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Stereochemistry plays a central role in controlling molecular
recognition and interaction: the chemical and biological proper-
ties of molecules depend not only on the nature of their
constituent atoms but also on how these atoms are positioned
in space. Chiral specificity is consequently fundamental in
chemical biology and pharmacology” and has accordingly
been widely studied. Advances in scanning probe microscopies
now make it possible to probe chiral phenomena at surfaces at
the molecular level. These methods have been used to determine
the chirality of adsorbed molecules’™, and to provide direct
evidence for chiral discrimination in molecular interactions®
and the spontaneous resolution of adsorbates into extended
enantiomerically pure overlayers®’’. Here we report scanning
tunnelling microscopy studies of cysteine adsorbed to a (110)
gold surface, which show that molecular pairs formed from a
racemic mixture of this naturally occurring amino acid are
exclusively homochiral, and that their binding to the gold
surface is associated with local surface restructuring. Density-
functional theory' calculations indicate that the chiral specifi-
city of the dimer formation process is driven by the optimiza-
tion of three bonds on each cysteine molecule. These findings
thus provide a clear molecular-level illustration of the well
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Figure 1 Schematic drawings of a cysteine molecule and the gold (110) surface, and STM
images of cysteine pairs on gold (110). a, Schematic drawing of a cysteine molecule.
b, Ball model of the Au(110) surface, which reconstructs into a characteristic missing row
structure with every second close-packed row being removed, resulting in a (1 x 2)
surface unit cell. ¢, STM image of L-cysteine pairs. The double-lobe, bright protrusions
have a linear extent of 7 A and are separated by a centre-to-centre distance of 9A. The
main axis of the cysteine pair is rotated 20 degrees clockwise (49 Ax53 A). d, o-cysteine
pairs rotated anticlockwise (same size). The difference in appearance of this image
compared with Fig. 1c is ascribed to a slight change in tip condition. e, Molecular pairs
formed from oL-cysteine (same size).
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known three-point contact model'"" for chiral recognition in a
simple bimolecular system.

The mercapto or thiol group -SH binds to gold with high affinity,
and a rich literature on the adsorption of self-assembled thiol
monolayers on gold surfaces exists'>'*. Of the 20 naturally occurring
amino acids, only cysteine (HS-CH,-CH(NH,)-COOH) contains a
mercapto substituent, making this chiral amino acid interesting for
studying adsorption on gold surfaces.

Schematic illustrations of the structural features of the amino
acid and the gold surface used in this study are given in Fig. la and
b. Figure 1c shows a scanning tunnelling microscope (STM) image
of the gold surface with a low density of adsorbed L-cysteine
molecules. The deposition of cysteine leads to the formation of
bright protrusions at the sides of the close-packed gold atom rows.
The protrusions always exist as pairs, and we ascribe each of the
protrusions to an individual cysteine molecule. We have not
observed any unpaired protrusions that could be interpreted as
isolated molecules.

The main axis running through the two bright lobes of these
characteristic double-lobe features is always rotated 20 degrees clock-
wise with respect to the close-packed [110] direction. The adsorbed
cysteine pairs thus break the mirror symmetry of the gold surface.
When the mirror-image form of the molecules, D-cysteine, is
deposited, we observe similar molecular pairs, but these are rotated
20 degrees anticlockwise with respect to the [110] surface direction
(Fig. 1d). The breaking of the mirror symmetry of the gold surface
must therefore result from the chirality of the cysteine molecules
themselves, with the STM measurements allowing us to identify the
chiral conformation of individual, enantiomerically pure molecular
pairs™.

When depositing a racemic mixture of cysteine onto the gold
surface, we observe molecular dimers (see Fig. le) identical to those
seen in the previous measurements using pure enantiomers, that is,
they are either of the LL form (rotated clockwise) or of the pp form
(rotated anticlockwise). New structures that could be ascribed to the
pairing of molecules of opposite chirality are not observed. This
result suggests that the dimerization of the cysteine molecules is
highly stereoselective, with each molecule binding exclusively to
partners that have an identical enantiomeric form.

The binding of the cysteine pairs to the gold surface is accom-
panied by the removal of gold atoms from the close-packed rows.
This is evidenced by images acquired under special, accidental tip
conditions where the molecular dimers become transparent, show-
ing underlying holes in the surface (Fig. 2a). We gauge that each
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Figure 2 STM images showing absorbate-induced removal of gold atoms. a, In STM
images obtained under special tip conditions, the molecular dimers appear transparent
and the underlying Au substrate is imaged instead. In these circumstances holes, which
lack the characteristic off-axis rotation of the molecules, appear along the gold close-
packed rows (1 63Ax177 Z\). b, Terrace after pL-cysteine deposition. Added gold islands
are formed by the removed gold atoms (same size).
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cysteine dimer covers four atomic vacancies in the underlying
close-packed row. The ejected gold atoms nucleate and grow into
islands on extended gold terraces, as shown in Fig. 2b. The
activation energy needed to achieve vacancies in the gold surface
qualitatively explains why the pairs only form after annealing (see
Methods section).

To understand the origin of the observed chiral recognition, we
have performed ab initio density-functional theory (DFT)
calculations'. Starting with pairs of cysteine molecules interacting
in the gas phase, we find stable bimolecular complexes held
together through (1) single or double OH-O hydrogen bonds
formed between carboxylic groups on the two molecules, (2) one
or two OH-N hydrogen bonds formed between carboxylic and
amino groups, or (3) an S-S bond between two cysteinates (-S-
CH,-CH(NH,)-COOH). The interaction involving the carboxylic
groups leads to the most stable configuration, and we therefore
focus our calculations on this configuration. We also draw upon
the general knowledge'*'® that thiols at Au surfaces undergo

Figure 3 DFT results for cysteine pairs on the Au(110) surface. Large circles represent
gold atoms. Small white, black, blue, red and yellow circles represent hydrogen, carbon,
nitrogen, oxygen and sulphur atoms, respectively. a, An LL-cysteine dimer in three-
dimensional and top view as well as the simulated STM image showing the surface of
constant local density of states. The contours of constant height are separated by 1.0 A.
b, Geometry for a oL dimer obtained by interchanging the amino group and the hydrogen
atom on the asymmetric carbon atom. The simulated STM image shows an asymmetric
dimer. ¢, oL dimer obtained by mirroring one cysteine molecule in the plane indicated by
the dashed line, followed by computational relaxation. The simulated STM image of this
dimer shows both lobes on the same side of the close-packed row.
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dissociation to thiolates, followed by binding to the surface through
a S—Au bond.

The most favourable adsorption configuration calculated for an
LL dimer adsorbed on a four-atom-vacancy structure in the gold
rows is shown in Fig. 3a. For comparison, the figure also shows a
simulated STM image of this 1L dimer. (The image is simulated
using the simple Tersoff~Hamann' model, where the tunnel
current is proportional to the local density of states at the Fermi
level projected to the tip apex.) Distinct, bright lobes are found over
each of the molecules, in agreement with the experimental STM
image (Fig. 1c). Because D- and L-cysteine are related by mirror
symmetry, a bd dimer is formed by mirroring of the LL dimer in the
(001) crystal plane through the gold close-packed row, yielding an
STM image in accordance with the experimental pp dimer image
(Fig. 1d).

The preference of the sulphur to bind to low-coordinated gold
atoms leads to the formation of vacancies in the gold rows. The
optimum adsorption site for the sulphur headgroup is the bridge
site'®, so the 1L dimer rotates off the direction of the close-packed
rows, allowing both sulphur atoms in the dimer to bind at bridge
sites between the first and second layer of gold atoms. The
calculations also show that the clockwise rotation of the LL
dimer enables bond formation between the lone-pairs of the two
amino groups and the gold surface, thus further stabilizing this
structure.

Possible pL dimer configurations can conveniently be formed by
changing one of the 1-cysteine molecules in the 1L dimer into D-
cysteine, thus allowing us to explore why heterochiral dimers do not
form. The simplest such substitution is shown in Fig. 3b, where the
hydrogen atom and amino group are interchanged on the asym-
metric carbon of one of the molecules. This preserves the strong
S—Au and carboxylic—carboxylic bonds, while one of the two
(weaker) amino—gold bonds is lost. Consequently, the pL dimer
in Fig. 3b is calculated to be energetically less stable than the
homochiral dimers by around 0.2 eV. This energy cost is of the
order of the amino—gold interaction energy and sufficient to
suppress the formation of the pL dimer, explaining why we do not
observe STM images of asymmetric dimers such as simulated in
Fig. 3b. Another pL dimer is formed by mirroring one of the
molecules of the 1L dimer through the (001) plane. Such a con-
struction introduces a mismatch in the strong carboxylic—
carboxylic bond; this bond reforms when relaxing the dimer
structure, but only at the expense of breaking both amino-gold
bonds (the N—Au separations are expanded from 2.4 to 2.7 A). This
pL dimer (Fig. 3¢) is about 0.5 €V less stable than the LL dimer, again

Figure 4 lllustration of the three-point contact model for enantioselectivity in
intermolecular interactions. The molecule on the left with contact points A, B and C
matches the corresponding receptor sites A’, B and C’. The mirror-imaged enantiomeric
form of the molecule (right) does not match this receptor, thereby enabling chiral
discrimination.
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explaining why the simulated STM image is not observed experi-
mentally.

The DFT studies indicate that the preferred formation of homo-
chiral dimers is driven by the optimization of three bonds on each
cysteine molecule (sulphur—gold, amino—gold, and carboxylic—
carboxylic). By directly pin-pointing the three bonds involved
in the chiral recognition process, our results constitute a direct
molecular-level demonstration of the generic, conceptual three-
point contact model'"'” for chiral recognition, illustrated in Fig. 4.
Furthermore, the results indicate that the surface and the local
surface restructuring help to facilitate the chiral interaction. This is
likely to be fundamentally relevant for the field of heterogeneous
enantiospecific catalysis. (I

Methods

The experiments were performed in an ultrahigh vacuum system equipped with a home-
built STM". Cysteine molecules were transferred to the Au(110)-(1 x 2)"° surface by
vapour deposition onto a sample held at room temperature, leading to the formation of
compact agglomerates of cysteine molecules. The dilute cysteine dimer structure reported
upon here was obtained by annealing to 340 K for 15 minutes, leading to dissolution of the
agglomerates and formation of the molecular pairs. All STM observations were performed
at room temperature.

The DFT calculations', including full structural optimization using the non-local
density gradient approximation®, were done with 38 independent gold atoms arranged in
a slab geometry modelling four layers of the reconstructed gold (110) surface. The upper
two layers of gold atoms and all of the 26 atoms in the dehydrogenated cysteine dimers
were relaxed until the total residual force was below 0.4 eVA™,
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The seventeenth-century Swedish warship, Vasa, was recovered in
good condition after 333 years in the cold brackish water of
Stockholm harbour. After extensive treatment to stabilize and
dry the ship’s timbers’, the ship has been on display in the Vasa
Museum since 1990. However, high acidity and a rapid spread of
sulphate salts were recently observed on many wooden surfaces’,
which threaten the continued preservation of the Vasa. Here we
show that, in addition to concentrations of sulphate mostly on the
surface of oak beams, elemental sulphur has accumulated within
the beams (0.2—4 per cent by mass), and also sulphur compounds
of intermediate oxidation states exist. The overall quantity of
elemental sulphur could produce up to 5,000 kg of sulphuric acid
when fully oxidized. We suggest that the oxidation of the reduced
sulphur—which probably originated from the penetration of
hydrogen sulphide into the timbers as they were exposed to the
anoxic water—is being catalysed by iron species released from the
completely corroded original iron bolts, as well as from those
inserted after salvage. Treatments to arrest acid wood hydrolysis
of the Vasa and other wooden marine-archaeological artefacts
should therefore focus on the removal of sulphur and iron
compounds.

The Vasa sank in Stockholm harbour on her maiden voyage in
1628, and was salvaged in 1961. The massive oak beams were
seemingly in good condition after 333 years at 32 m depth (see
http:///www.vasamuseet.se/indexeng.html and links therein).
Marine burial occasionally deposits wooden objects in near
anoxic environments that arrest natural decay. This favours sul-
phate-reducing bacteria producing hydrogen sulphide in an envir-
onment inhospitable to most wood-metabolizing microbes’. In
such conditions slow biodegradation of waterlogged wood takes

Figure 1 Outline of the hull of the Vasawith sample positions indicated. G1—-C3, for cores;
S1-S88, surface XRD samples. Dimensions: length 61 m (69 m including bowsprit),
maximum width 11.7 m, stern castle 19.3 m high, displacement 1,210 tons.
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