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Chiral recognition among three differently functionalized
heptahelicene derivatives on Ag(111) and Au(111) surfaces has
been studied with scanning tunnelling microscopy. All three species
were found to self-assemble into racemic zigzag structures, with
alternation of (M)- and (P)-enantiomers.
The problem of conglomerate versus racemate crystallization is
of paramount importance for chiral technologies.1 Although
more than 170 years have passed since Pasteur’s seminal
discovery of conglomerate crystallization of sodium ammonium
tartrate,2 this phenomenon is still not understood at all.3 Early
empirical explanations based on crystal densities were shown
to have limited general applicability.4-7 Understanding the
complex problem of molecular recognition in crystallization
calls for well-defined model systems as, for example, the
aggregation of chiral molecules on metal surfaces in ultrahigh
vacuum.8,9 Besides the excellent control of experimental
conditions, this approach benefits in particular from the
submolecular resolution provided by scanning tunnelling
microscopy (STM).10
Beyond chiral recognition, the surface self-assembly of helical
aromatic hydrocarbons, so-called helicenes, is motivated by
studying novel physical effects, such as chiroptical responses,
electron spin selectivity or molecular electro-mechanics.11-14
Consequently, synthesis and functionalization of surfaces with
helicenes has received increasing attention recently.15-17
There have been several reports on the fate of chiral
crystallization of helicenes on various surfaces. The adsorption
of heptahelicene ([7]H) on the three (111) surfaces of Cu, Ag and
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a row. On Cu(100), however, [7]H crystallized into a twodimensional (2D) conglomerate phase consisting of homochiral
domains built up from homochiral quadruplets.19 Homochiral
quadruplets were also observed for 5-amino[6]helicene on the
same surface,20 and alloying the Cu(100) surface with Sn caused
racemate formation.21 At small coverages homochiral
quadruplets of [7]H were also observed on Ag(100), but with
increasing coverage the racemic zigzag row motif dominated
again the self-assembly.22 Cyano-functionalized [7]H, on the
other hand, led to conglomerate formation on Cu(111).23
Pentahelicene ([5]H) was found to form homochiral van der
Waals dimers (vdW-dimers) on Cu(111), which, in turn, formed
a racemate structure as long as second layer nucleation was
avoided.24 Dibenzo[5]H in turn aggregated into a conglomerate
on Au(111).25 Finally, 9,9’-bis[7]H was found to form a racemate
phase on Cu(111),26 while on-surface synthesized tris[4]H
formed large homochiral domains.27 These examples show, that
besides substrate surface periodicity and symmetry the
functionalization of helicenes may play an important role for the
fate of homo- or heterochiral recognition.

a. Empa,

Figure 1. Molecular structure models of three heptahelicene derivatives. (a) 9-bromo(Br[7]H); (b) dibenzo- (db[7]H); and (c) S,S’-1,17-diacetothio- (AT[7]H) heptahelicene.
Only (P)-enantiomers are shown. The functional groups (bromo-, benzo- and Sacetylthiolate) are highlighted in green.

Au basically showed identical assembly motifs for racemate as
well as the pure enantiomers.18 The racemate formed in all
three cases zigzag rows with alternating (M)/(P) enantiomers in
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Figure 2. (a) Large scale STM image (219 nm × 219 nm, 28 pA, –2.8 V) of a single layer of
Br[7]H on Au(111). Within the ordered rotational domains molecules form lines oriented
along the high-symmetry axes of the substrate. The [11� 0] direction of the Au substrate
is indicated by the black arrow. (b) STM image (26 nm × 26 nm, 23 pA, –2.8 V) of a domain
showing zigzag row alignment. (c) STM image (9.3 nm × 9.3 nm, 23 pA, –2.8 V) of the
zigzag rows formed by Br[7]H on Au(111). (d) Molecular model of the zigzag alignment
based on STM images and AMBER force field calculations. The upper terminal ring of
each molecule is highlighted in dark blue or red for (M)- or (P)-enantiomers, respectively.
(e) EHT electron density of the LUMO (right) and HOMO (middle) according to the
orientation of the filled-space ball model of (M)-Br[7]H (left). (f) Top and side views of
the result of AMBER force field calculations for the single (M)-Br[7]H on a four-layer
Au(111) slab.

Here, we present a study of the molecular recognition of three
different heptahelicene derivatives, namely, 9-bromoheptahelicene (C30H17Br; Br[7]H), dibenzoheptahelicene (dinaphto[2,1;1’,2’-f,j]picene, C38H22, db[7]H), and S,S’-diacetylheptahelicene-2,17-dithiolate (C30H16O(SCOCH3)2; AT[7]H; Figure 1)
on Ag(111) and Au(111). Although differently functionalized, all
three [7]H species, when adsorbed as racemic mixture, selfassemble into heterochiral M/P-zigzag rows.
Chemical synthesis of the helicene derivatives has been
described previously.14,26,28 Samples were prepared in ultrahigh
vacuum by Ar ion sputtering of the metal surface, annealing and
deposition by thermal sublimation of the [7]H derivatives at 443
K (Br[7]H), 570 K (db[7]H) and 450 K (AT[7]H), onto Au(111) and
Ag(111) surfaces held at room temperature or at 350 K.
Molecular ordering was not effected by deposition in this
temperature range. Different coverages were adjusted by
different exposure times. The molecular layers were analysed
in-vacuo by STM at different temperatures and compared to
molecular models based on classical force field calculations
(ESI†).
The outcome of self-assembly of Br[7]H was studied at 60 K. For
the close-packed monolayer (ML) the molecules form ordered

domains built up by zigzag rows (Figure 2)‡. The arrangement
of the enantiomers into zigzag rows is similar to the one
determined for [7]H on Au(111), Ag(111) and Cu(111),18,29
including the fact that the rows are oriented parallel to the highsymmetry directions in case of Ag(111) and Au(111).18 The [7]H
zigzag row was identified as heterochiral composition with
alternating (M)- and (P)-enantiomers and was not observed for
the pure enantiomers.30 Note that Br is still attached to the
helical backbone at room temperature on Au(111).31 Hence,
replacement of the H atom at carbon #9 by a Br atom does not
change the preference for heterochiral recognition. The most
favourable configuration of a single Br[7]H molecule was
calculated from 216 different initial configurations with AMBER
force field (Figure 2). Each molecule adsorbs with the Br atom
located above a bridge site between two Au surface atoms. A
model of the self-assembled Br[7]H structure, which is based on
STM images and Extended Hückel theory (EHT) frontier orbital
modelling of Br[7]H is presented in Fig. 1d. It is known from
crystal structure studies that Br⋅⋅⋅Br interactions are not very
dominant,32,33 and on the gold surface here the additional Br
atoms do not cause a different self-assembly motif than
observed for [7]H. Forcefield modelling yields as binding energy
of Br[7]H enantiomers in a vdW-dimer of 4.5 kcal/mol (Fig. S1,
ESI†), which is larger than the 3.0 kcal/mol calculated for [7]H
on Cu(111). The distance between two Br[7]H is also larger than
observed between two [7]H. Consequently, the occupied
surface area per molecule is 1.45 nm2, which is higher than the
1.04 nm2/molecule found for [7]H.18,29 This observation might
also explain the better long range order observed here for
Br[7]H than for [7]H on Au(111) due to better match between
adsorbate and Au substrate lattice.

Figure 3. STM images of racemic db[7]H on Ag(111). (a) The STM image (20 nm × 20 nm,
0.5 V, 20 pA) at low coverages shows vdW-dimers and a heterochiral triplet (arrow).
Inset: 4 nm × 4 nm STM image of a vdW-dimer. (b) The STM image (25 nm × 25 nm, 0.5
V, 10 pA) at 0.8 ML shows self-assembly of heterochiral triplets. (c) STM image (50 nm ×
50 nm, 350 mV, 10 pA) of a single domain at a full monolayer coverage. (d) STM image
(8 nm × 8 nm, 350 mV, 10 pA) of the zigzag rows. The substrate orientation indicated in
(c) applies to all images.
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Figure 4. Relaxed structures for db[7]H and AT[7]H on Ag(111) based on force field mediated molecular dynamics. (a) Heterochiral db[7]H vdW-dimer. (b) Heterochiral db[7]H triplet.
(c) Heterochiral db[7]H zigzag chain. (d,e) STM and NC-AFM images (4.5 nm × 3 nm, U = 30 mV, Aosc: 40 pm; Imax: 2.8 pA, I min: 0 pA, dfmax: 405.77mHz, dfmax: –235.35mHz) of an AT[7]H
zigzag chain. The upper row consists of (M)-AT[7]H, the lower of (P)-AT[7]H. This assignment is based on the different frequency shift contrast of the two lobes of the molecules. (f)
Segment of a relaxed heterochiral AT[7]H zigzag chain as obtained for 12 molecules.

The result of 2D self-assembly of racemic db[7]H was studied on
the Ag(111) surface. Figure 3 shows STM images acquired at 1.2
K. Already at very low coverages the formation of vdW-dimers
is observed. Because no vdW-dimers but rather triplets are
formed by the pure enantiomers under same conditions,28 it
must be assumed that these vdW-dimers consist of both
enantiomers. A similar observation has been made previously
for [7]H on Cu(111).34 At intermediate coverage of dB[7]H on
Ag(111) assembly into triplets occurs (Figure3b). The triplets are
different with respect to the triangular, C3-symmetric
homochiral triplets and must be considered as heterochiral
precursors of the zigzag rows observed at monolayer saturation
(Figure 3c,d). As observed for [7]H on Ag(111),18 the zigzag rows
run parallel to highly symmetric directions of the Ag(111)
surface.
Structural models based on classical forcefield modelling are
presented for the experimentally observed db[7]H vdW-dimer,
triplet and zigzag row motifs (Figure 4). The same models
displayed with vdW radii are presented in the ESI† (Fig. S2). The
binding energy for the vdW-dimer amounts to 2.21 kcal/mol,
while the best homo vdW-dimer has only 0.72 kcal/mol. The
shown heterochiral triplet is also favoured over the best
homochiral arrangement (Fig. S3, ESI†).
For AT[7]H with its acetylthiolate group intermolecular
interaction via hydrogen bonds might be expected. However,
STM images acquired at 1.2 K show again the zigzag motif (Fig.
4d, Fig. S4). In order to discriminate between enantiomers, the
achieved STM contrast was hardly sufficient. Non-contact
atomic force microscopy (nc-AFM) with a carbon monoxidemodified tip, however, reveals opposite handedness in a single
zigzag chain (Fig. 4e). Force field modelling relaxation of 12
randomly positioned molecules delivers indeed a heterochiral

zigzag chain (Fig. S5), of which a segment is shown in Figure 4f.
The modelling also suggests, as for Br[7]H and db[7]H, identical
surface binding sites (Fig. 4d).
Previously performed density functional theory (DFT)
calculations for AT[7]H on Ag(111) showed that a sulphur atom
gets pinned to a single Ag surface atom.14 The proximal
phenanthrene groups, however, show a similar distance (3 Å) to
the surface as plain [7]H on various surfaces,12 suggesting an
additional surface binding through that group. DFT calculations
for [5]H on Cu(111)24 and db[7]H on Ag(111)28 showed that the
C6 rings of the proximal phenanthrene group tend to be placed
above threefold hollow sites. The same conclusion has been
made for pentacene on Cu(111).35,36 A favoured binding mode
with the metal surface limits therefore to some extent the
modes of intermolecular interactions. Apparently, this
limitation favours then the heterochiral alignment over the
homochiral one for the (111) surfaces of gold and silver. It
would be interesting to study the fate of 2D crystallisation of
these three helicene species on the (100) surfaces of Ag and Cu,
where [7]H at low coverage showed homochiral recognition.
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Notes and references
‡ The matrix notation of this structure is (5 0, 2 8). The (2 × 2)
transformation matrix, linking the adsorbate lattice vectors (b1,
b2) to the substrate lattice vectors (a1, a2) via b1 = m11a1 + m12a2
and b2 = m21a1 + m22a2, is written here in the form (m11 m12, m21
m22).37
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