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Real Space Observation of a Chiral Phase
Transition in a Two-Dimensional Organic
Layer**

Matthias Bohringer,* Wolf-Dieter Schneider, and
Richard Berndt

Chiral discrimination between mirror-image stereoisomers
can lead to the spontaneous separation of a racemic mixture
into enantiomerically pure phases.!! In three-dimensional
systems the formation of these conglomerates is the exception
rather than the rule; most racemic mixtures crystallize as
racemates with the unit cell composed of an equal number of
molecules with opposite chirality or as random solid solutions.
It was originally proposed by Stewart and Arnett that
confinement to two dimensions (2D) enhances chiral discrim-
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ination between enantiomers.”) Most racemic 2D systems
investigated experimentally so far, with respect to sponta-
neous breaking of the mirror symmetry, are Langmuir films of
amphiphilic molecules with one or more asymmetric carbon
atoms.>7] Atomic force microscopy (AFM) observations by
Eckhardt et al. of enantiomorphic supramolecular structures
evolving from a racemic mixture of a chiral amphiphile have
been interpreted in terms of chiral segregation.! However,
chiral packing of achiral molecules has also been observed to
cause enantiomorphous structures.!®'?l Therefore, the obser-
vation of chiral supramolecular structures alone does not
prove chiral phase separation.

A straightforward proof for chiral segregation is the direct
determination of the chirality of individual molecules. Scan-
ning-tunneling microscopy (STM) has been successfully
applied to determine the conformation and chirality of
individual molecules.I'* ¥ Lopinski et al. used STM to deter-
mine the absolute configuration of isolated chiral centers.!'*]
The same technique was employed by de Feyter etal. to
identify the positions of asymmetric carbon atoms within
homochiral domains of a chiral terephthalic acid derivative.['’]
In the present paper, we report the first real space observation
of a coverage-driven chiral phase transition from a conglom-
erate to a racemate at low and high molecular coverages,
respectively. The chirality of individual molecules is deter-
mined from high resolution STM images which closely reflect
the asymmetric electronic structure of the molecules. From
the STM data, models are deduced for the distinct chiral and
achiral phases, revealing the driving force for chiral symmetry
breaking.

The substrate used is reconstructed Au(111) which is
comprised of uniaxial domains of alternating face centred
cubic (fcc) and hexagonal close packed (hcp) stacking of the
surface atoms (Figure 1a). The domain walls form a herring-
bone pattern visible as bright stripes in the STM topographs.

Figure 1. a) STM topograph of the reconstructed Au(111) surface. Broad
and narrow dark stripes correspond to domains with surface atoms in fcc or
hep positions, respectively. The transition regions (domain walls) separat-
ing fcc and hep regions appear as bright stripes. b) 1-Nitronaphthalene
(NN) in a planar adsorption geometry on Au(111) is 2D chiral. Molecules
with the nitro group attached to the left/right carbon ring are denoted as
L/R-enantiomers. The nitro group has a net negative charge; the two
carbon rings are positively charged.!'”l The centres of mass of the respective
charges are marked with dots.

1-Nitronaphthalene (NN, Figure 1b) adsorbs with the naph-
thalene system parallel to the Au(111) surface.'® This
geometry imposes a chirality onto the NN molecules which
is not present in the gas phase. An adsorbed molecule and its
mirror image can not be superimposed by rotation and
translation within the surface plane (Figure 1b). On the
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Au(111) surface equal amounts of left- and right-handed (L
and R, respectively) NN molecules are present; these form a
racemic mixture.

Below a temperature of 100 K the NN molecules aggregate
into distinct structures whose dimensionality depends on the
coverage. At 50 K and coverages below 0.25 monolayers
(ML), monodisperse zero-dimensional molecular clusters are
observed.['” ¥ Tn a medium coverage range, one-dimensional
(1D) structures prevail. These are straight molecular double
chains within the fcc domains (Figure 2a, 0.3 ML) and, at
higher coverages, also within the hcp domains (Figure 2b,
0.4 ML). Moreover, zig-zag patterns are observed within fcc
domains at 0.4 ML coverage. Finally, at full monolayer
coverage 1D and 2D periodic molecular structures coexist
on the surface (Figures 2c¢, d).

Figure 2. Molecules are imaged as bright ellipsoids (long axis~ 1 nm).
a) STM image recorded at 0.3 ML coverage of NN. Straight molecular
double chains follow the fcc domains, while a few small aggregates are
observed within the hcp domains. Domain walls separating fcc and hep
domains are indicated by broken lines. b) STM image recorded at 0.4 ML
coverage of NN. The linear structure is observed within hcp domains as
well. In fcc domains, chains now form a zig-zag pattern while the domain
walls are largely free of molecules. c¢) and d) STM image recorded at
monolayer coverage. 1D structures within fcc and hep domains (c¢) coexist
with a 2D periodic phase (d).

Although the electronic structure of NN is strongly
asymmetric owing to the nitro group, the molecule is imaged
as a rather symmetrical ellipsoid over a wide range of
tunneling parameters and the enantiomers cannot be distin-
guished (Figure 2 and Figure 3a). However, when occupied
sample states are probed at a tunneling voltage of V=—2.3V,
intramolecular structure is resolved which reflects the asym-
metry of the molecule and enables enantiomeric discrimina-
tion. In Figure 3b each molecule appears as three bright
maxima and a fourth very weak maximum. Two of the bright
maxima are located at the periphery of the double chain while
the third bright and the weak maxima point inwards. This
intramolecular contrast pattern shows the expected handed-
ness.

The charge density calculated for the highest occupied
molecular orbital (HOMO) of the NN molecule 5 A above
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Figure 3. a) Segment of an NN double chain as typically imaged at low
tunneling voltages (—1.2V). b) At high negative tunneling voltage
(—2.3V) each molecule appears as three bright maxima and one very
weak maximum. This intramolecular contrast pattern reflects the asym-
metry of the NN molecules and allows for the discrimination between the
NN enantiomers. Defect free, straight sections of the double chains are
composed of exclusively one enantiomer. Molecules with opposite chirality
(marked by arrows) are rotated. c) Charge density of the NN HOMO,
calculated 5 A above the molecular plane for an L type molecule (from
Ref. [17]). The weakest maximum corresponds to the part of the
naphthalene system where the nitro group is attached. The chirality is
attributed to the molecules by comparison with this calculated charge
density. d) Model of the enantiopure double chain structure (from
Ref. [17]). Arrows denote the hydrogen bonds. The ellipsoids indicate
the shape of the molecules observed in low-resolution images.

the molecular plane (Figure 3¢) closely resembles the ob-
served submolecular structure.'”’ The weakest maximum is
associated with the part of the naphthalene system which
carries the substituent. This pattern may be understood in
terms of the strong charge-pulling effect of the nitro group on
the NN s-electron system. From this agreement we conclude
that, at a bias voltage of —2.3V, the submolecular image
contrast is dominated by an NN HOMO-derived sample state.
At lower bias voltage, hybridization with substrate states
results in the nearly symmetrical appearance of the mole-
cules." The high-resolution data in Figure 3b enables a direct
determination of the handedness of each molecule and leads
to the model reproduced in Figure 3d. This model has been
confirmed by molecular dynamics simulations on the basis of
long range electrostatic interactions and short range van der
Waals interactions between the NN molecules.'”! Within each
single strand the molecules are arranged in a “head to tail”
configuration with hydrogen bonds between a negatively
charged oxygen atom and the “back” hydrogen atom on the
carbon atom C4 of a neighbouring NN molecule. The second
strand is rotated by 180° and shifted by half a period such that
opposite charges are close to each other. From the high-
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resolution images and the theoretical modeling we conclude
that straight, defect-free segments of the double chains consist
of exclusively one NN enantiomer (L type in Figure 3b), thus
representing a 1D conglomerate.

Sporadically, molecules in the L conglomerate are ex-
changed with a R enantiomer (arrows in Figure 3b). These
molecules are rotated by ~25° (arrows in Figure 3a). This
specific rotation allows for hydrogen bonding to the back
hydrogen atom of the adjacent molecule (Figure 4a). At low
coverages we find less than 2% of these defects in double
chains, corresponding to an enantiomeric excess > 96 %.

Figure 4. a) Model of an L type double chain with some isolated molecules
of opposite chirality incorporated into the otherwise enantiopure structure.
b) Typical geometry of the zig-zag structure observed within fcc domains at
0.4 ML coverage. The zig-zag geometry in the upper and lower half of the
image is identical. Arrows mark rotated molecules which terminate straight
segments. ¢) Model of the zig-zag structure. Minimal segments of chains
with opposite chirality are incorporated into the otherwise enantiopure
double chains. The attribution of L and R to the molecules in (b)
corresponds to this model.

Moreover, one observes that molecules with opposite
chirality can introduce kinks into the otherwise straight
molecular chains. The zig-zag arrangement within the fcc
domains shown in Figure 2b indicates that with increasing
coverage more and more molecules with opposite handedness
are built into the double chains, corresponding to a gradual
transition from a conglomerate to a racemate. In the typical
zig-zag geometry, straight segments terminate with two
rotated molecules (arrows in Figure 4b). This structure can
be modeled by introducing minimal segments of opposite
chirality into the otherwise enantiopure double chains (Fig-
ure 4c¢).

Packing even more NN molecules onto fcc sites results in
the structure shown in Figure 2c. Rows composed of five
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molecules are stacked along the fcc domains and in this low
resolution image adjacent rows appear enantiomorphous.
Indeed, the corresponding high resolution image (Figure 5a)
reveals that neighboring rows are composed of opposite
enantiomers. The surface unit cell is therefore comprised of an

RERZR=R

X
oo do o

X

Figure 5. a) High-resolution image of the densely packed structure in the
fcc domains of Figure 2 c. Along the fcc domain, molecules in adjacent rows
show opposite chirality. The structure therefore represents a quasi-1D
racemate. In the hcp domains enantiopure molecular double chains persist
but with an increased density of chiral defects. b) Model of the structure in
the fcc domains. Half of the molecules form hydrogen bonds (arrows)
similar to the “head to tail” geometry described for the double chain
structure. However, contrary to the enantiopure double chains the
hydrogen bonds now occur between molecules of opposite chirality.
c) Rotation of half of the molecules in (b) by +120° results in a racemate
structure where all molecules take part in hydrogen bonding. d) High
resolution images of the 2D structure shown in Figure 2d are consistent
with the model reproduced in (c).

equal number of both enantiomers so that the structure is a
1D racemate. Half of the molecules form hydrogen bonds
similar to the “head to tail” geometry described above
(arrows in the model Figure 5b). Here, however, hydrogen
bonds occur between molecules of different chirality. For the
other molecules, the negative oxygen atoms point towards
(positive) hydrogen atoms on the carbon atoms C6 and C7 of
adjacent NN molecules. Rotation of these molecules by
approximately +120° results in the racemate structure
depicted in Figure 5c where all molecules form “head to tail”
hydrogen bonds to neighbouring molecules of opposite
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chirality. This structure is consistent with the high-resolution
image (Figure 5d) of the 2D periodic molecular arrangement
shown in Figure 2d. At monolayer coverage it coexists with
the 1D racemate in fcc domains and the 1D conglomerate in
hep domains (Figure 2¢). The average density of molecules in
the 1D and 2D structures (Figure 2c, d) are identical. In
Figure 2 ¢ the lower density of molecules in the double rows
and the depletion of the domain walls from molecules is
compensated for by a more dense packing in the fcc domains.

The structural transformations described above represent a
transition from a conglomerate at low coverages into a
racemate at high coverage. They may be interpreted in terms
of two driving forces. First, electrostatics favor interactions
among identical enantiomers. Second, adsorption is strongest
on fcc sites of the reconstructed Au(111) surface, weaker on
hep sites, and weakest on the transition regions between fcc
and hcp domains (domain walls). As a consequence of these
trends, at low molecular densities NN assembles into straight
enantiopure chains which are located in fcc domains (Fig-
ure 2a). At higher coverages, the length of the double chains
in the fcc domains increases through the formation of a zig-
zag structure. This, however, costs electrostatic energy since
opposite enantiomers have to be incorporated into the
otherwise homochiral chains. Likewise, electrostatically opti-
mal, straight, enantiopure chains are formed at energetically
less favorable hcp sites. No kinks are introduced into the
chains within hcp domains because any zig-zag would expel
molecules from these narrow domains into unfavorable sites
on top of the domain walls. At monolayer coverage, a 2D
periodic racemic structure with dominating heterochiral
interactions is formed, which does not follow the surface
reconstruction (Figure 2d). This phase is instable and can
decay into a 1D racemate within fcc domains and a 1D
conglomerate within hcp domains (Figure 2c¢).

Our observations show similarities with a scenario descri-
bed by Andelman and de Gennes.”™ For amphiphiles in an
adsorption geometry where three of the four distinct sub-
stituents of an asymmetric carbon atom are confined to two
dimensions, spontaneous chiral segregation was predicted,
provided that there are strong electrostatic interactions
between two oppositely charged groups and a third neutral
in-plane substituent which interacts equally with the two
charged groups. The predicted ground state structure is an
enantiopure 2D hexagonal lattice. In the case of NN, at low
coverages, the enantiopure double chain structure is likewise
determined by the strong interaction between the opposite
charges localized at the oxygen atoms and the hydrogen atom
on the carbon atom C4. However, unlike the tripodal
molecules discussed in Ref. [20], an additional net positive
charge is localized at the second carbon ring of the naph-
thalene system (Figure 1b) which prevents the formation of
the predicted homochiral 2D structure. Rather, as long as the
density of molecules is low, a linear 1D structure occurs where
the positive charge of the second carbon ring is expelled to the
periphery. At high NN coverage, the strong competition in the
electrostatic interactions between all three groups is expected
to result in frustration effects.’”! The interaction with the
reconstructed Au(111) substrate may then become important
in destabilizing the 2D periodic, heterochiral, monolayer
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structure with respect to a mixture of a 1D heterochiral and a
1D homochiral phase.

In summary, we have observed in real space a coverage-
driven transition from a conglomerate to a racemate for the
2D chiral molecule 1-nitronaphthalene on Au(111). High
resolution STM images directly reveal the chirality of the
adsorbed molecules and lead to models for the chiral and
achiral phases. The observed spontaneous breaking of the
chiral symmetry at low coverages has been discussed within an
electrostatic model for the intermolecular interactions.

Experimental Section

The experiments were performed under ultra high vacuum (base pressure
<1 x 107! mbar) with a custom-built low-temperature scanning tunneling
microsope.?!l Clean Au(111) surfaces were obtained by repeated sputter—
anneal cycles. Purified NN was admitted to the vacuum chamber by a leak
valve from a gas handling line (=350 K) onto the sample at 295 K. The
amount of NN dosed onto the surface was controlled by the increase of the
total pressure inside the vacuum chamber (2-5 x 10~ mbar) and the time
of exposure (4-20s). Subsequently, the sample was cooled to 50 K and
constant-current STM images were recorded. For experiments at distinct
coverages the sample was warmed up, cleaned, redosed and cooled to 50 K
as before.
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