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Solid surfaces that define chiral interfaces are of great interest
for potential applications in chiral processing.[1–4] The obser-
vation that highly stepped metal surfaces are intrinsically
chiral has created interest in the use of these surfaces for
enantiospecific separations and catalysis.[5–9] An enantiospe-
cific separation based on the reversible adsorption of
molecules on a chiral Cu surface has recently been demon-
strated.[10] Chemisorption of enantiopure amino acids on low-
index Cu surfaces has been shown to lead to the spontaneous
formation of homochiral surface facets.[11] A number of
common mineral surfaces are also intrinsically chiral.[12]

Enantiospecific adsorption on chiral surfaces is controlled
by the preferred locations and orientations of adsorbed
molecules, but assessment of these properties experimentally
is extremely challenging. Below, we present predictions of the
preferred binding configurations of two small species on a
chiral Cu surface, Cu(874), made by using density functional
theory (DFT) calculations.
Previous theoretical studies of molecular adsorption on

chiral metal surfaces have focused on physisorbed molecules,
which can be described using empirical potentials.[6,8, 9, 13] DFT
has been used to study the chemisorption of
HSCH2CHNH2CH2P(CH3)2 on a chiral Au surface,

[14] thus
predicting a binding-energy difference between the two
molecular enantiomers of 0.09 eV. Unfortunately, neither
this molecule nor the Au surface used in these calculations
have been characterized experimentally. Herein, we consider
a chiral Cu surface of the type that has been used in a number
of experiments[15–18] and examine two molecular adsorbates,
one of which, propylene oxide, has been used in several
experimental studies of surface chirality.[1,16,19] We recently
used DFT methods very similar to those used below to
determine the structure of chiral adlayers of amino acids on
low-index Cu surfaces and found very good agreement
between the calculated structures and those observed exper-
imentally.[20,21]

Our calculations examined the adsorption of the amino-
(fluoro)methoxy (FAM) species and propylene oxide on a
Cu(874) surface. A schematic view of these moieties as they
bind on Cu surfaces is shown in Figure 1. Cu(874) is intrinsi-

cally chiral because of the kinked steps that separate its (111)-
oriented terraces (Figure 2).[5–9] Using the standard notation
for defining the chirality of these surfaces,[5–9] the surface
shown in Figure 2 and used in our calculations is denoted
Cu(874)S. Real chiral Cu surfaces exhibit a distribution of step
and kink lengths because of the thermal motion of step-edge
atoms.[22, 23] Detailed models of these step distributions suggest
that the structures that define Cu(874) are representative of a
large number of surface orientations with (111)-oriented
terraces.[13,24] Cu(643), which has been used in most experi-
ments of intrinsically chiral metal surfaces, also has (111)-
oriented terraces.[10] The unit cell of Cu(874) is somewhat
larger than Cu(643), thus making it more suitable for
calculations in which the effect of adsorbate–adsorbate
interactions is minimal.
A challenging aspect of examining molecular adsorption

on stepped metal surfaces computationally is that large
numbers of adsorption configurations must be examined.[14,18]

This task can be simplified if some information is available on

Figure 1. Schematic representations of a) FAM and b) PO binding on a
metal surface. In each species, the chiral center is denoted by an
asterisk and bonds with the surface are shown with dashed lines.
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the types of binding sites preferred by the moieties of interest.
We first examined the adsorption of methoxy (OCH3),
chlorofluoromethoxy (OCHClF), methylamine (H3CNH2),
and chlorofluoromethylamine (HClFCNH2) species on Cu-
(111) (see the Supporting Information). We previously used
DFT to examine the adsorption of fluoroethoxy species on
Cu(111) and found excellent agreement between the calcu-
lated and experimental adsorption geometries and ener-
gies.[25] Both methoxy (amine) species were found to favor
threefold fcc (top) sites, with each forming a single bond with
the surface. We then examined the adsorption of chlorofluor-
omethoxy and chlorofluoromethylamine species on Cu(874)
for multiple positions of these species near the step edge; both
favor adsorption on the upper edge of the surface step.
Binding energies on the stepped surface were 0.33–0.40 eV
more stable than on Cu(111). Based on this observation, we
only consider configurations with molecules bound to step
edges in the calculations described below. The difference
between the binding energy of terrace and step sites is larger
for the amine than the methoxy species. The preferred
binding site for the amine is on top of the kink atom shown in
Figure 2.
Based on our preliminary calculations, we investigated the

adsorption of R- and S-FAM on Cu(874)S in detail. For S-
FAM, we considered configurations with the amino group on
top of atoms K, 1, 2, and 3 in Figure 2. For each configuration,
six distinct rotations of the N�O direction about the surface
normal were considered. For each of these configurations, two
distinct orientations that differ in the angle formed by C�H
and C�F with respect to the surface normal were examined.
This procedure yields 48 distinct configurations for S-FAM/
Cu(874)S. An equivalent set of 48 configurations for R-FAM
was also examined. From these 96 configurations, we
excluded 64 states in which the O atom was located in what
could be considered a pure terrace site. The remaining 32
states were geometrically optimized by using 3 A 3A 1
k points. The 21 states with the most favored energies from
these calculations were further optimized with 7 A 7A 1
k points and dipole corrections.

Two views of the most favored adsorption configurations
for S- and R-FAM on Cu(874)S are shown in Figures 2 and 3.
There is a significant energy difference between the two

enantiomers, as the R-FAM binding to the surface is 0.13 eV
stronger than the S-FAM binding. This difference is the
largest enantiospecific adsorption-energy difference that has
been predicted or observed to date for molecular adsorption
on a chiral metal surface. The origin of this enantiospecific
binding can be understood as follows: Both enantiomers bind
to the same surface atoms (see Figure 3). These bonds, as
characterized by the Cu�O and Cu�N distances (see the
Supporting Information), are essentially the same for the two
adsorbed enantiomers. These surface bonds constrain the C�
F bond to point towards (away from) the surface for S-FAM
(R-FAM) and vice versa for the C�H bond. The energy
difference between the adsorbed enantiomers arises from the
different local environments of the F atom; the more stable
R enantiomer has the F atom far from the surface. The
energetic preference for F atoms to not lie close to a Cu
surface has been observed before with DFT calculations and
experiments for 2-fluoroethoxy/Cu(111).[25] Interactions
between the F atom and step edge in S-FAM induce slight
distortions in the molecule; the O-C-F bond angle is 1148 for
adsorbed S-FAM but 109o for R-FAM.
Many local minima exist for R- and S-FAM on Cu(874)S.

For R-FAM, the next four most favorable states had energies
of 0.12, 0.18, 0.20, and 0.22 eV relative to the most stable state.
For S-FAM, the next four locally stable states had energies of
0.16, 0.19, 0.21, and 0.23 eV relative to the favored config-
uration of R-FAM. The distribution of energy minima
accessible to each adsorbed enantiomer is shown in Figure 4.
The species treated above exhibits strongly enantiospe-

cific binding on Cu(874)S but suffers from the serious
drawback that it is not readily available for experiments. To
address this point, we performed similar calculations for
propylene oxide (PO) on Cu(874)S. PO has previously been
used experimentally as a probe for enantiospecific binding on
both intrinsically chiral metal surfaces[16] and chirally tem-
plated surfaces.[1, 19] We first examined the adsorption of PO
on Cu(111) and found that the molecule favors a config-
uration in which the terminal methyl group is oriented away
from the surface. Test calculations with PO on Cu(874)S

showed that PO binds much more strongly to step-edge
sites than to terrace sites, so only adsorption configurations
with the molecule above the step edge were considered

Figure 2. The most favorable binding geometries of R-FAM (top left)
and S-FAM (bottom right) on Cu(874)S as computed by using DFT.
Dashed lines indicate a single surface unit cell. The surface-kink atom
(K) and step-edge atoms (1–3) are labeled.

Figure 3. Side view of R- (left) and S-FAM (right) on Cu(874)S.
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further. A set of configurations sampling the placement and
orientation of S- and R-PO were examined by using methods
analogous to our calculations for FAM. In all, 23 configu-
rations were examined. The most stable orientations for each
enantiomer on the surface are shown in Figures 5 and 6. Both

enantiomers favor geometries with the O atom above the
surface-kink atom and the terminal methyl group oriented
away from the surface. The calculated energy difference
between the two adsorbed enantiomers is much smaller than
the energy difference for FAM; for PO, the energy difference
is 0.02 eV with the R enantiomer being favored. Energy
differences of this magnitude lie close to the limit of those that
can be reliably distinguished with DFT, but the distinct
orientations of the adsorbed molecules in Figure 5 and the
other less favored adsorption configurations described below
make it clear that the adsorption of PO on Cu(874)S is
enantiospecific. The energy differences between adsorbed
enantiomers of PO are considerably smaller than those
described above for FAM. This difference can be understood
by noting that the enantiomers differ by which atom, F or H,
interacts with the step edge for FAM in its favored config-
urations. For PO, the same atoms, both H, interact with the
step edge for both adsorbed enantiomers, which strongly
limits the size of the energy difference between the adsorbed
enantiomers.
Similar to FAM, multiple local minima exist for PO on

Cu(874)S, as shown in Figure 4. Because of the relatively small
energy differences between these minima, a distribution of
states would be observed in any experiment that probes these
species. This observation is consistent with the experimental
observation that thermal desorption spectra from the most
strongly bound surface states ofR- and S-PO on Cu(643) yield
broad features that cannot be readily analyzed in terms of
adsorption enantiospecificity.[16] Desorption from other sur-
face sites associated with higher surface coverages of PO has
been seen experimentally to be enantiospecific.[16] We have
not attempted to characterize these states computationally, as
it would require the examination of large numbers of co-
adsorption configurations.
Our DFT calculations have provided two examples of the

enantiospecific adsorption of small molecules on a chiral Cu
surface, Cu(874)S. Calculations of this type will be a great
assistance to complement experimental studies of molecular
adsorption on chiral surfaces.[10–12] By examining the adsorp-
tion of a variety of functional groups on stepped metal
surfaces, DFT calculations can be used to understand what
aspects of molecular architecture can lead to highly enantio-
specific interactions with chiral metal surfaces. Similarly,
performing analogous calculations on a range of chiral
surfaces will provide insight into the role of surface structure
on enantiospecific adsorption.[10]

Experimental Section
Our plane-wave DFT calculations were performed with the Vienna
ab initio Simulation Package with the ultrasoft pseudopotentials
available in this package.[26,27] The results reported above used the
generalized gradient approximation (GGA) with the PW91 func-
tional. A small number of configurations were also examined with the
rPBE functional within the PAW formalism. The energy differences
between configurations with the rPBE-PAW calculations were found
to coincide with those of the GGA-PW91 calculations. All GGA
calculations used a plane-wave expansion with a cutoff of 425 eVand
Fermi-level smearing with a width of 0.2 eV. Geometries were relaxed
until the forces on all unconstrained atoms were less than 0.03 eVD�1.

Figure 4. Energies of the distinct local minima observed for FAM and
PO adsorbed on Cu(874)S measured relative to the energy of the most
favorably bound configuration of either enantiomer of the species of
interest. These results are from calculations using 3@3@1 k points.
Calculations using 7@7@1 k points were performed for 21 states of
FAM and 15 states of PO; the figure does not change appreciably if
these energies are plotted.

Figure 5. The most favorable binding geometries of R- (bottom left)
and S-PO (top right) on Cu(874)S, as computed by using DFT.

Figure 6. Side view of R- (left) and S-PO (right) on Cu(874)S.
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Final results were computed using a 7 A 7A 1 k-point mesh and dipole
corrections. Prior to these calculations, the most favorable config-
urations were determined using 3 A 3A 1 k points as described above.

In our calculations, the DFT-optimized lattice parameter for Cu
was used to define the periodicity of the material in the plane of the
surface. The computational supercell contained a single surface unit
cell of Cu(874)S with a vacuum spacing greater than 10 D in the
direction of the surface normal. The surface unit cell is shown in
Figure 2. This computational supercell contains 32 metal atoms. Our
calculations were performed using slabs equivalent in thickness to
three (111)-oriented layers. Molecules were adsorbed on only one
side of the slab, and all degrees of freedom of all the metal atoms and
the molecule were allowed to relax in all energy minimization
calculations. A limited number of calculations, in which all the metal
atoms were constrained in their bulk positions, indicated that surface
relaxation is not a dominant effect in the relative adsorption energies
of the most stable molecular configurations we examined.
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