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The way in which chiral molecules interact, aggregate, and
organize has attracted intense investigation since the discov-
ery of molecular chirality by Pasteur.[1] Upon association,
enantiomers may yield a racemic compound, spontaneously
separate to form a conglomerate, or congregate as a random
solid solution.[2] The outcome is of central importance in
chiral science and technology since it governs the physical,
chemical, and biological function of the system. However, a
detailed understanding of the underlying driving forces
remains to be gained.[3] Recently, the organization of chiral
molecules adsorbed at surfaces has provided a unique
opportunity to witness the nanoscale details of molecules
interacting in 2D, using scanning tunneling microscopy
(STM).[4] Of particular interest is the organization of amino
acids at surfaces,[5–12] which represent important interfaces in
sensors,[13] enantioselective catalysis,[14] and molecular elec-
tronics.[15] The behavior of racemic mixtures of amino acids is
also highly pertinent to the chiral separations industry[2,16] and
has implications in the origin of homochirality of life,[17] with
surfaces providing potential asymmetrizing environments for
racemic prebiotic mixtures. Although the behavior of enan-
tiopure amino acids at surfaces is beginning to be cap-
tured,[5–11] detailed characterization has remained elusive
since it requires information on the conformation of individ-
ual adsorbed molecules, their bonding points with the surface,
and the resultant molecular adsorption footprint.[9,18] This
difficulty is greatly compounded when considering a racemic
system in which information needs to be tracked for each
enantiomer. Recently, we have characterized enantiopure

(S)-proline on Cu(110) (Figure 1a) at the single-molecule
level,[12] ascertaining the individual conformations and
adsorption footprints. This system, therefore, gives a unique
opportunity to study and unravel the behavior of the racemic
system.

Herein, we present the first molecule-by-molecule map-
ping of a racemic amino acid system at a surface, showing the
structure of the (4 � 2) monolayer of (R,S)-proline on Cu(110)
is driven, not by molecular chirality, but by the chirality of the
adsorption footprint. This situation leads to a random
arrangement of molecular chirality but results in a strict
heterochiral adsorption-footprint pattern. This effectively
creates a 2D random solid solution, which is a rare occurrence
in 3D crystals[2] but, interestingly, may become more preva-
lent in 2D owing to surface interactions, as shown herein. For
amino acids, this behavior is a departure from that found in
3D where they crystallize as racemic compounds.[19] Our work
provides an important advance into understanding amino acid
ordering at surfaces, with insights provided by STM, low-
energy electron diffraction (LEED), reflection absorption
infrared spectroscopy (RAIRS), and periodic density-func-
tional theory (DFT).

Enantiopure (S)-proline on Cu(110) creates an organized
(4 � 2) overlayer (Figure 1a), containing two distinct prolate
conformers, which are a consequence of the three-point
bonding interaction of the molecule with the surface,[12] in
which the two carboxylate oxygen atoms bind to adjacent
copper atoms in the ½1�110� row, with the third bonding contact
being through the nitrogen atom to a copper atom directly
opposite in the neighboring row. If the nitrogen bonds to the
copper atom to the left, a left-handed triangular adsorption
footprint is described and the pyrrolidine ring tilts signifi-
cantly away from the surface (conformer A, Figure 1 b),
imaging as a bright protrusion in STM. If the nitrogen
bonds to the right, a right-handed triangular adsorption
footprint is described, the ring lies flat (conformer B, Fig-
ure 1b) and images as a faint protrusion. Therefore, the
adsorption footprints adopted within the (4 � 2) organization
are experimentally distinguishable at the single-molecule
level. The left- and right-handed triangular adsorption foot-
prints generate chiral mirror images in two-dimensions.[18]

Thus, the enantiopure (4 � 2) overlayer has a heterochiral
footprint arrangement (Figure 1c).

Comparing the STM images from enantiopure (S)- and
(R)-proline enables the molecular chirality to be distin-
guished (Figure 1d) with the A conformers of (S)- and (R)-
proline imaging as bright ovals (at high image contrast)
slanted in mirror directions with respect to the ½1�110� axis, and
the B conformers of (S)- and (R)-proline imaging as fainter
but distinct triangles, also slanted in mirror directions. Thus,
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STM images provide information on both molecular chirality
and the adsorption-footprint chirality.

STM images of (R,S)-proline on Cu(110) at 300 K
(Figure 2a) reveal an arrangement similar to the (4 � 2)
enantiopure overlayer.[12] Images also show “bright” and
“faint” molecules indicating the presence of both confor-
mers A and B identified in the enantiopure system.[12] In
contrast to the regular (4 � 2) pattern of the enantiopure layer,
the distribution of conformers in the racemic overlayer is
random, Figure 2a, leading to a “pseudo” (4 � 2) adlayer.
High-resolution STM images (Figure 2b,c) enable more
detailed information to be extracted. First, conformer B
images with a distinct triangular shape, which lies in one of
two mirror directions with respect to the ½1�110� axis (Fig-
ure 2b). Second, at high image contrast, conformer A images
as a tilted oval, in mirrored orientations, indicated in
Figure 2c. By comparison with the enantiopure systems we
attribute the mirroring protrusions of conformer A and of
conformer B to molecules of opposing chirality (Figure 1d).
Additionally, regardless of molecular conformation, all pro-
trusions oriented in the same direction possess the same
adsorption footprint as shown in Figure 1 d. Thus, both the
molecular and footprint chirality can be identified at the
single-molecule level within the racemic amino acid assembly.

For molecules within a row along the
[001] axis, a random mixture of conformers
A (bright) and B (faint) is present, with all
the protrusions oriented in the same direc-
tion, corresponding to a random distribu-
tion of enantiomers but all having the same
adsorption footprint. For adjacent rows
above and below, the protrusions are ori-
ented in the opposite direction (Figure 2b),
adopting the mirror adsorption footprint.
Thus, the adsorption footprints adhere
strictly to a specific heterochiral pattern
(Figure 2d) and the arrangement is dictated
by the chirality of the adsorption footprint,
and not that of the molecule. Essentially,
the enantiomers adopt the conformation
that allows the adsorption-footprint chiral-
ity to be maintained along the row (Fig-
ure 2d).

Each molecular row consists of a
random sequence of molecular chiral
motifs and is, effectively, a diastereoiso-
mer.[20] Thus, the creation of random 2D
solid solutions can be induced simply by
surface interactions without introducing
perturbations, such as enantiospecific sub-
stitutions[21] or chiral biases.[22] Such ran-
domizations of enantiomer arrangements
are important steps towards yielding non-
racemic libraries of oligomers in subse-
quent polymerization processes[23] and have
potential implications for the origin of the
homochirality of life.[17]

To gain further insight, periodic DFT
calculations were undertaken. Models for a racemic (4 � 2)
overlayer were constructed using conformers A and B (Fig-
ure 3a,e) separately, with a heterochiral adsorption-footprint
arrangement derived from experiment (Figure 3b,f). Adsorp-
tion energies for the overlayers shown in Figure 3a,e were
calculated at 1.40 and 1.36 eV/molecule, respectively. The
adsorption energy calculated for the enantiopure system in
the same footprint arrangement was 1.38 eV/molecule,[12]

showing there is no energy penalty for accommodating
molecules of opposing chirality into the heterochiral footprint
template. Simulated STM images for both conformer A and B
racemic models (Figure 3c,g) offer excellent agreement with
experiments (Figure 3d,h).

To model the mixed-conformer, mixed-enantiomer over-
layer (Figure 4a,b) we investigated the energetics of creating
“defects” within a (4 � 2) layer of conformer B (Figure 3e,f)
by substituting in a molecule of conformer A. There are four
ways of creating this defect, depending on the molecular
chirality and footprint of the defect molecule (defects I–IV,
Figure 4c–f, respectively). The relative energies, with respect
to the structure in Figure 3 e, of defects I–IV were calculated
at �0.03, + 0.12, + 1.22, and + 1.35 eV, respectively. STM
images were simulated for each defect arrangement for
comparison with experiment, Figure 4g–j, respectively. In
contrast to defects I and II, both defects III and IV have

Figure 1. a) STM image of the (4 � 2) overlayer of (S)-proline on Cu(110) (94 � 102 �2,
I(t) =�0.4 nA, V(t) =�806 mV). Inset: Enlarged STM image of a (4 � 2) unit showing
conformers A (bright) and B (faint), arrows point to relaxed adsorption geometries for
conformers A and B shown in b) from left to right: view from above, the side, and in terms
of their triangular adsorption footprint (red O, blue N, blackC, and white H). c) Schematic
diagram showing the preferred adsorption-footprint arrangement of the enantiopure (S)-
proline (4 � 2) overlayer. d) STM images showing the individual conformers (A and B) for
both the S and R enantiomers, the associated adsorption footprint is indicated. Thus, the
mirroring protrusions of conformer A relate to molecules of opposing chirality. The same is
also true for conformer B. In addition, conformer A of the R enantiomer has the same
adsorption footprint as conformer B of the S enantiomer and vice versa (red= S enantiomer,
blue = R enantiomer, filled triangle= conformer A, open triangle= conformer B).

Angewandte
Chemie

2395Angew. Chem. 2010, 122, 2394 –2398 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


highly unfavorable energetics and the
agreement between simulated images and
experiment is poor, thus defects III and IV
can be discounted. Defect I has a more
favorable relative energy than defect II
and is the only defect that follows the
experimentally observed heterochiral foot-
print arrangement. The negligible relative
energy of defect I confirms that the foot-
print arrangements, not the molecular
chirality, determine organization. This
result is reinforced by the STM image,
Figure 4b, of an alternative defect where
conformer B is accommodated within a
conformer A hexagon.

Several chemical forces drive the spe-
cific heterochiral footprint arrangement
adopted in the racemic system. A large
destabilization for defects III and IV arises
from repulsive interactions and a compres-
sive strain induced by a local increase in
the Cu–Cu spacing,[24] which occurs when
adjacent carboxylate groups are bonded to
neighboring Cu atoms in the ½1�110� row.
Thus, only those adsorption-footprint
arrangements that avoid such juxtaposi-
tions are preferred (e.g. the enantiopure
layer (Figure 1c) the racemic conformer A
and B structures (Figure 3b,f) and
defects I and II). In addition, defects I
and II are stabilized by the formation of
hydrogen bonds, with the hydrogen atom
of the amino group interacting with the
oxygen atom of the carboxylate group to
form a strong hydrogen bond.[12] Hydro-

gen-bonding interactions for the race-
mic A and B conformer structures
(Figure 3a,e), and each defect struc-
ture are summarized in Figure 5. The
racemic A and B conformer structures
(Figure 5a,b) and the defect I struc-
ture (Figure 5c) all maintain the
strong hydrogen-bonded chains in the
½1�110� direction. Thus, within the spe-
cific heterochiral-footprint arrange-
ment, conformer A of (R)-proline is
equivalent to the B conformer of (S)-
proline, with respect to the formation
of hydrogen-bonded chains. Defect II
has the same number of strong hydro-
gen bonds, but unfavorable steric
interactions between neighboring
CH2 group are incurred. Therefore,
we suggest that the stability of the
specific heterochiral-footprint tem-
plate adopted is also due to its ability
to sustain hydrogen-bonded chains.
We note previous calculations by
Rankin and Sholl[11] also predicted a

Figure 2. a) STM image of the (R,S)-proline overlayer on Cu(110) (158 � 125 �2,
I(t) =�0.62 nA, V(t) =�1238 mV). b) and c) High-resolution images showing mixed-confor-
mer, mixed-chirality overlayer (44 � 50 �2, I(t) =�0.49 nA, V(t) =�856 mV) at differing image
contrast. d) 1) Enlarged STM image from (b) (37 � 43 �2), 2) the chirality and the adsorption
footprint of each molecule is indicated (key for footprints and chirality as in Figure 1),
3) deconstruction of the image into its molecular chirality and adsorption-footprint arrange-
ment.

Figure 3. Conformer A: a) DFT optimized model for a (4 � 2) unit containing mixed enantiomers
(color scheme as in Figure 1). b) Diagram representing the molecular adsorption-footprint
arrangement (red triangles= R enantiomer, blue = S enantiomer). c) STM simulation for the model
shown in (a) defined as a plot of the constant integrated local density of states, at an energy of
�0.89 eV (16.6 � 21.5 �2). d) STM image showing cluster of racemic molecules of conformer A
(25 � 25 �2, I(t) =�0.49 nA, V(t) =�856 mV). e)–h) The corresponding information for confor-
mer B (STM image conditions, 26 � 23 �2, I(t) =�0.49 nA, V(t) =�856 mV).
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heterochiral-footprint organization with a random dispersion
of molecular chirality in the (3 � 2) structure of (R,S)-alanine
on Cu(110); however, no experimental verification existed
owing to an inability to distinguish either molecular or
footprint chirality by STM.[10]

In conclusion, we have shown from a
combined STM and DFT study that the
complex racemic prolate (4 � 2) overlayer
can be fully characterized by identification
of the adsorption footprint and molecular
chirality of each molecule. The organization
is found to be solely driven by a strict
heterochiral adsorption-footprint template,
which minimizes repulsive interactions and
maximizes hydrogen bonding, and not by
the molecular chirality. Thus, each adsorp-
tion position in the template can be occu-
pied by either enantiomer resulting in a 2D
random solid solution at the surface. Given
that amino acids crystallize in 3D as racemic
compounds, this result highlights that, com-
pared to 3D, there are greater opportunities
at surfaces for creating random solid solu-
tions, induced by adsorption effects. This
work also suggests that targeted modifica-
tions that influence adsorption footprints at
surfaces are a vital step towards controlling
chiral organization in molecular monolay-
ers.

Experimental Section
STM data was collected in a Specs Aarhus 150
STM operated in constant current mode. Experi-
ments were conducted in ultra-high vacuum
chambers (P< 2 � 10�10 mbar). (R,S)-proline
(99%, Sigma Aldrich) was sublimed onto clean
Cu(110) at room temperature. The (4 � 2) over-
layer was established by LEED and the presence
of the prolate species confirmed by RAIRS.[12]

Periodic density functional theory calculations
were preformed using the VASP code[25] and
simulated STM images calculated using the Ters-
off–Hamann approximation[26] as described else-
where.[12]
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