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ABSTRACT: It is demonstrated by scanning tunneling
microscopy that coadsorption of a molecular chiral switch
with a complementary, intrinsically chiral induction seed on
the Au(111) surface leads to the formation of globally
homochiral molecular assemblies.

Developing efficient ways to form chiral surfaces by functio-
nalization with molecules is technologically highly relevant,
e.g., within areas such as asymmetric heterogeneous catalysis' or
chiral separation and chromatography.” Understanding how
molecular chirality is transferred and amplified at surfaces may
also help eluc1date the fundamental origins of biomolecular
homochirality.> Local-probe scanning tunneling microscopy
(STM) has been demonstrated to directly reveal molecular and
supramolecular chirality and give unprecedented insights in
chiral molecular adsorption on surfaces.*”” Deposition of race-
mic mixtures on surfaces often leads to formation of two-
dimensional conglomerates, i.e., the molecules segregate into
locally homochlral domains whlle the surface remains globally
racemic.® The situation is similar for prochiral compounds, which
are intrinsically achiral, but become chiral upon adsorption owing
to reduction of symmetry or confinement of particular conforma-
tional states, always leading to equal amounts of opposite surface
enantiomers.”” ' Globally homochiral surfaces are most obviously
achieved by deposition of enantiomerically pure compounds.'> An
interesting alternative is chiral 1nduct10n where the chirality is
steered toward one specific handedness,"> ' e.g,, by an external
agent'®"” or by the “majority rule” where an enantiomeric excess is
amplified in the resulting supramolecular structures.'®"

In the “sergeants and soldiers” approach to chiral induction,*
a homochiral seed induces a chiral response in target molecules.
This has been elegantly demonstrated in surface assemblies using
enantiopure tartaric acid (TA) as an induction agent (sergeant)
for the structurally related, but achiral succinic acid (soldier),*" as
well as for the achiral meso form of TA.** In both these cases,
chiral induction was observed by the averaging technique of low-
energy electron diffraction while detailed microscopic (STM)
observations of the induction process were not obtained
(enantiospecific embedding of individual TA molecules in a
2D matrix of succinic acid has been observed by STM, but for
a different structural phase®®). Very recently, chiral induction by
coadsorption of enantiopure malic acid with a surface conglom-
erate formed by racemic TA was reported.'® For this system,
STM observations revealed formation of a semiordered mixture
of the induction agent and one of the TA enantiomers, while
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ordered domains formed by the opposite TA enantiomer per-
sisted, i.e., the induction agent served to destroy rather than seed
chirally ordered structures. In general, however, there is a need to
expand investigation of chiral induction by seeding to other
molecular systems, and to improve the microscopic understand-
ing of basic mechanisms underlying chiral induction.

Here, we use high-resolution STM to directly reveal chiral
induction at surfaces in a two-component system, consisting of a
conformational chiral molecular switch and a complementary,
custom-designed chiral induction seed. We investigate two
different protocols toward chiral induction, termed nucleation
and intermixing, and from careful statistical analysis, we demon-
strate the latter to be superior since it suppresses nucleation of
domains with unbiased chirality.

The molecular model system is shown in Scheme 1 and consists
of a linear molecular rod formed from an oligo(phenylene-
ethynylene) (OPE) backbone functionalized at both ends with
bulky alkyl substituents. In the achiral compound 1, the alkyl
substituents are tert-butyl groups, whereas in the homochiral
compound S-2, chiral (S)-sec-butyl groups are used. We have
previously reported on the chemical synthesis of these com-
pounds, and by means of STM studies, we have revealed the
adsorption patterns formed by the individual compounds on the
Au(111) surface under ultrahigh vacuum (UHV) conditions.** >’
Compound 1 is prochiral and displays conformational chirality in
the sense that it can adsorb in different conformations distin-
guished by the positions (left/right) of the fert-butyl groups with
respect to the molecular backbone, two of which (RR and LL) are
chiral enantiomers (Scheme 1b). Compound 1 is a chiral switch
since it can undergo conformational changes involving rotation of
the terminal groups around the molecular axis even after adsorp-
tion on the surface, allowing it to switch between the R and L
orientations. The compound forms an adsorption structure with a
pronounced chiral organization of the molecular backbones based
on a windmill motif which can assume either a clockwise or
counterclockwise sense of rotation. In this structure, organiza-
tional and conformational chirality are correlated by the require-
ment that the fert-butyl pendants are placed at the outside of the
windmill nodes (Scheme Ic). Since 1 is prochiral, the two
conformational surface enantiomers and the associated mirror-
image windmill domains are always formed in equal amounts.**
The intrinsically chiral compound $-2 forms windmill assemblies
which are structurally very similar to those obtained for 1, but the
subtle change in molecular design very importantly results in a
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“(a) Molecular model system based on rod-shaped molecules with
oligo(phenylene ethynylene) (OPE) backbones and salicylaldehyde
terminal groups. For the prochiral molecule 1, the end groups contain
tert-butyl groups while the intrisically chiral molecule §-2 contains two
chiral (§)-sec-butyl groups. (b) Schematic representation of conforma-
tions assumed after adsorption. Black circles represent the tert-butyl or
(8)-sec-butyl groups, while the black rods represent the OPE molecular
backbone. The R and L (right and left) nomenclature refers to the
position of the two tert/sec-butyl groups with respect to the molecular
backbone when observing it from the central benzene ring. For 1, the RR
and LL conformations constitute mirror image surface enantiomers. (c)
Schematic representation of windmill motifs formed by molecules in RR
and LL conformation, respectively.

strong preference for the RR conformational state and windmill
domains with the associated sense of rotation (see ref 27). The
structural similarity between 1 and S-2, the similarity of the
patterns they form on Au(111), and the ability of 1 to switch
surface chirality make the molecules ideal for investigation of chiral
communication between the molecules and for seeding of struc-
tures formed by the achiral compound 1 with enantiopure S-2.

The experiments to codeposit the two molecules on a
Au(111) surface were performed in an UHV system with a base
pressure in the low 10 '* mbar regime and eguipped with a
home-built variable temperature Aarhus STM.*® The Au(111)
single crystal was cleaned by several cycles of 1.5 keV Ar”
sputtering followed by annealing at 850 K, resulting in an
atomically clean (22 % 4/3) herringbone reconstructed Au(111)
surface. The molecules were sublimated from separate, resistively
heated glass crucibles maintained at 378 K (§-2) and 393 K (1)
and held within a few centimeters from the Au surface. Typical
dosing times were 1.5—3 min resulting in submonolayer cover-
age. STM images were acquired in the temperature range
120—130 K.

In the “nucleation protocol” toward chiral induction, S-2
molecules were first deposited onto a Au(111) surface held at
300 K. Then, the sample was slowly (6 K/min) cooled to 200 K
in order to allow formation of ordered S-2 islands. Subsequently,
the prochiral molecules 1 were dosed onto this surface at 200 K
and the surface was maintained at this temperature for a 30 min
postdeposition annealing. This annealing temperature was cho-
sen since it was expected to be sufficiently high to allow the chiral
switches 1 to diffuse and accommodate to the islands formed
from S-2 while being low enough that the preformed $-2 islands
were thermally stable. The sample was subsequently cooled to
120K (6 K/min) and imaged with STM.

In Figure la is depicted an STM image of the interior of a
molecular island resulting from this nucleation protocol. It has
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Figure 1. Chiral induction by the nucleation protocol. (a) STM image
showing the interior of a nucleation induced windmill island on the
Au(111) surface (259 A x 257 A; I = —0.4 nA; V = —2.09 V).
A schematic model of the windmill motif formed from molecules in RR
conformation is indicated. Bright/dim protrusions correspond to tert-
butyl/sec-butyl groups and the white line indicates the boundary
between homomolecular regions formed from S-2 (upper left) and 1
(lower right). Inset: Height profile acquired along the line shown in
green; s and t above the peaks indicate sec and fert-butyl groups,
respectively. (b) Larger scale image of nucleation induced island
(604 A x 599 A; I=—0.55 nA; V'=—2.09 V). (c) STM image of a brick-
wall molecular island formed after codeposition of 1 and §-2 on Au(111).
(64 A x 125 A; T = —0.41 nA; V = —2.02 V). Brick-wall islands with
parallel stacking of the molecular backbones were previously observed to
coexist with windmill islands for both 1 and S§-2. In the case of S-2, the
structure consists entirely of molecules in RL conformation, organized
such that the sec-butyl groups on two neighboring molecules are always
placed on the same side of the molecular rows where two molecules
meet end-to-end.>” In marked contrast, the brick-wall phase formed
from 1 is conformationally disordered with RR, LL, and RL conforma-
tions participating.25 In the co-deposition experiments, brick-wall islands
were occasionally observed, but constitute a clear minority. The shown
mixed brick-wall island both contains molecules with dim and bright
protrusions. The molecules with dim protrusions are conformationally
ordered and correspond to the structure in brick-wall islands formed
from $-2, allowing unambiguous assignment of the two species.
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the windmill structure observed previously for both 1 and §-2, in
this case exhibiting windmill motifs with a counter-clockwise
sense of rotation corresponding to molecules in RR conforma-
tion (compare overlay of schematic molecular models). The
characteristic protrusions associated with the alkyl side pendants
display two different brightness levels, corresponding to a ~0.5 A
difference in their apparent height, as revealed by the STM height
profile shown in the inset (acquired along the green line
indicated in the STM image). One molecule in the structure
always has either dim or bright protrusions associated with it, and
we therefore attribute the contrast difference to the nature of the
side pendant (sec-butyl or fert-butyl), conveniently allowing 1
and S-2 to be distinguished in the STM image. Absolute assign-
ment of the brightest protrusions to the tert-butyl groups of 1 and
the dimmer protrusions to the sec-butyl groups of §-2 is possible
based on observations of a coexisting brickwall structure shown
in Figure lc (see caption of Figure 1 for details). In the windmill
island of Figure 1a, the upper left region is thus dominated by S-2,
while the lower right-hand region is dominated by 1. A larger-
scale image of an induced windmill island is shown in Figure 1b,
clearly revealing a core region formed from the intrinsically chiral
§-2 molecules surrounded by a rim formed from 1. Occasional
examples of individual §-2 molecules embedded in the regions of
1 and vice versa are also observed, showing a slight intermixing
during or after deposition of 1. The boundary between the two
homomolecular regions, indicated by a white line in Figure 1a, is
continuous, and the two windmill structures therefore adapt well
to each other, allowing for specific interactions between the two
types of molecules. Growth of 1 from nuclei formed from S-2
therefore appears to have occurred, and the conformation/chiral
arrangement in the regions formed from the chiral switches 1
match that in the regions of the intrinsically chiral compound §-2,
demonstrating a local chiral induction effect between the nucleus
and the surrounding growth region.

To establish if chiral induction occurred globally on the
surface, a thorough statistical analysis was performed based on
five identical sample preparations. Here, we systematically sur-
veyed a total of 19 sample areas (nominally of 2 x 2 um”
extension as accessible by the STM scanner head) and recorded
STM images of the encountered islands. Of 44 observed islands
showing a clear boundary between regions formed from S-2 and
1 (nucleation induced windmill islands), 96% were of the RR
conformation with a counterclockwise arrangement of the wind-
mill motifs, while only 4% were of the LL conformation. This
matches well the bias for RR over LL observed in experiments
with pure $-2.>” However, the survey also revealed 36 islands
uniquely composed of 1, ascribed to nucleation occurring in the
second step of the preparation protocol during deposition of 1.
Within experimental error, these islands show RR and LL
arrangement with equal distribution as anticipated for the
prochiral compound 1. If these islands are included in the
statistics, the overall distribution is 70% RR versus 30% LL
windmill islands. While there is thus a clear chiral bias globally on
the surface, this is to some extent diluted by random nucleation of
islands formed entirely by 1. Attempts to remedy this by creating
a higher density of chirally biased nucleation points through
control of deposition rate and substrate temperature during the
initial deposition of §-2 were not successful.

To circumvent random nucleation of islands formed entirely
from 1, we devised an alternative “intermixing protocol”. Here,
both compounds were sequentially dosed onto a Au(111) sur-
face held at room temperature (300 K). Subsequently, the sample

=
g8 8s

-
o

Node Probability %

a
<

®

4t 1s3t 2s2t 3s1t  4s
Node Type

12} 8%

Number of observed islands
=

Figure 2. Chiral induction by the intermixing protocol. (a) STM image
of intermixing-induced windmill island on the Au(111) surface (171 A x
173 A; 1= —0.37 nA; V= —1.25 V). (b) Histogram (red) showing the
observed distribution of bright tert () and dim sec (s) butyl groups in the
nodes of the windmill structure. A binomial distribution (green)
corresponding to the observed probabilities P(s) = 0.42 and P(t) =
0.58 is shown for comparison (the distribution is asymmetric due to the
different fractions of §-2 and 1) . (c) Large-scale STM image of an
intermixed island (701 A x 846 A; I = —0.48 nA; V= —1.25V). (d)
Histogram showing the distribution of observed windmill domains after
the intermixing protocol; a clear preference for the RR windmill
structure is observed.

was annealed at 320 K for 30 min after which it was slowly cooled
(6 K/min) to 120 K. The intermediate annealing step was
introduced in order to allow thermal dissociation of existing
islands and intermixing of the two species by diffusion.

Figure 2a shows the interior of an RR windmill island resulting
from this growth protocol. Again, two different species can
clearly be discerned based on the apparent STM height of the
peripheral groups, but in contrast to the situation in Figure 1b,
they are now indeed thoroughly intermixed. Systematic survey of
the surface following the intermixing protocol shows that ex-
tended structures consisting entirely of §-2 or 1 are not formed.
(Interestingly, formation of brick-wall phases appears also to be
suppressed as areas with this structure were only observed to a
negligible extent). To quantify the degree of intermixing of the
two species, we analyzed the island shown in Figure 2c with
respect to the distribution of sec-butyl (s) and tert-butyl (t)
groups in the individual windmill nodes where four molecules
join to form the structure. In Figure 2b is depicted a histogram
(red) obtained from analysis of 865 nodes, showing that all node
combinations are realized, as may also be observed in the high-
resolution STM image of Figure 2a. For comparison, a binomial
distribution for the probabilities P(s) = 0.42 and P(t) = 0.58,
corresponding to the respective fractions of $-2 and 1 in the
analyzed island, is shown in green. The good correspondence
between the two distributions demonstrates a near-random
intermixing of the two species, possibly with a slight bias toward
the homomolecular 4s and 4t nodes.
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Figure 2d shows the distribution between RR and LL windmill
islands resulting from a systematic survey of the surface following
the intermixing protocol. There is in this case a clear preference
for islands with RR chirality, thereby demonstrating that the
intermixing protocol indeed leads to chiral induction globally on
the surface. This result is enabled by the ability of the achiral
target molecules 1 to switch surface conformation/chirality and
adapt to the conformation preferred by the structurally similar
chiral seeding molecules S-2 in combination with an induction
protocol ensuring that all target molecules participate in domains
affected by the seeds. The very small fraction of LL domains
contain S-2 molecules in the unpreferred LL conformation,
similar to the situation for pure S-2 (ref 27). Their presence is
ascribed to a sufficiently low energy difference between the LL
and RR conformations for S-2 to allow a small population of the
minority conformer. Further experiments will be required to
establish/optimize the minimum fraction of S-2 molecules
necessary to maintain a global induction effect by the intermixing
protocol.

In the previously investigated tartaric/succinic acid system,
chiral induction was also attributed to a bistable target molecule,
in this case resulting from two mirror-image adsorption geome-
tries, but direct-space, microscopic details of the mechanism for
the chiral amplification/ordering process were not provided.'**'
In contrast to the situation for enantiopure malic acid coadsorbed
with a surface conglomerate formed by racemic TA, for which
STM results were recently reported upon,"® the chiral seeds in
the present case participate in the ordered chiral structure for-
med, and there is not a significant portion of the surface covered
by disordered regions of the suppressed enantiomer.

In conclusion, it was demonstrated that a globally homochiral
molecular structure was achieved based on chiral induction
between intrinsically chiral molecular “sergeants” (S-2) and
prochiral “soldiers” in the form of chiral switches (1). We
demonstrate that careful engineering and synthesis of a chiral
seed, capable of interacting with a structurally similar target
molecule through chiral recognition, can be utilized to steer
surface chirality toward global homochirality: The present
findings thus opens interesting perspectives for efficient chiral
surface functionalization which may have applications in asym-
metric heterogeneous catalysis, chiral separation and chro-
matography.
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