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ABSTRACT: The enantiospecific adsorption of enantiomer mixtures on surfaces is
dictated by two competing forces: the enantiospecificity of adsorption energetics and
the propensity of enantiomers to aggregate into homochiral (conglomerate) or
heterochiral (racemate) clusters. These phenomena have been studied by measuring
the surface enantiomeric excess, ees, of chiral amino acid mixtures adsorbed on Cu
single-crystal surfaces and in equilibrium with gas-phase mixtures of varying
enantiomeric excess, eeg. Alanine adsorption on Cu{3,1,17}R&S surfaces is non-
enantiospecific, ees = eeg, because alanine enantiomers do not interact with either the
surface or with one another enantiospecifically. Aspartic acid adsorbs enantiospecifically on the Cu{3,1,17}R&S surfaces; ees ≠ eeg,
even during exposure to a racemic mixture in the gas phase, eeg = 0. Exposure of the achiral Cu{111} surface to nonracemic
aspartic acid, eeg ≠ 0, results in local amplification of enantiomeric excess on the surface, |ees| > |eeg|, as a result of homochiral
aggregation. Finally, despite the fact that the Cu{653}R&S surfaces are chiral, the adsorption of aspartic acid mixtures yields |ees| >
|eeg|, indicating that homochiral aggregation dominates enantiospecific adsorbate−surface interactions. All of these types of
behavior are captured by a Langmuir-like adsorption isotherm that includes competition between enantiospecific adsorption and
both homochiral (conglomerate) and heterochiral (racemate) aggregation of chiral adsorbates.

1. INTRODUCTION

The importance of enantioselective chemical processing for the
production of pharmaceuticals and other bioactive molecules
arises from the fact that the biologically relevant molecules of
terrestrial living organisms are chiral and exist in only one
enantiomeric form.1,2 When both enantiomers of chiral
pharmaceuticals are ingested by a living organism, the
physiological impacts of the two can be significantly different
because of the homochirality of the in vivo environment. In
other words, one enantiomer of a pharmaceutical may be
therapeutically effective while the other can be inactive or even
toxic.3−5 As a consequence, enantioselective chemical processes
are required for the production of chiral compounds with
enantiomeric purity. Enantioselectivity can be achieved by
exploiting the enantiospecific differences in the physical or
chemical properties of two enantiomers interacting with a chiral
medium such as a chiral solvent or sorbent.6,7 In particular,
heterogeneous enantioselective processes utilizing chiral
surfaces have attracted a great deal of attention over the past
decade due to the inherent ease of separation of reaction
products from heterogeneous chiral media.8−11 Chiral surfaces
can be used for separations processes such as chromatography.3

Catalysts with chiral surfaces can convert prochiral reactants
into chiral products enantioselectively.12−14 A key step in the
mechanisms of these processes is enantioselective adsorption
on chiral surfaces. Therefore, a fundamental understanding of
enantioselective adsorption and chemistry on chiral surfaces is
essential for the rational design of enantioselective heteroge-
neous processes.

The most widely studied chiral surfaces are the chirally
modified surfaces of achiral materials.9,11,15−19 Such chirally
modified surfaces are prepared by the adsorption and tethering
of enantiomerically pure chiral organic molecules onto achiral
surfaces. Adsorption of a second chiral species leads to
enantiospecific diastereomeric interactions with the tethered
chiral surface modifier. Less well studied are the enantiospecific
interactions of chiral adsorbates with naturally chiral surfaces.
Such surfaces can be obtained from materials such as quartz,
which have chiral bulk structures and they exhibit enantiospe-
cific interaction with chiral molecules.20 Counterintuitively,
chiral surfaces can also be created from achiral bulk materials by
exposing high Miller index planes with no mirror symme-
try.21,22 Figure 1 illustrates the atomic structures of the
Cu{3,1,17}S, Cu{653}S, and Cu{111} surfaces. The achiral
Cu{111} surface has mirror-symmetry planes perpendicular to
the surface. The Cu{3,1,17}S and Cu{653}S surfaces lack mirror
symmetry and, as a result, they are chiral and exist in two
enantiomorphic forms denoted Cu{hkl}R&S. The sense of
rotational order of the (111), (100), and (110) microfacets
forming the kink sites on the Cu{3,1,17}S and Cu{653}S

surfaces impart a handedness, rendering these surfaces naturally
chiral.22−24

Although most chiral surfaces used in practical applications
are chirally modified,3,6−8,25,26 naturally chiral single-crystal
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surfaces offer a platform for study of fundamental aspects of
chiral surface chemistry that are not readily observable when
using more complex materials or surfaces modified with chiral
organic adsorbates.27−30 The structures of chiral single-crystal
surfaces and their enantiospecific interactions with chiral
molecules have been studied by various methods. Scanning
tunneling microscopy (STM) images of the Cu{643}R&S and
the Cu{531}R&S surfaces show that the absolute chirality of the
surface is preserved, despite the partial loss of kink sites by
thermal roughening.31,32 Low-energy electron diffraction
(LEED) patterns and near-edge X-ray absorption fine structure
(NEXAFS) spectra of enantiomerically pure D- and L-alanine
(Ala) on the Cu{531}R surface reveal enantiospecific
adsorption geometries and long-range order.33,34 Temper-
ature-programmed desorption or reaction (TPD or TPR)
studies have demonstrated that chiral molecules exhibit
enantiospecific adsorption energetics and reaction kinetics on
naturally chiral metal surfaces.14,21,35−38 Finally, enantiospecific
orientations of chiral adsorbates on chiral metal surfaces have
been observed by Fourier transform infrared spectroscopy and
X-ray absorption spectroscopy.30,33,39,40

The vast majority of studies of chiral species on surfaces have
been limited to the use of pure enantiomers or the use of
racemic mixtures, often generated by adsorption of prochiral
species onto achiral surfaces. Note that prochiral molecules are
rendered into the two enantiomers of a chiral species simply by
adsorption onto an achiral surface. The study of mixtures of
adsorbed enantiomers has been thwarted by the lack of means
for enantiodiscrimination of chiral molecules once adsorbed
onto a surface. Until recently, the only viable approach was the
use of large chiral adsorbates whose enantiomers can be
distinguished using STM, provided that imaging conditions are
ideal.41,42 Recently, we have developed the use of enantiospe-
cific 13C isotopic labeling for enantiodiscrimination of chiral
molecules or their decomposition products desorbing from a
surface.27,28,43,44 If one enantiomer of the adsorbed mixture is
isotopically labeled, then mass spectrometry can be used to
determine the enantiomeric origin of species desorbing from
the surface during heating. This is only practical for molecules
that can be obtained in enantiomerically pure forms that are
also isotopically enriched. The most obvious candidates are the
amino acids (HO2C−CH(NH2)−R) for which the L-
enantiomers are readily available in a wide variety of isotopically
labeled forms.
All studies of enantiospecific surface chemistry require three

elements: a chiral surface, a chiral probe molecule, and a

physical property measurement that reveals the diastereomeric
relationship among the four possible adsorbate/surface
combinations.25 In a study of enantiospecific adsorption on
naturally chiral Cu{3,1,17}R&S surfaces, we used mixtures of D-
and isotopically labeled *L-amino acids (herein, *L denotes an
isotopically labeled L-enantiomer).28,43,44 Doing so allowed
quantification of the enantiomeric excess on the surface,

= θ θ
θ θ

−
+ees

D L

D L
, versus that in the gas phase, = −

+ee P P
P Pg
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D L
, under

equilibrium adsorption conditions. That work showed that
enantiospecific adsorption arises from strong interactions
between the chiral surfaces and the functional groups of the
amino acid side chains. On the Cu{3,1,17}R surface, mixtures of
unlabeled D-aspartic acid (D-Asp) and 13C-labeled *L-Asp
exhibited enantiospecific adsorption equilibrium constants,
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, corresponding to an enantio-

specific difference in adsorption free energies of ΔΔGD*L = 3.15
± 0.29 kJ/mol.43 That system exhibits diastereomerism in that
*L-Asp adsorption is preferred on the Cu{3,1,17}R surface,
while D-Asp adsorption is preferred on the Cu{3,1,17}S surface.
Equally importantly from the perspective of the work reported
herein, the enantiospecific adsorption equilibrium constant
ratios are independent of the enantiomer ratios in the gas

phase, = = · = ·θ
θ

θ
θ*

*

*

* *

*

K
K

K
K

P
P

P
P

S

S

R

R

R

R

S

S

D/

L/

L/

D/

D

L

L/

D/

L

D

D/

L/
. This is consistent

with a simple Langmuirian description of competitive
equilibrium adsorption. As we show in this work, this is not
always the case on other surfaces.
On the achiral Cu{111} surface, equilibrium adsorption of

D-/*L-Asp mixtures revealed fundamentally different enantio-
specific behavior from that observed on the chiral Cu-
{3,1,17}R&S surfaces.27,43 As expected for achiral surfaces,
exposure of Cu{111} to a racemic D-/*L-Asp mixture, P

P
D

L
= 1,

resulted in θ
θ*

D

L
= 1. In other words, adsorption on the Cu{111}

surface is not enantiospecific when it is exposed to a racemic
mixture of enantiomers. However, despite the fact that
Cu{111} is achiral, equilibrium adsorption of nonracemic
mixtures of D-/*L-Asp,

*

P
P

D

L
≠ 1, leads to local amplification of

enantiomeric excess on the surface, |ees| > |eeg|.
27 Similar

behavior has been observed during separations of nonracemic
mixtures of enantiomers by chromatographic processes using
achiral stationary phases.45−47 This adsorption-induced local
amplification of ee can be explained by enantiomer self-

Figure 1. Ball-model depictions of the ideal structures of the naturally chiral Cu{3,1,17}S, Cu{653}S, and achiral Cu{111} surfaces. The naturally
chiral Cu{3,1,17}S and Cu{653}S surfaces have kinked steps, separated by (100) and (111) terraces, respectively. The kinked step structures break
surface symmetry, rendering those surfaces chiral. The rotational orientation of the (111), (100), and (110) microfacets forming the kink sites
determines the chirality of the surface. Surfaces with clockwise and counterclockwise rotations, (111) → (100) → (110), are designated R and S,
respectively. The atoms along the step edges have been colored according to coordination number (highest to lowest = lightest to darkest). At right
are the structures of aspartic acid and alanine used in this work as chiral probes of enantiospecific adsorption.
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aggregation on achiral surfaces. In previous work, we have
developed a Langmuir-like adsorption isotherm that success-
fully captures this phenomenon by accounting for the
formation of homochiral Dn and Ln clusters of Asp on the
achiral Cu{111} surface.27

Recent studies of the adsorption of chiral propylene oxide
(PO) on the Pt{111} surface have also revealed an apparently
anomalous dependence of ees on eeg.

48−50 In that case, the
initial adsorption of R- and S-PO mixtures leads to local
amplification of ees versus eeg but then transitions to
suppression of ees versus eeg as the coverage approaches one
monolayer. While the net effect is very similar to our
observations for D-/*L-Asp on Cu{111},27 the behavior of
R-/S-PO at low coverage on Pt{111} is clearly attributable to
enantiospecific adsorption kinetics rather than equilibrium
adsorption.
Our prior work has demonstrated that enantiomer mixtures

can adsorb enantiospecifically on chiral surfaces such as
Cu{3,1,17}R&S and that enantioselectivity can be induced by
enantiomer aggregation on achiral surfaces such as
Cu{111}.27,28 Herein we make the case that enantiospecific
adsorption and enantiomer aggregation must both be active
forces in adsorption on all chiral surfaces and that these two
forces can compete to suppress ees versus eeg or cooperate to
amplify ees versus eeg. To make this case, we present new data
for adsorption of D-/*L-Asp mixtures on chiral Cu{653}R&S

surfaces and show that despite their chirality, enantiomer
aggregation competes with and dominates enantiospecific
adsorption. To describe these observations we present a simple
Langmuir-like model for an adsorption isotherm that
reproduces the competition between enantiomer aggregation
and enantioselective adsorption.

2. EXPERIMENTAL SECTION
Adsorption of D-/*L-Asp mixtures on chiral Cu{653}R&S

surfaces was studied in an ultrahigh vacuum (UHV) surface
analysis chamber with a base pressure of 2 × 10−10 Torr. The
chamber is equipped with an Ar+ ion sputter gun to clean the
Cu{653}R&S surfaces, LEED optics to examine the ordering of
clean surfaces, a homemade evaporator to deposit D-/*L-Asp
mixtures onto the Cu single crystal surfaces, and an Extrel
quadrupole mass spectrometer to detect chemical species in the
gas phase and those desorbing from the surface.
The Cu{653}R&S single-crystal sample (Monocrystals

Company) was ∼10 mm in diameter and 2 mm thick. The
Cu single-crystal disk exposed the Cu{653}R surface on one
side and the Cu{653}S surface on the other side. The
temperature of the sample was controlled over the range 90−
1000 K by resistive heating and liquid-nitrogen cooling and was
measured using a K-type chromel−alumel thermocouple spot-
welded to its edge. The temperature was controlled by a
computer adjusting the heating current to give the desired
temperature or heating rate. The Cu{653}R&S sample was
cleaned by repeated cycles of 1 keV Ar+ ion sputtering while
annealing at 850 K for 500 s. To obtain a well-ordered surface
structure, the sample was cooled at a controlled rate of −1 K/s
at a pressure of <1 × 10−9 Torr in the final step of the
sputtering−annealing procedure. The long-range order and the
chirality of the clean Cu{653}R&S surfaces were verified by
LEED before adsorption of D-/*L-Asp mixtures.
Unlabeled D-Asp (Sigma-Aldrich, 99% chemical purity) and

isotopical ly labeled *L-Asp (HO2
13C−CH(NH2)−

CH2
13CO2H, Cambridge Isotope Laboratories, 98% chemical

purity, 99 atom % 1,4-13C2) were vapor-deposited onto the
Cu{653}R&S surfaces by sublimation from a homemade
evaporator with two glass vials, one for each enantiomer. The
glass vials were wrapped with resistive heating wires, and their
temperatures were measured by thermocouples bonded to their
exteriors. The fluxes of D- and *L-Asp from each vial were
controlled independently by heating the vials to different
temperatures. The relative fluxes (pressures) of the two Asp
enantiomers generated by given sublimation temperatures were
determined by exposing the Cu surface at 400 K to each
enantiomer for periods of time short enough that the resulting
Asp coverages were linear in the exposure time. The coverage
was estimated following each exposure by heating the surface at
a constant rate and using the mass spectrometer to measure the
yield of CO2 desorbing from the surface as a result of Asp
decomposition.
Measurements of equilibrium adsorption were conducted

with total coverages of one monolayer. The Cu{653}R&S single-
crystal sample was held at 400 K during the initial exposure to
D-/*L-Asp mixtures. Following saturation of the surface with
Asp, the temperature was held at 460 K to allow rapid
enantiomer displacement without thermal decomposition
during continued exposure. The exposure times of the
Cu{653}R&S surfaces to the vapors were controlled by opening
and closing a shutter placed in front of the glass vials. After
exposure to D-/*L-Asp mixtures, the sample was positioned in
front of the aperture to the mass spectrometer and then heated
from 250 to 670 at 1 K/s to conduct temperature-programmed
reaction spectroscopy (TPRS) of the adsorbed species. The
relative coverages of D-Asp and *L-Asp on the Cu{653}R&S

surfaces were determined by monitoring the CO2 (m/z = 44)
and 13CO2 (m/z = 45) signals with the mass spectrometer and
then integrating the signals over the temperature range in
which Asp decomposed.

3. RESULTS

The primary experiment conducted in the course of this and
related work has been one in which Cu surfaces are exposed to
gas phase mixtures of D- and *L- amino acids (D-AA or *L-AA)
with various enantiomeric excesses, eeg.

27,28,43 As the mixtures
adsorb, the enantiomeric excess on the surface, ees, is initially
equal to that of the gas phase, until the total coverage on the
surface reaches θ ≈ 1. The surface temperature of 460 K during
further exposure prevents the coverage from exceeding θ ≈ 1.
Amino acids impinging on the saturated surface are only
adsorbed transiently; however, their residence time is sufficient
to allow exchange with amino acids adsorbed in their anionic
state.43 As with many alcohols and acids adsorbed in their
deprotonated states on Ag, Cu, or Au surfaces, exchange of
adsorbed species with other gas-phase alcohols and acids is
quite facile.51,52 Our experiments have identified coverage ratios

of adsorbed amino acids, θ
θ*

D

L
, for which exposure to gas-phase

mixtures with a given pressure ratio,
*

P
P

D

L
, leads to no change in

θ
θ*

D

L
. These pressures and coverages are in equilibrium with one

another. It is important to remember that the acids in their
adsorbed state are typically deprotonated, so the true nature of
the equilibrium process is D-AAH(g) + *L-AA(s) ↔ D-AA(s) + *L-
AAH(g), where the subscripts indicate gas-phase or surface-
phase species. In the case of Asp, which is likely deprotonated
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at both ends, the equilibrium involves transfer of two protons
between the adsorbed and gas-phase species.
3.1. Adsorption of D-/*L-Asp Mixtures on Cu{653}S.

The adsorption of D-/*L-Asp mixtures on Cu{653}S surface has
been studied at partial pressure ratios of

*

P
P

D

L
= 1/2, 1, and 2 and

using exposure times of 0−80 min with fluxes that saturated the
surface after ∼15 min. After exposures of varying duration, the

composition of the adsorbed layer, θ
θ*

D

L
, was determined by

TPRS experiments in which the surface was heated to
decompose the adsorbed mixture of D- and *L-Asp into CO2,
CH3CN, and H2 and measuring the yields of CO2 and

13CO2
using the mass spectrometer. The decomposition process
appears to lead stoichiometrically to these gas-phase products,
leaving little contamination on the surfaces. Mutual displace-
ment of the two enantiomers has been demonstrated previously
on the Cu{3,1,17}R&S and Cu{111} surfaces, resulting in the
evolution of the enantiomer coverages toward equilibrium with
increasing exposure time.27,43

Despite the fact that the Cu{653}S surface is chiral and the
fact that D- and *L-Asp have been shown to adsorb
enantiospecifically on the chiral Cu{3,1,17}R&S surfaces, there
is no evidence of enantiospecific adsorption on Cu{653}S.
Figure 2 shows that when Cu{653}S at 460 K is exposed to a

racemic mixture of D-/*L-Asp (black circles), the coverage ratio

on the surface remains θ
θ*

S

S

D/

L/
= 1 for all exposure times. In

contrast, the same experiment on the Cu{3,1,17}R&S surfaces
revealed that, once the surfaces were saturated, the coverage
ratio diverged from unity enantiospecifically to reach

= = ±θ
θ

θ
θ*

* 2.29 0.17S

S

R

R

D/

L/

L/

D/
.43 Note also that as shown in

previous studies, the fact that the coverage ratio remains unity
indicates that there is no observable 13C isotope effect
differentiating the adsorption energies of *L-Asp and D-Asp.27

Although adsorption of the racemic D-/*L-Asp mixture does
not show enantiospecificity on the Cu{653}S surface, the
adsorption behavior of nonracemic D-/*L-Asp mixtures does
reveal evolution of the coverages as a result of enantiomer
displacement. During exposure to D-/*L-Asp mixtures with

*

P
P

D

L

= 2 (solid blue circles), the initial (<15 min) coverage ratio is
θ
θ*

S

S

D/

L/
= 2 but begins to increase once the surface is saturated

with Asp. Conversely, when
*

P
P

D

L
= 0.5 (solid red circles) the

value of θ
θ*

S

S

D/

L/
decreases once the surface becomes saturated. If

the Cu{653}S surface is initially saturated with θ
θ*

S

S

D/

L/
= 0.3 (solid,

red, downward triangles) and then exposed to the gas mixture

with
*

P
P

D

L
= 0.5, the value of θ

θ*

S

S

D/

L/
continues to decrease with

exposure time. However, when the initial coverage is θ
θ*

S

S

D/

L/
= 0.1

(solid, red, upright triangles), it increases with further exposure.
These measurements bound the value of the coverage ratio in
equilibrium with

*

P
P

D

L
= 0.5. A steady-state coverage ratio is

achieved when the surface is initially covered with θ
θ*

S

S

D/

L/
= 0.18

(solid, red diamonds); the coverage ratio does not change
during exposure to

*

P
P

D

L
= 0.5. Similarly, there is no change in the

value of θ
θ*

S

S

D/

L/
during exposure to

*

P
P

D

L
= 2 when the surface is

initially covered with θ
θ*

S

S

D/

L/
= 5.5 (solid, blue diamonds). This

implies that θ
θ*

S

S

D/

L/
= 0.18 and 5.5 are the equilibrium coverage

ratios for D-/*L-Asp mixtures having
*

P
P

D

L
= 0.5 and 2,

respectively. The fact that these coverage ratios differ from
the corresponding pressure ratios must arise from enantiomer
aggregation rather than enantiospecific interaction of the

adsorbates with the chiral surface; the value of θ
θ*

S

S

D/

L/
= 1

resulting from exposure of Cu{653}S to racemic D-/*L-Asp
discounts enantiospecific interactions with the surface. Finally,
control measurements on the Cu{653}R surface (Figure 3)
reveal diastereomerism; the values of the equilibrium coverage

ratios obey = ≠ =θ
θ

θ
θ

θ
θ

θ
θ*

* *

*

S

S

R

R

S

S

R

R

D/

L/

L/

D/

L/

D/

D/

L/
.

The data in Figure 2 characterize adsorption equilibria in
which the enantiomeric excess on the surface, ees = (θD − θ*L)/
(θD + θ*L), is determined by the enantiomeric excess in the gas
phase, eeg = (PD − P*L)/(PD + P*L), rather than the chirality of
the surface. This is revealed by the fact that the equilibrium

value of θ
θ*

S

S

D/

L/
= 0.18 during exposure to a nonracemic D-/*L-Asp

mixture with
*

P
P

D

L
= 0.5 is the inverse of the value of θ

θ*

S

S

D/

L/
= 5.5

resulting from exposure to the D-/*L-Asp mixture with
*

P
P

D

L
= 2.

Also, the lack of enantiospecific adsorption is demonstrated
clearly by the comparison of results on Cu{653}S (solid
symbols) with those on Cu{653}R (open symbols) in Figure 3

(lower right). The values of θ
θ*

S

S

D/

L/
and θ

θ*

R

R

D/

L/
are unity for all

exposures of both surfaces to racemic D-/*L-Asp. However, for
exposures to nonracemic mixtures with

*

P
P

D

L
≠ 1 the values of

Figure 2. D-/*L-Asp coverage ratios, θD/θ*L, on Cu{653}S at 460 K as
a function of exposure time to D-/*L-Asp gas mixtures with PD/P*L =
1/2 (red symbols), 1 (black symbols), and 2 (blue symbols). The data
represented by solid circles were obtained by starting with the clean
Cu{653}S surface. The downward red triangles, red diamonds, and
upright red triangles show the data obtained by starting with a
monolayer of D-/*L-Asp having θD/S/θ*L/S = 0.3, 0.18, and 0.1,
respectively. The blue diamonds are data obtained by starting with
θD/S/θ*L/S = 5.5. The thick solid lines at the right represent equilibrium
coverage ratios for exposure to D-/*L-Asp mixtures with PD/P*L = 1/2,
1, and 2.
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θ
θ*

S

S

D/

L/
and θ

θ*

R

R

D/

L/
evolve in the same direction and converge on the

same equilibrium values with increasing exposure. Note that
purely enantiospecific adsorption for which ees is determined by
only the chirality of the surface would result in equilibrium

coverages related by diastereomerism, θ
θ*

S

S

D/

L/
= θ

θ
* R

R

L/

D/
(the inverse

of our observation). Our observations on Cu{653}R&S reveal
adsorption behavior very similar to that observed on achiral
Cu{111} (Figure 3 lower left). Thus, despite the fact that
Cu{653}R&S surfaces are chiral and that Asp has been shown to
adsorb enantiospecifically on the chiral Cu{3,1,17}R&S surfaces,
the adsorption behavior of D-/*L-Asp mixtures on the
Cu{653}R&S surfaces suggests that enantiomer aggregation
competes with and dominates any enantiospecific interactions
between D- and *L-Asp and the Cu{653}R&S surfaces.
3.2. Adsorption of Amino Acid Mixtures on

Cu{653}R&S, Cu{3,1,17}R&S, and Cu{111}. The various types
of adsorption behavior observed for enantiomer mixtures on
chiral and achiral Cu surfaces are illustrated by the data in

Figure 3, which compares the evolution of θ
θ*

D

L
with duration of

Cu{653}R&S, Cu{3,1,17}R&S, and Cu{111} exposure to
mixtures of D-/*L-Ala and D-/*L-Asp. In all four cases, we

plot θ
θ*

D

L
versus time of exposure to gas phase D-/*L-enantiomer

mixtures with values of
*

P
P

D

L
= 0.5 (red symbols), 1 (black

symbols), and 2 (blue symbols). The solid and open symbols
(solid and dashed lines) represent the data on the S and the R
enantiomorphs of the surfaces, respectively. The thick dashed
and solid bars at the right of each plot represent the equilibrium

values of θ
θ*

D

L
for given values of

*

P
P

D

L
and have been determined

by finding initial coverage ratios that do not change with

subsequent exposure to D-/*L-Ala or D-/*L-Asp (see Figure 2).
The data for D-/*L-Ala/Cu{3,1,17}R&S, D-/*L-Asp/Cu-
{3,1,17}R&S, and D-/*L-Asp/Cu{111} are reproduced from
prior publications.27,43,44

The adsorption of D-/*L-Ala mixtures on the Cu{3,1,17}R&S

(Figure 3 upper left) exhibits competitive adsorption behavior
that is entirely consistent with nonenantiospecific adsorption
describable by a classical competitive Langmuir adsorption

isotherm.44 The key point is that = =θ
θ

θ
θ* * *

P
P

R

R

S

S

D/

L/

D/

L/

D

L
, which

implies that KD/S = K*L/S = K*L/R = KD/R, where KD/S is the
adsorption equilibrium constant for D-amino acid on S-surface.
The interactions of D-/*L-Ala with the chiral Cu{3,1,17}R&S

surface must be enantiospecific at some level; however, given
that the R group on alanine is a −CH3 that interacts only
weakly with the Cu surface, it is not too surprising that the
adsorption of Ala is not measurably enantiospecific. The
structure and energetics of deprotonated D- and L-Ala on the
Cu{3,1,17}S surface has been determined using DFT.44 These
calculations predicted a preference for L-Ala adsorption by only
1.1 kJ/mol. On the basis of the accuracy of our measurements
using D- and L-Asp on the Cu{3,1,17}R&S, we suggest that the
enantiospecific difference in the adsorption energetics of D- and
L-Ala is <0.3 kJ/mol.43

The adsorption of D-/*L-Asp mixtures on the Cu{3,1,17}R&S

surfaces in Figure 3 (upper right) exhibits behavior that can be
described simply in terms of enantiospecific, competitive
Langmuir adsorption.28,43 The D-/*L-Asp coverages ratios
equilibrated with racemic D-/*L-Asp (black symbols) have
θ
θ*

D/S

L/S
= θ

θ
*L/R

D/R
= 2.2; in other words, the equilibrium values of θ

θ*

D

L

differ from unity and are inverted on the two enantiomorphs of
the chiral Cu{3,1,17} surface. Equally importantly, the ratios of
the enantiospecific adsorption equilibrium constants,

Figure 3. D-/*L-amino acid coverage ratios, θD/θ*L, on Cu{3,1,17}R&S, Cu{653}R&S, and Cu{111} surfaces at 460 K as functions of exposure time to
gas mixtures with PD/P*L = 0.5 (red symbols), 1 (black symbols), and 2 (blue symbols). For the chiral surfaces, solid symbols and solid lines are used
for the S-enantiomer and open symbols and dashed lines for the R-enantiomer. The thick lines at the right of each graph indicate the estimated
values of the equilibrium coverage ratios. (Upper left) D-/*L-Ala/Cu{3,1,17}R&S. (Upper right) D-/*L-Asp/Cu{3,1,17}R&S. (Lower left) D-/*L-Asp/
Cu{111}. (Lower right) D-/*L-Asp/Cu{653}R&S.
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S

S

D/
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L/

D/

D

L

L/

D/

L

D

D/

L/
, are independent of the gas-

phase pressure ratio,
*

P
P

D

L
, as predicted by a competitive

Langmuir isotherm with equilibrium constants that are
independent of the enantiomer coverages. The fact that Asp
has two carboxylate groups, both of which can deprotonate to
interact with the surface, thereby restricting the interaction of
the amine group with the surface, is likely to be the cause of the
different behaviors and enantiospecificities of Ala and Asp on
the Cu{3,1,17}R&S surfaces.
Adsorption of D-/*L-Asp mixtures on Cu{111} cannot be

enantiospecific simply because the surface is achiral. This is
demonstrated clearly in Figure 3 (lower left), which shows that
during exposure to racemic D-/*L-Asp,

*

P
P

D

L
= 1, the adsorbate

coverage ratio remains θ
θ*

D

L
= 1 (black symbols).27 This has also

been demonstrated on the achiral Cu{100} surface.43 Critically,
these experiments demonstrate that there is no 13C-isotope
effect that is differentiating *L-Asp adsorption from that of D-
Asp. The extraordinary observation on Cu{111} is that when
exposed to a D-/*L-Asp mixture with

*

P
P

D

L
= 2, the coverage on

the surface increases from a value of θ
θ*

D

L
= 2 at low exposures to

an equilibrated value of θ
θ*

D

L
= 16. Similarly, the exposure of

Cu{111} to a mixture with
*

P
P

D

L
= 0.5 results in an equilibrated

coverage ratio of θ
θ*

D

L
= 0.06. This process of enantiomer

partitioning is driven by the enantiomeric excess in the gas
phase and results in a local amplification of enantiomeric excess
on the surface, |ees|>|eeg|. We have previously developed a
simple, Langmuir-like adsorption isotherm that accounts for
these results in terms of an enantiomer aggregation mechanism
that results in the formation of homochiral Dn and Ln clusters
on the Cu{111} surface.27 While we have shown for D-/*L-
Asp/Cu{111} that the local amplification of enantiomeric
excess on the surface occurs under equilibrium adsorption
conditions, it has been shown that similar behavior in another
system, R- and S-PO/Pt{111}, can be attributed to
enantiospecific adsorption kinetics.48−50 This type of apparent
symmetry breaking and amplification of enantiomeric excess
has been observed in a number of other types of systems
including sublimation of enantiomers, crystallization, and
autocatalysis.53−58

Despite the fact that Cu{653}R&S surfaces are chiral, the data
shown in Figure 2 and 3 (lower right) reveal that D-/*L-Asp
adsorption is consistent with enantiomer aggregation dominat-
ing enantiospecific adsorption. Exposure of the Cu{653}R&S

surfaces to racemic D-/*L-Asp results in the equilibrium
adsorption of a racemic monolayer. This implies that the
enantiospecific difference in the adsorption free energies of the
two enantiomers is <0.3 kJ/mol. Although there must be some
enantiospecificity to the equilibrium constants for D- and *L-

Asp adsorption on Cu{653}R&S, ≠
*

*K
K

K
K

S

S

R

R

D/

L/

L/

D/
, it is undetect-

able; whereas, the effects of enantiomer aggregation are clearly
observed. Adsorption of nonracemic D-/*L-Asp results in local
amplification of enantiomeric excess on the surface. It is worth
noting that this case is also different from adsorption of D- and
*L-Ala on Cu{3,1,17}R&S (Figure 3 upper left) in which D-/*L-
Ala mixtures reveal neither enantioselective adsorption nor

enantiomer aggregation. For all gas phase ratios of enantiomers

= =θ
θ

θ
θ* * *

P
P

R

R

S

S

D/

L/

D/

L/

D

L
, or equivalently, ees = eeg.

44

Equilibrium adsorption of enantiomer mixtures on surfaces is
best captured by expression of ees as a function of eeg, as shown
in Figure 4 for D-/*L-Asp adsorption on Cu{653}R&S,

Cu{3,1,17}R&S, and Cu{111} and for D-/*L-Ala adsorption on
Cu{3,1,17}R&S. It is worth noting that the data in this Figure are
only made possible by the fact that we can control the fluxes of
enantiomers independently and thus span the range of −1 ≤ eeg
≤ 1. The vast majority of surface science studies of chiral
adsorbates have adsorbed either the pure enantiomer or the
racemic mixture and thus only accessed eeg = −1, 0, or 1.
The equilibrium values of ees(eeg) (Figure 4) for D-/*L-Ala on

Cu{3,1,17}R&S (open blue symbols) show the result expected
for a system that exhibits neither enantiospecificity nor
enantiomer aggregation, ees

R = ees
S = eeg, where superscripts R

and S denote surface chirality. The data for D-/*L-Asp on
Cu{3,1,17}R&S (red symbols) show the adsorption behavior
expected for purely enantiospecific adsorption with no
influence of aggregation, ees

R(0) = −eesS(0) ≠ 0. The data for
D-/*L-Asp on Cu{111} (green symbols) exhibit the character-
istics expected for adsorption dominated by enantiomer
aggregation, ees(0) = 0 but ees ≠ eeg otherwise. It is clear in
this regard that despite the fact that Cu{653}R&S surfaces are
chiral, adsorption of D-/*L-Asp on Cu{653}R&S (black symbols)
behaves like a system in which enantiomer aggregation
dominates.
Finally, note that in Figure 4 D-/*L-Asp on Cu{111} and D-/

*L-Asp on Cu{653}R&S both exhibit characteristics of
enantiomer aggregation with |ees| > |eeg|. In other words, the
local ees on the surface is amplified relative to that in the gas
phase. This is attributed to the formation of homochiral
clusters, Dn and Ln, by enantiomer self-aggregation on the
surface.27,45−47 This is equivalent to conglomerate formation

Figure 4. Plots of ees versus eeg for equilibrium adsorption at 460 K of
gas phase mixtures of amino acid enantiomers on chiral and achiral Cu
surfaces. The equilibrium adsorption of D-/*L-Ala on Cu{3,1,17}R&S

(blue squares) follows ees
R = ees

S = eeg, showing neither
enantiospecificity nor enantiomer aggregation. The equilibrium
adsorption of D-/*L-Asp on Cu{3,1,17}R (solid red triangles) and
Cu{3,1,17}S (open red triangles) results in ees

R(0) = −eesS(0) ≠ 0,
revealing enantiospecific adsorption. The equilibrium adsorption of
D-/*L-Asp on Cu{111} (green diamonds) and Cu{653}R&S (black
circles) leads to ees(0) = 0 but ees ≠ eeg otherwise, revealing
enantiomer aggregation.
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during crystallization of enantiomer mixtures from solution.
One could also imagine that it is possible to form heterochiral
clusters, (DL)n, or racemate phases. Such heterochiral
enantiomer aggregation on the surface would result in the
local suppression of enantiomeric excess with respect to that in
the gas phase, |ees| < |eeg|. Thus homochiral cluster and
heterochiral clustering should be readily distinguishable based

on the slope of ees(eeg) evaluated at eeg = 0; that is, >dee
dee

0

s

g
1

implies homochiral (conglomerate) clustering while < 1dee
dee

0

s

g

implies heterochiral (racemate) clustering.

4. DISCUSSION
The key point of the work presented herein is that both
enantiospecific adsorption and enantiomer aggregation must, in
general, be active driving forces in chiral surface chemistry.
Depending on the system, they can augment one another to
amplify ees(eeg) or compete to suppress ees(eeg). In prior work,
we have successfully described the local amplification of
chirality observed during adsorption of D-/*L-Asp on
Cu{111} through considering the role of homochiral cluster
formation via enantiomer self-aggregation.27 The solid green
curve in Figure 4 is the fit of a Langmuir-like adsorption
isotherm that accounts for the formation of homochiral clusters
of 10 D- or *L-Asp molecules on the Cu{111} surface. Fits of
the isotherm for 8 or 12 molecule clusters were also equally
acceptable. In the following, we generalize this model to include
two additional features that must be relevant to equilibrium
adsorption of enantiomer mixtures on surfaces. One is the fact
that on chiral surfaces the equilibrium constants for processes
involving chiral species must be enantiospecific. The other
feature is the formation of heterochiral clusters, (DL)n, in
addition to homochiral clusters, D2n and L2n. Although we have
not observed behavior that would result from the formation of
heterochiral clusters in our work, there have been observations
of heterochiral clusters or racemate phases forming during the
adsorption of racemic mixtures on surfaces.48,49,59

As with all Langmuir-like models, ours says nothing about
the structure of the surface other than that it consists of
undescribed and identical adsorption sites. Ours makes the
distinction between sites being either chiral or achiral but
nonetheless identical on any surface. It is certainly the case that
there are other models that might describe the phenomenology
that we have observed. It is possible and even probable that the
amino acids induce some level of reconstruction of the surfaces
so that they no longer have their ideal structures, as pictured in
Figure 1.60−62 Our model does not address these details and
their impact on enantiomer adsorption. We pose it as one
framework for describing our observations. Validating it relative
to other adsorption models that might be posed in the future
will require additional investigation.
4.1. Adsorption Isotherm for Enantiomeric Mixtures

on Surfaces. Our generalized Langmuir-like model describing
equilibrium adsorption of D- and L-enantiomers on a surface is
depicted in Figure 5. Two enantiomers adsorb on a chiral
surface competitively as monomers, D1 and L1, with
enantiospecific adsorption equilibrium constants, Ka

D ≠ Ka
L. If

the surface is achiral, then Ka
D = Ka

L. The adsorbed D- and L-
monomers can undergo heterochiral aggregation to form
racemate (DL)n clusters with a nonenantiospecific equilibrium
constant, Kr

DL, or they can undergo homochiral aggregation to

form conglomerate D2n and L2n clusters. The equilibrium
constants Kc

D and Kc
L are enantiospecific (Kc

D ≠ Kc
L) if the

surface is chiral but equal otherwise. One of the assumptions of
the pure Langmuir model is that adsorbed species do not
interact with one another. Thus it does not allow for the
formation of cluster that inherently requires adsorbate−
adsorbate attractions.
The equilibrium coverages of all adsorbed species (θD1

, θL1,

θD2n
, θL2n, and θDLn) are dictated by the equilibrium constants for

adsorption, Ka
D and Ka

L, the equilibrium constants for formation
of conglomerate clusters, Kc

D and Kc
L, and the equilibrium

constant for formation of racemate clusters, Kr
DL

θ δ= K PD a
D

D1 (1)

θ δ= K PL a
L

L1 (2)

θ θ= K n
D c

D
D

2
n2 1 (3)

θ θ= K n
L c

L
L

2
n2 1 (4)

θ θ θ= K n n
DL r

DL
D Ln 1 1 (5)

where δ is the vacancy coverage. The vacancy coverage in eqs 1
and 2 is given by

δ θ θ θ θ θ= − − − − −n n n1 2 2 2D L D L DLn n n1 1 2 2 (6)

In these terms, the ees on the surface is

θ θ θ θ θ θ

θ θ θ θ θ θ
=

+ + − + +
+ + + + +

ee
n n n n

n n n n

( 2 ) ( 2 )

( 2 ) ( 2 )s
D D DL L L DL
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n n n n
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1 2 1 2
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(7)

For simplicity we redefined the equilibrium constants

= ΔK Ka
D

a a (8)

= Δ−K Ka
L

a
1

a (9)

= ΔK x Kc
D

c c (10)

= Δ−K x Kc
L

c
1

c (11)

= −K x K(1 )r
DL

c (12)

In these terms, Δa determines the enantiospecificity of the
adsorption equilibrium constants; Δa = 1 implies non-
enantiospecific adsorption (or adsorption on an achiral
surface). Similarly, Δc determines the enantiospecificity of the

Figure 5. Equilibrium adsorption of D- and L- enantiomers of a chiral
adsorbate. The monomers, D1 and L1, adsorb with adsorption
equilibrium constants, Ka

D and Ka
L, that are enantiospecific if the

surface is chiral but equal otherwise. Monomers can form racemate
(DL)n clusters with a nonenantiospecific equilibrium constant, Kr

DL,
and they can form conglomerate D2n and L2n clusters with equilibrium
constants Kc

D and Kc
L, respectively. The conglomerate equilibrium

constants are enantiospecific, if the surface is chiral, but equal
otherwise.
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equilibrium constants for conglomerate (homochiral) cluster-
ing; Δc = 1 implies nonenantiospecific conglomerate clustering
(or conglomerate clustering on an achiral surface). Finally, x is
the contribution of conglomerate versus racemate clustering; x
= 0 implies purely racemate clustering. Note that the full range
of possible behavior can be described by limiting Δa, Δc, and x
to the range 0→ 1. These equations can now be solved to yield
ees versus eeg for any given choice of the parameters n, Ka, Kc, P
= PD + PL, Δa, Δc, and x (see Supporting Information for
details). The positive real roots of the following expression
yields the vacancy concentration, δ, for all values of eeg

δ

δ

= − + Δ + + Δ −

− Δ Δ + + Δ Δ −

+ − + −

−

− −⎜ ⎟⎛
⎝
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{ }K P
ee ee
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K P
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Given that the experimental conditions dictate that the total
coverage of the adsorbate is close to saturation, θ ≈ 1, the
physically relevant vacancy concentration must have a value of
δ ≈ 0. So for our purposes eq 13 is solved for its smallest
positive real root. The values of ees are then given by

δ δ

δ

− = Δ + − Δ −

+ Δ Δ +

− Δ Δ −

−

− −

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

ee
K P

ee ee

n
K P

K x ee

ee

(1 )
2

{ (1 ) (1 )}

2
2

{ [ (1 )]

[ (1 )] }

n
n

n n

s
a

a g a
1

g

a
2

c c a g
2

c
1

a
1

g
2 2

(14)

As applied to our data, the model described above implicitly
assumes that the equilibrium constants are independent of
enantiomer coverage on the surface. In principle, one could
relax this constraint and solve this model numerically, assuming
that one had access to the coverage dependence of the
equilibrium constants. There are certainly observations of chiral
adsorbate clustering in which the formation of homochiral

versus heterochiral clusters is coverage-dependent. In our case,
the total coverage on the surface is θ ≈ 1, and so the coverage
dependence would only be an issue if the equilibrium constants
were dependent on the specific coverages of the two
enantiomers.

4.2. Nonenantiospecific Adsorption without Aggre-
gation: Ala on Cu{3,1,17}R&S. To explore the influences of
the enantiospecificity of the equilibrium constants for
adsorption and clustering on ees, the solutions to our model
for variations of Δa, Δc, and x have been obtained (Figure 6) by
solving eqs 13 and 14, where other parameters were fixed at n =
1 or 4 (dimer or octamer formation) and KaP = 1000. Note that
KaP appears as a product throughout eqs 13 and 14 and thus
represents a single independent variable. Although we do not
measure the absolute pressure of the amino acids directly, we
have chosen to use sublimation temperatures at which the
monolayer is saturated in ∼15 min. Assuming that the sticking
coefficients are S ≈ 1, this means that the fluxes correspond to a
pressure of ∼10−9 Torr. Although we do not measure Ka

directly, it must be ≫109 Torr−1 to yield KaP ≫ 1 and
coverages that are θ ≈ 1. Once KaP ≫ 1, the solutions become
insensitive to it value. Solution of the isotherm equations with
KaP = 1000 yields a total coverage on the surface of θ ≈ 1 and a
vacancy coverage of δ < 0.001, consistent with our experiments.
Under these conditions the results are insensitive to increases in
the value of KaP.
Equilibrium adsorption of D-/*L-Ala on Cu{3,1,17}R&S

(Figure 3 upper left) behaves like an ideal competitive
Langmuir adsorption system with nonenantiospecific adsorp-
tion equilibrium constants despite the fact that the adsorbate
and the surface are both chiral, and there is no evidence of
enantiomer aggregation. This implies that Δa = 1 (non-
nantiospecific adsorption) and that Kc = 0 (no cluster
formation). With these values the adsorption isotherm predicts
that ees = eeg, as observed for D-/*L-Ala on Cu{3,1,17}R&S in
Figure 4.

Figure 6. 2D and 3D plots of ees versus eeg obtained from a Langmuir-like model describing equilibrium adsorption of D- and L-enantiomer mixtures
on a surface. All were calculated with KaP = 1000, which ensures that θ ≈ 1. (Left) Enantiospecific adsorption without aggregation (Kc = 0, Δc and n
are not applicable). (Middle) Nonenantiospecific adsorption with homochiral aggregation (Δa = 1, Kc = 1000, x = 1). The 3D plot is calculated for n
= 4. (Right) Nonenantiospecific adsorption with both conglomerate and racemate aggregation (Δa = 1, Kc = 1000, Δc = 1, n = 4).
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4.3. Enantiospecific Adsorption without Aggregation:
Variation of Δa with Kc = 0. Equilibrium adsorption of D-/*L-
Asp on Cu{3,1,17}R&S exhibits prototypical behavior consistent
with competitive enantiospecific adsorption on a chiral surface,
Δa ≠ 1, but without enantiomer aggregation, Kc = 0. The key
observation is that for a racemic mixture in the gas phase, eeg =
0, the enantiomeric excess on the surface is ees(0) ≠ 0, as
illustrated for D-/*L-Asp on Cu{3,1,17}R&S in Figure 3 upper
right panel and in Figure 4.
The general behavior of ees(eeg) for enantiospecific

adsorption on a chiral surface without aggregation is illustrated
in the left-hand panels of Figure 6. The lack of aggregation is
imposed by Kc = 0 and renders ees insensitive to x, Δc, and n.
The functional form of ees(eeg) has been plotted for values of Δa
= 0.25 to 4, the variable quantifying enantiospecificity of the
adsorption equilibrium constants. As expected, ees = eeg for
conditions of nonenantiospecific adsorption, Δa = 1, as on an
achiral surface. For all other values of Δa, ees ≠ eeg for −1 < eeg
< 1.
4.4. Nonenantiospecific Adsorption with Homochiral

Aggregation: Variation of Δc with Δa = 1 and x = 1.
Enantiomer aggregation on a chiral surface can lead to
enhancement of enantiomeric excess, ees ≠ eeg. This arises
because the equilibrium constants for conglomerate cluster
formation can be enantiospecific, Δc ≠ 1, even if the adsorption
equilibrium constants are not, Δa = 1. The middle two panels of
Figure 6 show ees(eeg) calculated at values of the cluster size, n
= 1 or 4, and for values of Δc = 0.25 to 4. The value of KaP =
1000 ensures almost monolayer coverage, and the value of Kc =
1000 ensures that most molecules are present in the clusters
rather than as monomers. The quantity x = 1 implies that all
clusters are homochiral.
The examples of D-/*L-Asp on Cu{653}R&S and on Cu{111}

match the behavior illustrated in the middle panels of Figure 6,
implying adsorption equilibrium constants that are non-
enantiospecific, Δa = 1, and conglomerate equilibrium
constants that are also nonenantiospecific, Δc = 1. Thus there
is no enhancement of enantiomeric excess during exposure to a
racemic mixture in the gas phase, ees(0) = 0. In general,
however, the isotherm indicates that ees ≠ eeg even with
nonenantiospecific adsorption equilibrium constants, if Δc ≠ 1.
4.5. Conglomerate versus Racemate Aggregation on

an Achiral Surface: Variation of x with Δa = Δc = 1 and Kc
= 1000. The equilibrium constants for adsorption and for
conglomerate aggregation on an achiral surface cannot be
enantiospecific, Δa = Δc = 1. Nonetheless, the competition
between conglomerate and racemate aggregation has a
significant impact on ees(eeg). The right-hand panels of Figure
6 show the impact of varying contributions of racemate and
conglomerate aggregation on ees(eeg) by varying x across the
range 0 → 1. These have been calculated for conditions of
monolayer coverage, KaP = 1000, with adsorption dominated
by aggregation, Kc = 1000, into clusters with n = 4 that interact
nonenantiospecifically with the surface, Δa = Δc = 1.
The case of D-/*L-Asp on Cu{111} (Figure 4) is well

described by the condition that aggregation is purely
homochiral, x = 1. This results in local amplification of ees
relative to eeg, and the slope of ees(eeg) evaluated for exposure to

a racemic mixture in the gas phase is >
=

1dee
dee

ee 0

s

g
g

. Although

we have not yet observed an example of amino acid adsorption
on Cu surfaces resulting in aggregation into racemic clusters,

there is no reason to exclude the possibility. STM images of
other systems have revealed examples of racemate cluster
formation.59 It is well known that crystallization in 3D results
predominantly in the formation of racemic crystals rather than
conglomerates.63 It has been suggested that the opposite holds
true in 2D and that conglomerates should be prevalent.64,65

One of the interesting observations to be made from Figure 6 is
that for racemate formation, x = 0, the slope of ees(eeg)
evaluated for exposure to a racemic mixture in the gas phase is

<
=

1dee
dee

ee 0

s

g
g

. For conglomerate clusters >
=

1dee
dee

ee 0

s

g
g

. This

implies that the slopes through eeg = 0 of the adsorption
isotherms measured for enantiomer mixtures on achiral surfaces
can be used to distinguish between conglomerate and racemate
formation. Experiments of the type illustrated in this work
could thus serve as a general means of resolving whether
conglomerate formation in 2D crystallization or self-assembly is
more or less common than in 3D.

5. CONCLUSIONS
The observations reported herein demonstrate a variety of
different behaviors that are observed during the adsorption of
enantiomer mixtures of varying eeg onto chiral and achiral
surfaces. The two primary forces dictating the relationship
between ees and eeg are those of enantiospecific adsorption from
the gas phase and enantiomer aggregation into homochiral or
heterochiral clusters on the surface. These can both compete
and augment one another in enhancing the ees versus eeg. Even
during adsorption on naturally chiral surfaces, enantiomer
aggregation can dominate over enantiospecific adsorption. It is
likely that these two forces are generally active and must be
considered in modeling of all enantioselective chemical
processes occurring on chiral or achiral surfaces. Because
aggregation is the direct result of adsorbate−adsorbate
interactions, purely Langmuir adsorption models cannot be
used to describe these processes. Nonetheless, a simple
treatment of the formation of adsorbate clusters has allowed
us to develop an isotherm for competitive, enantiospecific
adsorption that captures the impact of aggregation.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.6b07758.

Derivation of eqs 13 and 14 that define the enantiomeric
excess on the surface, ees, in terms of the enantiomeric
excess in the gas phase, eeg. (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: gellman@cmu.edu.
ORCID
Yongju Yun: 0000-0001-6497-4128
Andrew J. Gellman: 0000-0001-6618-7427
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been supported by the U.S. Department of
Energy through grant number DE SC0008703.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b07758
J. Phys. Chem. C 2016, 120, 27285−27295

27293

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.6b07758
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07758/suppl_file/jp6b07758_si_001.pdf
mailto:gellman@cmu.edu
http://orcid.org/0000-0001-6497-4128
http://orcid.org/0000-0001-6618-7427
http://dx.doi.org/10.1021/acs.jpcc.6b07758


■ REFERENCES
(1) Bonner, W. A. The Origin and Amplification of Biomolecular
Chirality. Origins Life Evol. Biospheres 1991, 21, 59−111.
(2) Bada, J. L. Biomolecules - Origins of Homochirality. Nature 1995,
374, 594−595.
(3) Merino, I. M.; Gonzalez, E. B.; Sanzmedel, A. Liquid-
Chromatographic Separation of Penicillamine Enantiomers Derivat-
ized with Opa/2-Me on a Beta-Cyclodextrin Bonded Phase.
Microchim. Acta 1992, 107, 73−80.
(4) Sholl, D. S.; Gellman, A. J. Developing Chiral Surfaces for
Enantioselective Chemical Processing. AIChE J. 2009, 55, 2484−2490.
(5) Smith, S. W. Chiral Toxicology: It’s the Same Thing···Only
Different. Toxicol. Sci. 2009, 110, 4−30.
(6) Rekoske, J. E. Chiral Separations. AIChE J. 2001, 47, 2−5.
(7) Burgi, T.; Baiker, A. Heterogeneous Enantioselective Hydro-
genation over Cinchona Alkaloid Modified Platinum: Mechanistic
Insights into a Complex Reaction. Acc. Chem. Res. 2004, 37, 909−917.
(8) Mallat, T.; Orglmeister, E.; Baiker, A. Asymmetric Catalysis at
Chiral Metal Surfaces. Chem. Rev. 2007, 107, 4863−4890.
(9) Zaera, F. Chiral Modification of Solid Surfaces: A Molecular
View. J. Phys. Chem. C 2008, 112, 16196−16203.
(10) Baiker, A. Crucial Aspects in the Design of Chirally Modified
Noble Metal Catalysts for Asymmetric Hydrogenation of Activated
Ketones. Chem. Soc. Rev. 2015, 44, 7449−7464.
(11) Gellman, A. J.; Tysoe, W. T.; Zaera, F. Surface Chemistry for
Enantioselective Catalysis. Catal. Lett. 2015, 145, 220−232.
(12) Exner, C.; Pfaltz, A.; Studer, M.; Blaser, H. U. Heterogeneous
Enantioselective Hydrogenation of Activated Ketones Catalyzed by
Modified Pt-Catalysts: A Systematic Structure-Selectivity Study. Adv.
Synth. Catal. 2003, 345, 1253−1260.
(13) Diezi, S.; Mallat, T.; Szabo, A.; Baiker, A. Fine Tuning the
″Chiral Sites″ on Solid Enantio Selective Catalysts. J. Catal. 2004, 228,
162−173.
(14) Gellman, A. J.; Huang, Y.; Feng, X.; Pushkarev, V. V.; Holsclaw,
B.; Mhatre, B. S. Superenantioselective Chiral Surface Explosions. J.
Am. Chem. Soc. 2013, 135, 19208−19214.
(15) Lorenzo, M. O.; Baddeley, C. J.; Muryn, C.; Raval, R. Extended
Surface Chirality from Supramolecular Assemblies of Adsorbed Chiral
Molecules. Nature 2000, 404, 376−379.
(16) Barlow, S. M.; Raval, R. Complex Organic Molecules at Metal
Surfaces: Bonding, Organisation and Chirality. Surf. Sci. Rep. 2003, 50,
201−341.
(17) Parschau, M.; Romer, S.; Ernst, K. H. Induction of
Homochirality in Achiral Enantiomorphous Monolayers. J. Am.
Chem. Soc. 2004, 126, 15398−15399.
(18) Stacchiola, D.; Burkholder, L.; Zheng, T.; Weinert, M.; Tysoe,
W. T. Requirements for the Formation of a Chiral Template. J. Phys.
Chem. B 2005, 109, 851−856.
(19) Raval, R. Chiral Expression from Molecular Assemblies at Metal
Surfaces: Insights from Surface Science Techniques. Chem. Soc. Rev.
2009, 38, 707−721.
(20) Hazen, R. M.; Sholl, D. S. Chiral Selection on Inorganic
Crystalline Surfaces. Nat. Mater. 2003, 2, 367−374.
(21) Horvath, J. D.; Gellman, A. J. Enantiospecific Desorption of R-
and S-Propylene Oxide from a Chiral Cu(643) Surface. J. Am. Chem.
Soc. 2001, 123, 7953−7954.
(22) McFadden, C. F.; Cremer, P. S.; Gellman, A. J. Adsorption of
Chiral Alcohols on ’’Chiral’’ Metal Surfaces. Langmuir 1996, 12,
2483−2487.
(23) Ahmadi, A.; Attard, G.; Feliu, J.; Rodes, A. Surface Reactivity at
″Chiral″ Platinum Surfaces. Langmuir 1999, 15, 2420−2424.
(24) Jenkins, S. J.; Pratt, S. J. Beyond the Surface Atlas: A Roadmap
and Gazetteer for Surface Symmetry and Structure. Surf. Sci. Rep. 2007,
62, 373−429.
(25) Gellman, A. J. Chiral Surfaces: Accomplishments and
Challenges. ACS Nano 2010, 4, 5−10.
(26) Okamoto, Y.; Kaida, Y. Resolution by High-Performance
Liquid-Chromatography Using Polysaccharide Carbamates and

Benzoates as Chiral Stationary Phases. J. Chromatogr. A 1994, 666,
403−419.
(27) Yun, Y.; Gellman, A. J. Adsorption-Induced Auto-Amplification
of Enantiomeric Excess on an Achiral Surface. Nat. Chem. 2015, 7,
520−525.
(28) Yun, Y.; Gellman, A. J. Enantiospecific Adsorption of Amino
Acids on Naturally Chiral Cu{3,1,17}R&S Surfaces. Langmuir 2015, 31,
6055−6063.
(29) Horvath, J. D.; Koritnik, A.; Kamakoti, P.; Sholl, D. S.; Gellman,
A. J. Enantioselective Separation on a Naturally Chiral Surface. J. Am.
Chem. Soc. 2004, 126, 14988−14994.
(30) Horvath, J. D.; Baker, L.; Gellman, A. J. Enantiospecific
Orientation of R-3-Methylcyclohexanone on the Chiral Cu(643)R&S

Surfaces. J. Phys. Chem. C 2008, 112, 7637−7643.
(31) Baber, A. E.; Gellman, A. J.; Sholl, D. S.; Sykes, E. C. H. The
Real Structure of Naturally Chiral Cu{643}. J. Phys. Chem. C 2008,
112, 11086−11089.
(32) Clegg, M. L.; Driver, S. M.; Blanco-Rey, M.; King, D. A. Atomic
Roughness of an Intrinsically Chiral Surface Orientation of an FCC
Metal: Cu{531}. J. Phys. Chem. C 2010, 114, 4114−4117.
(33) Gladys, M. J.; Stevens, A. V.; Scott, N. R.; Jones, G.; Batchelor,
D.; Held, G. Enantiospecific Adsorption of Alanine on the Chiral
Cu{531} Surface. J. Phys. Chem. C 2007, 111, 8331−8336.
(34) Held, G.; Gladys, M. J. The Chemistry of Intrinsically Chiral
Surfaces. Top. Catal. 2008, 48, 128−136.
(35) Horvath, J. D.; Gellman, A. J. Enantiospecific Desorption of
Chiral Compounds from Chiral Cu(643) and Achiral Cu(111)
Surfaces. J. Am. Chem. Soc. 2002, 124, 2384−2392.
(36) Cheong, W. Y.; Gellman, A. J. Energetics of Chiral Imprinting of
Cu(100) by Lysine. J. Phys. Chem. C 2011, 115, 1031−1035.
(37) Huang, Y.; Gellman, A. J. Enantiospecific Adsorption of (R)-3-
Methylcyclohexanone on Naturally Chiral Surfaces Vicinal to
Cu(110). Top. Catal. 2011, 54, 1403−1413.
(38) Rampulla, D. M.; Francis, A. J.; Knight, K. S.; Gellman, A. J.
Enantioselective Surface Chemistry of R-2-Bromobutane on
Cu(643)R&S and Cu(531)R&S. J. Phys. Chem. B 2006, 110 (21),
10411−10420.
(39) Gellman, A. J.; Horvath, J. D.; Buelow, M. T. Chiral Single
Crystal Surface Chemistry. J. Mol. Catal. A: Chem. 2001, 167, 3−11.
(40) Eralp, T.; Ievins, A.; Shavorskiy, A.; Jenkins, S. J.; Held, G. The
Importance of Attractive Three-Point Interaction in Enantioselective
Surface Chemistry: Stereospecific Adsorption of Serine on the
Intrinsically Chiral Cu{531} Surface. J. Am. Chem. Soc. 2012, 134,
9615−9621.
(41) Fasel, R.; Parschau, M.; Ernst, K. H. Amplification of Chirality in
Two-Dimensional Enantiomorphous Lattices. Nature 2006, 439, 449−
452.
(42) Stohr, M.; Boz, S.; Schar, M.; Nguyen, M. T.; Pignedoli, C. A.;
Passerone, D.; Schweizer, W. B.; Thilgen, C.; Jung, T. A.; Diederich, F.
Self-Assembly and Two-Dimensional Spontaneous Resolution of
Cyano-Functionalized [7]Helicenes on Cu(111). Angew. Chem., Int.
Ed. 2011, 50, 9982−9986.
(43) Yun, Y.; Gellman, A. J. Enantioselective Separation on Naturally
Chiral Metal Surfaces: D,L-Aspartic Acid on Cu(3,1,17)R&S Surfaces.
Angew. Chem., Int. Ed. 2013, 52, 3394−3397.
(44) Yun, Y.; Wei, D.; Sholl, D. S.; Gellman, A. J. Equilibrium
Adsorption of D- and L-Alanine Mixtures on Naturally Chiral
Cu{3,1,17}R&S Surfaces. J. Phys. Chem. C 2014, 118, 14957−14966.
(45) Soloshonok, V. A.; Roussel, C.; Kitagawa, O.; Sorochinsky, A. E.
Self-Disproportionation of Enantiomers Via Achiral Chromatography:
A Warning and an Extra Dimension in Optical Purifications. Chem.
Soc. Rev. 2012, 41, 4180−4188.
(46) Soloshonok, V. A. Remarkable Amplification of the Self-
Disproportionation of Enantiomers on Achiral-Phase Chromatography
Columns. Angew. Chem., Int. Ed. 2006, 45, 766−769.
(47) Cundy, K. C.; Crooks, P. A. Unexpected Phenomenon in the
High-Performance Liquid-Chromatographic Analysis of Racemic C-
14-Labeled Nicotine - Separation of Enantiomers in a Totally Achiral
System. J. Chromatogr. 1983, 281, 17−33.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b07758
J. Phys. Chem. C 2016, 120, 27285−27295

27294

http://dx.doi.org/10.1021/acs.jpcc.6b07758


(48) Karakalos, S.; Hong, J.; Zaera, F. Changes in the Enantiomeric
Composition of Chiral Mixtures Upon Adsorption on a Non-Chiral
Surface. Angew. Chem., Int. Ed. 2016, 55, 6225−6228.
(49) Karakalos, S.; Zaera, F. Amplification of Enantioselectivity on
Solid Surfaces Using Nonchiral Adsorbates. J. Phys. Chem. C 2015,
119, 13785−13790.
(50) Karakalos, S.; Lawton, T. J.; Lucci, F. R.; Sykes, E. C. H.; Zaera,
F. Enantiospecific Kinetics in Surface Adsorption: Propylene Oxide on
Pt(111) Surfaces. J. Phys. Chem. C 2013, 117, 18588−18594.
(51) Rodriguez-Reyes, J. C. F.; Siler, C. G. F.; Liu, W.; Tkatchenko,
A.; Friend, C. M.; Madix, R. J. Van Der Waals Interactions Determine
Selectivity in Catalysis by Metallic Gold. J. Am. Chem. Soc. 2014, 136,
13333−13340.
(52) Gellman, A. J.; Dai, Q. Mechanism of β-Hydride Elimination in
Adsorbed Alkoxides. J. Am. Chem. Soc. 1993, 115, 714−722.
(53) Soai, K. Highly Enantioselective Asymmetric Synthesis by the
Design of Asymmetric Catalysts and Reaction Media. Yuki Gosei
Kagaku Kyokaishi 2004, 62, 673−681.
(54) Soai, K.; Sato, I. Asymmetric Autocatalysis and Its Application to
Chiral Discrimination. Chirality 2002, 14, 548−554.
(55) Fletcher, S. P.; Jagt, R. B. C.; Feringa, B. L. An Astrophysically-
Relevant Mechanism for Amino Acid Enantiomer Enrichment. Chem.
Commun. 2007, 25, 2578−2580.
(56) Kondepudi, D. K.; Asakura, K. Chiral Autocatalysis,
Spontaneous Symmetry Breaking, and Stochastic Behavior. Acc.
Chem. Res. 2001, 34, 946−954.
(57) Hein, J. E.; Cao, B. H.; Viedma, C.; Kellogg, R. M.; Blackmond,
D. G. Pasteur’s Tweezers Revisited: On the Mechanism of Attrition-
Enhanced Deracemization and Resolution of Chiral Conglomerate
Solids. J. Am. Chem. Soc. 2012, 134, 12629−12636.
(58) Viedma, C. Chiral Symmetry Breaking During Crystallization:
Complete Chiral Purity Induced by Nonlinear Autocatalysis and
Recycling. Phys. Rev. Lett. 2005, 94, 065504.
(59) Parschau, M.; Ernst, K. H. Disappearing Enantiomorphs: Single
Handedness in Racemate Crystals. Angew. Chem., Int. Ed. 2015, 54,
14422−14426.
(60) Zhao, X. Y.; Perry, S. S.; Horvath, J. D.; Gellman, A. J. Adsorbate
Induced Kink Formation in Straight Step Edges on Cu(533) and
Cu(221). Surf. Sci. 2004, 563, 217−224.
(61) Zhao, X. Y.; Zhao, R. G.; Yang, W. S. Scanning Tunneling
Microscopy Investigation of L-Lysine Adsorbed on Cu(001). Langmuir
2000, 16, 9812−9818.
(62) Zhao, X. Y. Fabricating Homochiral Facets on Cu(001) with L-
Lysine. J. Am. Chem. Soc. 2000, 122, 12584−12585.
(63) Jacques, J.; Collet, A.; Wilen, S. Enantiomers, Racemates and
Resolutions; Krieger Publishing Company: Malabar, FL, 1991.
(64) Kuzmenko, I.; Weissbuch, I.; Gurovich, E.; Leiserowitz, L.;
Lahav, M. Aspects of Spontaneous Separation of Enantiomers in Two-
and Three-Dimensional Crystals. Chirality 1998, 10, 415−424.
(65) Lahav, M.; Leiserowitz, L. Spontaneous Resolution: From
Three-Dimensional Crystals to Two-Dimensional Magic Nanoclusters.
Angew. Chem., Int. Ed. 1999, 38, 2533−2536.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b07758
J. Phys. Chem. C 2016, 120, 27285−27295

27295

http://dx.doi.org/10.1021/acs.jpcc.6b07758

