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Adsorption-induced auto-amplification of
enantiomeric excess on an achiral surface

Yongju Yun and Andrew J. Gellman*

The homochirality of biomolecules is a signature of life on Earth and has significant implications in, for example, the
production of pharmaceutical compounds. It has been suggested that biomolecular homochirality may have arisen from the
amplification of a spontaneously formed small enantiomeric excess (e.e.). Many minerals exhibit naturally chiral surfaces
and so adsorption has been proposed as one possible mechanism for such an amplification of e.e. Here we show that
when gas-phase mixtures of p- and L-aspartic acid are exposed to an achiral Cu(111) surface, a small e.e. in the gas phase,
e.e.;, leads to an amplification of the e.e. on the surface, e.e.;, under equilibrium conditions. Adsorption-induced
amplification of e.e. does not require a chiral surface. The dependence of e.e.; on e.e.; has been modelled successfully
using a Langmuir-like adsorption isotherm that incorporates the formation of homochiral adsorbate clusters on

the surface.

he homochirality of biomolecules, such as amino acids, sugars,
proteins and DNA, is a signature of life on Earth and the
mechanistic origins of biomolecular homochirality have
been debated for decades. It has been suggested that the origin
of homochirality in the prebiotic environment was the spontaneous
formation of a small e.e. followed by processes that amplify e.e.’.
Such chiral amplification has been reported in various experiments,
including asymmetric autocatalysis, polymerization, crystallization,
sublimation and phase transition*™. Chiral amplification phenom-
ena that involve crystalline phases of chiral compounds arise from
their tendency to form racemate phases (crystals containing equi-
molar quantities of both enantiomers) or conglomerate phases
(physical mixtures of enantiomerically pure crystals)®®. Several
experiments have demonstrated the impact of chiral surfaces on
chiral amplification processes!!"*. Here we demonstrate that
the adsorption-induced auto-amplification of e.e. does not
require a chiral surface—it can occur on achiral surfaces. We
demonstrate this phenomenon through equilibrium adsorption of
non-racemic gas-phase mixtures of p- and L-aspartic acid (Asp,
HO,C-CH(NH,)CH,-CO,H) on the achiral Cu(111) surface and
suggest a model of homochiral adsorbate clustering that predicts
the observed dependence of surface e.e., e.e.;= (6, - 6,)/(6,+6,), on
the gas-phase e.e,, e.e.; = (P, - P)/(P, + P,), where ), and P, are the
fractional coverage on the surface and the partial pressure in
the gas phase, respectively, of p-Asp (subscript L represents the
same for L-Asp).

Symmetry breaking by adsorption on the surfaces of inorganic
materials has attracted interest in recent years because naturally
chiral minerals, such as quartz, may have played a role in establishing
the homochirality of chiral biomolecules'>!°. Furthermore, enantio-
selective processes on chiral surfaces of catalytically active materials
have potential applications in chiral separations and heterogeneous
catalysis'"''18, Hazen ef al. showed that amino acids, such as Asp,
adsorb enantiospecifically on the chiral surfaces of calcite, an
achiral mineral that exposes naturally chiral surfaces'>. Even
though metals have achiral bulk structures, they can expose intrinsi-
cally chiral surfaces that lack mirror symmetry'. It has been shown
that chiral adsorbates exhibit enantiospecific orientations, desorption
kinetics and reaction energetics on naturally chiral metal

surfaces'>?9-26, Recently, the first unequivocal observation of the
enantioselective separation of a racemic mixture on naturally chiral
Cu{3,1,17}*%5 surfaces was reported; the equilibrium adsorption
of racemic p/L-Asp at 460 K results in an ees of 39+3%'
The adsorg)tion of p-Asp is favoured over that of L-Asp on the
Cuf3,1,17}° surfaces and vice versa on the Cu{3,1,17}% surfaces.

To create templated chiral surfaces, chiral supramolecular assem-
blies of organic adsorbates have been formed on metal surfaces?” .
Achiral succinic acid forms overlayers on the achiral Cu(110)
surface that break the substrate symmetry and, thus, form enantio-
morphous domains. A small chiral bias by an enantiomerically pure
chiral agent, such as tartaric acid, induces the exclusive formation of
one enantiomorph of the succinic acid overlayer®!. Similarly,
Hagq et al. reported a nonlinear chiral amplification in the supramo-
lecular structure of tartaric acid on Cu(110) induced by a small
e.e..>. These examples demonstrate that adsorbate overlayers on
achiral surfaces can be made homochiral by a small e.e in the
adsorbate composition, a phenomenon known as the ‘sergeants
and soldiers’ effect’!.

Here we report the first observation of auto-amplification of mol-
ecular e.e. by equilibrium adsorption of a chiral compound, Asp, on
an achiral single crystalline metal surface, Cu(111). In other words,
we demonstrate auto-amplification of e.e. in the molecular compo-
sition of the adsorbed layer, not just in its supramolecular chiral
structure. This work used a '*C-labelling method for the mass spec-
trometric enantiodiscrimination of adsorbed enantiomers and the
determination of e.e.;!*3*3. This was coupled with the control of
e.e.; and the ability to establish and quantify equilibrium between
gas-phase and adsorbed-phase mixtures of Asp enantiomers. The
equilibrium adsorption of gas-phase Asp with e.e.,# 0 results in |
e.e.s| > |e.e.q|, even though Cu(111) is achiral.

We describe auto-amplification on an achiral surface using a
simple Langmuir-like adsorption model. Within this model, chiral
auto-amplification is attributed to the homochiral clustering of
adsorbates®-%". Early observations of the auto-amplification of mix-
tures of nicotine enantiomers by achiral HPLC columns were also
rationalized in terms of the formation of homochiral clusters®.
Chiral amplification has also been observed during the fragmenta-
tion and reformation of octameric serine clusters (Serg) in the gas
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Figure 1| TPR spectra of p- and *L-Asp on the Cu(111) surface at
saturation coverage. a, During heating p- and *L-Asp yield CO, (44 amu)
and CO, (45 amu), respectively, and show a clear mass spectrometric
enantiodiscrimination of the two enantiomers. Thus, the relative coverages
of p- and *1-Asp can be determined from the integrated areas under the
CO, and *CO, desorption signals, respectively. b, o- and *L-Asp show no
measurable >C-isotope effect on their decomposition kinetics; both
decompose at the same temperature, 520 K. a.u., arbitrary units.
phase®®®. In general, this type of behaviour arises from the
differences in homochiral and heterochiral interactions of chiral
molecules and their tendency to form racemate or conglomerate
species'?. Our observation of adsorption-induced auto-amplifica-
tion on a single crystal surface lends itself to quantitative study,
spectroscopic characterization and atomistic modelling, and can
provide new insights into enantiomeric amplification processes
that may have led to biomolecular homochirality in the prebiotic
world. Moreover, adsorption-induced amplification of e.e. must be
a fairly general phenomenon and influence enantioselective chemi-
cal processes, such as chiral separations and heterogeneous
asymmetric catalysis.

Results

This work quantified the equilibria between p/L-Asp mixtures in the
gas phase and p/L-Asp mixtures adsorbed on an achiral Cu(111)
surface under ultrahigh vacuum conditions. Asp is expected to
adsorb on the Cu(l11) surface as biaspartate ("O,C-CH(NH,)
CH,-CO; ). On Cu surfaces, with heating biaspartate decomposes
into CO, (44 amu), N=CCH; and H,!**. For the purpose of
mass spectrometric enantiodiscrimination of the adsorbed Asp,
we used mixtures of isotopically labelled *L-Asp-1,4-">C, (*1-Asp,
HO,"*C-CH(NH,)CH,-">CO,H) and unlabelled p-Asp. Figure la
shows the temperature-programmed reaction (TPR) spectra
obtained from the decomposition of enantiomerically pure p- and
*L-Asp adsorbed on the Cu(111) surface at saturation coverage. As

NATURE CHEMISTRY | VOL 7 | JUNE 2015 | www.nature.com/naturechemistry

expected, the CO, desorption signals are observed at m/z =44 amu
during p-Asp decomposition and m/z=45 amu during *1-Asp
decomposition; CO, originates from the carboxylate groups. More
importantly, the CO, and '*CO, desorption signals can be used to
quantify the relative coverages of p- and *L-Asp, 0,/0:,. The CO,
TPR spectra obtained from p- and *1-Asp are indistinguishable
(Fig. 1b). Asp exhibits no isotope effect on its decomposition
kinetics that might complicate our measurements of adsorption
equilibria using p- and *L-Asp'4.

During the initial adsorption of a gas-phase mixture of p- and
*L-Asp with the surface at 400 K, the relative coverages of the two
enantiomers, 6,/0-,, were equal to their relative gas-phase fluxes,
P,/P.,, onto the surface. After saturation of the surface with
adsorbed Asp, further exposure with the surface at 460 K resulted
in a displacement exchange of the adsorbed Asp by the gas-phase
Asp, establishing equilibrium. In this work, the relative equilibrium
coverages of D- and *L-Asp on the achiral Cu(111) surface were
measured following exposure to gas-phase mixtures with P,/P., = 1/2,
1 and 2. The partial pressure (flux) ratios were achieved by indepen-
dently controlling the temperatures of the two glass vials from
which the Asp enantiomers were sublimated. The time needed to
saturate the surface was ~20 minutes, which indicates that the inci-
dent fluxes to the surface correspond to P~ 107° torr. After each
exposure, the ratio of p/*L-Asp coverages, 0,/6:,, on the Cu(111)
surface (Fig. 2) was determined from the CO, and 3Co, yields
measured during TPR spectroscopy.

During exposure to a racemic D/*L-Asp mixture, P,/P+ =1, the
initial coverage ratio was 0,/0,, =1 because the gas-phase fluxes
onto the surface and the sticking coefficients of p- and *L-Asp
were identical. After the surface had saturated with adsorbed Asp
(<20 minutes), the coverage ratio of b/*L-Asp remained at 6,/6., =1
during continued exposure to the racemic p/*L-Asp. This is expected
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Figure 2 | Asp coverage ratios, 6,/0-,, on the achiral Cu(111) surface as a
function of exposure time to o/*L.-Asp mixtures with partial pressure ratios
of P,/Ps,=(1/2), 1 and 2. The uncertainty in each measurement is ¢~ 4%.
The initial exposure to saturate the surface is at 400 K, whereas further
exposure to induced displacement is at 460 K. Exposure to racemic o/*1-Asp
in the gas phase results in 8,/6-, =1.0 (filled squares) for all exposure times,
which demonstrates no enantioselectivity. However, exposure to non-
racemic p/*L-Asp mixtures of P,/P- = (1/2) (open circles) or 2 (filled circles)
leads to a decrease or increase of 6,/6., which reveals enantioselective
adsorption on the achiral Cu(111) surface. The data shown with filled
inverted triangles, filled diamonds, filled triangles and open diamonds were
obtained by starting with 6,/0- =78, 16, 6.8 and 0.10, respectively. Dashed
lines represent equilibrated coverage ratios for the three p/*L-Asp gas-phase
mixtures. For the gas-phase p/*L-Asp mixtures with P,/P-. = (1/2) and 2, the
equilibrated coverage ratios on Cu(111) differ by a factor of eight from the
partial-pressure ratios in the gas phase.
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because neither the p/*L-Asp nor the Cu(111) surface have a net
chirality. Exactly the same result was observed on the Cu(100)
surface'. These constitute control experiments, in that isotope
effects arising from our use of '*C-labelled *L-Asp would cause
0,/0-, to deviate from unity during exposure to racemic D/*L-Asp.
The TPR spectra for p- and *L-Asp shown in Fig. 1b also show no
detectable isotope effects.

During the initial exposure of the Cu(111) surface at 400 K to a
non-racemic D/*L-Asp mixture with P,/P =2 the coverage ratio
remained 6,/6-, =2 until it eached saturation coverage. On chiral
Cu{3,1,17}*% surfaces, p- and *L-Asp have different adsorption
energies and displacement leads to an enhancement in the coverage
of the enantiomer with the higher adsorption energy during
exposure to either racemic or non-racemic mixtures'. This would
not be expected to occur on the achiral Cu(111) surface. However,
continued exposure of the Cu(111) surface at 460 K to the non-
racemic mixture with P,/P = 2 resulted in an increase in the cover-
age ratio to 6,/6., =4.7 (filled circles) (Fig. 2) after exposure for
55 minutes, which demonstrates the enantiopurification of p-Asp
by adsorption on an achiral surface. To find the equilibrium value
of 6,/6., for the gas-phase flux ratio of P,/P+ =2, the surface was
first saturated with D/*L-Asp at coverage ratios of 0,/6 =6.8
(filled triangles), 17 (filled diamonds) and 78 (filled inverted tri-
angles) (Fig. 2), and then exposed to the non-racemic mixture with
P,/P«, =2. Although the values of 6,/6,, reached after ~60 minutes
of displacement and starting from 6,/6., = 6.8 and 78 do not reach
the steady-state coverage ratio of 0,,/0-, = 16, they bound this value
from above and below. The coverage ratio obtained by starting
with 6,/04 =17 tends to a steady-state ratio of 0,/0., =16 after
about 20 minutes of displacement. This implies that for P,/P« =2
the equilibrium coverage ratio is 0,,/6 = 16 and would be reached
for any initial coverage ratio, if allowed to equilibrate with the
gas-phase Asp for sufficiently long times. This represents an
auto-amplification from e.e.;=34%(P,/Py=2.0) to e.e.,=88%
(6,/6-.=16) on the achiral Cu(111) surface.

The initial exposure of the clean Cu(111) surface at 400 K to
non-racemic b/*L-Asp with P,/P« = 0.5 resulted in a coverage ratio
of 6,/6,=05 until saturation coverage was reached after
20 minutes. For longer exposure times with the surface at 460 K, dis-
placement resulted in the coverage ratio decreasing to 6,/6-, =0.18
(open circles) (Fig. 2), which revealed an amplification of e.e.
with the preferential adsorption of *L-Asp. Starting with a coverage
ratio of 6,/6, =0.10 (open diamonds) (Fig. 2) and exposing the
surface to Asp with P,/P+ = 0.5 led to a steady-state coverage ratio
of 6,/6-,=0.05 after 60 minutes of exposure time, roughly equal
to the inverse of the equilibrium value of 6,/6., = 16 obtained with
P,/P =2.0.

The adsorption-induced amplification of e.e. can best be
represented by a plot of e.e. versus e.e Figure 3 shows the
nonlinear relationship between e.e.; and e.e.; as measured using
the method illustrated in Fig. 2. This, too, is a control experiment;
if the equilibrium coverage ratios, 6,/6-,, were observably influenced
by "*C-labelling of the *L-Asp, the dependence of e.e.; on e.e.; would
not be symmetric with respect to inversion through the origin. At
low values of eeg the adsorption-induced auto-amplification
factor for non-racemic mixtures of p/*L-Asp on the Cu(111)
surface was ~8. This remarkable observation is the core result of
this work.

Discussion

The adsorption of non-racemic gas-phase mixtures of a chiral com-
pound on an achiral surface can lead to the auto-amplification of e.e.
This has important implications for surface chemical processes that
are enantioselective, such as adsorption, catalysis and chromato-
graphic separations, and also suggests a novel role that achiral sur-
faces could have played in the amplification of small chiral biases in
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Figure 3 | Relationships between e.e.; of the Asp mixtures in the gas
phase and the e.e.s in the adsorbed phase on an achiral Cu(111) surface
under equilibrium adsorption conditions at 460 K. The measurements
using Asp mixtures (filled squares) exhibit highly asymmetric adsorption
behaviour, which shows that the small e.e.; can be auto-amplified to
significant values of e.e... The curves are obtained from a Langmuir-like
adsorption isotherm that incorporates homochiral cluster formation with
cluster sizes of n=28, 10 and 12. The corresponding free energies of cluster
formation are AG,/n=6.4, 5.9 and 5.6 kJ mol™. The nonlinearity of the
isotherms predicted by inclusion of the homochiral cluster formation also
predicts the observed auto-amplification of e.e.c.

the prebiotic world. Our observations raise a number of questions.
What is the mechanism of chiral auto-amplification on an achiral
surface? Does this mechanism also influence the enantioselective
adsorption of chiral compounds on chiral surfaces? What structural
characteristics of surfaces and adsorbates govern auto-amplifica-
tion? This work identified a well-defined model system that can
be used to answer some of these questions.

The enantioselectivity of Asp adsorption on achiral Cu(111)
obviously has a different physical origin than that observed on the
chiral Cuf3,1,17}** surfaces'. On the Cu{3,1,17}° surfaces, the
equilibrated coverages of p- and *1-Asp can be described by:

M _ K"L/R P*L — KD/S PD - M
Kyr P, K.sPo 0

(1)

BD/ R

where 6,z and K,/ are the coverage and the equilibrium constant,
respectively, for the adsorption of p-Asp on a Cu{3,1,17}* surface,
0.,z and K. are the coverage and the equilibrium constant,
respectively, for the adsorption of *L-Asp on a Cu{3,1,17}}
surface, 6,5 and K5 are the coverage and the equilibrium constant,
respectively, for the adsorption of p-Asp on a Cu{3,1,17}° surface
and 6., and K5 are the coverage and the equilibrium constant,
respectively, for the adsorption of *L-Asp on a Cu{3,1,17}° surface.
The ratios of the equilibrium constants on the two surfaces are
Kir/Kyr = Kpys/Keyys=2.2£0.2 and are independent of P,/P..
Similarly, the coverage ratios of p- and *r-alanine on the
Cuf3,1,17}%*5  surfaces are proportional to P,/P+, although
non-enantiospecifically, K« r/Kpy/g=Kp/s/K«js=1.0 (ref. 40). This
is clearly not the case for the p- and *1-Asp adsorption on
Cu(111); even though the surface is achiral, 6,/0. is not
proportional to P,/P-.

One can imagine several possible mechanisms for the auto-
amplification of e.e. on achiral surfaces. Auto-amplification could
arise from chiral reconstruction of the surface. There are several
examples of chiral adsorbates that reconstruct achiral surfaces and
thereby imprint their molecular chirality onto the surface!>2641-45,
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If imprinting was dominated by the chirality of the majority enan-
tiomer, it could lead to enhanced adsorption of that enantiomer and
thus to auto-amplification of e.e.; with respect to e.e.,. Alternatively,
nonlinear competitive adsorption equilibrium processes could lead
to auto-amplification.

The Langmuir adsorption isotherm assumes that all the adsorp-
tion sites are equivalent and that adsorbates are non-interacting,
other than by blocking adsorption on an occupied site. A simple
modification to the Langmuir adsorption isotherm can include
the effects of adsorbate agglomeration into conglomerate (homo-
chiral) clusters or racemate (heterochiral) clusters. For comparison
with the auto-amplification data of Fig. 3, we explored the conse-
quences of a Langmuir-like model that incorporates the formation
of homochiral, conglomerate clusters. The simple Langmuir
model for competitive adsorption of two enantiomers assumes
two equilibrated adsorption processes:

Dg+|:|<—>D|:|

Lg+|:|<—>L|:]

where Dy is a D-enantiomer in the gas phase, [1is an empty site, DC]
is an adsorbed D-enantiomer and L[] is an adsorbed L-enantiomer.
The equilibrium expressions for the fractional coverages, 0, and 0,,
are given by:

0,=K,P,0 (2)
6, =K.P.o 3)
where K, is the adsorption equilibrium constant, which is identical
for the p- and L-enantiomers on the achiral surface,and 6= (1 -6, - 6,)
is the coverage of empty sites. Equations (2) and (3) combined yield
well-known expressions for competitive first-order adsorption that

cannot predict auto-amplification. The addition of a nonlinear
process of homochiral clustering:

n(DO) « (DO),
n(LO) < (L0O),
is described with two additional equilibrium equations:
00n = K, )
0., =K.0! ()
where the homochiral clusters contain n molecules and occupy n
sites. As the surface is achiral, the equilibrium constants for

cluster formation, K, are identical for p- and L-enantiomers. The
vacancy concentration is now given by:

6=1-6,-6,-n6,,-nd, (6)
In these terms, the e.e. on the surface is:

(0, +n6,,)— (6, +n6,)
©70, +nb,,) + (0, +nb,,)

@)

These equations can be solved to yield e.e.; versus e.e., for any given
choice of the parameters n, K,, K. and P = P,, + P,. The positive real
roots of the following expression yield the vacancy concentration, d,

versus e.e.g:
0=1-(1+K,P)d-nK (K,P2)"(1+eey)" +(1-ee,)")d"

(8)
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Given that the experiment dictates that the total coverage of Asp
is close to saturation, the vacancy concentrations must have values
8~ 0. The values of e.e.; are then given by:

e.e(1-0)=K,P(ee.,)d +nK (KPr)"
x ((1+ e.e.g)” -(1- e.e.g)")y’ 9)

For fixed values of n, equations (8) and (9) have been solved to find
the values of K,P and K. that best fit the data of Fig. 3, and thereby
identify the values of n that best reproduce the data.

The data in Fig. 3 show a clear positive deviation of |e.e.| with
respect to |e.e.q|. The homochiral clustering adsorption model pre-
dicts an isotherm with ee,=ee, for clusters with n=1
(Langmuirian). For n>1 and increasing values of K, it predicts
an increasing positive deviation of |e.e.| with respect to [e.e.q|.
The three curves shown in Fig. 3 are the solutions to equations
(8) and (9) for n =8, 10 and 12, all of which yield fits to the data
of similar quality. Fits at lower and higher values of n become
increasingly poor. Equilibrium constants, K. (estimated from the
data at 460 K), yield estimates for the free energy of cluster for-
mation of AG./n=6.0+0.4k] mol™', which is quite small and
well within the range of dispersion interactions. This simple homo-
chiral clustering model of adsorption is sufficiently nonlinear to
predict the auto-amplification observed during exposure of the
Cu(111) surface to non-racemic Asp.

Consistent with the model just proposed, there are many obser-
vations of amino-acid cluster formation on surfaces*->2 Glycine on
the Cu(111) surface at 400 K forms trimer rings through hydrogen
bonding®. A scanning tunnelling microscopy study of alanine on
Cu(111) at 473 K showed that alanine forms a hexagonal super-
structure with trimer subunits connected by hydrogen bonding®.
Accompanying density functional theory calculations suggested
that the stabilization energies of the alanine trimer relative to
three isolated alanine molecules are ~10kJ mol™ per molecule.
Our homochiral clustering model for Asp on Cu(111) provides a
comparable value of the cluster stabilization energy. The clustering
of amino acids on surfaces is not a novel suggestion; however, that
the clusters are homochiral rather than racemic is interesting.
During crystallization from the solution or from the gas phase,
most amino acids form racemates rather than conglomerates®.
Our data quite clearly indicate that homochiral interactions,
which lead to the formation of conglomerate clusters, dominate
over heterochiral interactions, which would lead to the formation
of racemate clusters. The formation of racemate clusters would
manifest itself by a negative deviation of |e.e.| with respect to
le.e.|, opposite to that observed in Fig. 3.

‘Self-disproportionation of enantiomers’ in the HPLC of enantio-
mer mixtures on achiral columns results in eluent fractions that
differ in e.e. from that of the analyte solution injected onto the
column. This is attributed to the inequivalence of homochiral and
heterochiral interactions between enantiomers, which leads to the
formation of conglomerate or racemic clusters of analyte enantio-
mers on the stationary phase®-%". A related observation is the enan-
tiomeric purification of non-racemic serine in the gas phase by
the formation, fragmentation and reformation of gas-phase Serg
clusters®®. Serg clusters form with a high degree of enantiomeric
purity and their deposition onto a Au surface allows their collection
for the subsequent analysis of e.e. and demonstration of purification
over that of the initial Ser mixture. Although enantiopurification
was described entirely in terms of gas-phase processes, it is possible
that adsorption-induced auto-amplification, as observed for Asp
on Cu(111), further enhances the e.e. of Serg clusters collected
by this process. In addition to these examples of HPLC separations
and gas-phase enantiopurification, adsorption-induced auto-ampli-
fication must influence the product e.e. of all the enantioselective
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processes that occur on surfaces. Furthermore, it is important to
note that the underlying role of homochiral and heterochiral inter-
actions is just as relevant to processes on chiral surfaces as to those
on achiral surfaces.

Conclusions

In this work we report the first example of the auto-amplification of
the e.e. of a chiral molecule on an achiral metal surface that results
from equilibrium adsorption of enantiomeric mixtures with a small

e, Adsorption-induced chiral auto-amplification can be

explained by the formation of homochiral clusters on the achiral
surface. This chiral amplification mechanism has important impli-
cations for the role of inorganic surfaces in the processes that lead
to the homochirality of life on Earth. Simple adsorption on an
achiral surface can lead to amplification of small enantiomeric
excesses that occur under dilute conditions. Furthermore, these
auto-amplification processes must impact enantioselective chemical
processes, such as adsorption, separations and catalysis, in ways that
have not been considered previously.

Methods

The study of the auto-amplification of the e.e. of p- and *L-Asp on the achiral
Cu(111) surface was performed in an ultrahigh vacuum system with a base pressure
of 2 x 107" torr'**, The chamber was equipped with an ion-sputter gun for surface
cleaning, low-energy electron diffraction optics to examine the ordering of the clean
Cu(111) surface, a homemade evaporator to deposit D-Asp and *L-Asp on the
Cu(111) surface and an Extrel mass spectrometer to detect chemical species in the
gas phase and those that desorb from the surface during heating. Before each
experiment, the surface was cleaned by 1 keV Ar" ion sputtering, annealed at 900 K
for 500 seconds and then cooled at a controlled rate of —1 K 's™" at a pressure of
<1x 107’ torr. Unlabelled p-Asp (Sigma-Aldrich, 99% chemical purity) and
isotopically labelled *L-Asp (Cambridge Isotope Laboratories, 98% chemical purity,
99 atom% 1,4-3C,) were vapour deposited onto the Cu(111) surface by sublimation
from two independently heated glass vials. The fluxes of p- and *L-Asp from each
vial were controlled by heating the vials to different temperatures in the range
360-390 K. The exposure time was controlled by opening a shutter placed in front of
the glass vials. After the exposure to Asp, the Cu sample was resistively heated from
250 K to 670 K at 1 K's™" and the species desorbing from the surface were monitored
by the mass spectrometer.
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