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Abstract: Different stereochemical aspects of molecular recognition in two-dimensional crystallization on metal
surfaces are discussed. Scanning tunneling microscopy, a powerful tool with submolecular resolution capabili-
ties, provides detailed insight into the implications of molecular geometry for the two-dimensional crystal lattice.
The examples presented here include a homo- to heterochiral phase transition, tiling with pentagonal molecules,
chiral restructuring of a metal surface and diastereomeric recognition between enantiomers of different molecular
species via polar forces as well as van der Waals interactions.

Keywords: Chirality - Conglomerate - Diastereomeric recognition - Fivefold symmetry - STM

1. Introduction

One of the goals of understanding
crystallization is to establish the connec-
tion between the macroscopic properties of
a crystalline material and the microscopic
features of the constituent molecules.
Because of the complexity of the problem,
two-dimensional (2D) model studies are
increasingly performed to obtain deeper
insight into the process of molecular rec-
ognition during crystallization. The most
important tool for studying 2D crystal-
lization nowadays is scanning tunneling
microscopy (STM).!I In particular study-
ing self-assembly of chiral molecules on
single crystal surfaces is a promising ap-
proach towards a better understanding of
optical resolution of enantiomers.[2! It has
revealed different chiral motifs of 2D mo-
lecular crystals.l3] In particular lateral res-
olution, amplification of chiralitys! and
chiral switching have been addressed.[6!
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In this paper different stereochemical
phenomena connected with 2D crystalliza-
tion are reviewed. First we present a mo-
lecular system in which a transition from
a conglomerate to racemic crystals occurs;
then we address recognition among differ-
ent chiral species, analyze initial steps of
chiral restructuring of a metal surface, and
finally, discuss how fivefold-symmetric
molecules form dense 2D crystals.

2. Methods and Materials

All systems were investigated in ultra-
high vacuum (UHV, p = 107 Pa). The com-
pounds to be studied were evaporated from
effusion cells and deposited on the surfaces
of metal crystals. Molecules were usually
adsorbed with the metal surface held at
room temperature, before the sample was
cooled in order to perform STM studies
at cryogenic temperatures. The polished
single crystal surfaces [Au(111), Cu(111)
and Cu(110)] were cleaned in vacuo by
standard sputtering and annealing cycles
as described in more detail elsewhere.!”]
Cleanliness of the surfaces as well as the
coverage of the adsorbate were determined
with STM; the quality of long-range order
of the metal crystals was evaluated by low
energy electron diffraction (LEED).

3. Results and Discussion

3.1 From Conglomerate to
Racemate

It has been predicted that enantiomeric
resolution in 2D systems should occur
more easily than in three-dimensional (3D)
crystals because certain symmetry ele-

ments, like centers of inversion and glide
planes parallel to the surface, are precluded
on a surface and therefore enhanced chiral
interactions are expected.l®] However, so
far no clear tendency towards 2D conglom-
erate crystallization has been observed.[2:4]
Sometimes the balance of intermolecular
forces and molecule-substrate interactions
may even lead to coexistence of homochi-
ral and racemic phases.’! Phase transitions
from a conglomerate with homochiral
domains into a racemic phase have also
been observed in chiral monolayers on
crystal surfaces.l'0l An interesting example
of such a transformation is found for N,
N’-dihexadecylquinacridone (C,,H, O,N,;
QA16C) deposited on a Au(111) surface
(Fig. 1).'11 Quinacridone derivatives are
used as organic semiconductor materials,
and their interface structure at electrode
surfaces is therefore of interest for under-
standing the performance of light-emitting
devices. Besides the aromatic backbone,
QA16C has two alkyl chains with sixteen
carbon atoms each. The substituents make
an isolated QA16C molecule a prochiral
species. Depending on which enantiotopic
side is facing the surface, an L or R adsor-
bate molecule will be formed.

QA16C on Au(111) forms three differ-
ent phases. At low coverages homochiral
domains are observed (Fig. 1d). Their unit
cell is described by a (2 x 2) transformation
matrix linking the adsorbate lattice vectors
(b,, b,) to the substrate lattice vectors (a,,
a). b =ma +m, and b, =m, a +

1171 1272 2171
m,a, For the low-coverage phase (m,,
mIZ’

~m,, m,,)is (42, -3 8).12] The aromatic
backbone is oriented parallel to the surface
and the alkyl chains of adjacent molecules
are interdigitated. With increasing cover-
age the homochiral rows of molecules are
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Fig. 1. STM images
and model struc-
ture for QA16C on
Au(111). (@) STM im-
age of the homochiral
low coverage phase
(50 nm x 50 nm, U
=1.2V,1=90 pA).
(b) Intermediate
‘ee’-structure with
both enantiomers
BGnmx5nm, U=
1.1V, 1 =80 pA). (c)
Racemate phase at
saturation coverage
(16 nm x 16 nm, U
=1.1V,1=80pA).
(d) Structure model
of the homochiral
low coverage phase.
(Reproduced with
permission of the
ACS)

broken up by their enantiomers (Fig. 1b),
so that alternating rows of opposite hand-
edness are formed. At the same time the
alkyl chains are lifted off the surface, and
cannot be resolved by STM anymore. This
intermediate phase shows locally enantio-
meric excess (ee). The phase at saturation
coverage shows densely packed molecules
with two enantiomers per unit cell. The
plane group is p2gg with two mirror-glide
planes g perpendicular to the surface.
Moreover, density functional theory (DFT)
also suggests that the high coverage phase
is indeed racemic.

The transition from the low cover-
age enantiomorphous phase to the close-
packed racemate structure is driven by the
gain of total adsorption energy. Several
kinds of interaction energies contribute to
the heat of adsorption: i) the interaction of
the aromatic backbone with the surface, ii)
the interaction of the alkyl chains with the
surface, iii) the van der Waals interaction
between the alkyl chains, and iv) hydrogen
bonding between the oxygen and hydrogen
atoms of the aromatic backbone. Because
the alkyl chains point away from the sur-
face at the end of the transition, it is likely
that the gain in adsorption energy is due
to the increased aromatic core-substrate in-
teractions. It cannot be excluded, however,
that m-H interactions of the chains lying
on top of the aromatic part also contribute
to some extent. The removal of the alkyl
chains from the metal surface imposes an
activation barrier to this process.

On Cu(110), QA16C forms an almost
identical low-coverage lamellar phase, but
does not undergo any phase transition to
a higher coverage phase.[!3] It appears that

the alkyl chain—substrate interaction is re-
sponsible for the difference in behavior as
it is too strong in the case of Cu(110) to
allow formation of a denser racemic struc-
ture. The adsorption energy for a single
hexadecane molecule on Au(111) serves as
a rough estimate for the activation barrier
associated with the removal of the hexa-
decyl chains from the metal surface. It was
calculated via density functional theory
(DFT) to be 67 kJ/mol, but this could be
an underestimate, because lateral van der
Waals interactions between the interdigi-
tated chains have not been considered. For
comparison, adsorption energies deduced
from thermal desorption of alkanes on
various surfaces or physisorption of alkane
thiolate on gold range from 67 to 150 kJ/
mol for alkanes with 10 to 16 carbon at-
oms.!1

3.2 Diastereomeric Recognition

A common technique for separation
of enantiomers and still the most impor-
tant way to enantiopure compounds is
diastereomeric salt crystallization.[' In
2D systems diastereomeric selectivity
has been observed for acid—base pairs at
the solid-liquid interface.[!51 2D crystal-
lization experiments with helicenes and
ortho-annulated carbohelicenes which
have outstanding material and chiroptical
properties,[161 showed interesting behav-
ior.[17.181 On Cu(111) heptahelicene ([7]H,
C, H, (Fig. 2a)) forms racemic 2D crys-
tals.[91 On the same surface lateral separa-
tion into a 2D conglomerate was observed
for polar 6,13-dicyano-[7]H.[18 These
results support early predictions, that het-
erochiral recognition is favored for van der

Waals interactions and homochiral recog-
nition for polar interactions.(20] Moreover,
when repulsion becomes significant in
close-packed adlayers, chiral discrimina-
tion should be more pronounced due to
better recognition of molecular shape.[?!]
Until recently no spontaneous 2D resolu-
tion for non-functionalized helicenes has
been reported.22l However, dibenzopenta-
helicene db-[5] (C, H ,), an isomer of [7]H
does show 2D conglomerate crystalliza-
tion on Au(111) (Fig. 2). Mirror domains
are observed, i.e. domains that cannot be
superimposed by translation or rotation
in the plane (Fig. 2b, colored in red and
green). High-magnification STM images
of single domains allow the determination
of the sense of helicity of single molecules
and reveal that the domains are homochi-
ral. The unit cell contains four molecules
and has (6 2, 0 13) periodicity with respect
to the gold(111) substrate lattice. This im-
plies that 78 Au atoms are covered by four
molecules. The lengths of the unit cell vec-
tors are 1.52 nm and 3.74 nm.

Fig. 2. (@) M-[7]H, M- and P-dibenzopenta-
helicene (db[5]H). (b) STM image of homochiral
P- and M-db[5]H domains on Au(111) colored
in green and red respectively (200 nm x 170
nm, U =-2.725V, | = 25 pA). (c) STM image of
a homochiral domain of M-db[5]H (10 nm x 10
nm, U =2.051V, | = 28 pA). A semitransparent
structural model is superimposed onto the im-
age. (d) STM image of the racemic dB[5]H
layer with 20% M-[7]H mixed into it (130 nm
x200nm U =-2.725V, | = 66 pA). Apart from
large disordered areas, only the M-dB[5]H
enantiomorph (framed in red) is observed.
(Reproduced with permission of the ACS)
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Coadsorption of racemic db-[5] with
one enantiomer of [7]H leads to successive
suppression of one enantiomorph and sub-
stantial increase of disordered areas. Fig.
2d shows a layer containing 20% M-[7]H
(judged by covered area), which corre-
sponds to a diastereomeric excess of 26%.
At this excess the only ordered domains are
those formed by M-db[5]. This means that
M-[7]H preferably interacts with P-db[5]H.
Hence the M-P dimer is more stable than
its M-M diastereomer, and M-db[5]H is left
alone to form its enantiomorph. However,
most of the molecules go into a disordered
solution due to this M-[7]H-doping. A ten-
tative model for a M-[7]H/P-db[5]H van
der Waals complex is shown in Fig. 3a.

Already Pasteur reported a quasi-
racemate when co-crystallizing tartaric
acid (TA) and malic acid (MA).[2324] On
Cu(110) racemic TA forms a 2D conglom-
erate of homochiral (1 2, —8 2) and (1 -2,
8 2) domains.[1%] When the TA racemate
is mixed with (R)-MA, (S,S)-TA prefers a
mixture with (R)-MA which leaves only

tallization is perturbed. DFT calculations
show that in a mixture of racemic TA and
(R)-MA hydrogen bonding between (R)-
MA and (S,S)-TA is preferred over other
diastereomeric combinations (Fig. 3b).[25]

3.3 Chiral Reconstruction of a
Metal Surface

Adsorption of chiral molecules may in-
duce a chiral restructuring of the underly-
ing crystal surface. This has been reported
for calcite in liquid environment, for other
biominerals and for amino acids on cop-
per.26l Electro-oxidation of copper in the
presence of TA also created chiral sur-
faces.27] Like TA?8) MA forms a rich fam-
ily of structures on Cu(110).[2°1 For the
racemate the LEED diffraction pattern re-
veals a superposition of enantiomorphous
domains with (1 1, 9 5) and (1 -1, 9 5)
periodicity (Fig. 4a). This phase forms at a
coverage of 0.19 molecules per Cu surface
atom after annealing for 30 min at 348 K.
The STM image shows that the periodic-
ity is actually based on copper adatom

breaking of the mirror-symmetry must thus
be based on a chiral alignment of the en-
antiomers in the pair, i.e. the dimer motif
containing both enantiomers breaks mirror
symmetry.

Prolonged annealing at 383 K leads
only to diffuse LEED patterns, but STM
reveals small islands of new structures.
Shown in Fig. 4d is the one that has pairs
of Cu adatom rows that are decorated on
both sides (marked in blue in Fig. 4d). The
structure can be considered as a combina-
tion of a decorated double row with a (1 £1,
F5 2) unit-cell and a not decorated (1 1,
F4 1) cell. Models for the two chiral motifs,
i.e. the decorated (1 1,-5 2) double row and
the not decorated (1 1, -4 1) double row,
are shown in Fig. 4f. This structure con-
stitutes a chiral metal surface. Apparently
the annealing procedure has caused the
molecules to decompose or diffuse away,
without repositioning of the copper atoms
into their (1x1) structure. Fig. 4e shows the
(11,4 1) domain of this phase.

Fig. 3. (@) Model of a van der Waals quasi-
racemic pair formed by P-db[5]H and M-[7]

H on Au(111). (b, c) Side and top view of
quasi-racemic interaction via hydrogen bonds
between (S,S)-tartaric acid and two (R)-malic
acid molecules on Cu(110). (Reproduced with
permission of the RCS)

(R,R)-TA domains to be observed.[25] A
quite similar situation is observed for TA
on Cu(110) with an ee >20%.5" The chiral
conflict can thus be introduced either by the
appropriate enantiomer of a different, but
closely related species, or by enantiomeric
excess; in both cases the homochiral crys-

Fig. 4. Copper adatoms are arranged such that the mirror symmetry of this fcc(110) surface is

broken. (a) LEED pattern of (1 £1, 9 5) structures (E, = 23 eV). (b) STM image of the (1 -1, 9 5)
enantiomorph (7 nm x 7 nm, U =-2.0 V, | = 50 pA). Cu adatom rows are decorated with mol-

ecules. (c) Model structure for the (1 -1, 9 5) phase. Copper adatoms (red) are sitting in the
centres of rectangles of Cu surface atoms (white) and arranged such that the mirror symmetry
of the fcc(110) surface is broken. (d) STM image of a (1 1, -9 3) structure with Cu adatom rows
(blue) decorated only on one side (6 nm x 6 nm, U =-1.93V, | = 50 pA). (€) STM image of a
chiral domain built-up only by copper atoms (6 nm x 6 nm, U =-1.93 V, | = 50 pA). (f) Model of
the chiral metal structure with the decorated (blue) and the non-decorated double rows (green).

(Reproduced with permission of Wiley)

rows, running along the <1, 1> vector of
the surface (Fig. 4b,c). The atoms of these
rows appear to be stabilized by the interac-
tion with the MA molecules. Because this
phase has not been observed for the pure
enantiomers, it was concluded that hetero-
chiral pairs are the decorating motifs. The

3.4 Close-Packing of Pentagonal
Molecules

Fivefold symmetry is quite common
in nature (brittle stars, flowers, efc.), but
is not compatible with translational peri-
odicity of a crystal lattice.[30311 This rais-
es the question how fivefold-symmetric
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molecules crystallize in the plane. Perfect
tilings would require the fivefold-sym-
metric shapes to be combined with other
shapes,[321 as demonstrated by Diirer,
Kepler and Penrose.[33]

Self-assembly of fivefold-symmetric
shape-persistent macro-cycles has been
previously studied at the solid-liquid inter-
face,l3l and pentagonal features were dis-
cussed for rubrene and para-terphenyldi-
cyanocerium on noble metal surfaces.35-36]
However, systematic studies of close-
packing strategies of pentagonal molecules
in the plane have only been addressed with
penta-substituted derivatives of corannu-
lene so far.[37]

Corannulene (COR) has C, symmetry
and offers, together with its Cs—symmetric
penta-substituted derivatives, the opportu-
nity to study symmetry mismatching on
surfaces.38] Previously, corannulene deriv-
atives have been studied to understand not
only their packing strategies in the plane,
but also their bi-component packing,3°]
2D phase transitions,“9! surface-induced
ball-in-bowl and bowl-in-bowl complex-
ation,[#!l and their substantial interface di-
pole moments without charge transfer.[42]
On Cu(111) COR adsorbs in a tilted geom-
etry with one six-membered ring oriented
parallel to the surface.[*0] Substituents at
the rim, however, force the bowl to orient
its C, axis normal to the surface, because
of overcrowding between the substituents
and the surface in a tilted geometry.B37]
Interestingly, 2D packing motifs estab-
lished by penta-substituted corannulene
derivatives are quite similar to tiling with
rigid pentagons.[*3 1,3,5,7,9-penta-meth-
ylcorannulene (MeSCOR), for example,
has a shape that comes very close to that
of a regular pentagon (Fig. 5a). The dens-
est 2D packing motif of rigid regular pen-
tagons is a p2mg phase, covering 92.1%
of the entire area (Fig. 5b). Self-assembled
on Cu(111), Me,COR forms exactly such
a phase, as revealed by STM (Fig. 5c).
Remarkably, these molecules follow the
same packing strategies as corresponding
rigid geometric objects, at least at low tem-
peratures. Lateral van der Waals interac-
tions between the methyl groups contribute
substantially to the stabilization of such a
packing.37¢1 Upon excitation of soft bowl-
vibrations with increasing temperature the
entropy of the lattice increases substantial-
ly, leading to phase transitions into lower
density phases.[4l

4. Conclusions and Outlook

Today’s STM technology allows the
study of 2D crystals and crystallization of
molecules on solid surfaces. Submolecular
resolution, in combination with a clever
choice of molecules, provides valuable in-

Fig. 5. Close-packing of pentagonal molecules.
(a) Me,COR is well approximated by a penta-
gon. (b) The densest packing of pentagons in a
plane has p2mg plane group symmetry. (c) The
densest packing observed for Me,COR with
STM has also p2mg plane group symmetry
(8.6 Nnm x 8.6 nm, U =-1.45V, | =0.428 uA).
(Reproduced with permission of the RCS)

sight into the stereochemistry of molecular
recognition. Noble metal substrates offer
a high molecular mobility that mimics
the ‘liquid’ phase and subsequent sample
cooling induces nucleation and 2D crystal
growth. With the ever-improving high-
resolution scanning probe microscopies
(SPM), it will soon be possible to measure
intermolecular forces directly. In combi-
nation with single-molecule manipulation,
as provided now by SPM, many riddles
surrounding crystallization and crystal
structure, such as phase transitions, poly-
morphism and optical resolution, will be
better understood. In contrast to the aver-
aging diffraction techniques, local proxi-
mal probes will certainly cause a paradigm
shift, because they allow direct observation
of defects, impurities, dislocations, etc.
and thus will help to gauge the importance
of structural imperfections for the outcome
of the macroscopic result.
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