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Abstract: Chirality can be bestowed onto achiral surfaces by adsorption of chiral molecules. This offers a good
opportunity to study two-dimensional chiral crystallization phenomena, like lateral resolution of enantiomers or the
transfer of handedness from single molecules into mesoscopic ensembles with high resolution by scanning probe
microscopy. Induction of homochirality on surfaces via cooperatively amplified interactions in molecular monolay-
ers is a new phenomenon of supramolecular surface chirality. Prochiral molecules will turn into either handedness
upon adsorption, but doping with intrinsically chiral molecules breaks this symmetry and induces homochirality. A
similar effect is induced by a small enantiomeric excess. The excess molecules provide the chiral bias that becomes
amplified into single lattice chirality.
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1. Introduction

In his famous experiment in 1848 Pasteur
separated left- and right-handed ammoni-
um sodium tartrate crystals manually and
observed opposite optical activity for their
aqueous solutions.!! His insight that the or-
igin of chirality is based on molecular struc-
ture laid the foundation of modern structural
organic chemistry. Two important details of
his experiment actually allowed the manual
separation: i) Handedness was transferred
from the molecular structure to the macro-
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scopic shape of the crystal (hemihedrism),
and ii) the racemate precipitated into a con-
glomerate of homochiral crystals. The un-
derlying mechanisms of both processes are
still poorly understood. We are neither able
to predict the shape of a crystal from mo-
lecular structurel? nor do we know why less
than ten percent of all racemates crystallize
into conglomerates.l*# One reason for the
difficulty to understand and investigate
these processes is their cooperative nature.
Extremely small structural influences gov-
ern the macroscopic result when they be-
come amplified by many cooperating units.
Cooperativity among different homochiral
biomolecules is also of fundamental im-
portance in life.[5! Furthermore, the transfer
of chirality into mesoscopic structures — a
very important issue in liquid crystal sci-
ence — is difficult to predict in three dimen-
sions. More tractable and easier understood
are two-dimensional (2D) crystals formed
at surfaces, in particular because of the
possibility to study these processes at the
molecular level by exploitation of scanning
tunneling microscopy (STM). Different as-
pects of chirality in two-dimensional mo-
lecular lattices self-assembled on C; - and
C,,-symmetric single-crystalline copper
surfaces are reviewed. The examples in-
clude monolayers of enantiopure and ra-
cemic heptahelicene (C;,H ), a helically
shaped aromatic hydrocarbon on Cu(111),
racemic tartaric acid on Cu(110) as well as
chirally doped meso-tartaric acid and suc-
cinic acid on Cu(110).

2. Methods and Materials

All adsorbate systems have been inves-
tigated under ultra-high vacuum (UHV)
conditions (p = 1078 Pa). The organic
compounds were evaporated from Knud-
sen cells in vacuo onto the copper crystal
surfaces at room temperature. The pol-
ished Cu crystal surfaces (MaTecK) were
cleaned via argon ion bombardment and
were subsequently annealed at 950 K for
one minute. Cleanliness and quality of the
surfaces and the surface coverage of the
adsorbate systems were determined via X-
ray photoelectron spectroscopy (XPS), low
energy electron diffraction (LEED), tem-
perature programmed desorption (TPD)
and STM. TPD curves were acquired with
aheating rate of 4 K s~! using a quadrupole
mass spectrometer as detector. Synthesis
and enantiomeric separation (ee > 99.9%)
of heptahelicene ([7]H) was performed
as described previously.l®] The absolute
configuration was assigned to a high
level of confidence by comparison of ex-
perimental and calculated VCD spectra.l”]
X-ray photoelectron diffraction studies
(XPD) of (M)-[7]H on the stepped Cu(332)
surface also confirmed this assignment.[8]
Tartaric acid (R,S-, R,R-, S,5- & racemate)
and succinic acid were purchased from Al-
drich and Merck with purities better than
99%. STM images were acquired in con-
stant-current mode with the sample slowly
cooled to 50 K. Molecular modeling cal-
culations (MMC) were performed using
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the AMBER force field of the Hyperchem
7 package.

3. Results and Discussion

3.1. Transfer of Handedness from
Single Molecules into 2D Crystals

Pure enantiomers at surfaces form in
most cases 2D enantiomorphous struc-
tures in close-packed monolayers.®l That
is, chirality is transferred from the single
molecule into a long-range chiral motif at
the surface. The created motifs are mirror
images for the opposite enantiomers. One
example are the pure [7]H enantiomers on
Cu(111).191 Close to monolayer saturation,
handed pinwheel structures are observed via
STM (Fig 1a,b). The (M)-[7]H-pinwheels
have the opposite handedness to the (P)-[7]
H-pinwheels. In addition, at full monolayer
coverage ‘three-molecule-cloverleaf” units
show opposite tilt angles with respect to the
adsorbate lattice unit cell (Fig 1c,d). In all
cases, the adsorbate lattice is aligned in an
oblique angle to the underlying substrate
lattice. Especially this latter mode of ex-
pression of chirality in ordered adsorbate
systems is a common phenomenon.-11]
Molecular modeling calculations (MMC)
reveal that these structures are governed by
steric constraints. The lowest-energy struc-
ture for the close-packed monolayer (Fig.
1c, d) delivers identical adsorption sites for
all molecules of the unit cell. Their respec-
tive azimuthal orientations, however, are
different and depend strongly on the sign
of helicity of the molecules, so that oppo-
site lattice enantiomorphism is observed for
the enantiomers. Assuming that the bright-
est features of the STM images reflect the
off-centered topmost part of the molecular
helix, the MMC-structure in Fig. le agrees
well with the experimentally observed
STM structure in Fig. 1¢.19 Similar to the
frustrated lattice structures observed for
crystalline polymers of single helicity, e.g.
isotactic poly(propylene),l'2! not all helices
can be aligned ‘in phase’. This shows that,
although the packing is mediated by the Cu
substrate grid, the ‘one-pitch’ [7]H helices
follow the same sterically controlled pack-
ing rules as extended helical molecules in
3D crystals. [7]H on Cu(111) is therefore
an example for short-range sterically con-
trolled supramolecular self-assembly medi-
ated by the surface lattice.

3.2. Racemic Crystals versus
Conglomerates

It has been predicted that two-dimen-
sional enantiomeric resolution on a surface
should occur more easily than in 3D crys-
tals. Due to confinement in the plane cer-
tain symmetry elements, e.g. the center of
inversion or the glide plane parallel to the
surface, are precluded and enhanced chiral
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Fig. 1. (a—d) High-resolution STM images (10 nm x 10 nm) of (M)- and (P)-[7]H structures. The
respective adlattices (red unit cells) have opposite tilt angles with respect to the substrate lattice
(yellow arrow). (M)-[7]H forms at 91% of the saturated monolayer clockwise rotated pinwheels (a),
while counterclockwise rotated pinwheels are observed via STM for (P)-[7H] (b). For the saturated
monolayer lattices, opposite tilt angles of cloverleaf clusters with respect to the adlattice are observed,
indicated by red triangles in the unit cells, (c,d). () Model for the M-[7]H cloverleaf structure obtained
from MMC. Minimal repulsion is achieved for certain relative azimuthal orientations.

Fig. 2. Racemic [7]H on Cu(111). Superposition of the molecular orientation and STM images
(10 nm x 10 nm) of the mirror domains (A & p) of the highest coverage structure. The observed
enantiomorphism is achieved via alignment of heterochiral pairs in opposite chiral conformations.

interactions are expected. For lateral reso-
lution of [7]H on Cu(111), this should lead
to the same structures as observed for the
isolated enantiomers. However, racemic [7]
H forms a heterochiral lattice structure (Fig.
2).1131 Nevertheless, mirror domains are ob-
served via LEED and STM.[6%131 Qverall,
three pairs of enantiomorphous structures,
denoted as /0, A'/p! and A/p, successively
form with increasing coverage.!!4 All these
adlattices have a common feature in that
the molecules are aligned in zigzag double
rows. The lattice structure of the A/p phase

has been determined via high-resolution
STM in combination with extended Hiickel
simulations as well as MMC (Fig. 2). The
enantiomorphism is based on two possible
relative alignments of the two enantio-
mers in a heterochiral pair on the surface.
A glide plane along [ITO] interconverts
the two enantiomers, but is not a symme-
try element of a single domain lattice. It is
noteworthy here that chiral expression at
surfaces requires a minimum of mobility of
the molecules. At nickel surfaces with their
higher affinity to [7]H, for example, no dif-
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ferences for pure enantiomers and racemate
have been observed.[15]

In the case of different local molecular
adsorption geometries, lateral interactions
vary substantially for a single compound
with possible consequences for 2D enantio-
meric resolution. This has been shown for
racemic tartaric acid (TA) on Cu(110).11¢
Depending on temperature and/or cover-
age, TA forms different lattice structures on
the surface.l'”] In particular, if one or both
carboxylate groups react with the copper
surface, bitartrate or monotartrate species
will be present, respectively. For (R,R)-TA,
bitartrate species have been identified only
after thermal activation atlower coverage.[17]
With increasing coverage, however, new-
ly adsorbed TA molecules hydrogenate
the doubly deprotonated bitartrate spe-
cies to monotartrate again.['”l Besides this
change in local adsorption geometry, an
enantiomorphous (9 0, 1 2) bitartrate lat-
tice undergoes a phase transition into a
(4 0, 2 1) lattice.!!8] Interestingly, this lat-
tice has only the substrate symmetry, i.e. no
chirality is expressed at the supramolecular
level. With further exposure to enantiopure
TA, a slightly denser (4 1, 2 5) structure is
formed.[17] This structure breaks again the
mirror symmetry of the underlying copper
substrate, ie. it is enantiomorphous. For
racemic TA, on the other hand, a 2D con-
glomerate is observed only for the bitartrate
species, where homochiral (9 0, 1 2) and
(90,-12) domains coexist on the surface.16]
The corresponding LEED pattern shows a
superposition of both structures (Fig. 3).
The racemate forms a (4 0, 2 1) monotartrate
structure as well, but in contrast to the pure
enantiomers, this is the monolayer satura-
tion structure. This difference in achievable
packing density for pure enantiomer and
racemate is a strong indication that the two
(4 0,2 1) structures must be different. For a
conglomerate of coexisting (4 0, 2 1) mir-
ror domains, further exposure to racemic
TA should lead — equivalent to the enantio-
pure case — to coexisting (4 1, +2 5) mirror
domains. This difference is evidence for a
heterochiral (4 0, 2 1) racemate lattice, not
allowing additional inclusion of TA mol-
ecules. The lower thermal stability of the
(40,2 1) racemate structure with respect to
the same structure of enantiopure TA sup-
ports this scenario.[!%) Monotartrate decom-
poses upon heating into carbon dioxide,
water, carbon and hydrogen on Cu(110).
The stability of monotartrate is substantial-
ly enhanced due to the close-packed mono-
layer structure, not allowing interaction of
upper parts of the molecule with the surface
in the first place. Consequently, the CO,
TPD signal, reflecting the decomposition
reaction, shifts to higher temperatures with
increasing coverage (Fig. 3). Moreover, this
reaction is catalyzed by free surfaces sites.
Since the decomposition, in turn, creates ac-
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Fig. 3. LEED patterns and TPD curves for (R,R)-TA (bottom) and racemic
TA (top). At 405 K, (R,R)-TAforms a (9 0, 1 2), a (4 0, 2 1) (not shown here)
and a (4 1, 2 5) structure with increasing coverage. For the racemate a
superposition of the mirror-related (9 0, 1 2) and (9 0, -1 2) domains as well
asa (40, 2 1) structure are observed. The arrows point at the TPD traces for
the respective lattice structures. While the thermal stability of the bitartrate
structures for racemate and pure enantiomers is identical, it is lower by
8 K for the racemate (4 0, 2 1) monotartrate structure compared to the

(R,R)-(4 0, 2 1) monotartrate structure.

tive sites, the reaction is under autocatalytic
control. Upon heating, this leads to com-
plete decomposition in a very narrow tem-
perature interval (2 K) once the reaction has
started, because the gaseous decomposition
products desorb instantaneously at decom-
position temperature and a sharp pressure
rise is observed. This is shown in Fig. 3 for
CO, as product. Interestingly, the decom-
position temperature for the enantiopure
(4 0, 2 1) structure exceeds the one for the
same racemic structure by 8 K. This higher
stability is explained by a supramolecular
chiral ensemble effect. The initial decom-
position step requires a rearrangement of
the upper part of the molecule in order to
reach for the surface in a densely packed
environment. The difference in handed-
ness of adjacent molecules affects the ex-
tended H-bonding network of enantiopure
and racemic lattices and has consequences
for this initial ‘unhinging’ process. Hence,
the lower thermal stability is due to more
heterogeneous bonding and leads again to
the conclusion that the racemate forms a
heterochiral (4 0, 2 1) monotartrate lattice.
Consequently, the coexisting homochiral

(90, £1 2) bitartrate domains show the same
thermal stability as the (R,R)-(9 0, 1 2) bi-
tartrate structure (Fig. 3).

3.3. Adsorption-induced Chirality
Achiral molecules can become chiral
upon adsorption, either due to asymmetric
distortion of the molecular frame or just
because of an adsorbate complex devoid
of mirror symmetry.l®) However, all ad-
sorption-induced chirality processes have
in common that both enantiomers will be
created as long as no further bias for single
handedness is present. At a global level,
the surface remains achiral, but at a local
level, spontaneous symmetry breaking is a
common phenomenon. As for intrinsically
chiral molecules, the induced local chirality
of adsorbed molecules is often transferred
into the adlattice, which is then aligned in
an oblique angle with respect to the sub-
strate lattice. Again, these enantiomor-
phous structures are then easily observed
via LEED. We note that mirror domains
may be created with no chiral adsorbate
complex involved, because the optimal
packing arrangement breaks the symmetry
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of the underlying substrate lattice.[>201 For
(R,R)- and (S,S)-bitartrate a zigzag distor-
tion was determined experimentally.2!]
Density functional theory (DFT) calcula-
tions, however, also predict a chiral zig-
zag conformation after deprotonation of
both carboxyl groups for achiral (R,S)-TA
(meso-tartaric acid) and succinic acid (SU)
on Cu(110).22] Experimental observations
of long-range enantiomorphous patterns
in connection with reasonable molecular
structure considerations indeed suggest
a chiral geometry for (R,S)-bitartrate and
bisuccinate on Cu(110).23241 Because the
probability of generating both enantiomor-
phous lattices is identical, two-dimensional
conglomerates are formed, i.e. all molecules
in a single domain of the adlattice have the
same chirality. As in the case of racemic bi-
tartrate, both mirror structures are observed
in the LEED pattern, provided that the size
of the probing electron beam is larger than
the average domain size.

3.4. Amplification of Chirality

As shown above, adsorption-induced
chirality creates a bistable system. Addi-
tional chiral bias, however, may suppress
one state if the barrier of interconversion
is not too high. The coadsorption of chi-
ral molecules into such racemic layers is
an efficient way to induce further asym-
metrization towards single handedness. A
small amount of a chiral impurity can be
sufficient for induction of homochirality
on the entire surface! SU on Cu(110), for
example, switches from one handedness to
the other in its bisuccinate phase when the
temperature is raised above 500 K. Cool-
ing down such layer after doping with one
TA enantiomer completely suppresses the
formation of one mirror domain and installs
global homochirality.[25! This process is il-
lustrated in Fig. 4. Consequently, the oppo-
site TA-enantiomer suppresses the opposite
SU enantiomorph, whichis easily detectable
in LEED (Fig. 4). Only 2% of chiral dopant
is necessary to install global homochirality.
Smaller amounts of dopant lead to a lower
intensity of the diffraction spots of the less
favored enantiomorphous lattice. A similar
effect — coined as the sergeant-and-soldiers
principle — has been observed for helical
polymers where a small concentration of
chiral side chains induced single helicity.[26]
Since hydrogen bonds between the bisuc-
cinate molecules as a means of transferring
chirality can safely be excluded, one must
consider a substrate-mediated mechanism.
That is, a chiral footprint in the surface
acts as a chiral bias and suppresses oppo-
site handedness in the adjacent adsorbate
complex. This explains the amplification of
the preferred handedness due to chiral dop-
ing: The TA sergeant has only one kind of
a chiral footprint, forcing adjacent SU mol-
ecules into similar configuration. These,
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Fig. 4. Sergeant-and-soldiers principle at surfaces revealed by LEED: Prochiral SU and (R,S)-TA
form conglomerates at the surface and both mirror domains are observed as superposition in the
electron diffraction experiment (first column). Doping with chiral TA provides the chiral bias inducing
homochirality in the entire 2D crystal. Electron beam energies and the Cu(110) lattice orientation are

indicated.

in turn, force their SU neighbors into the
same configuration for energetic reasons.
Since achiral (R,S)-TA becomes chiral on
Cu(110) as well, this type of homochiral-
ity induction can be likewise observed after
(8,5)- or (R,R)-TA doping (Fig. 4).127]

In contrast to the chiral doping mecha-
nism, a small enantiomeric excess (ee)
may also induce lattice homochirality.[28]
As mentioned above, the heterochiral
pairs of [7]H on Cu(111) may exist in two
enantiomorphous states due to two pos-
sible alignment on the Cu(l11) surface.
The chiral bias from a small ee is sufficient
in order to suppress formation of one un-
favorable mirror domain and induces ho-
mochiral lattice order.[!3! Because of strong
steric constraints, any ee is expelled from
the racemic enantiomorphous domains
during crystallization. From the domain
edges, however, the excess molecules have
an influence on the relative alignment of
the heterochiral pairs at the domain edge.
(M)-[7]H excess favors formation of A do-
main pairs and (P)-[7]H excess favors the

p domain-pair-alignment. This chiral bias
is then amplified by the cooperative inter-
action among heterochiral pairs, strongly
favoring their equal alignment. Like he-
lix reversals in a polymer chain, oppo-
site alignment would create energetically
unfavorable mirror domain boundaries.
Even for the pure racemate, these boundar-
ies are rarely observed on single Cu(111)
terraces. Hence, spontaneous symmetry
breaking is observed without chiral bias
on a smaller scale, but the probability for
A and p domain decorated terraces is equal.
At ee = £0.08 the entire surface — although
still close to racemic content — is already
driven into a homochiral arrangement dur-
ing 2D crystallization and only one of either
domain is observed (Fig. 5). In contrast to
the SU/TA-doped and (R,S)-TA/TA doped
systems, where the molecular frame of the
molecule is switched to its mirror configu-
ration, interconversion between both struc-
tures requires only a change in relative po-
sition of both enantiomers of a heterochiral
pair. The TA-doped systems are truly ho-
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Fig. 5. STM images (200 nm x 200 nm) of [7]H on Cu(111) with increasing enantiomeric excess. At
ee =0.08 only a single mirror domain type (A) can exist on the surface. The excess (grey area) is expelled
from the heterochiral domain, and with increasing ee, the excess area increases accordingly.

mochiral, i.e. all molecules have the same
handedness. The ee-bias-amplified [7]H/
Cu(111) system, however, is still of hetero-
chiral composition, but possesses a lattice
homochirality. In order to observe this ee-
effect, lateral resolution of the enantiomers
is not allowed.

4. Summary

In two-dimensional molecular systems
the consequences of cooperativity are well-
observed via STM or surface diffraction
methods. Long-range chiral motifs are
formed after adsorption of chiral molecules
or due to spontaneous symmetry breaking
of prochiral molecules. Additional chiral
bias due to chiral impurities (dopant) or
small enantiomeric excess leads via coop-
erative amplification to homochirality in
the 2D molecular lattice.
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