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Homochirality of amino acids, sugars,
proteins, and DNA is one of the bio-
chemical hallmarks of life on Earth.[1] Its
origins have been debated for decades.
Given that minerals such as quartz were
probably the first enantiomerically pure
materials on Earth, it has been suggested
that such materials served as chiral
substrates for enantiospecific surface
chemistry. Enantiospecific adsorption
on the naturally chiral surfaces of min-
erals has been demonstrated, however,
the enantiomeric excesses have been
only 1–2 % with a couple of examples
suggesting enantiomeric excesses of ca.
10%.[1, 2] Higher enantioselectivities
have been observed for adsorption on
chiral surfaces of organic crystals.[3]

Highly enantioselective adsorption
could be of enormous importance, if observed on catalytically
active materials such as metals. Herein, we demonstrate that
naturally chiral metal surfaces can yield much higher enan-
tioselectivities than minerals and we provide the first
definitive proof of enantioselective separation by a naturally
chiral metal surface.

Chiral surfaces can be created by adsorption of chiral
molecules on achiral substrates or by cleavage of crystals with
bulk chiral structures.[1, 2, 4] Somewhat counter-intuitively,
chiral surfaces can also be generated from achiral materials
such as metals.[5] As an example, the two non-superimposable
mirror images of the Cu(3,1,17) surface are illustrated in
Figure 1. The kinked step structures of these surfaces lack
symmetry and, therefore, they are chiral. The first exper-
imental observation of enantioselectivity on naturally chiral
surfaces used cyclic voltammetry measurements to show that
l-glucose oxidizes more rapidly than d-glucose on the
Pt(643)S surface, and vice versa on Pt(643)R.[5b, c] Gellman
et al. showed that the enantiospecific desorption kinetics of
R-3-methylcyclohexanone from chiral Cu(643)R&S surfaces

can result in a kinetic separation of 3-methylcyclohexano-
ne.[5d,f]

A fundamental challenge in enantioselective surface
chemistry and catalysis is to understand the molecular origins
of enantioselectivity. The enantiospecific interactions
between chiral molecules and chiral surfaces manifest them-
selves in enantiospecific differences in adsorption energetics
and reaction kinetics. Thus, detection of enantiospecificity on
chiral surfaces is the first step toward understanding the
origins of enantioselectivity. However, such work has been
hampered by the difficulty in differentiating two adsorbed
enantiomers. Early work made use of different radioisotopes
in the two enantiomers.[2b,f] Here, we demonstrate the use of
13C labeling for enantiodiscrimination of chiral adsorbed
species. Enantioselective separation of gas phase d,l-aspartic
acid by equilibrium adsorption on naturally chiral Cu-
(3,1,17)R&S surfaces was demonstrated and quantified by
measuring the ratios of the enantiospecific adsorption equi-
librium constants, KD

S

�
KL

S ¼ KL
R

�
KD

R .
Measurements of adsorption isotherms (adsorbate cover-

age as a function of pressure at constant temperature, q(P) j T)
can be used to determine adsorption equilibrium constants
and adsorption free energies. As illustrated in Figure 2,
exposure of a racemic mixture of d- and l-enantiomers to
the R- or S-enantiomers of a chiral surface results in the
adsorption of non-racemic mixtures onto the surfaces. The
relative coverages of the enantiomers, qD

S

�
qL

S ¼ qL
R

�
qD

R , then
provide quantitative measurements of the enantiospecific
difference in the adsorption free energy:
DDG ¼ DGD

S � DGL
S ¼ DGL

R � DGD
R .

Figure 1. Ball model depiction of the Cu(3,1,17)R&S chiral single-crystal surfaces. The Cu-
(3,1,17)R&S surfaces have kinked steps formed by (110) and (111) microfacets, separated by
(100) terraces. The enantiomorphous surfaces are nonsuperimposable because the three
microfacets forming each kink have opposite rotational orientation. The kinked structures with
a clockwise and counterclockwise rotation, (111)!(100)!(110), are designated R and S,
respectively.
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This work has used the adsorption of d- and l-aspartic
acid on the Cu(3,1,17)R&S surfaces under ultra-high vacuum
conditions for quantitative measurement of enantiospecific
adsorption equilibrium constants. For the purpose of enan-
tiodifferentiation, we have used *l-aspartic acid-1,4-13C2

(HO2
13CCH(NH2)CH2

13CO2H, hitherto *l-Asp) and unla-
beled d-aspartic acid (d-Asp). By analogy with the surface
chemistry of tartaric acid and other amino acids on Cu
surfaces, we expect that Asp is singly deprotonated
(�O2CCH(NH2)CH2CO2H) at high coverages.[4b,d] On Cu-
(3,1,17)R&S surfaces, Asp adsorbs irreversibly in the sense that
it decomposes during heating to yield CO2 and N�CCH3 as
gas phase products. The yields of 13CO2 (45 amu) and CO2

(44 amu) can be used for enantiodiscrimination of adsorbed
*l-Asp and d-Asp and determination of their relative cover-
ages (Figure 3A). There is no measurable isotope effect or
enantiospecificity to the decomposition kinetics on Cu-
(3,1,17)R&S (Figure 3B).

During competitive adsorption, displacement of adsorbed
molecules by gas phase molecules establishes equilibrium.
During initial exposure of a clean surface to a gas phase
racemic mixture, the coverages of the two enantiomers both
increase in proportion to their gas phase concentrations and
their sticking coefficients. Once the surface is saturated with
adsorbed species, the components displace one another to
establish equilibrium between the gas phase and the adsorbed
phase. One of the critical characteristics of d- and *l-Asp
adsorption on Cu(3,1,17)R&S is that they displace one another
on time scales that allow equilibrium to be achieved. In
Figure 4A the Cu(3,1,17)S surface was saturated with *l-Asp
at 400 K and then held at 460 K while being exposed to a flux
of d-Asp for various lengths of time. After each exposure, the
adsorbed Asp mixture was decomposed by heating while
measuring the yields of CO2 and 13CO2 to determine the
relative coverages of d- and *l-Asp. After 50 min exposure to
d-Asp, most of the *l-Asp was displaced from the surface
while the total coverage of d- and *l-Asp remained constant.
The exponential decay and growth curves fitted to the data
yield a displacement rate constant of k*L!D

S ¼1.05(�0.04) �
10�3 s�1. In Figure 4B the Cu(3,1,17)S surface was saturated
with d-Asp and then exposed to a flux of *l-Asp. Again one
observes displacement but with a smaller displacement rate
constant of kD!*L

S ¼0.37(�0.01) � 10�3 s�1. Similar enantio-
specific displacement kinetics have been observed recently

using chiral Au nanoparticles.[6] Our data imply that the
aspartic acid is adsorbed in a molecular state at 460 K and
suggest that the enantiospecific binding energy of d-Asp on
the Cu(3,1,17)S surface is greater than that of *l-Asp.

In order to study enantioselective adsorption, Cu(100)
and Cu(3,1,17)R&S surfaces at 460 K were exposed to a racemic
mixture of d,*l-Asp for increasing periods of time. To control
the d-/*l-Asp flux ratio, the temperatures of the glass vials
containing *l-Asp and d-Asp were controlled independently.
After exposure of the surfaces to the gas phase racemic
mixture, the ratio of d-/*l-Asp coverages, qD/q*L, was
determined from the CO2 and 13CO2 yields during heating
and plotted as ln(qD/q*L) versus exposure time in Figure 5.

As expected, Figure 5 shows that the ratio of adsorbed d-
and *l-Asp coverages on the achiral Cu(100) surface (N)

Figure 2. Adsorbed d- and *l-enantiomers on chiral surfaces at
equilibrium with a racemic mixture in the gas phase. The higher
adsorption energy of the d-enantiomer on the S-surface results in
a higher coverage of the d-enantiomer than the *l-enantiomer (left).
As a result of the diastereomeric relationship between the adsorption
energies, the *l-enantiomer has a higher coverage than the
d-enantiomer on the R-surface (right).

Figure 3. Temperature-programmed reaction spectroscopy (TPRS) of
d- and *l-Asp on the Cu(3,1,17)R&S surfaces at saturation coverage.
A) Monitoring of CO2 (m/q = 44 amu) and *CO2 (m/q = 45 amu)
clearly differentiates enantiomers. B) Equivalent combinations of
adsorbate and substrate show no isotope effect on the decomposition
kinetics.
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remains unity for all exposure times. Until the Cu(3,1,17)R

surface becomes saturated (< 20 min), the coverages of
adsorbed d- and *l-Asp (*) are equal because the fluxes of
d- and *l-Asp and their sticking coefficients are equal.
During continued exposure for> 20 min, *l-Asp displaces d-
Asp until qD

R

�
q*L

R ¼0.53 after 80 min. In order to determine
whether the apparent asymptote of the ratio is representative
of equilibrium, the Cu(3,1,17)R surface was first prepared with
a saturated layer of Asp with qD

R

�
q*L

R ¼0.32, enriching the
surface with *l-Asp beyond equilibrium. During subsequent
exposure to racemic d,*l-Asp, the coverage ratio increased to
qD

R

�
q*L

R ¼0.40 (~), suggesting that the equilibrium coverage
ratio lies between the two asymptotic values of 0.40 and 0.53.
When the Cu(3,1,17)R surface was first prepared with
a saturated layer of Asp with qD

R

�
q*L

R ¼0.46� 0.02 and then
exposed to racemic d,*l-Asp, the coverage ratio (^)
remained constant. On the Cu(3,1,17)S surface, the equilib-
rium value of qD

S

�
q*L

S (* and ^) is 2.30� 0.06, the inverse of
the ratio on the Cu(3,1,17)R surface. This reflects the

diastereomeric relationship between the adsorption energies
of d- and *l-Asp on Cu(3,1,17)R&S surfaces. These adsorption
equilibrium constants are consistent with the displacement
kinetics (Figure 4). Those suggest that on Cu(3,1,17)S adsorp-
tion of d-Asp is energetically favored over adsorption of *l-
Asp. Additional displacement experiments were performed
using the source temperatures to achieve flux ratios of FD/
F*L = 2 and 1=2 (Supporting Information, Figures S1 and S2).
For all three flux ratios (FD/F*L = 2, 1, and 1=2) exposed to the
Cu(3,1,17)R&S surfaces KD

S

�
K*L

S ¼K*L
R

�
KD

R ¼2.29� 0.17
(Table 1). This is similar to the ratio of the displacement
rate constants measured on Cu(3,1,17)S (Figure 4),
k*L!D

S

�
kD!*L

S ¼2.84� 0.15, in spite of the fact that those
were measured under conditions far from equilibrium.

At equilibrium the relative coverages of the two enantio-
mers are determined by the competitive adsorption isotherm.

Figure 4. Mutual displacement of d-Asp and *l-Asp on the Cu(3,1,17)S

surface at 460 K. A) Displacement of *l-Asp during exposure to d-Asp.
B) Displacement of d-Asp during exposure to *l-Asp. The curves are
exponential decay and growth functions. The rate constant for dis-
placement of *l-Asp by d-Asp is k*L!D

S ¼1.05(�0.04) � 10�3 s�1 while
the rate constant for displacement of d-Asp by *l-Asp is kD!*L

S ¼
0.37(�0.01) � 10�3 s�1. These enantiospecific time constants indicate
that d-Asp has a higher binding energy on Cu(3,1,17)S than *l-Asp.

Figure 5. The Asp coverage ratios, ln(qD/q*L), on Cu(3,1,17)R&S and on
Cu(100) at 460 K as a function of exposure time to racemic d*l-Asp.
During the control experiment on the achiral Cu(100) surface,
qD/q*L = 1.0 (N) for all exposure times. On the Cu(3,1,17)R surface,
the coverage ratio tends towards qD/q*L = 0.46 when starting with
initial coverage ratios of 1.0 (*), 0.32 (~) and 0.46 (^). On the
Cu(3,1,17)S surface, the coverage ratio tends towards qD/q*L =2.3
when starting with initial coverage ratios of 1.0 (*) and 2.3 (^).

Table 1: The equilibrium coverage ratios of d-Asp to *l-Asp, equilibrium
constant ratios, enantiomeric excess, and the enantiospecific difference
in adsorption energies for equilibrium adsorption of d- and *l-Asp
mixtures on Cu(3,1,17)R&S.

d-/*l-Asp
flux ratio in
the gas phase

Cu(3,1,17)
surface
chirality

qD/q*L K*L
R

�
KD

R

or
KD

S

�
K*L

S

ee [%][a] DDG
[kJmol�1]

1.00
R 0.46 2.18 37 2.98
S 2.30 2.30 39 3.18

0.50
R 0.17 2.39 41 3.33
S 1.01 2.03 34 2.70

2.00
R 0.85 2.53 43 3.56
S 4.58 2.29 39 3.17

[a] To compare enantiomeric excess for three different mixtures, the
values were calculated based on the equilibrium constants ratios.
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For a Langmiur isotherm, the coverage ratios of d- and *l-
Asp on Cu(3,1,17)S are given by Eq. (1):

qD
S

q*L
S

¼ KD
S

K*L
S

PD

P*L
¼ KD

S

K*L
S

FD

F*L
¼ FD

F*L
exp

DDG
RT

� �
ð1Þ

where K is the adsorption equilibrium constant, and P is the
gas phase partial pressure of each enantiomer which is
proportional to the flux, F, in our experiments. The quantity
DDG is the enantiospecific difference in the adsorption free
energies.

The coverage ratios of d- and *l-Asp on Cu(3,1,17)R&S

surfaces, the estimated ratios of equilibrium constants and the
estimated values of DDG are summarized in Table 1 for all six
combinations of gas phase fluxes and surfaces. The enantio-
meric excess and the enantiospecific difference in adsorption
energies are ee = 39� 3% and DDG = 3.15� 0.29 kJmol�1,
respectively. These favor adsorption of d-Asp on the Cu-
(3,1,17)S surface and *l-Asp on the Cu(3,1,17)R surface. The
ability to measure enantiomeric excess with high accuracy
also results in accurate measurement of the enantiospecific
difference in adsorption energy. The method allows a truly
differential measurement of adsorption energies, in spite of
the fact that one cannot measure the adsorption energy of
either enantiomer directly.

This work represents the first unequivocal evidence of
enantioselective, equilibrium separation of a racemic mixture
on a naturally chiral metal surface. The enantioselectivity in
this case is much higher than that of chiral molecules on
mineral surfaces, most of which yield enantioselectivities of 1–
2%.[1d, 2b,e,f] Furthermore, the quantitative nature of the 13C
labeling method has provided the first direct measure of an
enantiospecific adsorption energy difference on a chiral metal
surface. Its application to other amino acids and to other
naturally chiral metal surface structures offers an opportunity
to study chiral surface chemistry with the accuracy needed to
provide a fundamental understanding of the origins of
enantioselective surface chemistry.

Experimental Section
Study of enantiospecific adsorption of d- and *l-Asp on Cu-
(3,1,17)R&S surfaces was performed in an ultrahigh vacuum system
with a base pressure of 2 � 10�10 Torr. The chamber is equipped with
an ion sputter gun for sample cleaning, low energy electron
diffraction optics, and a mass spectrometer for TPD studies. The
chirality of the Cu(3,1,17)R&S surfaces was determined by X-ray

diffraction.[5g] Before each experiment, the Cu samples were cleaned
by 1 keV Ar+ ion sputtering, annealing at 850 K for 500 s and then
cooled at a controlled rate of �1 K s�1 at a pressure of < 1 � 10�9 Torr.
Unlabeled d-Asp (Sigma–Aldrich, 99% chemical purity) and isotopi-
cally labeled *l-Asp (Cambridge Isotope Laboratories, 98% chem-
ical purity, 99 atom% 1,4-13C2) were sublimed onto the Cu surface
from two glass vials. The fluxes of d- and *l-Asp from each
evaporation source were controlled via the sublimation temperature
(380–403 K). The exposure time was controlled by a shutter placed in
front of the glass vial. After the exposure, the Cu sample was
resistively heated from 250 K to 670 K at 1 Ks�1 while the species
desorbing from the surface were monitored by the mass spectrometer.
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