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CONSPECTUS: Molecular chirality has been of scientific interest
since 1848 when Pasteur demonstrated its direct connection to the
rotation of light by solutions of chiral compounds. In the 1960s the
connection was made between the chirality of pharmaceutical
compounds and their physiological impact; one enantiomer can be
therapeutic while the other is toxic. That realization prompted
enormous effort in the synthesis of enantiomerically pure
compounds for bioactive use (a $300B/yr market). Until relatively
recently, metals were ignored as potential substrates for
asymmetric surface chemistry because metals have highly
symmetric, achiral bulk structures and the premise was that they
could not expose chiral surfaces. In 1996, we demonstrated that
the high Miller index surfaces of metals can be chiral, existing in
two enantiomeric forms M(hkl)R&S, and we hypothesized that they exhibit enantiospecific interactions with chiral adsorbates. Most
such intrinsically chiral metal surfaces have ideal structural motifs based on low Miller index terraces separated by kinked monatomic
steps. This Account begins with a short tutorial on the ideal and real structures of chiral metal surfaces to provide a firm basis for
understanding the origin of their chirality. It then chronicles the evolution of our understanding of their enantiospecific interactions
with chiral adsorbates.
Detecting, quantifying, and understanding enantiospecific surface chemistry on intrinsically chiral metal surfaces has been far more
challenging than coming to the realization that such surfaces exist. The first successes came from measurements and modeling of the
enantiospecific adsorption energetics of small chiral molecules such as propylene oxide and trans-1,2-dimethylcyclopropane. These
revealed one of the core challenges to observing enantiospecificity, the fact that the enantiospecificities of reaction energetics and
barriers tend to be small, i.e., a few kJ/mol. Measurements of the enantiospecific adsorption energetics of R-3-methylcyclohexanone
on seven different Cu(hkl)R&S surfaces demonstrated their sensitivity to surface structure, but again revealed variations of only a few
kJ/mol. One of the most important advances in our understanding of chiral surface chemistry is that the limitations imposed by
weakly enantiospecific interactions can be circumvented by processes with nonlinear kinetics or equilibria. As an example, the surface
explosion mechanism of D- and L-tartaric acid decomposition on Cu(hkl)R&S surfaces leads to enantiospecific rates that differ by
almost 2 orders of magnitude, in spite of the fact that the rate constants are only weakly enantiospecific. More surprising is the
observation that equilibrium adsorption of nonracemic mixtures of D- and L-aspartic acid can lead to autoamplification of
enantiomeric excess, even on achiral Cu(111) surfaces. Again, this arises from a nonlinear adsorption isotherm. Most recently, we
have developed a high throughput method for identification of the most enantiospecific surface orientation for a given reaction from
the continuum of Cu(hkl)R&S surface orientations. These developments, and others described in this Account, firmly establish some
of the basic principles of chiral surface chemistry.

1. INTRODUCTION − CHIRALITY

Chiral objects are nonsuperimposable on their mirror images
and exist in left- and right-handed forms known as enantiomers.
This seemingly simple geometric property leads to intriguing
and important physical and chemical properties of chiral
molecules, materials, and surfaces. The surfaces of chiral
crystalline materials must also be chiral. Less obvious is the
fact that the surfaces of achiral crystalline materials can also be
intrinsically chiral. Twenty-five years ago, we demonstrated that
single crystalline metal surfaces can be chiral (Figure 1).1 The
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intervening period has developed our current understanding of
the enantiospecific physical and chemical properties of intrinsi-
cally chiral metal surfaces.2,3

All of the complex biomolecules such as DNA, sugars, and
amino acids that serve as the basis for life on Earth are chiral but
only occur in single enantiomer form in nature.4−6 One
consequence of biomolecular enantiopurity is that synthetic
chiral pharmaceuticals must be manufactured and administered
in enantiomerically pure form. This enantioselective synthesis is
arguably one of the most challenging forms of chemical
processing.7 The widespread use of surfaces for chemical
processing suggests that chiral surfaces could be used to achieve
enantioselectivity in processes such as catalysis, adsorption, and
crystal nucleation.

2. INTRINSICALLY CHIRAL METAL SURFACES
Switzer et al. have published a useful table summarizing those
crystal systems and lattice plane orientations (Miller indices)
that expose chiral surfaces.8 Pure metals have achiral bulk
structures; however, they expose chiral surfaces when the surface
normal does not lie in any of the bulk crystal mirror planes. This
holds for the surface orientations, (hkl), with h × k × l≠ 0 and h
≠ k≠ l≠ h.9 It is important to note that somemetallic alloys and
inorganic compounds such as PdGa, Te, and HgS have chiral
bulk crystal structures and, therefore, expose chiral surfaces,
even for their high symmetry, low Miller index surface
orientations.10−13 These materials can also exhibit enantiospe-
cific surface chemistry.
This Account focuses on the intrinsically chiral surfaces of

pure metals and on their enantiospecific surface properties and
surface chemistry. The first suggestion that a pure metal single

crystal surface could be chiral was published ∼25 years ago.1,2

That work used low energy electron diffraction (LEED) from
the Ag(643) and Ag (643) surfaces to demonstrate their
enantiomorphous relationship to one another. Figure 1 shows
equivalent LEED patterns for the Cu(643) and Cu (643)
surfaces and illustrations of their ideal atomic structures.14

These are high Miller index surfaces with structures formed by
(111) terraces separated by kinked step edges consisting of
(100) step nanofacets separated by single atom (110) kinks. The
clockwise rotational order of progression from (111) → (100)
→ (110) is used to label one surface enantiomer Cu(643)Rwhile
Cu(643)S exhibits counterclockwise rotation from (111) →
(100) → (110). The enantiomorphous relationship of the two
structures should be clear. The LEED patterns in Figure 1 can be
described roughly as a set of spots forming a hexagonal pattern.
The spots are each split into pairs by the presence of the step
edges with the LEED pattern from the Cu(643)S surface
exhibiting splitting toward one o’clock while the LEED from the
Cu(643)R surface exhibits splitting toward 11 o’clock. The
enantiomorphous relationship between the two LEED patterns
reflects the enantiomorphous relationship between the chiral
surfaces.
The history of intrinsically chiral metal surfaces begins in 1996

with the demonstration of the chirality of Ag(643)R and
Ag(643)S via their LEED patterns.1,2 The first demonstration of
enantiospecific interactions between chiral adsorbates and
intrinsically chiral metal surfaces was performed by Sholl in
1998 using Monte Carlo simulations to estimate the
enantiospecificities of the adsorption energies and orientations
of small chiral alkanes such as trans-1,2-dimethylcyclopropane
on various chiral Pt(hkl)R&S surfaces.15 The first experimental
demonstration of enantiospecific surface chemistry was made by
Attard et al. in 1999 using electrochemical methods to
demonstrate a diastereomeric relationship in the electro-
oxidation kinetics of D- and L-glucose on chiral Pt(643)R&S

electrodes.16 The first experimental corroboration of enantio-
specific chemistry on intrinsically chiral metal surfaces was
reported by us in 2001. Careful measurements of the thermal
desorption kinetics of R- and S-propylene oxide (PO) and R-3-
methylcyclohexanone (R-3MCHO) from chiral Cu(643)R&S

surfaces revealed enantiospecific desorption energies.14,17

3. STRUCTURE OF INTRINSICALLY CHIRAL METAL
SURFACES

3.1. Ideal Chiral Surface Structures

The ideal structure of a chiral surface is predicted by cleaving the
bulk crystal along a low symmetry plane and assuming that the
atoms on either side of the plane rigidly retain their positions
relative to the bulk lattice (Figure 1). As mentioned earlier, these
surfaces can be thought to have structures based on the
intersection of the three high symmetry, low Miller index planes
projecting out of the bulk to form terrace, step, and kink
nanofacets.18 For a given chiral surface orientation, the motif
describing the surface structure can characterized by first
identifying which of the six combinations of the lowMiller index
nanofacets form the terrace, step, and kink. At the second level,
intrinsically chiral surfaces are distinguished by the spacing
between the steps and by the spacing between the kinks along
the straight step edges.
The set of all possible intrinsically chiral metal surfaces forms

a 2D continuum that is best understood by considering a
spherical face-centered-cubic nanoparticle (Figure 2). The low

Figure 1. Intrinsically chiral metal surfaces. Ideal atomic structures of
the chiral Cu(643)R&S surfaces. The kinked step edges break mirror
symmetry, rendering the two structures enantiomorphous. Close
inspection reveals that the terraces are nanofacets of the hexagonal
close-packed (111) plane, the straight step edges are nanofacets of the
square (100) plane, and the kinks are nanofacets of the rectangular
(110) plane. The low energy electron diffraction patterns from these
two surfaces are also enantiomorphous. The split spots are oriented
toward one o’clock for Cu(643)S and toward 11 o’clock for Cu(643)R

demonstrating that the surface structures are chiral enantiomers of one
another. Reproduced with permission from ref 14. Copyright 2001
Elsevier.
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Miller index directions can be seen by the projections of the
(111), (110), and (100) facets. These facets define a set of 48
nominally equivalent triangles spanning the nanoparticle
surface. The diagram in Figure 2 effectively illustrates the
projection of two such stereographic triangles onto the (110)
plane. Every point in or on such a stereographic triangle is
uniquely mapped onto one of the continuous distribution of
possible surface orientations. All surface orientations falling
outside the triangle can be mapped onto surfaces within the
triangle by symmetry operations of the bulk lattice. The three
lowMiller index surfaces have multiple bulk lattice mirror planes
projecting normal to the surfaces and are, therefore, achiral. The
surfaces denoted by points on the edges of the stereographic
triangle also have a bulk mirror plane oriented perpendicular to
the surface and are, therefore, achiral. The points interior to the
triangle represent surface orientations with no mirror symmetry
and these are, therefore, chiral. This framework for considering
surface chirality reveals the fact that that there are infinitely
many more chiral surface orientations than achiral surface
orientations.
The last point to make regarding the ideal structures of

intrinsically chiral metal surfaces addresses the conventions used
for assigning the handedness; there are several.1,2,16,19,20 In this
Account we have used the convention based on the sense of
rotation of the low Miller index directions around the surface
normal; R- (S-) corresponds to a clockwise (counterclockwise)
progression for [111] → [100] → [110].
3.2. Real Structures of Intrinsically Chiral Surfaces

The ideal structures of surfaces discussed in the previous section
do not represent reality. It is well understood in the field of
surface science that the positions of atoms at the surfaces of real
metals can deviate substantially from ideality. One form of
reconstruction that has been observed on high Miller index
surfaces is known as “step bunching” in which monatomic steps

coalesce to form facets that can be two or more atoms high.21,22

Such reconstructions on chiral surfaces could, in principle, result
in structures with large achiral facets. However, scanning
tunneling micrographs of chiral Cu(hkl)R&S surfaces show no
evidence of step bunching.23−25

Cu(hkl)R&S surfaces are subject to roughening which is driven
by entropy gain at high temperatures. This was first recognized
and studied by Sholl et al. using kinetic Monte Carlo simulations
of the chiral Pt(643)S surface.9,26 Figure 3A shows an illustration

of the Pt(643)S surface after simulated annealing at 500 K. The
roughened structure reveals a reduction in the areal kink density
as a result of kink coalescence and the formation of kinks at the
intersections of long step edges of various lengths. One of the
key observations from this work is that there was no observable
formation of R-kinks. In spite of the thermal roughening, the
surface retained its net S-chirality.
Thermal roughening on intrinsically chiral surfaces has been

borne out by scanning tunneling microscopy of intrinsically
chiral Cu(643) (Figure 3B) and Pt(531) surfaces.25,27 Figure 3B
reveals a real Cu(643)S surface structure very similar to that
predicted by simulation of thermal roughening for Pt(643)S, i.e.,
monatomic steps that are kinked but with kinks unevenly
distributed along the step edge. The scanning tunneling
micrograph reveals that the kink density is reduced by about
25% relative to that of the ideal surface structure. Nonetheless,
the key point is that, while thermal roughening does result in a
reduction of kink density, the net chirality of the Cu(643)S

surface is retained.

4. ENANTIOSPECIFIC ADSORBATE ORIENTATION
A large body of work has studied the structures and long-range
order of chiral compounds on achiral low Miller index
surfaces.3,28−31 In those cases, the two enantiomeric structures
should be nonsuperimposable mirror images of one another.
Enantiomer adsorption on chiral surfaces should result in the
formation of diastereomers that are no longer identical but have
properties that obey R/R ≡ S/S ≢ R/S ≡ S/R.32 Enantiomer
orientation reveals such diastereomerism.

Figure 2. Stereographic triangle of surface orientations. Illustration of a
∼5 nm diameter spherical nanocrystal with a face-centered-cubic bulk
structure. The sphere exposes bulk crystal planes oriented tangentially
to the surface of the sphere and perpendicular to the surface normal at
any point. The low Miller index planes lie perpendicular to the high
symmetry directions of the FCC lattice. They expose achiral nanofacets
with mirror symmetry. These define the vertices of the stereographic
triangle. Surfaces exposed at the points along the edges of the
stereographic triangle also have mirror symmetry and are achiral. All
surfaces exposed at points interior to the stereographic triangle lack any
mirror symmetry and are chiral. By convention, all surfaces within one
triangle have the same chirality. Surfaces exposed by edge sharing
triangles are of opposite chirality.

Figure 3. Thermally roughened chiral surfaces. The real structures of
surfaces differ from their ideal structure predicted by the bulk lattice
structure. A) The structure of Pt(643)S predicted by Monte Carlo
simulation at 500 K reveals the consequences of thermal roughening.
The ideal structure (Figure 1) has evolved by diffusion of atoms along
the steps edge, leading to the coalescence of kinks and the formation of
long runs of close-packed (100) and (110) step edges. The areal density
of kinks is reduced but they retain their original chirality. B) Atomic
resolution STM image of the Cu(643)S at 78 K reveals evenly spaced
step edges with roughened structure very similar to that predicted by
simulation. Reproduced with permission from ref 25. Copyright 2008
American Chemical Society.
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4.1. Simulation of Chiral Adsorbate Orientation

Atomistic structure is one of the common outputs of atomistic
simulations. The first demonstrations by Sholl of enantiospecific
adsorption on intrinsically chiral metal surfaces simulated chiral
alkanes on chiral Pt(hkl)R&S using Monte Carlo methods.15 For
trans-1,2-dimethylcyclopropane, the CH3C−CCH3 bond ori-
entation relative to the surface was used as a proxy for adsorbate
orientation. The probability distributions of the polar angles, (θ,
φ), describing the adsorbate orientations on a Pt(643)S surface
revealed clear differences between the orientations of the two
molecular enantiomers.
The first use of Density Functional Theory (DFT) on an

intrinsically chiral surface studied Pt(531).27 Since then, DFT
has been used to study the adsorption and structure of amino
acids and other chiral adsorbates on chiral metal surfaces. A very
nice example coupled DFT with X-ray photoelectron spectros-
copy and X-ray photoelectron diffraction to reveal the
enantiospecific orientation of D- and L-cysteine adsorbed on
chiral Au(17,11,9)S.33,34 For D-Cys, the deprotonated thiolate
group (C−S−Au) binds to the (100) step edge while the amine
group (C−NH2−Au) binds to the (110) kink and vice versa for
L-Cys. The carboxyl groups (C−CO2H) project out over the
(111) terrace in both cases.

4.2. Experimental Observation of Chiral Adsorbate
Orientation

A variety of surface analysis tools provide experimental insight
into adsorbate structure and orientation on surfaces. These
include LEED,35 infrared reflection absorption spectroscopy
(IRAS),14,36 near edge X-ray absorption fine structure spectros-
copy (NEXAFS),37,38 and X-ray photoelectron diffraction
(XPD).33,34 Applied to chiral adsorbates on intrinsically chiral
surfaces these can provide experimental insight into the
enantiospecificity of chiral adsorbate orientation.
Infrared absorption is not commonly thought of as a probe of

molecular structure, but on metal surfaces the intensities, I, of
vibrational modes observed in reflection absorption infrared
spectroscopy are dictated by the projection of their dynamic
dipole vectors, μ⃗, onto the surface normal, n̂. The intensity is
given by I ∝ |μ⃗|2·cos2 θμ⃗n̂; i.e., a vibrational mode with its
dynamic dipole moment parallel to the surface, θμ⃗n̂ = 90°, will
exhibit no intensity, I. If the vibrational spectrum of an adsorbate
is sufficiently well understood, the mode intensities can be used
to estimate quantitatively its orientation relative to the surface
normal.39,40

In the context of chiral adsorbates on intrinsically chiral metal
surfaces, vibrational mode intensities have been used to observe
enantiospecificity of adsorbate orientation by comparing
vibration mode intensities in reflection infrared absorption
spectra obtained from diastereomerically related sets of
adsorbate/substrate. The first evidence of enantiospecific
adsorbate orientation comes from spectra of R- and S-2-
butanoxy groups on Ag(643)R.14 One pair of modes associated
with C−H stretch motions and another pair associated with
CH2 scissor and CH3 deformation motions each exhibit an
inversion of intensity between to two adsorbate enantiomers.
This signals an enantiospecific difference in the orientations of
CH bonds and, hence, the overall molecular orientation on the
surface.
The most detailed infrared absorption study of a chiral

adsorbate/substrate pair is the case of R-3-methylcyclohexanone
on Cu(643)R&S.36 The spectra in Figure 4A show R-3MCHO
adsorbed at multilayer coverage and monolayer coverage and

selectively adsorbed at the kinks on Cu(643)S. The mode at
1715 cm−1 in the multilayer spectrum is associated with the
carbonyl, >CO, stretch mode. Its red shift in frequency as the
coverage decreases is indicative of the interaction of the carbonyl
group with the Cu surface. Its decrease in intensity indicates that
the molecules go from being randomly orientated in the
multilayer to an orientation that has the carbonyl group and its
dynamic dipole moment, μ⃗CO, orientated roughly parallel to
the Cu(643)S surface. This understanding is borne out by
subsequent DFT modeling of R-3MCHO adsorption on the
Cu(643)S surface which shows the carbonyl group interacting
with kink in the step edge, as depicted in the inset to Figure 4A.41

Note that this structure and the corroborating DFT calculations
show the highest binding energy site to be the internal kink. The
oxygen atom of the ketone is adsorbed to the bridging site
between the internal kink Cu atom and the adjacent Cu atom in
the (100) step edge.
The enantiospecificity of the R-3MCHO orientation when

adsorbed at the kinks on the Cu(643)R&S surfaces is detected by
the infrared absorption spectra in Figure 4B. The upper two
spectra demonstrate the indistinguishability of the spectra taken
for racemic 3MCHO on the Cu(643)R&S surfaces. This control
experiment reveals that structural differences between the two
surfaces are limited to their being enantiomorphs. The lower two
spectra were obtained from R-3MCHO adsorbed at the kinks on
the Cu(643)R&S surfaces. The distinct signal in their difference
spectrum is an unequivocal indicator of the fact that R-3MCHO
must adopt different geometries on the two surface
enantiomorphs. As a result, the dynamic dipole moments of R-
3MCHO’s vibrational modes have different projections onto the
normal vectors of the Cu(643)R&S surfaces and, therefore,
exhibit different intensities on the two.

Figure 4. Enantiospecific adsorbate orientation on chiral surfaces. A)
FT-IRRAS spectra obtained fromR-3MCHOon the Cu(643)R surfaces
at multilayer coverage, at monolayer coverage, and after adsorption only
at the kink sites. The inset shows the orientation predicted by DFT for
R-3MCHO adsorbed at the kinks on the Cu(643)R surfaces. The
lowering of the vCO stretch frequency indicates that the ketone group
is contributing significantly to the interaction with the surface. The
substantial decrease in its intensity relative to the vCH modes suggests
that, when R-3MCHO is adsorbed at the kinks, the CO bond lies
roughly parallel to the surface, as illustrated in the inset. B) FT-IRAS
spectra of racemic 3MCHO and of R-3MCHO adsorbed at the kinks on
the Cu(643)R&S surfaces. The control experiment using the racemic
3MCHO reveals that there is no detectable difference between the
spectra on the two surfaces, as expected. On the other hand, the clearly
discernible differences in the spectral intensities for R-3MCHO on the
Cu(643)R&S surfaces indicate that the R-3MCHO orientation is
sensitive to the chirality of their kinks. Reproduced with permission
from ref 36. Copyright 2008 American Chemical Society.
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5. ENANTIOSPECIFIC ADSORPTION/DESORPTION

5.1. Enantiospecific Desorption Kinetics

Simulations of trans-1,2-dimethylcyclopropane enantiomers on
Pt(643)R&S provided the first evidence of enantiospecific
adsorption energetics, predicting ΔΔEads ≅ 4.5 kJ/mol.15

Measurements of desorption kinetics using methods such as
temperature-programmed desorption (TPD) provided the first
experimental estimates of the enantiospecific desorption barriers
of chiral adsorbates on chiral surfaces. The first such study of the
desorption kinetics of R- and S-PO on Cu(643)R&S estimated
that ΔΔEdes

‡ ≅ 0.27 ± 0.06 kJ/mol.17 Among the various
measurements of enantiospecific desorption energetics on chiral
metal surfaces, the highest value observed isΔΔEdes

‡ ≅ 4 kJ/mol
for the desorption of R-methyl lactate from Cu(643)R&S.42 The
largest value that we have observed is ΔΔEdes

‡ ≅ 3 kJ/mol for D-
and L-lysine on Cu(3,1,17)R&S.43 All of these results point to the
fact that diastereomeric enantiomer interaction energetics tend
to be weakly enantiospecific; ΔΔEdes

‡ ≅ kBT under most
circumstances. This imposes significant challenges to measure-
ment of enantiospecific interaction energetics and even greater
challenges to their prediction by simulation.
The most comprehensively studied chiral adsorbate is R-3-

methylcyclohexanone which has been studied on a set of 21
chiral and achiral Cu(hkl)R&S surfaces.41,44−48 R-3MCHO has
proven to be an inspired/serendipitous choice of chiral probe
molecules. As illustrated in Figure 5A, the temperature-
programmed desorption spectrum of R-3MCHO from chiral
Cu(hkl)R&S surfaces exhibits three peaks (Tp = 230, 345, and 385
K) that have been shown to arise from R-3MCHO molecules
desorbing from the terrace, step edge, and kink sites,

respectively.45,48 The inset reveals an enantiospecific difference
of ΔTp ≅ 3.5 K in the peak desorption temperatures from the
chiral kinks on Cu(643)R&S. This translates into an estimated
difference in the enantiospecific desorption barriers ofΔΔEdes

‡ ≅
0.98 ± 0.18 kJ/mol. Figure 5B reveals that the magnitude of
ΔΔEdes

‡ is ∼1 kJ/mol across a set of seven Cu(hkl)R&S surfaces
with various terrace−step−kink orientations.48 Figure 5B
illustrates another important point; although the surfaces
shown are all of S-chirality, the sign of ΔΔEdes

‡ can switch
across the stereographic triangle.

5.2. Equilibrium Adsorption and Separations

Enantiospecific adsorption energies are the root of adsorption-
based enantiomer purification processes. The first evidence of
enantiomer purification on an intrinsically chiral metal surface
was by a kinetic separation in which a racemic RS-3MCHO
monolayer was purified during partial desorption from the
Cu(643)R&S surfaces.45 That experiment did not have or require
the ability to discriminate between enantiomers on surfaces but
it highlighted the need for surface measurements that can
quantify enantiomeric excess in adsorbed enantiomer mixtures.
In our hands, this challenge has been solved by using chiral
amino acids (HO2CCH(NH2)R). Because of their importance
in biochemistry, the L-amino acids are available in multiple
isotopomeric forms, typically labeled with 13C. This enables
rigorous determination of surface reaction mechanisms by using
mass spectrometry to identify the fate of isotopic labels during
amino acid reaction and decomposition.49,50 More importantly,
one can quantify enantiomeric excess on the surface following
adsorption of mixtures of unlabeled D- and 13C-labeled L-
enantiomers.51−56

Enantiomer separation on intrinsically chiral metal surfaces
was rigorously demonstrated during equilibrium exposure of
Cu(3,1,17)R&S surfaces (Figure 6A) to mixtures of D-aspartic
acid (D-Asp, HO2CCH(NH2)CH2CO2H) and 1,4-13C2-L-Asp
(HO2

13CCH(NH2)CH2
13CO2H). Figure 6C (blue dots and

circles) shows the enantiomeric excess on the surface, ees, versus
gas phase eeg.

53 The key result is that in equilibrium with a
racemic mixture, eeg = 0, the adsorbed monolayer has eeg

R = −eegS
≠ 0. These data reveal an enantiospecific difference in the
adsorption free energies of ΔΔGads ≅ 3 kJ/mol.

5.3. Enantiomer Separations on Achiral Surfaces

During the course of making control measurements of the
equilibrium adsorption of D-/L-Asp mixtures onto achiral
Cu(111) (Figure 6B) we made the unexpected discovery that
ees≠ eeg (Figure 6D, blue dots), except when eeg = 0,±1.

55 In this
case, |ees| > |eeg|, revealing that even on an achiral surface,
enantiopurification can occur during equilibrium adsorption of
nonracemic mixtures. This is somewhat surprising, given that
there can be no enantiospecific difference in adsorption energies
on an achiral surface, ΔΔEads = 0.
Recently, we have conducted Monte Carlo simulations

(Figure 6B&D, solid and dashed curves) using the 2D-Ising
model to show that the autoamplification of enantiomeric excess
can be attributed to nearest neighbor interactions.57 Specifically,
the amplification of enantiomeric excess arises from homochiral
(D−D and L−L) interactions that are more attractive than
heterochiral (D−L) interactions. Comparison of the data and the
Monte Carlo results indicate that the difference in homochiral
and heterochiral nearest neighbor interactions is ΔΔEexchD−L ≅
2.5 kJ/mol. One interesting feature to note about this
amplification process is that in spite of being driven by a
relatively small difference in enantiomer interaction energies, the

Figure 5. Enantiomer desorption energies are enantiospecific on chiral
surfaces. A) The desorption energies of R-3MCHO (inset) from
Cu(hkl)R&S surfaces are sensitive to surface chirality. Temperature-
programmed desorption spectra of R-3MCHO fromCu(643)R&S reveal
three peaks arising from desorption from three sites: 230 K from the
(111) terraces, 345 K from the (100) step edges, and 385 K from the
(110) kinks. The inset reveals that the desorption temperatures from
the chiral kinks differ by ∼3.5 K revealing enantiospecific desorption
energetics. B) Stereographic triangle showing the locations and
structures of seven chiral Cu(hkl)R&S surfaces on which enantiospecific
R-3MCHO desorption energies have been measured. The estimated
enantiospecificities of the desorption energies, ΔΔEdes(hkl) = ΔEdes(hkl)‑S −
ΔEdes

(hkl)‑R, are shown and all are of order∼1 kJ/mol. Note, however, that
the sign of ΔΔEdes

(hkl) changes among these surfaces; i.e., the desorption
energy of R-3MCHO is not always greater on kinks of one chirality than
the other. Reproduced with permission from ref 48. Copyright 2017
Institute of Physics.
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effect is large; an enantiomer ratio of 2:1 in the gas phase, eeg =
0.33, yields an enantiomer ratio of 16:1 on the surface, ees = 0.88.
This is a factor of ∼8 where the Boltzmann factor is ∼2 at the
temperature of 460 K. This suggests that some cooperative
effects are at work.

6. SUPERENANTIOSPECIFIC EXPLOSION REACTION
KINETICS

6.1. Enantiospecificity of First-Order Kinetics

As has been mentioned and demonstrated several times, the
enantiospecificities of chiral molecular interactions with chiral
environments are small, k T( )B . In the case of R-3MCHO
desorption from the chiral kinks on Cu(hkl)R&S surfaces (Figure
5B), the desorption energy difference isΔΔEdes ≅ 1 kJ/mol and
corresponds to a difference in desorption rates of ∼30% at 385
K. The difference in the desorption rates shown in the inset to
Figure 5A is clearly small. For a first-order process such as
desorption, r = k·θ, where θ is the adsorbate coverage, it would
require as yet unachieved ΔΔEdes to realize the peak
temperature difference needed to significantly increase the
enantiospecificity of the desorption rates. However, for highly
nonlinear processes such as equilibrium adsorption governed by
the Ising model, this is achievable.
6.2. Surface Explosion Reactions

There are a number of adsorbate decomposition reactions with
highly nonlinear kinetics analogous to those of radical-mediated
gas phase explosions. On surfaces, these are typically vacancy-

mediated explosions whereby an adsorbate requires an adjacent
empty site in order to decompose. Once the adsorbate
decomposes, it leaves two empty sites which beget four, then
eight, and so on; the rate of decomposition accelerates
autocatalytically until the adsorbate layer is consumed.3,58,59 It
so happens that the decomposition of tartaric acid (TA) and
aspartic acid (Asp) on Cu(110) surfaces follow such a
mechanism.49,60,61

We have demonstrated that on chiral Cu(hkl)R&S surfaces, the
highly nonlinear kinetics of surface explosions leads to extremely
high enantiospecificity.62 Figure 7A (solid red and blue curves)

illustrates temperature-programmed reaction spectra obtained
for D-TA decomposition on Cu(643)R&S surfaces.62 The peaks
for CO2 desorption from TA decomposition are quite narrow
and well resolved. This is a direct consequence of the nonlinear
rate law for vacancy-mediated surface explosion kinetics.59 The
key point is that comparison of the rates (Figure 7A, dashed
black curve) on the Cu(hkl)R&S surfaces at T = 486 K reveals an
enantiospecificity of rD‑TAS/rD‑TAR ≅ 50!62 The data in Figure
7B illustrate another manifestation of the same phenomenon in
which we havemeasured the rates of D- and L-TA decomposition
on Cu(651)S versus time at 450 K. In this case, the
enantiospecificity of the decomposition rates at t = 400 s is
rL‑TAS/rD‑TAS ≅ 15. Both the explosion reactions and the
autoamplification of enantiomeric excess during equilibrium
adsorption (Figure 6D) are examples of processes for circum-
venting inherently low enantiospecific interaction energetics to
achieve high enantiospecificity.

7. STRUCTURE SENSITIVITY ON CHIRAL SURFACES
The demonstration that surface reactions and catalytic surface
chemistry are dictated by surface structure and crystallographic
orientation is one of the great achievements of modern surface
science.63 Enantioselectivity is the quintessential form of
structure sensitivity. The two enantiomers of a chiral surface
have identical physical properties and identical interactions with
achiral adsorbates. What yields enantiospecific interactions with
chiral adsorbates is the dissymmetry of the surface structure.
This begs the question, Which surface orientation leads to the

Figure 6. Enantioselective equilibrium adsorption from enantiomer
mixtures. A) The ideal structure of the chiral Cu(3,1,17)R&S surfaces. B)
The ideal structure of the achiral Cu(111) surface. C) The surface
enantiomeric excess, ees = (θD− θL)/(θD + θL)), (blue dots and circles)
versus gas phase enantiomeric excess, eeg = (PD − PL)/(PD + PL)),
during equilibrium adsorption of D- and L-Asp mixtures onto
Cu(3,1,17)R&S surfaces at 460 K. Note that for a racemic mixture in
the gas phase, eeg = 0, the enantiomeric excesses on the surfaces are ees =
±0.4. This demonstrates that equilibrium adsorption onto Cu-
(3,1,17)R&S surfaces leads to enantiomer purification. The solid and
dashed curves are fits to a 2D Ising model Monte Carlo simulation of
enantiomer adsorption with enantiospecific adsorption energies in the
rangeΔΔEadsD−L =−4 to 4 kJ/mol. D) Plot of ees versus eeg (blue dots)
during equilibrium adsorption of D- and L-Asp mixtures onto the achiral
Cu(111) surface at 460 K. For the racemic gas phase mixture, eeg = 0,
the adsorbed phase is also racemic, ees = 0, because the Cu(111) surface
is achiral. However, when eeg ≠ 0, autoamplification leads to |ees| > |eeg|.
This behavior is predicted by Monte Carlo simulation of the 2D Ising
model with ΔΔEexchD−L > 0 (solid curves). Reproduced with
permission from ref 57. Copyright 2021 Wiley-VCH.

Figure 7. Explosive autocatalytic decomposition of TA enantiomers
leads to very high enantioselectivity on chiral surfaces. A) TPR spectra
of D-TA decomposition to CO2 on the Cu(643)R&S surfaces at initial
coverages of θTA = 1 ML. Because of the explosion mechanism, the
peaks are very narrow and well-resolved. The ratio of reaction rates
(dashed black curve) reaches rD‑TA(643)‑S/rD‑TA(643)‑R ≅ 50. B)
Isothermal TPR spectra of L- and D-TA decomposition into CO2 at 450
K on Cu(651)S. The vacancy-mediated explosion mechanism leads to
long initiation periods followed by explosive autocatalytic acceleration
of the rates. The ratio of the reaction rates at 360 s is rL‑TA(651)‑S/
rD‑TA(651)‑S ≅ 15. Reproduced with permission from ref 62. Copyright
2013 American Chemical Society.
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highest enantiospecificity for a given adsorbate or reaction?
Perhaps a more challenging proposition is, how do you design a
surface structure that yields the highest enantiospecificity?
Figure 5B summarizes our earliest attempt to begin addressing
this problem by measuring the enantiospecific desorption
kinetics of R-3-methylcyclohexanone on seven chiral Cu(hkl)R&S

surfaces spanning the stereographic projection.45−48 These data
revealed the fact that ΔΔEdes

R−S varies measurably and that it can
change sign, but that its range is small, ΔΔEdes

R−S = 1 to −1 kJ/
mol. Note, that study involved the use of 23 different single
crystal surfaces (9 achiral plus 2× 7 chiral orientations) and took
several years of effort.

7.1. High Throughput Sampling of Surface Structure Space

In order to measure structure sensitive rate constants that span
surface orientation space comprehensively, we have coupled the
highly enantiospecific tartaric acid surface explosion reaction
with a high throughput methodology for rapidly sampling
surface orientation space. Figure 8A is a photograph of a surface
structure spread single crystal (S4C), in this case, a Cu(110)
crystal that has been shaped into a spherical dome with the
Cu(110) surface at the center. The dome has a radius of
curvature of 21 mm exposing all surfaces within 14° of the [110]
direction, all on one sample. Note that the Cu(110) surface has
2-fold rotational symmetry meaning that it exposes two
quadrants that expose identical sets of surface with S-
orientations and two quadrants exposing R-orientations.
The experiment that maps enantiospecificity across the S4C

surfaces begins by adsorption of a saturated monolayer of D-TA
such that θTA

(hkl)(t = 0) = 1. X-ray photoemission spectroscopy is
used to measure surface composition at 169 different points
cross the S4C surface, thereby creating maps of local surface
compositions. With the surface heated at 433 K, the local
coverage on 169 surface orientations is measured periodically to
obtain θTA

(hkl)(t) as the D-TA decomposes. The simplest kinetic
parameter extracted from the data is t1/2

(hkl), the time at which the
local coverage drops to half its initial value (Figure 8B).64 This
clearly reveals the surface structure sensitivity of D-TA
decomposition on all surfaces vicinal to Cu(110). From this
map, one can identify the surface orientation (×) exhibiting the

greatest value of Δt1/2 = t1/2
(hkl)‑R − t1/2

(hkl)‑S, i.e., the greatest
enantiospecificity.
7.2. Most Enantioselective Surfaces: Cu(14,17,2)

Among surface orientations vicinal to Cu(110), the Cu(14,17,2)
surface shown in Figure 8C exhibits the greatest enantiospeci-
ficity toward TA decomposition. The ideal structure of this
surface is based on (110) terraces with kinked steps running at
∼45° with respect to the (110) rows. Close inspection of the
step edge reveals two types of kink atoms. The underlying reason
why this structure should yield a maximum in enantiospecificity
for TA decomposition remains an open and challenging
question. In thinking about this problem, it will be important
to bear in mind that the adsorption of TAmight induce a change
in surface structure that is key to understanding the origin of its
enantioselectivity. Nonetheless, the demonstrated ability to
identify this surface as “special” is a significant step toward
understanding surface structure sensitive enantioselectivity.

8. CONCLUSIONS AND PERSPECTIVE
Twenty five years ago, when it was first realized that high Miller
index metals surface are chiral, there was nothing known about
their enantiospecific surface chemistry. Herein, we have
documented the progressive evolution of our understanding of
chiral surface structure, enantiospecific adsorption, and
enantiospecific surface chemistry. Like most enantiospecific
chemistry, the fundamental energetics leading to enantioselec-
tivity on surfaces are small, k T( )B . Nonetheless, this can be
circumvented by nonlinear processes that effectively amplify
these small energetic differences.3

Challenges for the future include the further engagement of
molecular simulation to provide levels of insight that cannot be
achieved solely by experiment. The key difficulty here is the fact
that the small enantiospecificities of the relevant energetics are
on the edge of current computational accuracy. Equally
important for the ultimate application of intrinsically chiral
metal surfaces is the need to develop methods for their scalable
preparation with surface areas that have practical utility. A recent
perspective article provides some thoughts on this issue and
suggests several possible routes to the scalable manufacturing of
intrinsically chiral metal surfaces.65 This may be achievable using

Figure 8. High throughput mapping of surface structure dependent enantiospecificity. A) A curved Cu(110) surface structure spread single crystal
(S4C) exposes the Cu(110) plane at the center and all surface orientations within 14○ of the [110] direction. The 2-fold symmetry yields four
quadrants around the (110) point having alternating R- and S-chirality. (B) Map of t1/2

(hkl) for D-TA decomposition measured at 169 points distributed
across the Cu(110)-S4C. Comparison of the values of t1/2

(hkl) between enantiomorphous surface orientations identifies the surface orientation with the
greatest enantiospecificity, i.e., the maximum value of Δt1/2(hkl) = t1/2

(hkl)‑R − t1/2
(hkl)‑S. That occurs at the four points marked with ×. D) The structure of

Cu(14,17,2), the most enantiospecific surface for TA decomposition lying in the vicinity of Cu(110). Reproduced with permission from ref 64.
Copyright 2019 American Chemical Society.
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nanoparticle synthesis methods, chiral imprinting of metals, or
other creative and as yet unimagined methods.
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