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Abstract: The study of molecular chirality is essential to understanding the fundamentals of enantiospecific
chemical interactions that are ubiquitous in the biochemistry of life on Earth. At a molecular level, there is insuf-
ficient understanding of chiral recognition and enantiomer–enantiomer interaction (aggregation) of chiral mol-
ecules adsorbed on surfaces. Here, using enantiospecific isotopic labelling and surface sensitive techniques, we
show that when the two enantiomers of chiral aspartic acid (Asp) are adsorbed on the naturally chiral Cu(643)R&S

surfaces, they decompose enantiospecifically depending on the chirality of the surface. The non-linear kinetics of
the surface decomposition mechanism amplifies the difference between the decomposition rate constants of the
two adsorbed enantiomers resulting in highly enantiospecific decomposition rates. Further, we also demonstrate
that Asp enantiomers aggregate homochirally on several chiral and achiral surfaces, amplifying the enantiomeric
excess on the surface with respect to that in the gas phase, ees > eeg . Our results show that it is possible
to discern the enantiospecific behavior of a complex adsorbate such as Asp and shed light on molecular level
enantiospecific interactions on surfaces. The enantiospecific isotope labelling methods discussed in this paper
allow probing of both the qualitative features of the Asp decomposition mechanism on Cu(643)R&S and quantita-
tive aspects of the adsorption equilibria of enantiomer mixtures.
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1. Introduction

Molecular chirality refers to the geo-
metrical property by which a molecule is
non-superimposable on its mirror image.
Two enantiomers (the mirror images of a
chiral molecule) have identical physical/
chemical properties in achiral environ-
ments, rendering them indistinguishable.
Chiral molecules are essential to the bio-
chemical processes sustaining life; but
common biomolecules such as DNA and
proteins are homochiral (present only in
one enantiomeric form). Given the bio-
logical significance of molecular chirality,
understanding enantiospecific interactions
of chiral molecules with homochiral en-
vironments is of great interest to the ag-
rochemical, pharmaceutical and specialty
chemicals industries. While the existence
of molecular chirality has been known and
studied since being observed by Pasteur
in 1848,[1] the focus on understanding the
interaction of chiral molecules with metal
surfaces has emerged only in the last 15–20
years, facilitated by the availability of so-
phisticated surface sensitive techniques.[2]

The study of chiral molecular surface
chemistry underpins the development of
enantioselective heterogeneous catalysis
as an alternative to homogeneously cata-
lyzed synthesis of enantiopure molecules.
Avoiding the use of homogeneous chiral
organometallic catalysts and the need for
their separation from chiral products moti-
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mer aggregation are compared with similar
observations of Asp adsorption on Cu(111),
Cu(3,1,17)R&S and Cu(653)R&S.[9a,14c]

2. Experimental Section

The experiments were performed in an
ultra-high vacuum (UHV) chamber oper-
ating at a base pressure of 10–10 Torr. The
UHV chamber is equipped with a (x, y, z,
θ) manipulator which is used to position
the crystal in the chamber, an Ar+ sputter
ion gun to clean the surface, and low energy
electron diffraction (LEED) optics to verify
the surface structure. Asp, in powder form,
was sublimated onto the Cu(643)R&S surfac-
es using a Kentax® two-cell organic evapo-
rator. Finally, an Extrel® quadrupole mass
spectrometer was used to detect gas phase
species being introduced into the chamber
and species desorbing from the surface.

The naturally chiral Cu(643)R&S crystal
(Monocrystals company, Ohio) is 10mm in
diameter by 2 mm thick and is spot-welded
to Ta wires at the end of the manipulator.
The Cu(643) surface structure consists
of (111) terraces, with (100) step facets
and (110) kinks (Fig. 1).[6c] The step and
kink facets together form (310)R or (310)S

steps. The single crystal disk exposes the
Cu(643)R surface on one side and its en-
antiomer, Cu(643)S, on the opposite side.
A K-type (chromel-alumel) thermocouple
was spot-welded onto the edge of the crys-
tal for temperature measurement. Using
liquid nitrogen, the crystal was cooled to
90 K and it was heated resistively to 1000
K. The crystal was cleaned using multiple
Ar+ sputter/anneal cycles consisting of
sputtering with P

Ar
= 5 × 10–5 Torr and an

Ar+ energy of 1 keV. During sputtering, the
crystal was held at 850 K followed by an-
nealing at 900 K. In addition to using elec-
tron backscatter diffraction to verify the
crystal surface orientation, LEEDwas used
after sputter/anneal cycles to verify the long
range order and chirality of the surface.

Unlabelled d-Asp (Sigma Aldrich, 99
atom%), 4-13C-l-Asp (Cambridge Isotope
Laboratories, 99 atom%, HOOCCH(NH

2
)

CH
2
13COOH) and 1,4-13C

2
-l-Asp

(Cambridge Isotope Laboratories, 99
atom%, HOO13CCH(NH

2
)CH

2
C13OOH)

were used for the experiments. The d- and
l-Asp were loaded into two resistively
heated quartz crucibles in the Kentax
evaporator. The vial temperatures were
controlled independently at 400–420 K
to achieve sublimation of Asp vapor with
independently controlled fluxes onto the
crystal surface. The vials were positioned
3–5 cm from the crystal to achieve uniform
coverage, θ, across the surface. During
heating, Asp/Cu(643)R&S decomposes into
CO

2
, H

2
and N≡CCH

3
, all of which desorb

rapidly into the gas phase. CO
2
from unla-

adsorbed on the naturally chiral Cu(643)R&S

surfaces.
Chiral molecular recognition and ag-

gregation on surfaces has been studied
in the recent past using adsorbates such
as tartaric acid (TA) and Asp.[7a,9,13,14]
On naturally chiral surfaces such as
Cu(17,5,1)R&S, Cu(651)R&S and Cu(531)R&S

TA enantiomers decompose enantiospecif-
ically with kinetics that depend on both the
structure and chirality of the surfaces.[15]
Asp enantiomers in solution have demon-
strated enantiospecific surface chemistry
by binding enantioselectively to chiral sur-
faces of calcite crystals.[16] Exposure of the
Cu(3,1,17)R&S surfaces to a flux of racemic
dl-Asp results in preferential adsorption
of l-Asp on Cu(3,1,17)R and d-Asp on
Cu(3,1,17)S.[13] Asp has also been shown
to decompose enantiospecifically on chiral
Cu(643)R&S surfaces.[12] Probing homochi-
ral versus heterochiral enantiomer aggre-
gation has been facilitated by the use of en-
antiospecific isotopic labelling to measure
precisely the ratio of d- to l-enantiomer
coverages, θ

d
/θ

l
, on a surface.[7a,9,14b,c] On

the chiral Cu(653)R&S surfaces, regardless
of surface chirality, adsorption amplifies
enantiomeric excess relative to that of
the gas phase, ee

s
> ee

g
, where ee

s
=

(θ
d
– θ

l
)/(θ

d
+ θ

l
) and ee

g
= (P

d
– P

l
)/

( P
d
+ P

l
). This amplification of ee

s
relative

to ee
g
was also observed during adsorption

of non-racemic mixtures of Asp on the
achiral Cu(111) surface.[14c] Collectively,
these observations suggest that adsorption
of chiral mixtures is governed by a compe-
tition between enantiospecific adsorption
energetics and the energetics of enantio-
mer aggregation.[9a]

When mixtures of enantiomers crys-
tallize in 3D, it is generally accepted that
heterochiral aggregation is overwhelm-
ingly preferred (~90%) over homochiral
aggregation.[17] However, a recent review
of chiral and prochiral adsorbates adsorbed
onto various surfaces as racemic mixtures
did not find any preference for either ho-
mochiral or heterochiral aggregation in 2D
layers on surfaces.[14a] The ability to make
such measurements of homochiral vs het-
erochiral aggregation on model adsorbates
such as amino acids can shed light onto the
underlying mechanisms of enantiomer ag-
gregation on surfaces.

In the following sections, we demon-
strate that through a combination of non-
linear decomposition kinetics and chiral
recognition, the rate constants for Asp de-
composition on Cu(643)R&S surfaces are am-
plified to yield an enantiospecific difference
in decomposition rates of a factor of ~3-6.
Also, using gas–surface equilibrium ad-
sorption experiments, we show that Asp on
Cu(643)R&S exhibits weak homochiral ag-
gregation with a free energy of aggregation
of ~2.2 kJ/mol. These findings on enantio-

vates development of heterogeneous routes
to produce enantiopure chiral chemicals.[3]
Chiral separation using chromatography is
another field in which the interactions be-
tween chiral molecules and surfaces must
be understood to design viable chiral sta-
tionary phases.[4] In addition to the above,
it is hypothesized that the homochirality of
life originated from autocatalytic reactions
on mineral surfaces in the prebiotic soup.[5]
All of these problemsmotivate our study of
chiral surface chemistry.

There are several routes to prepara-
tion of chiral surfaces. Surfaces can be
rendered chiral by templating chiral mol-
ecules onto achiral surfaces. Alternatively,
surfaces can be chiral by virtue of their
intrinsic atomic structure.[2b] Such natu-
rally chiral surfaces expose terrace, step
and kink structures and, as a result, they
lack mirror symmetry.[6] The chirality of
the surface may influence the adsorption
energies,[7] orientations[8] and aggregation
of chiral adsorbates.[7a,9]

In this paper, we discuss experiments
that combine isotopic labelling with sur-
face sensitive techniques to demonstrate
both chiral molecular recognition and
homochiral aggregation of aspartic acid
(Asp, HOOCCH(NH

2
)CH

2
COOH) ad-

sorbed on naturally chiral Cu(643)R&S

surfaces. We provide a qualitative under-
standing of theAsp decompositionmecha-
nism and a quantitative framework to de-
scribe its enantiospecific aggregation on
surfaces having different structures. These
are prerequisites to developing a predic-
tive understanding of enantiomer surface
chemistry.

The most common technique used
to probe enantiomer–surface interac-
tions is Scanning Tunneling Microscopy
(STM).[10] However, STM suffers from
the challenge that the absolute chirality of
most adsorbed enantiomers cannot be de-
termined by STM due to insufficient reso-
lution. As a result, the majority of studies
of chiral adsorbates on surfaces have used
enantiopure molecules rather than enan-
tiomer mixtures,[10,11] obviating the possi-
bility of studying enantiomer aggregation
under conditions in which homochiral and
heterochiral aggregation compete with one
another. An alternative to using STM to
study enantiomer mixtures on surfaces is
to use mixtures in which one enantiomer
is isotopically labelled, thereby allowing
discrimination usingmass spectrometry.[12]
This is viable for chiral molecules (such
as amino acids[7a,9b,13]) that are read-
ily available in a variety of enantiomeri-
cally pure, isotopomeric forms, making
them especially attractive for study using
temperature programmed reaction (TPR)
or desorption (TPD) measurements. In this
work, we have used mixtures of unlabeled
d-Asp and 4-13C-l-Asp or 1,4-13C

2
-l-Asp
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in the monolayer is doubly deprotonated
to form anionic biaspartate (–O

2
CCH(NH

2
)

CH
2
COO–) with the carboxylate groups

presumably coordinated to Cu atoms.
We assume that the same is true on the
Cu(643)R&S surfaces.

To determine the decomposition mech-
anism of Asp on Cu(643)R&S during heat-
ing, several different isotopomers of Asp
were adsorbed on the surface and the gas
phase decomposition products were identi-
fied using the mass spectrometer. A typical
TPR spectrum obtained using 4-13C-l-Asp
on Cu(643)R (θ

l
= 0.5, heating rate 2 K/s)

is shown in Fig. 2. The signal at m/z = 45
with a peak temperature of T

p
= 485 K aris-

es from 13CO
2
generated by cleavage of the

C3–C4 bond. The signal at m/z = 44 (T
p
=

512 K) arises from CO
2
generated by cleav-

age of the C1–C2 bond. In addition to the
CO

2
peaks, a peak at m/z = 41 with T

p
=

512K arises from desorption of acetonitrile
(N≡CCH

3
) generated from the C

2
NH

5
frag-

ment remaining after decarboxylationof the
adsorbed Asp. The same products are ob-
served in a similar sequence on Cu(110)[12]
and in ongoing work on Cu(100).

The three-step decomposition pathway
of doubly deprotonated Asp adsorbed on
Cu(643)R as deduced from the TPRS of
different Asp isotopomers is summarized
below.

monolayers/min. After exposure of the
surface for a controlled period of time, the
d-/l-Asp coverage ratio, θ

d
/θ

l
, was deter-

mined by TPRS from the areas under the
m/z = 44 and 45 peaks. First, it was neces-
sary to determine the d-/l-Asp flux ratio
in the gas phase, F

d
/F

l
, at given vial tem-

peratures. For this, the vial temperatures
needed to deliver a fixed F

d
/F

l
to the clean

surface were determined by depositing for
short time periods to yield low Asp cov-
erages. At low total coverages, θ<<1, the
coverage ratio, θ

d
/θ

l
, is a measure of the

relative fluxes, F
d
/F

l
, of d- and l-Asp from

the gas phase. For exposures greater than
that necessary to reach saturation cover-
age, the value of θ

d
/θ

l
may differ from F

d
/

F
l
due to enantiospecific adsorption and/

or enantiospecific aggregation, as demon-
strated below.

3. Results

3.1 Mechanism and Kinetics of Asp
Decomposition on Cu(643)

3.1.1 Decomposition Mechanism of
Asp/Cu(643)

The adsorption and decomposition of
Asp has been studied previously on the
achiral Cu(110) surface.[12] Using X-ray
photoelectron spectroscopy (XPS), it was
found that Asp is present in its zwitterion-
ic form in the multilayer (–O

2
CCH(NH

3
+)

CH
2
COOH), as also found in its solid

form. However, Asp adsorbed on Cu(110)

beled d-Asp was detected at m/z = 44 and
13CO

2
from labelled l-Asp was detect at

m/z = 45. The areas under the desorption
peaks atm/z = 44 and 45 allow quantitative
measurement of the relative coverages of
d- and l-Asp on the surface.

The experiments were conducted by
first sublimating d-Asp and/or 4-13C-l-
Asp from separate vials in the Kentax
evaporator onto the Cu(643)R&S surfaces.
The exposure of the surface to the Asp
flux was controlled by opening the shutter
positioned in front of the vials for a pre-
determined period. During exposure, the
crystal temperature was held at 400 K to
prevent multilayer formation while allow-
ing acceptable displacement rates. After
Asp adsorption, the crystal was moved in
front of the mass spectrometer and a TPRS
experiment was conducted by heating the
surface at a constant rate of 2 K/s while
measuring the signals at m/z = 41, 44 and
45. The coverage of d-Asp, θ

d
, was esti-

mated by measuring the area under the
desorption peak at m/z = 44 and normal-
izing that by the area associated with de-
composition of the saturated monolayer of
d-Asp. The coverage of 4-13C-l-Asp was
estimated from the areas under m/z = 44
and m/z = 45.

The displacement experiments were
conducted by preparing a saturated mono-
layer of either d- or 1,4-13C

2
-l-Aspwith the

crystal held at 400 K. Then the saturated
monolayer was exposed to a constant flux
of the opposite enantiomer for different ex-
posure times while the crystal temperature
was held constant at 400 K. The flux was
sufficient to deposit a monolayer of Asp in
~10–15 min. After each exposure, TPRS
was conducted and the coverages of d-Asp
and 1,4-13C

2
-l-Asp were estimated from

the areas under the m/z = 44 and 45 peaks.
The equilibrium adsorption experi-

ments were performed with the Cu(643)R&S

surface held at 400 K and sublimating both
d- and 1,4-13C

2
-l-Asp from two separate

vials at constant, independently controlled
fluxes, typically ranging from 0.05–0.15

Cu(643)R Cu(643)SStep
Kink
Terr

Fig. 1. Ideal Cu(643)R&S

structures showing
terraces, steps and
kinks characteristic
of high Miller index
surfaces. The (643)
surface consists of
(111) terraces sepa-
rated by monoatomic
steps formed of (100)
close-packed runs
with (110) kinks. The
sense of rotation
between (111), (100)
and (110) microfacets
renders the structure
chiral.

44 46 4 4

C 3C

4

3C

4
C
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Te per ture (K)
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ti

n
R

te
(

u
)

Fig. 2. TPRS of 4-13C-L-Asp decomposition on
Cu(643)R. Isotopically labelling the C4 carbon
of Asp allows resolution of the 13CO2 and CO2

isotopomers formed sequentially during step 1
(C3–C4 cleavage) and step 2 (C1–C2 cleavage)
of Asp decomposition. The remaining C2NH5

fragment yields N≡CCH3. θ
L
= 0.5 and heating

rate = 2 K/s.

H-OOCCH(NH
2
)CH

2
COO-H → –OOCCH(NH

2
)CH

2
COO– + H

2
(g) adsorption

–OOCCH(NH
2
)CH-COO– → –OOCCH(NH

2
)CH

2
+ CO

2
(g) step 1

–OOC-CH(NH
2
)CH

2
→ CH(NH

2
)CH

2
+ CO

2
(g) step 2

CH(NH
2
)CH

2
→ CH

3
C≡N(g) + H

2
(g) step 3
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Cu(643)S decomposes d-Asp faster than
l-Asp, demonstrating diastereomerism.[12]
Fig. 4 also shows the ratio of the rates of
l- and d-Asp decomposition on Cu(643)R.
The initial decomposition rates at high
coverage exhibit enantiospecificity in the
range r

l
/r

d
= 3 to 6. For a first-order pro-

cess such as desorption, a 3 K temperature
difference in the peak rates observed in a
TPR or TPD experiment would correspond
to a difference in reaction energetics of ~1
kJ/mol and yield a difference of ~1.3 in
reaction rates at 500 K.[7b,20] However, the
highly non-linear kinetics of the surface
explosion mechanism amplify the enan-
tiospecific difference on chiral surfaces to
> 3. The same amplification is observed for
d-/l-Asp decomposition on Cu(643)S but
favoring d-Asp over l-Asp.

on Cu(643)R and Cu(643)S, respectively.
The blue and red circles represent step 2
(C1–C2 cleavage) peak temperatures.
There is a significant difference between
the peak temperatures of step 1 and step 2
decomposition, especially at low θ

l
. More

importantly, on the Cu(643)R and Cu(643)S

surfaces there is >10 K enantiospecific dif-
ference in the peak temperatures for step 1.
This difference gradually reduces as θ

l
ap-

proaches 1. Thus, the Asp decomposition
kinetics on the naturally chiral Cu(643)R&S

surfaces reveal chiral recognition and en-
antiospecificity. In contrast to step 1, there
is no enantiospecific difference in the peak
temperatures for step 2 at any value of θ

l
.

This is quite surprising given that step 1,
cleavage of the C3–C4 bond, does not in-
volve the chiral center at C2 whereas step 2
does.

3.1.4 Amplification of Enantiospecific
Decomposition Rates of Asp/Cu(643)R&S

Fig. 4 shows the TPRS of d-Asp and
4-13C-l-Asp (red and blue lines, respec-
tively) on Cu(643)R at θ = 1. As discussed
elsewhere, there is a statisically significant
difference of ~3 K in the l-Asp and d-
Asp peak decomposition temperatures on
Cu(643)R, with l-Asp decomposition oc-
curring at lower temperature thand-Asp.[12]
The opposite enantiospecificity is observed
for Asp/Cu(643)S. Note that, consistent
with the data in Fig. 3 showing enantio-
specificity of step 1, the peak desorption
temperatures at θ = 1 are dominated by the
first step in theAsp decomposition mecha-
nism. The TPRS in Fig. 4 corroborate our
finding from Fig. 3 that the naturally chiral
Cu(643)R&S surfaces decompose Asp with
enantiospecific kinetics. Cu(643)R de-
composes l-Asp faster than d-Asp while

Asp adsorbs onto the Cu surface by
chemisorption in the biaspartate form, los-
ing the two carboxylate hydrogen atoms
in the process. The biaspartate species
then undergoes a three-step decomposi-
tion wherein the C4 carboxylate group,
followed by the C1 carboxylate desorb as
CO

2
, leaving behind a surface intermediate

C
2
NH

5
which immediately decomposes to

yield acetonitrile and H
2
desorption.

3.1.2 Surface Explosion Kinetics of
Asp/Cu(643)

To study the kinetics of the 4-13C
2
-l-

Asp decomposition reaction on Cu(643)S,
TPRS experiments were performed start-
ing at different initial values of θ

l
. Fig.

3, left panel shows the sum of the de-
sorption signals for CO

2
and 13CO

2
ver-

sus temperature. As the initial value of
θ
l
increased, the peak temperatures in-

creased and the peak widths decreased.
Such behavior is attributed to a vacancy-
mediated surface explosion mechanism
in which the decomposition step requires
the presence of a vacancy adjacent to
the decomposing adsorbate; hence, the
rate law depends on both the adsorbate
and vacancy coverages, r = θ(1–θ).[18]
This type of decomposition kinetics has
also been observed for TA decomposi-
tion on Cu surfaces.[15,19]At low adsorbate
coverages, the rate is effectively first-order
in adsorbate coverage because (1–θ) ≈ 1.
As the initial coverage approaches θ = 1
(saturation coverage), (1–θ) goes to zero
leading to higher peak decomposition
temperatures. When the initial coverage is
very close to saturation, the autocatalytic
increase in the vacancy coverage during
onset of the decomposition reaction leads
to a non-linear increase in reaction rate and
consequently, a very narrow peak width.
An extreme manifestation of a surface ex-
plosion reaction is seen in the TPRS of TA/
Cu(110) where peak widths < 1 K are ob-
served.[15] Such narrow peak widths were
achievable with TA because, unlike Asp,
all products of TA decomposition appear
in the gas phase simultaneously, presum-
ably rate-limited by the initial C–C bond
cleavage to yield CO

2
.

3.1.3 Chiral Recognition/Enantiospe-
cific Decomposition of Asp/Cu(643)R&S

Using 4-13C-l-Asp it is possible to
resolve the kinetics of the two decarbox-
ylation steps in the Asp decomposition
mechanism on Cu(643)R&S, allowing inde-
pendent determination of the peak CO

2
de-

sorption temperatures. The right-hand pan-
el of Fig. 3 plots the two peak CO

2
desorp-

tion temperatures arising from 4-13C-l-Asp
decomposition as functions of the initial
coverage, θ

l
, on both Cu(643)R&S. The blue

and red squares represent step 1 (C3–C4
cleavage) peak temperatures at different θ

l

46 4 4
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Fig. 3. Left panel: TPRS of L-Asp/Cu(643)R at different initial coverages, θ
L
. As θ

L
increases from

0.12 to 0.74, two distinct CO2 desorption peaks can be seen arising from sequential cleavage
of the C3–C4 and C1–C2 bonds. As θ

L
tends towards 1, the peak temp increases from 490 K

to 520 K and the peak width decreases from ~40 K to ~8 K. These characteristics suggest that
the decomposition of Asp proceeds via an autocatalytic, vacancy-mediated explosion mecha-
nism. Right panel: Peak temperature versus initial θ

L
for step 1 (squares, C3–C4 cleavage) and

step 2 (circles, C1–C2 cleavage) during 4-13C-L-Asp/Cu(643)R&S decomposition. The red symbols
represent 4-13C-L-Asp/Cu(643)R while the blue symbols represent 4-13C-L-Asp/Cu(643)S. For θ

L
=

0.1–0.4, there is an enantiospecific peak temperature difference of ~10 K for step 1 but no detect-
able enantiospecificity for step 2.
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Fig. 4. TPRS of L-Asp and d-Asp (in blue and
red, respectively) on Cu(643)R at θ = 1 and
the ratio of the decomposition rates (dashed
curve). The combination of non-linear de-
composition kinetics and the chiral surface
amplifies small difference of ~3 K in peak
temperature into a factor of 3–6 difference in
enantiospecific decomposition rates.
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3.2 Competitive Equilibrium Ad-
sorption of d-/l-Asp Mixtures on
Cu(643)R&S

In addition to the enantiospecific de-
composition kinetics of d- and l-Asp on
Cu(643)R&S revealed in theprevious section,
d- and l-Asp should exhibit enantiospecif-
ic adsorption energies on the Cu(643)R&S

surfaces. These should be reflected in the
relative coverages of the two enantiomers
adsorbed in equilibrium with an enantio-
mer mixture in the gas phase. In order to
establish equilibrium between a mixture of
enantiomers in the gas phase and a mix-
ture adsorbed on a surface, there must be
an exchange process by which gas phase
enantiomers can displace adsorbed enan-
tiomers. To verify this for Asp/Cu(643)R&S,
displacement experiments were conducted
by starting with either d-Asp or 1,4-13C

2
-l-

Asp at θ = 1 on the Cu(643)R or Cu(643)S

surfaces and then exposing them to a flux
of the opposite enantiomer for various pe-
riods of time, with the crystal held at T =
400 K. After each exposure, TPRS was
performed while monitoring the signals at
m/z = 44 and 45 to determine the relative
amounts of d- and 1,4-13C

2
-l-Asp on the

surface.
On a Cu(643)R&S surface initially cov-

ered with l-Asp, increasing exposure to
d-Asp should decrease θ

l
and increase θ

d

monotonically until all of the l-Asp has
been exchanged for d-Asp. Fig. 5 left pan-
el plots θ

d
and θ

l
as functions of exposure

time for Cu(643)S initially saturated with
either d-Asp (square symbols and dotted
lines) or l-Asp (circles and dashed lines)
and then exposed to a flux of the opposite
enantiomer. The data reveal the continuous
displacement of the initial adsorbate and
accumulation of the species from the gas
phase. OnCu(643)S at 400K, d-Asp clearly
displaces l-Asp faster than l-Asp displac-
es d-Asp. The right panel of Fig. 5 shows
the same data but obtained on Cu(643)R.
On Cu(643)R at 400 K, d-Asp displaces
l-Asp (round symbols and dashed lines)
more slowly than l-Asp displaces d-Asp
(square symbols and dotted lines). These
data demonstrate rapid self-displacement
of Asp enantiomers, enantiospecificity
with respect to the surface chirality and
diastereomerism.

For each of the four data sets shown
in Fig. 5, the coverages of the displacing
and the initially adsorbed enantiomers
were fit to exponential growth and decay
equations, θ

disp
= (1 – e–kt) and θ

init
= e–kt to

determine the displacement rate constant,
k. The rate constant for d-Asp displacing
l-Asp on Cu(643)R is 𝑘𝑘 = 0.012 min–1

± 0.0002 and that for l-Asp displacing d-
Asp on Cu(643)R is 𝑘𝑘 = 0.025 min–1 ±
0.003. These demonstrate enantiospecific-
ity in that they differ from one another.
Similarly, on Cu(643)S the rate constant

for l-Asp displacing d-Asp is 𝑘𝑘 =
0.013 min–1 ± 0.002 and that for d-Asp
displacing l-Asp is 𝑘𝑘 = 0.026 min–1 ±
0.003. While these rate constants reveal
enantiospecificity of the displacement ki-
netics, they also reveal diastereomerism,𝑘𝑘 = 𝑘𝑘 ≠ 𝑘𝑘 = 𝑘𝑘 .

It is worth noting that the displace-
ment process is extremely efficient. The
displacement experiments were conducted
with incident fluxes of F

Asp
≅ 0.1 ML/min.

If every incident Asp displaced an ad-
sorbed Asp then the time constant for re-
placement of 50% of the initially adsorbed
enantiomer would be ~10 min. What we
measure are time constants of ~40 or 80
min depending upon the combination of
Asp enantiomers and the chirality of the
surface. Little is known about the details
of these displacement reactions but the
process must involve the transfer of two
H-atoms between the carboxylate groups
of the incident Asp and the displaced Asp.
The efficiency with which this occurs in-
dicates that the barrier to this proton ex-
change process is very low.

3.3 Equilibrium Adsorption of d-/l-
Asp on Cu(643)R&S

In order to determine whether d-/l-Asp
enantiomers adsorb enantiospecifically on
the Cu(643)R&S surfaces, equilibrium ad-
sorption experiments were performed by
exposing the surfaces held at T = 400 K to
gas phase mixtures of d-/l-Asp with various
valuesofenantiomericee

g
=(P

D
–P

L
)/P

D
+P

L
)

Our demonstration that the pure enantio-
mers displace one another on the Cu(643)R&S

surfaces indicates that exposing the sur-
faces to a constant flux of a d-/l-Asp mix-
ture should establish equilibrium between
the gas and adsorbed phases.[13] The en-
antiomeric excess on the surface, ee

g
, will

not necessarily be the same as that in the
gas phase. If one enantiomer has a higher

heat of adsorption than the other, then its
fractional coverage on the surface will be
higher than its fractional partial pressure
in the gas phase. Alternatively, if there is
a tendency for adsorbed enantiomers to
aggregate homochirally, the surface will
become enriched in the majority gas phase
enantiomer, and ee

s
will be amplified rela-

tive to ee
g
.[14c] Similarly, if the enantiomers

tend to aggregate heterochirally, then ee
s

will be attenuated relative to ee
g
.[7a]

The equilibrium adsorption of d-Asp
and 1,4-13C

2
-l-Asp was studied on both

Cu(643)R&S surfaces. In these experiments,
the Cu(643) crystal was held at 400 K and
either the R or S surface was exposed to
a gas phase flux of d-/l-Asp for a prede-
termined period of time. At that point, the
shutter was closed, the surface temperature
was quenched, the surface was moved in
front of the mass spectrometer and TPRS
was conducted while monitoring signals at
m/z = 44 and 45 to determine the relative
coverages of d- and 1,4-13C

2
-l-Asp on the

surface. Fig. 6 shows θ
d
/θ

l
as a function

of exposure time using six different ratios
of enantiomer partial pressures in the gas
phase, P

d
/P

l
. The fluxes of the two Asp

enantiomers were controlled such that the
total was ~0.1 ML/min. When P

d
/P

l
= 1

(blue squares), the enantiomer coverage
ratio remains θ

d
/θ

l
= 1 for exposures up

to 60 min. This clearly indicates that there
is no detectable enantiomeric preference
for Asp adsorption on Cu(643)R&S. When
exposed to a gas phase with P

d
/P

l
= 1.3

(black filled circles), the value of θ
d
/θ

l
is

~1.3 initially, but once the coverage satu-
rates, θ

d
/θ

l
starts to increase with exposure

and approaches a steady-state at θ
d
/θ

l
= 2.

Similarly, when the surface is exposed to a
gas phase mixture with P

d
/P

l
= 0.43 (green

filled circles), the value of θ
d
/θ

l
decreases

after reaching a monolayer coverage and
reaches steady-state at θ

d
/θ

l
= 0.33. On ex-
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Cu(643)S
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Fig. 5. d-/L-Asp displacement experiments on Cu(643)S (left) and Cu(643)R (right) at 400 K. Blue (red)
symbols and lines represent θ

d
(θ

L
). d-Asp displacement of L-Asp is shown with dashed lines; L-Asp

displacement of d-Asp with dotted lines. Left: On Cu(643)S d-Asp displaces L-Asp faster than L-Asp
displaces d-Asp. Right: The opposite occurs on Cu(643)R. The displacement rates, fitted to a simple
exponential decay and growth equations (dashed and dotted lines), are found to be enantiospecific.
The rate constant for L-Asp displacement of d-Asp on Cu(643)R (𝑘𝑘 = 0.025 min–1) differs from
that on Cu(643)S (𝑘𝑘 = 0.013 min–1). Diastereomerism is demonstrated by the fact that𝑘𝑘 ≅ 𝑘𝑘 = 0.012 min–1 and 𝑘𝑘 ≅ 𝑘𝑘 = 0.026 min–1. Total incident flux FAsp ≅ 0.1 ML/min.
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For given values of the parametersK
a
P,

K
c
and n, Eqns (3) and (4) can be solved to

yield ee
s
for any value of ee

g
. Thus, Eqns

(3) and (4) can be fit to the experimental
data in Fig. 7 to yield estimates of K

a
P, K

c
and n. Adsorption under the conditions of
the experiment yields saturated monolayer
coverages with δ ≈ 0. Hence, we can set
K
a
P >> 1 to yield δ ≈ 0, rendering the fit

insensitive to the value of K
a
P. This leaves

just two parameters, K
c
and n, to be deter-

mined from the data.
Fig. 7 shows the best fit adsorption

isotherms (solid lines) for Asp/Cu(111),
Asp/Cu(653)R&S and Asp/Cu(643)R&S.[9a,14c]
The best fit values of n for the Cu(111),
Cu(653)R&S and Cu(643)R&S surfaces are n
= 10, 8 and 14, respectively. The values of
the free energies of homochiral aggrega-
tion were found to be ~6.0 kJ/mol (Asp/
Cu(111)), 3.3 kJ/mol (Asp/Cu(653)R&S) and
2.2 kJ/mol (Asp/Cu(643)R&S). The free en-
ergy of homochiral aggregation, (∆G) was
calculated using ∆G = RT·ln(K

c
).Although

we have no direct evidence of Asp ag-
gregation on Cu surfaces, aggregation of
adsorbates such as amino acids has been
observed by STM on many surfaces.[14a]

Fitting adsorption isotherms using the
aggregation model described above can
be used to determine the surface struc-
ture sensitivity of enantiomer aggregation.
For example, it appears that surfaces with
(111) terraces (Cu(653)R&S, Cu(643)R&S

and Cu(111)) tend to aggregate Asp ho-
mochirally.[9a,14c] On the other hand, the
Cu(3,1,17)R&S surface with (100) terraces
does not tend to aggregate amino acid en-
antiomers. Instead Cu(3,1,17)R&S adsorbs
Asp enantiospecifically but shows no ten-
dency for either aggregation or enantio-
specificity for alanine, serine and phenyl-
alanine.[7a,9b,13] While further studies need
to be performed to determine which sur-
face structural features cause aggregation

specificity, this auto-amplification is only
possible if the adsorbates aggregate ho-
mochirally on the surface.[14a]

4. Discussion

The adsorption isotherms in Fig. 7 can
be modeled to determine the equilibrium
constant for homochiral aggregation, as
discussed previously.[9a,14c] Briefly, the
Langmuir adsorption model (which con-
ventionally does not account for adsor-
bate–adsorbate interactions) can be modi-
fied to account for clustering of adsorbates
into aggregates. This clustering of adsor-
bates can be modelled by fitting the iso-
therm to two parameters; a cluster size, n,
describing the number of adsorbate mol-
ecules per cluster and an equilibrium con-
stant, K

c
(homochiral aggregation equilib-

rium constant). In this case, the adsorbates
cluster homochirally into conglomerate
clusters rather than racemate clusters. The
equilibrium coverages of adsorbate mono-
mers can be written as θ

d
= K

a
P

d
δ and θ

l
=

K
a
P

l
δ where K

a
is the non-enantiospecific

adsorption equilibrium constant and δ is
the fractional coverage of vacancies on the
surface. The coverages of d- and l-Asp
clusters of n molecules are determined by
equilibrium equations, 𝜃𝜃 = 𝐾𝐾 𝜃𝜃 and𝜃𝜃 = 𝐾𝐾 𝜃𝜃 . The coverage of the vacancies
on the surface is defined by Eqn. (1) below.
The molecular enantiomeric excess on the
surface, ee

s
, can be defined in terms of the

monomer and cluster coverages (Eqn. (2)).
Substituting the expression above for θ

d
,

θ
l
, θ

dn
and θ

ln
into Eqns (1) and (2) yields

Eqns (3) and (4).𝛿𝛿 = − 𝜃𝜃 − 𝜃𝜃 − 𝑛𝑛𝜃𝜃 − 𝑛𝑛𝜃𝜃 (1)

𝑒𝑒𝑒𝑒 = 𝜃𝜃 + 𝑛𝑛𝜃𝜃 − 𝜃𝜃 + 𝑛𝑛𝜃𝜃𝜃𝜃 + 𝑛𝑛𝜃𝜃 + 𝜃𝜃 + 𝑛𝑛𝜃𝜃 (2)

0 = 1 1 + 1 + + 1 (3)

𝑒𝑒𝑒𝑒 − 𝛿𝛿 = 𝐾𝐾 𝑃𝑃 𝑒𝑒𝑒𝑒 𝛿𝛿 + 𝑛𝑛𝐾𝐾 + 𝑒𝑒𝑒𝑒 + − 𝑒𝑒𝑒𝑒 𝛿𝛿 (4)

posure of the Cu(643)S surface to P
d
/P

l
=

0.28 (cyan filled circles), the value of θ
d
/θ

l
equilibrates at ~0.23.

In order to demonstrate that the value
of θ

d
/θ

l
reached at long exposure times is

indeed an equilibrium value, experiments
were performed by exposing the surfaces
to a givenP

d
/P

l
until the coverage saturates

at θ = 1 and θ
d
/θ

l
= P

d
/P

l
. Then the surface

was exposed to a d-/l-Asp flux with P
d
/

P
l
at a different but previously used value.

The goal is to determine whether the final
value of θ

d
/θ

l
is independent of the initial

coverage ratio on the surface; i.e. one can
approach the same equilibrium coverage
ratio at a given P

d
/P

l
starting with initial

coverage ratios that are greater than and
less than the equilibrium coverage ratio.
Two such sets of experiments are shown in
Fig. 6. StartingwithP

d
/P

l
=3.5 (black open

circles), a saturated monolayer with θ
d
/θ

l
=

3.5 is formed. Once the saturatedmonolay-
er was formed, the surface was exposed to
P

d
/P

l
= 1.3 for various exposure times. The

value of θ
d
/θ

l
then drops and equilibrates at

θ
d
/θ

l
= 1.9, the same as the value reached

when initially exposing a clean surface to a
flux with P

d
/P

l
= 1.3 (black filled circles).

In another such experiment, starting with
θ
d
/θ

l
= 0.25 (purple open circles) and sub-

sequently exposing the surface to P
d
/P

l
=

1.1, the surface equilibrates at θ
d
/θ

l
= 1.35,

the same as the value reachedwhen expos-
ing the initially clean surface to P

d
/P

l
= 1.1

(purple filled circles). These experiments
demonstrate that the steady-state value of
θ
d
/θ

l
measured by this method depends

only on the P
d
/P

l
ratio in the gas phase and

not the initial enantiomer coverage ratio on
the surface. Thus, the steady-state value of
θ
d
/θ

l
is a good estimate of the equilibrium

coverage ratio.
The equilibrium values of θ

d
/θ

l
mea-

sured for various values of P
d
/P

l
can be

plotted in the form of an adsorption iso-
therm relating the equilibrium value of en-
antiomeric excess on the surface, ee

s
= (θ

d
– θ

l
)/(θ

d
+ θ

l
), to that in the gas phase, ee

g
=

(P
d
– P

l
)/(P

d
+ P

l
). Values of ee = +1 or –1

signify enantiopure d- and l-Asp, respec-
tively. The resulting isotherm measured on
the Cu(643)R&S surfaces is shown in Fig. 7
(blue squares). The observation that the en-
antiomer coverage ratio on the Cu(643)R&S

surfaces remains racemic, ee
s
= 1, when

exposed to a racemic gas phase flux, ee
g
=

1, demonstrates that the surfaces do not ad-
sorb Asp enantiospecifically. Data points
obtained on both the Cu(643)R&S surfaces
are included in the plot, with both surfaces
behaving identically due to absence of any
enantiospecificity. Nonetheless, the data
points do deviate from the ee

s
= ee

g
line.

Regardless of surface chirality, adsorption
results in local amplification of the major-
ity enantiomer present in the gas phase,
ee

s
> ee

g
. In the absence of enantio-
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/
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Fig. 6. Equilibrium adsorption of d/L-Asp on
Cu(643)R and Cu(643)S at 400 K showing θ

d
/θ

L

as a function of time exposed to a flux (≈ 0.1
ML/min) with a constant P

d
/P

L
. The data shown

with solid circles was obtained starting with
initially clean surfaces. The data shown with
open circles was obtained by starting with
(θ

d
/θ

L
)0 = 0.25 (purple) or 3.5 (black) and ex-

posing to P
d
/P

L
= 1.1 and 1.3, respectively.

Regardless of (θ
d
/θ

L
)0, the values of θ

d
/θ

L
ap-

proached in steady-state are roughly indepen-
dent of the initial coverage ratios.
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into a factor of ~6 difference in enantiospe-
cific decomposition rates on Cu(643)R&S.
Isotopic labeling also allows direct mea-
surements of the adsorption-induced auto-
amplification of enantiomeric excess dur-
ing equilibrium exposure of the Cu(643)R&S

surfaces to non-racemic mixtures of Asp.
Asp enantiomers have been shown to dis-
place one another enantiospecifically on
Cu(643) but, when equilibrated with d-/l-
Asp mixtures in the gas phase, enantiospe-
cific adsorption is suppressed in favor of
homochiral aggregate formation.

Acknowledgements
This work has been funded by the US

Department of Energy, Basic Energy Science
program under grant number DE-SC0008703.

Received: April 9, 2018

[1] a) J. Gal,Helv. Chim. Acta 2013, 96, 1617; b) L.
Pasteur, C. R. Acad. Sci. 1848, 26, 535.

[2] a) D. S. Sholl, A. J. Gellman, AIChE J. 2009,
55, 2484, DOI: 10.1002/aic.12036; b) A. J.
Gellman, W. T. Tysoe, F. Zaera, Catal. Lett.
2015, 145, 220, DOI: 10.1007/s10562-014-
1400-8.

[3] a) M. Heitbaum, F. Glorius, I. Escher, Angew.
Chem. Int. Ed. 2006, 45, 4732; b) D.Y. Murzin,
P. Mäki-Arvela, E. Toukoniitty, T. Salmi, Catal.
Rev. Sci. Eng. 2005, 47, 175; c) T. Mallat, E.
Orglmeister, A. Baiker, Chem. Rev. 2007, 107,
4863.

[4] a) A. R. Ribeiro, A. S. Maia, Q. B. Cass, M.
E. Tiritan, J. Chromatogr. B 2014, 968, 8; b)
Z. A. Al-Othman, A. Al-Warthan, S. D. Alam,
I. Ali, Biomed. Chromatogr. 2014, 28, 1514;
c) R. Sancho, C. Minguillon, Chem. Soc. Rev.
2009, 38, 797, DOI: 10.1039/b718359n; d) V.
A. Soloshonok, C. Roussel, O. Kitagawa, A. E.
Sorochinsky, Chem. Soc. Rev. 2012, 41, 4180,
DOI: 10.1039/c2cs35006h.

[5] a) R. M. Hazen, D. S. Sholl, Nat. Mater. 2003,
2, 367; b) L. Addadi, S. Weiner, Nature 2001,
411, 753.

[6] a) J. D. Horvath, A. J. Gellman, Top. Catal.
2003, 25, 9; b) S. J. Jenkins, S. J. Pratt, Surf.
Sci. Rep. 2007, 62, 373, DOI: 10.1016/j.sur-
frep.2007.06.001; c) C. F. McFadden, P. S.
Cremer, A. J. Gellman, Langmuir 1996, 12,
2483, DOI: 10.1021/la950348l.

for which amino acids, this work illustrates
a method which can probe enantiospecific
aggregation of enantiomers on chiral and
achiral surfaces.

5. Conclusion

In this work, both enantiospecific
decomposition kinetics and homochiral
enantiomer aggregation have been identi-
fied on the naturally Cu(643)R&S surfaces.
Enantiospecific isotopic labelling has en-
abled detailed analysis of the Asp decom-
position mechanism on Cu(643)R&S dem-
onstrating rigorously that Asp, adsorbed in
its doubly deprotonated form, decomposes
via cleavage of the C3–C4 bond, followed
by cleavage of the C1–C2 bond and finally,
the decomposition of the remaining C

2
NH

5
fragment into N≡CCH

3
and H

2
. The com-

bination of a naturally chiral surface cou-
pled with a non-linear surface explosion
reaction amplifies small enantiospecific
differences in decomposition energetics

Cu(643)R S

Cu(6 3)R S

Cu( )

ee

ee

Fig. 7. Experimental and fit isotherms for en-
antiospecific adsorption of Asp/Cu(111) (red),
Asp/Cu(653)R&S (black) and Asp/Cu(643)R&S

(blue). All three exhibit homochiral enantiomer
aggregation by amplification of enantiomer
excess, ees > eeg . However, there is no
sign of enantiospecific adsorption; i.e. ees = 0
at eeg = 0.


