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Abstract: Although crystallization is the most important
method for the separation of enantiomers of chiral molecules
in the chemical industry, the chiral recognition involved in this
process is poorly understood at the molecular level. We report
on the initial steps in the formation of layered racemate crystals
from a racemic mixture, as observed by STM at submolecular
resolution. Grown on a copper single-crystal surface, the chiral
hydrocarbon heptahelicene formed chiral racemic lattice
structures within the first layer. In the second layer, enantio-
merically pure domains were observed, underneath which the
first layer contained exclusively the other enantiomer. Hence,
the system changed from a 2D racemate into a 3D racemate
with enantiomerically pure layers after exceeding monolayer-
saturation coverage. A chiral bias in form of a small enantio-
meric excess suppressed the crystallization of one double-layer
enantiomorph so that the pure minor enantiomer crystallized
only in the second layer.

Optical resolution—the separation of chiral compounds
into their enantiomers through crystallization—is the most
important means in the chemical industry for obtaining
enantiomerically pure compounds useful as pharmaceuticals,
flagrances, pesticides, herbicides, and flavors."? This method
dates back to 1848, when Pasteur obtained a conglomerate of
homochiral crystals upon crystallizing the ammonium sodium
salt of “acide racemique”, namely, racemic tartaric acid.”) To
date, the molecular mechanism of this resolution phenom-
enon is not understood.”! In particular, it is unclear why the
majority of chiral molecules crystallize into racemic (rac)
compounds, that is, a single crystal is composed of pairs of
both enantiomers, instead of forming conglomerates.*! In
1895, the mineralogist Liebisch provided an explanation by
reporting for eight samples that the enantiomers are more
densely packed in their racemic crystals than in homochiral
crystals.’! Although confirmed for many compounds,” the
“Liebisch rule” does not apply to amino acids."

Under special conditions, spontaneous symmetry break-
ing in crystallization experiments has led to the formation of
only one crystal enantiomorph in the precipitate.” If there is
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no chiral bias, both enantiomorphs are observed with equal
probability when the experiment is repeated. If a chiral bias
exists, however, enantioselectivity is possible."”’ An interest-
ing mirror-symmetry-breaking effect in crystallization is
induced by chiral additives in achiral crystals, thus leading
to helicoidal deformation during crystal growth.'!l In another
example from polymer chemistry, the transmission of chirality
from side chains, either as the result of a small concentration
of chiral side chains or an enantiomeric excess in the side
chains, into a single sense of helicity has been reported for
helical polyisocyanate polymers.">'*! These modes of chiral
amplification have been termed the “sergeants-and-soldiers”
principle and the “majority rule”, respectively. The first 2D
analogues of the “sergeants-and-soldiers” and “majority-
rule” effects were reported by us after doping succinic acid
and meso-tartaric acid monolayers on Cu(110) with chiral
tartaric acid,"” and for enantiomorphous domains of racemic
heptahelicene on Cu(111) at small ee values, respectively.'”!

As one kind of manifestation of chirality,“ﬁ' molecular
helicity plays a fundamental role in molecular biology.'” It
also has implications in devices based on organic materials,
such as molecular-spin filters,"® liquid crystals," and circular
dichroic photonics.® To obtain a better understanding of
molecular chiral recognition, model studies on well-defined
surfaces by scanning tunneling microscopy (STM) have
become popular.”!! In particular, carbohelicenes,” ortho-
annulated, m-conjugated aromatic hydrocarbons, have been
investigated on various surfaces.””) Herein we report the
observation that a single sense of enantiomorphism can be
induced in multilayered racemate crystals. The crystallization
of more than one monolayer of heptahelicene (C5Hg, [7]H,
Figure 1) on a copper(111) surface led to the formation of
mirror domains, that is, domains that are tilted to opposite
directions with respect to the underlying substrate and not
superimposable by rotation and translation in two dimen-
sions. These two enantiomorphs are racemic and are com-
posed of enantiomerically pure layers with alternating
handedness. Even at small ee values, exclusively one enan-

s®

Figure 1. Space-filling models of a) M- and P-heptahelicene and b) the
Cu(111) surface. Substrate vectors a, and a, and the [170] direction
are indicated.
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tiomorph of these thin 3D crystals was observed. Moreover,
we report herein a new phenomenon: enantiospecific dewet-
ting of the first layer, whereby only the majority enantiomer
remains in the first layer, and the second layer contains
exclusively the minority enantiomer.

As soon as the coverage of [7]JH on Cu(111) exceeded
first-layer-saturation coverage (6,,=1),*" second-layer
islands crystallized. Figure 2a shows an STM image of

Figure 2. a) STM image of a [7]H second-layer island (colored). The
gray area shows the not-well-ordered first layer (100x 100 nm?,
U=2.72V, =20 pA, 6,4,=1.03). b) STM image of the completely filled
second layer. Mirror domains (red, green) are observed on different
terraces (150x150 nm?, U=2.96V, =19 pA, 0,,=1.60). c,d). Submo-
lecular-resolution STM images (10x10 nm?, 6,,=1.7) of both mirror
domains in the second layer. All molecules of a single domain show
the same distinct chiral four-lobe pattern (colored ellipses). A single
domain is therefore homochiral in the second layer. The sequence of
an asymmetric four-lobe appearance (red—green-yellow) has opposite
sense for mirror domains and enables determination of the absolute
handedness of the molecules (c: U=—-2.56V, =22 pA; d:
U=-236V, |=55pA).

a sample after the deposition of 103% of the coverage of
a close-packed racemic monolayer (6,,=1.03) of rac-[7]H.
Besides a second-layer island (red area), large uncovered
first-layer areas are observed (gray areas). Many short
segments of zigzag rows can be identified in the uncovered
first layer. Such a motif is characteristic for the racemate,
which forms from low coverages on heterochiral M—P pairs,
and with increasing coverage forms M-P zigzag rows.”!
These M-P motifs of rac-[7]H have also been observed on
other surfaces.””! However, the usual good long-range order
of the saturated monolayer (see Figure 1 in the Supporting
Information) is not observed in this case. At intermediate
coverages between the saturated monolayer and a completely
filled second layer (1<#6,,, > 1.61, Figure 2b), the second-layer
islands are actually larger than expected for a second layer
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just growing on the close-packed racemic first-layer satura-
tion structure. Often second-layer islands completely cover an
atomically flat terrace, whereas a depleted first layer covers
the rest of the surface (see Figure2 in the Supporting
Information). Apparently, the nucleation temperature for
the double-layer phase is higher than for the monolayer, and
the molecules are still very mobile and travel over a large
distance on the surface. The diffusion of [7]H molecules over
long distances thus supports the ongoing growth of the
double-layer phase and leads to the low density of the
uncovered first layer. Even at a coverage of 6,,=1.01, the
first layer was not found to be at its usual 100 % coverage.
When the first layer finally starts to nucleate, the temperature
and coverage are too low for the formation of long-range
ordered domains of zigzag rows, thus leading to the high
degree of disorder at these intermediate coverages.

By virtually counting all molecules in several STM images
taken of the uncovered first layer, we deduced an average
covered area per molecule of 11247 A’ This value is
substantially larger than the covered molecular area deter-
mined for the close-packed first layer (104.4 Amolecule, 6,,,
~0.958 molecules/nm?).?*! From STM and low-energy elec-
tron diffraction (LEED) studies, the second-layer periodicity
was found to be (25, —5 —1) with respect to the Cu(111)
surface periodicity (see Figure 3 in the Supporting Informa-
tion),*” which means that one [7]H molecule occupies an area
equivalent to 23 Cu(111) surface atoms, that is, 129.6 A2 (0,
~0.772 molecules/nm?). A completely filled second layer is
observed at a relative coverage of 60,,=1.60 (Figure2b).
From this experimental value and the determined lateral
densities of the saturated monolayer and second layer, it
follows unambiguously that the density of the first layer
underneath the second-layer island must be identical to that
of the second layer (2x0.772 nm %0.958 nm ?=1.61). This
conclusion was confirmed by LEED, which showed a perio-
dicity of the double-layer system that is identical to the
periodicity observed for the second layer by STM (Fig-
ure 2c¢,d). Hence, there is no lattice mismatch between the
first and the second layer. The absence of Moiré patterns in
the second-layer STM images supports this conclusion.
However, we note that along one adlattice vector (b,~
[110] £+ 10.9°; see Figure 3 in the Supporting Information),
the molecules of every second row appear somewhat brighter
by STM (Figure 2c), possibly owing to a slight buckling of the
second layer.

STM images with submolecular resolution also revealed
that the second-layer domains were homochiral (Figure 2 c,d).
Each second-layer molecule appeared as an asymmetric four-
lobe pattern; and all patterns in a single domain showed
identical handedness. This result is in stark contrast to the
domain composition of the racemic first layer, in which an
alternating mirrorlike STM appearance of [7]H molecules in
single domains was observed (see Figure 1 in the Supporting
Information)."”! To determine which mirror domain con-
tained which enantiomer in the second layer, we performed
a control experiment with a double layer of M-[7]H (Fig-
ure 3a). Although the pure-enantiomer double-layer symme-
try was hexagonal instead of oblique for the second-layer
racemic structure,® the STM contrast for a single molecule
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Figure 3. a) STM image (8.5x8.5 nm? U=2.35V, =40 pA, 0,,=1.92)
of the second layer after the deposition of enantiomerically pure M-
[7]H. The four-lobe STM contrast of a single molecule (red—green—
yellow) runs counterclockwise for M-[7]H. b) STM image (67 x67 nm?,
U=2.24V, =21 pA, 6,,=2.3) of the third layer. Mirror domains are
only slightly azimuthally misaligned with respect to one another, as
indicated by white and black lines.

was again characterized by the distinctive four-lobe pattern.
Its handedness was identical to that of the molecules in the
p> layer, that is, the lobe sequence (red—green—yellow) runs
counterclockwise. Thus, P enantiomers are in the second
layer of the A domains (\*™), and M enantiomers are in the
second layer of the p domains (p*). This structure is in
contrast to the multilayer structure of chiral rubrene, for
which racemic mirror domains were reported for the top
layer.”’!

As in the case of the rac-[7]JH monolayer (see Figure 1 in
the Supporting Information), the second-layer mirror
domains showed opposite tilt angles of 4+10.9° with respect
to the high-symmetry [110] direction of the Cu surface lattice.
Whereas perfect wetting of the first layer by the second layer
was observed, more layers appeared with increasing coverage
that did not completely cover the second layer. That is, the
fourth layer appeared before the second layer was completely
covered by the third layer. In an STM image of a sample with
a large third-layer island (Figure 3b), two domains with
enantiomerically pure top layers, colored blue and yellow,
were identified. Because the alignment is identical to that of
A4 (gray), we assume that A’ (blue) grows on top of 2>,
Only M-[7]H molecules were located in the third layer of this
domain (see Figure 4a in the Supporting Information). If no
further rearrangement in the multilayered samples occurred,
the enantiomeric layer sequence must then be M—P—-M in this
domain. Even the fourth layer of a single domain was
homochiral (see Figure 4b in the Supporting Information).
However, we note that the third-layer mirror domains showed
only a small difference in azimuthal alignment (Figure 3b),
instead of the 22° angle (i.e. 2 x 10.9°) observed for the mirror
domains of the first and second layers.

Experiments with rac-[7]JH do not provide unambiguously
the answer to the question whether the double layer is
homochiral or racemic, or whether it has a racemic first layer
with a homochiral layer on top. This information, however,
was clearly derived from experiments on samples with an
enantiomeric excess. Such samples showed a single enantio-
morphism for all second-layer islands. These samples con-
tained exclusively the minor enantiomer in the second layer.
Figure 4a shows a large second-layer domain (red area)
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formed at 7% ee and 0,,=1.05 (105% of the nominal
coverage for the close-packed racemic monolayer). This
STM image shows an area of 2.62 um?! The second-layer
domain is not limited to a single terrace, but extends over
a monoatomic step onto another terrace (Figure 4 a, bottom).
Figure 4b shows the same domain at larger magnification
(area of 0.16 um?), which reveals the lower degree of order in
the first layer with respect to the second layer. In the racemic
samples, double-layer nucleation and growth seemed strongly
favored, so that a single double-layer island and large [7]H-
depleted first-layer areas were formed. When an excess of M-
[7]H was present, only A*** domains were observed, whereas
with an excess of P-[7]H, only p? domains were present
(Figures 4c,d). If the homochiral content of the second layer
is taken into account, this result indicates that only the
minority enantiomer is found in the second layer for samples
containing one enantiomer in excess.’")

Figure 4. The formation of single enantiomorphs in the presence of an
enantiomeric excess. a,b) Long-range STM images (1620x 1620 nm’
and 400x400 nm?, U=2.67 V, =25 pA, 0,,=1.05, 7% ee). Only one
large second-layer domain with P-[7]H molecules in the second layer is
observed (red area). A step edge of the substrate runs through the
second-layer domain (a, bottom). The area of STM image (b) is shown
by a square in (a). ) STM image (200x200 nm?, U=2.89V, [=16 pA,
0=1.60, 8% ee) of a double-layer sample with exclusively P-[7]H in the
second layer. d) STM image of a double layer at a negative ee value,
with the second layer consisting of M-[7]H molecules (200x200 nm?,
U=3.02V, =14 pA, 0=1.61, 8% ee).

A completely filled homochiral top layer was formed by
samples with small ee values at the corresponding coverage
(0,1=1.60, Figure 4c,d). Because the composition of such
samples is still close to racemic, the other enantiomer must be
in the first layer.’” This conclusion was confirmed by the
following experiment: When a coverage of 6,,=0.9 of the
racemate plus 0, = 0.6 of M-[7]H is established (40 % ee), the
relative coverage of P-[7]H is then 6,,=0.45. Assuming that
all P-[7]H molecules are indeed in the second layer, 55.9 % of
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the surface area must show second-layer islands (0.45 x
129.6 x 1/104.4 x 100 =55.9), whereas in the case that the
covered first layer is racemic, only two thirds of P-[7]H would
be in the top layer, thus corresponding to 37.2 % of the surface
area. The evaluation of an area of 0.55 um* (i.e. 25 STM
images, each 138x159 nm®) revealed that 56.5% of the
surface was covered by second-layer islands. Under such
conditions, the uncovered first layer shows patterns that have
been reported for pure M-[7]H (see Figure 5 in the Support-
ing Information).”"! Hence, P-[7]H grows as A*™ on top of an
enantiomerically pure M-[7]H first layer (A"), whereas the
p mirror domain consists of an enantiomerically pure P-[7]H
layer (p™') covered by a pure M-[7]H layer (p*%).

The fact that second-layer mirror domains, A and p*,
completely cover atomically flat terraces of the substrate,
indicates that mirror-domain boundaries (MDBs) are ener-
getically unfavorable and thus rather coincide with mono-
atomic steps of the metal surface (Figure2b). Such an
observation was also made for mirror domains of the rac-
[7]JH monolayer.”” When the sample had an enantiomeric
excess, one of the racemic mirror domains was suppressed
owing to a chiral bias of the excess at the domain edge in
combination with the tendency to avoid energetically less
favored MDBs.™! A similar effect was observed in this study
for the double-layer system, with the separation of enantio-
mers into alternate 2D homochiral layers. The chiral bias at
the boundary between the area containing one of the
enantiomers in excess and the homochiral first layer of A or
p domains decides not only the preferred orientation (as for
the rac-[7]H monolayer), but also which enantiomer can
nucleate in the first layer. To enable the formation of double-
layer domains that are as large as possible, all molecules of the
minor enantiomer move to the second layer. This behavior
has the unique consequence that only a single enantiomer is
exposed to the medium above the surface at small ee values.”"!

In conclusion, although [7]H is known to crystallize into
a conglomerate from solution,? it forms, at least in the first
few layers addressable with STM, racemic crystals on
Cu(111). As soon as the coverage exceeds one monolayer,
double-layer nucleation and growth, with alternating enan-
tiomerically pure layers, is preferred over the otherwise
observed M-P zigzag features within the first layer. A small
enantiomeric excess leads to a double-layer system with only
the minority enantiomer in the top layer and the majority
enantiomer in the first layer. Our results shows that chiral
amplification due to an enantiomeric excess or chiral doping
is not limited to monolayer systems at surfaces, but can also
induce single enantiomorphism in 3D systems at mesoscopic
length scales.

Experimental Section

The experiments were carried out in two different ultra-high-vacuum
chambers (base pressure ca. 1x 107" mbar) equipped with standard
single-crystal surface-preparation equipment and a variable- or low-
temperature scanning tunneling microscope (VI-STM or LT-STM).
Racemic [7]H was synthesized and separated into enantiomers as
described previously.® The absolute configuration of the enantio-
mers was determined by vibrational circular dichroism and theoret-
ical modeling.” The [7]H molecules (racemate as well as pure
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enantiomers) were deposited from a home-made twin Knudsen cell
by thermal evaporation onto a Cu(111) surface held at room
temperature. STM images were taken after cooling of the sample to
temperatures as low as 60 K (VI-STM) or 7 K (LT-STM). Samples
with different ee values (([M]—[P])/([M]+[P]); i.e., positive values
indicate an excess of M-[7]H) were obtained by evaporation, for
different periods of time, either of the two pure enantiomers at
identical sublimation temperatures or the racemate and the addi-
tional enantiomer (7, =160°C). Coverage calibrations were per-
formed relative to complete monolayer coverage of the pure
enantiomers and the racemate. The relatively low evaporation
temperature and the associated long evaporation times for achieving
monolayer coverage led to an accuracy of coverage of less than 1%.
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