discrimi-
nation on an appropriate substrate. The dominant ge-
ometry of step edges neighboring to (1 1 1) terrace is
similar to that of (1 0 0) or (1 1 0) surface. The higher
index surface which consists of steps and narrow ter-
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Fig. 8. Mismatch of the ledge site array and the terrace lattice. The
[11]TH array at ledge site has mismatch with the regular lattice
on the same terrace. Scanned area: 12 nm× 15 nm; bias+1.1 V;
current: 0.72 nA. Substrate: polycrystalline gold film evaporated
over mica.

races with smaller misfit might reproduce molecular
chains with homo-chirality as found on a polycrys-
talline surface.
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