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Introduction

Chiral molecules crystallize from racemic solutions either
into homochiral conglomerates or into racemic crystals con-
taining equal numbers of left- and right-handed mole-
cules.[1,2] In his historic experiment, Pasteur made use of the
fact that chiral molecules can form enantiomorphs, that is,
crystals showing macroscopic chirality.[3] However, the
mechanism of the transfer of chirality from single molecules
to the resulting enantiomorphous crystals is poorly under-
stood.[4] This is actually part of the general problem that
macroscopic crystal shapes are still not predictable from the
molecular structures.[5] In particular the solvent or impurities
influence the shape of a macroscopic crystal to a large
extent. Studying well-defined 2D chiral model systems on
surfaces without such influences, therefore, can help to get
more insight into the transfer of chirality from single mole-
cules into larger ensembles.[6] Although the vast majority of
chiral molecules crystallize as non-separated racemates, it
has been predicted that two-dimensional enantioseparation

on a surface should occur more easily than in three-dimen-
sional crystals.[7] Due to confinement in the plane certain
symmetry elements, for example, center of inversion or the
glide plane parallel to the surface, are precluded and en-
hanced chiral interactions are expected.[7b, 8] Indeed, only a
few examples of racemic 2D crystals are known[9] and most
experimental studies confirmed the scenario of spontaneous
lateral resolution of chiral molecules into homochiral two-
dimensional crystallites, observed as two-dimensional enan-
tiomorphism.[8,10] It is noteworthy that, due to symmetry
breaking upon adsorption, achiral molecules can also form
two-dimensional chiral motifs on the surface.[11]

Herein we report the observation that a single racemic
compound forms, depending on the coverage on the surface,
either homochiral domains (“2D conglomerates”) or race-
mic (heterochiral) 2D crystals. For this study we chose the
“classic” tartaric acid (TA) adsorbed on a copper(110) sur-
face. The adsorption of enantiopure (2R,3R)-TA on this sur-
face has previously been studied in great detail.[12] The stud-
ies showed that at room temperature TA is adsorbed as a
monotartrate with only one carboxylate group interacting
with the surface (Figure 1a). After thermal activation, how-
ever, the second carboxylate group also interacts with the
substrate, that is, annealing to 405 K leads to the formation
of bitartrate species (Figure 1b).[13] In its sawhorse-like ad-
sorbate geometry, the bitartrate molecule is distorted into a
zigzag conformation, as predicted by theoretical studies[14]

and experimentally confirmed by our group.[15] With increas-
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ing coverage, a rearrangement into monotartrate occurs,
since this allows a higher adsorbate density.[16] In both spe-
cies, each carboxylate directly interacts with two copper
atoms of the close-packed row along the [1 1̄ 0] direction.
At these temperatures, the dissociated carboxyl hydrogen
atoms are not stable on the surface and desorb as molecular
hydrogen. Several ordered surface phases have been ob-
served for the (2R,3R)-enantiomer at 405 K: a (9 0, 1 2) bi-
tartrate phase, a (4 0, 2 1) phase, and a (4 1, 2 5) phase at
saturation.[12] The adsorbate lattice periodicities are speci-
fied in Equation (1) with respect to the substrate lattice by
the transformation matrix (m11 m12, m21 m22), which links
the adsorbate lattice vectors (b1, b2) to the substrate lattice
vectors (a1, a2):[17]

The (9 0, 1 2) and the (4 1, 2 5) lattices are 2D enantio-
morphous, that is, they lack mirror symmetry. The (2S,3S)-
enantiomer forms the respective mirror lattices, that is, (9 0,
�1 2) and (�4 1, �2 5), if reflection with respect to the
[001] substrate direction is considered. The (4 0, 2 1) latti-
ces of the two enantiomers, however, are undistinguishable,
since this lattice expresses no enantiomorphism in low
energy electron diffraction (LEED). Herein we describe
the ordered adsorbate lattices formed by racemic TA on
Cu(110) at 405 K and discuss the results with respect to the
findings for the enantiopure TA system.

Results and Discussion

Figure 2 shows the two LEED patterns observed after expo-
sure of the Cu(110) surface, held at 405 K, to racemic TA. A
(9 0, �1 2) lattice forms at lower coverage (Figure 2, left),
while at saturation coverage a (4 0, 2 1) lattice is observed
(Figure 2, right). Overall, both lattices possess the C2v mirror
symmetry of the substrate. However, the (9 0, �1 2) lattice
must be explained as a superposition of the two enantiomor-

phous bitartrate lattices of the pure enantiomers.[18] There-
fore, we conclude that this LEED pattern reflects a lattice
structure in which the enantiomers are laterally separated
into homochiral (9 0, 1 2)-(R,R)-TA and (9 0, �1 2)-(S,S)-
TA domains on the surface. The primary electron beam
probes an area that contains both enantiomorphous homo-
chiral lattices. The size of the homochiral domains can
roughly be estimated from the LEED pattern by taking the
instrumental resolution, the so-called transfer width, into ac-
count. The fact that for an electron energy of 20 eV sharp
superstructure diffraction spots are observed, indicates that
the domains must have a diameter of more than 20 nm on
average.[19] In principle, this LEED pattern might be also ex-
plained by the formation of diasteriomeric pairs, which form
the two mirror domains by chance. Due to an oblige angle
of the adsorbate mesh with respect to the substrate lattice,
two equal alignments are possible which can be intercon-
verted only by the mirror operation. However, this scenario
was found to be very unlikely in theoretical studies per-
formed on this system. Adsorption of the (S,S)-enantiomer
into the (R,R)-(9 0, 1 2) adsorbate grid is 10 kJ mol�1

higher in energy than the homochiral arrangement.[14]

As already mentioned, the (4 0, 2 1) lattice has been ob-
served for the pure enantiomers as well.[12] This is particular-
ly noteworthy since in three dimensions no case is known
thus far in which a chiral molecule crystallizes in an achiral
crystal lattice. In this 2D monotartrate lattice the lateral in-
teractions must be substantially lower than for the bitartrate,
and the outcome of the long-range structure is governed by
the substrate geometry rather than the molecular configura-

Figure 1. Molecular species formed by adsorption of tartaric acid on
Cu(110) at 405 K: a) singly deprotonated monotartrate at saturation cov-
erage; b) doubly deprotonated bitartrate at low coverage.

Figure 2. LEED patterns observed after adsorption of racemic tartaric
acid on Cu(110) at 405 K. Left: At low coverage a superposition of (9 0,
1 2) and (9 0, �1 2) patterns is observed (EP =20 eV). This (9 0, �1 2)
pattern is explained by lateral separation of the enantiomers into homo-
chiral, enantiomorphous conglomerates. Right: At saturation coverage a
(4 0, 2 1) lattice is observed (EP = 38 eV).
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tion. The identical (4 0, 2 1)
lattices for racemate and pure
enantiomers do not allow a
conclusion on lateral separation
in the racemic monotartrate
layer. However, the fact that
for racemic TA the (4 0, 2 1)
mesh is the monolayer satura-
tion structure, while for the
pure enantiomers another struc-
ture is established at higher
coverage, is a strong indication for a racemic (4 0, 2 1) lat-
tice. For homochiral monotartrate crystallites, we would
expect, in analogy to bitartrate, the observation of a con-
glomerate (�4 1, �2 5) lattice upon further adsorption.

In order to evaluate the difference in saturation coverag-
es, we compared the signal intensities of the C1s XPS (X-
ray photoelectron spectroscopy) peaks and of temperature
programmed desorption (TPD) curves for racemate and the
pure enantiomers. Figure 3 shows the respective exposure/

coverage (q) functions. The theoretical coverages of the
three lattice structures are indicated as dashed lines. For the
(9 0, �1 2) and the (4 0, 2 1) lattices, 1=6 and 1=4 molecules
per Cu surface atom have been proposed, respectively.[12]

Normalization between both experimental methods has
been performed for the values at saturation. For the abso-
lute coverage calibration, the XPS signal area obtained for
the racemic (4 0, 2 1) lattice has been assigned to a value
of q=0.25 (see structure model discussion further below).
Because racemic TA has a higher heat of sublimation
(Table 1), and all compounds were sublimed at the same
temperature, the racemic TA flux per time was lower, which

explains the smaller coverage increase for the racemate
(Figure 3). The linear rise until saturation indicates that the
neutral TA molecule can—physisorbed in a precursor adsor-
bate state—migrate laterally over the surface until free sur-
face sites are found. Consequently, the number of free sub-
strate sites has no influence on the adsorption kinetics and
the sticking coefficient is expected to be close to unity up to
saturation.

Interestingly, the saturation coverage for the (R,R)-enan-
tiomer lies slightly above the saturation coverage for the
racemate, just outside the estimated error margin of the
XPS method (�5 %). In order to understand why a higher
coverage is achieved for the pure enantiomers, we briefly
discuss lattice structures for enantiopure monotartrate.
Figure 4 presents tentative structure models for the (4 0,
2 1) and the (4 1, 2 5) lattice, respectively. The unit cells
are indicated.[20] For the (4 0, 2 1) grid one molecule per
unit cell, that is, one molecule per four Cu surface atoms
(q=0.25), is the only reasonable coverage value for a mono-
tartrate species bound to two copper atoms. For the enantio-
morphous (4 1, 2 5) lattice, on the other hand, either five
or six molecules per unit cell are possible, with coverages of
0.278 (q= 5=18) and 0.33 (q= 6=18), respectively.[21] Our XPS
and TPD results show saturation below q=0.3 and thus
clearly favor a lattice with five molecules per unit cell. The
(4 1, 2 5) structure model shown in Figure 4 takes the for-
mation of monotartrate dimers into account, as observed by
infrared spectroscopy.[12] The alternation of monotartrate
dimers and monomers along the b1 adsorbate lattice direc-
tion is a chiral motif and has previously been suggested for
this lattice as well as for an enantiomorphous (4 0, 2 3)
monotartrate lattice generated at room temperature.[12] The
arrangement of the monomers between the monomer/dimer
chains shown in Figure 4 is one of few reasonable choices,
which are not further discussed here. This lattice model ra-
tionalizes why coverages higher than q= 0.25 are achieved
for the enantiopure layer, but not observed for the racemic
mixture. An additional TA molecule can only be adsorbed
on the site between four monotartrate molecules in the
(4 0, 2 1) lattice if it has the same handedness. This shows
that the racemic (4 0, 2 1) lattice layer is not separated into
homochiral domains, because no further molecule can be
added. Therefore, the formation of the enantiopure (4 1,
2 5) lattice can be considered as a process in which chiral
recognition takes place! Since formation of homochiral
dimers was only found for coverages above q=0.25 in the

Figure 3. Comparison of the coverage/exposure relation for pure
(2R,3R)-TA (squares) and racemic TA (circles). The data points repre-
sent the signal areas obtained from TPD (CO2 evolution, filled symbols)
and XPS (C1s, open symbols) experiments. The data from both methods
were normalized to each other on the average of the values at saturation.
Coverage calibration was done by assigning the normalized C1s XPS in-
tensity from the (4 0, 2 1)-racemic lattice at saturation to the coverage
of 0.25 molecules per Cu surface atom. The theoretical coverages for the
lattice structures (dashed lines) and the coverage regimes for which these
are observable in LEED (arrows) are indicated. Lines to guide the eye
are based on the XPS data.

Table 1. Comparison of molecular density and thermodynamic stability of TA racemate and enantiomers for
the crystalline bulk and the monolayer lattices. The 3D values for the melting points (m.p.) and the molecular
volumes (Vmol) were taken from the literature, while the values for the 3D sublimation enthalpy (DHsub), the
saturation coverage (qmax), and the activation energy (DEdec) as well as the pre-exponential factor (k) for ther-
mally induced decomposition on the surface are from this work.

3D 2D
m.p. DHsub Vmol k DEdec qmax

[8C] [kJ mol�1] [�3] [s�1] [kJmol�1] 1014 � cm�2

racemate 205[27] 138 139[28] 1014 142 2.5
enantiomer 170[27] 129 142[29] 1015 162 2.78
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above-mentioned infrared studies, and for the racemate no
lattice structure with q>0.25 is observed here, we conclude
that the chiral recognition is based on the impossibility of
heterochiral dimer formation close to monolayer saturation.

The strongest support for the scenario of enantiomeric
separation in case of bitartrate, but a racemic lattice for the
high coverage monotartrate comes from the thermal stabili-
ty of the respective enantiopure and racemic lattice struc-
tures. On Cu(110), TA undergoes decomposition into stable
gas phase products such as CO2, H2O and H2 after the ther-
mal decomposition reaction. We also observed residual
carbon on the surface via XPS. With the exception of
carbon monoxide, which we assign as fragment of CO2 gen-
erated in the mass spectrometer, no other products have
been detected. Consequently, the following surface decom-
position reaction for mono- and bitartrate is proposed:

OOC-HCOH-HCOH-COOH ! 2 CO2þ 2 H2Oþ 2 Cþ1=2H2

Figure 5 shows the TPD spectra for carbon dioxide (44 amu)
formed by this reaction after adsorption of (R,R)- and race-
mic TA at 405 K. With increasing coverage, a strong peak
shift to higher temperatures is observed. For the low cover-
age bitartrate lattices, however, no differences between race-
mate and pure enantiomers are observed.[22] Close to satura-
tion, the desorption peaks become extremely narrow. This
phenomenon is known for certain decomposition reactions
of carboxylic acids on metallic surfaces.[23] In order to see
this behavior, the molecular species must be stabilized
above the thermal stability of the single molecule on the sur-
face. Therefore, this effect is observed for close-packed ad-
sorbate systems, not allowing upper parts of the molecule to
further interact easily with the substrate. The decomposition
follows autocatalytic kinetics, because free surface sites serv-

ing as catalyst for the reaction are, in turn, generated upon
decomposition. Hence, the reaction rate depends on the
coverage (q) and on the number of free surface sites 1�q

[Eq. (2)]:

dq

dt
¼ A q ð1�qÞ e�E=RT ð2Þ

Once the decomposition reaction
in the close-packed lattice starts,
the newly created free surface
sites cause an exponential increase
in turnover rate. Because the TA
decomposition temperature is
higher than the desorption tem-
perature of the gas-phase-stable
reaction products, these products
desorb instantaneously and cause
a relatively large increase in pres-
sure above the surface in a small
temperature interval. This led to
the expression “surface explosion”
for this type of surface reaction.[23]

The decomposition temperature
of the racemic (4 0, 2 1) lattice is about 8 K lower than of
the enantiopure (4 0, 2 1) lattice (Figure 5). We explain this
difference by a chiral ensemble effect:[22] The reaction rate
depends not exclusively on the number of molecules and on
the number of free surface sites, but is also influenced by
the molecular structure of adjacent molecules. Because cov-
erage and periodicity are identical in both (4 0, 2 1) lattices,
the difference in thermal stability between pure enantiomers
and racemate must be due to a heterochiral lattice in the
racemic layer.

Another difference between racemate and pure enantio-
mers is observed for the TPD spectra reflecting the transi-
tion from the homochiral bitartrate lattices into the enantio-
pure or the racemic (4 0, 2 1) lattice (grey curves in
Figure 5). At coverages just below the narrow “surface ex-
plosion” peaks, the respective peak from the racemic layer
is much wider than from the enantiopure lattice. Again, this
is an indication of higher heterogeneity in this transition
regime. We recall that the conversion to monotartrate is in-
duced when additional TA is adsorbed onto the homochiral
bitartrate domain.[16] The bitartrate species becomes hydro-
genated by the “incoming” tartaric acid molecule. The then
released substrate binding site becomes occupied by the TA
molecule which served as hydrogen donor and actually in-
duced the conversion reaction. This process is independent
of the handedness of the newly adsorbing TA molecule and
consequently leads to a racemic lattice upon exposure to a
racemic mixture. In order to test this local racemic mixing
model, we exposed a (R,R)-bitartrate (9 0, 1 2) lattice at a
coverage of q= 1=8 to pure (S,S)-TA. This experiment led to
a (4 0, 2 1) lattice with a saturation coverage of q= 1=4, as
determined via XPS. Exposure to more (S,S)- or (R,R)-TA

Figure 4. Tentative structure models for the (4 0, 2 1) lattice (left) and the (R,R)-(4 1, 2 5) lattice (right).
The absolute coverages are five molecules per 20 substrate atoms and per 18 Cu substrate atoms, respec-
tively. For the (4 1, 2 5) lattice, the formation of monotartrate dimers, alternating with monotartrate mono-
mers along the [221] direction, is proposed.
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did not lead to other lattice structures nor to higher cover-
ages. In addition, the TPD decomposition temperature of
this layer was almost identical to the one of the racemic
layer.[22] This shows that, no matter whether homochiral do-
mains of opposite chirality or a complete enantiopure bitar-
trate layer are present at the beginning, the outcome for a
racemic monotartrate system is the same: a heterochiral
(4 0, 2 1) saturation lattice. For the monotartrate lattices
generated at room temperature we observed a similar situa-
tion: while for (R,R)-TA an enantiomorphous (4 0, 2 3) lat-
tice follows a (4 0, 2 1) with increasing coverage,[12] the sat-
uration lattice for the racemate is (4 0, 2 1).

Another detail is shown in the inset of Figure 5. During
the transition from the (4 0, 2 1) to the (4 1, 2 5) lattice
the decomposition temperature of the pure enantiomers in-
creases by another 3 K. This can be explained by the higher
activation barrier for an interaction with the surface at
higher surface density. The desorption peak, however, be-
comes broader with respect to the peak of the (4 0, 2 1) lat-
tice, that is, from 1.6 to 2.2 K full width at half maximum
(FWHM). A reasonable explanation is the increased hetero-
geneity in the lattice due to the coexistence of dimers and
monomers on the surface, introducing slightly different de-
composition pathways.

Interestingly, the system of achiral succinic acid (HOOC-
CH2-CH2-COOH) on Cu(110) is very similar to racemic TA
here. For the bisuccinate species, a (9 0, �1 1) and a (7 0,

�1 1) lattice have been observed.[24, 25] Due to symmetry
breaking interactions with the surface, this molecule be-
comes chiral upon adsorption and forms enantiomorphous
domains. Because no chiral preference is given, the global
outcome is achiral, that is, both enantiomorphous lattices
coexist on the surface and appear as superposition in
LEED, just like racemic TA in its bitartrate form. Interest-
ingly, when an additional chiral influence is present, for ex-
ample, (R,R)- or (S,S)-tartrate, the entire monolayer is
driven into homochirality.[25] Also identical to the racemic
monotartrate here is the (4 0, 2 1) or c(4�2) lattice that is
formed by the monosuccinate.

Finally, we discuss different thermodynamical and struc-
tural properties of the racemate and pure enantiomers and
compare these for the 2D crystals on Cu(110) and the TA
bulk (Table 1). Stability and density of the enantiopure latti-
ces, with respect to the racemic systems, are higher for the
2D crystal, but lower in the 3D bulk. The pre-exponential
factor and the activation energy of the TA decomposition
reaction were determined via systematic heating rate varia-
tion.[26] Both, the pre-exponential factor and the activation
energy are higher for the pure enantiomer lattices. The ho-
mochiral lattice is stabilized by an additional 20 kJ mol�1

with respect to the racemic lattice. The stiffer lattice due to
stronger lateral binding is also reflected in one order of
magnitude increase in the frequency factor. In order to react
with the catalytically active substrate sites, an upper part of
the molecule must be unhinged from the molecular lattice,
and obviously this initial step is influenced by the chirality
of the adjacent molecules. Since succinic acid is thermally
much more stable than tartaric acid on Cu(110),[24] we fur-
ther conclude that in the initial step of the thermally in-
duced decomposition the OH groups on the TA molecule is
involved.

Conclusions

Depending on the coverage, tartaric acid can either become
laterally enantioseparated or form a racemic lattice. In its
bitartrate form at lower coverages homochiral enantiomor-
phous lattice structures are generated, while the monotar-
trate species present at higher coverage crystallizes into a
racemic lattice. Compared with the pure enantiomers, the
bitartrate lattices are identical in stability, while the racemic
monotartrate lattice has lower stability. Furthermore, a
higher lattice density is achieved for the pure enantiomers
at saturation coverage. This observation is in contrast to the
three-dimensional bulk crystalline tartaric acid, where the
racemic lattice is denser and has a higher thermal stability
than that of the pure enantiomers.

Experimental Section

The experiments have been carried out in a stainless steel ultra-high
vacuum (UHV) chamber (p=5·10�10 mbar) equipped with facilities for

Figure 5. Reaction induced carbon dioxide desorption spectra for racemic
TA (top) and (2R,3R) TA (bottom) with increasing coverage. The peaks
for which LEED patterns of best quality have been observed are indicat-
ed. The inset illustrates the change in peak shape during the conversion
from the (4 0, 2 1) lattice to the (4 1, 2 5) lattice for the pure enantio-
mers. The desorption peaks at high coverages are very narrow, indicating
an autocatalytic decomposition reaction. See text for more details.
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temperature programmed desorption (TPD) using a quadrupole mass
spectrometer, low energy electron diffraction (LEED), and X-ray photo-
electron spectroscopy (XPS). The polished copper(110) single crystal
(Matek, J�lich) could be resistively heated to 1000 K and liquid nitrogen
cooled to about 85 K. Cleaning of the Cu surface was achieved by pro-
longed argon ion bombardment in vacuum (E=600 eV, pAr =2·10�5 mbar,
I=4 � 10�6 A cm�2). The sputter-damaged surface was annealed at 1100 K
for one minute. After several cycles of this treatment, the surface did not
show any impurities in XPS and the LEED pattern consisted of a sharp
and bright (1 � 1) structure with low background intensity. This cleaning
procedure was also applied after every TPD experiment.

Tartaric acid (Aldrich 99.95 %) deposition was performed with a home-
made Knudsen cell. The Cu crystal was exposed to the collimated molec-
ular beam effusing from the Knudsen cell which was held at 120 8C
during sublimation. For the preparation of bitartrate and the (4 0, 2 1)
and (4 1, 2 5) monotartrate lattices, the Cu sample was held, if not men-
tioned otherwise, at 405 K during deposition. Relative coverages have
been monitored via XPS by measuring the C1s signal plus normalization
to the Cu3s substrate peak. For the absolute coverage calibration, XPS
spectra were taken for the LEED structures which have been previously
characterized by Ortega Lorenzo et al. by using STM, LEED and
FTIR.[12] The sample temperature was measured by a chromel/alumel
thermocouple and controlled by a special regulator and ramp generator.
The TPD spectra were acquired with a linear heating rate of 4.1 Ks�1

with the surface normal in line of sight of the mass spectrometer. The
heating rate variation experiments, from which activation barriers were
determined, have been performed with heating rates from 0.8 to
8.5 Ks�1. Angle resolved TPD experiments showed no differences in the
intensity distribution of different decomposition products. The heats of
sublimation for racemate and the pure (S,S)-enantiomer were calculated
via the Clausius–Clapeyron equation. The sublimation rates with varying
temperatures of both substances were determined with a mass spectrom-
eter mounted in line of sight of the Knudsen cell.
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