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1 Introduction

Enantiopure molecules form apparently racemic
monolayers of chiral cyclic pentamerst

Benjamin R. Heiner, (2@ Kaitlyn M. Handy,? Angela M. Devlin, ©2° Jewel L. Soucek,?
Alexander M. Pittsford,® David A. Turner,® Jacob P. Petersen,® Allen G. Oliver, (2@
Steven A. Corcelli’®? and S. Alex Kandel (2 *®

Ultra-high vacuum scanning tunneling microscopy (UHV-STM) was used to investigate two related
molecules pulse-deposited onto Au(111) surfaces: indoline-2-carboxylic acid and proline (pyrrolidine-2-
carboxylic acid). Indoline-2-carboxylic acid and proline form both dimers and Cs-symmetric “pinwheel”
pentamers. Enantiomerically pure S-(—)-indoline-2-carboxylic acid and S-proline were used, and the
pentamer structures observed for both were chiral. However, the presence of apparently equal numbers
of right-" and 'left-handed’ pinwheels is contrary to the general understanding that the chirality of the
molecule dictates supramolecular chirality. A variety of computational methods were used to elucidate
pentamer geometry for S-proline. Straightforward geometry optimization proved difficult, as the size of
the cluster and the number of possible intermolecular interactions produced an interaction potential
with multiple local minima. Instead, the Amber force field was used to exhaustively search all of phase
space for chemically reasonable pentamer structures, producing a limited number of candidate
structures that were then optimized as gas-phase clusters using density functional theory (DFT). The
binding energies of the two lowest-energy pentamers on the Au(111) surface were then calculated by
plane-wave DFT using the VASP software, and STM images predicted. These calculations indicate that
the right- and left-handed pentamers are instead two different polymorphs.

Any arrangement of enantiopure molecules necessarily
remains chiral; this includes monolayer or other structures

Studies of molecular chirality at surfaces benefit a wide range of
fields, including enantioselective heterogeneous catalysts,'™ 2D
chiral crystal engineering,”™® chirality in 2D nanomaterials,”®
and determination of the fundamental role of chirality in
crystallization.”'® Understanding enantioselective crystallization
has significant practical applications, for instance, the develop-
ment of single-enantiomer active pharmaceutical compounds.***?
Chiral molecular self-assemblies on metal surfaces have been
studied via a variety of surface science techniques," particularly
scanning tunneling microscopy (STM),"**2° as the submolecular
resolution affords insight into the structural details of two-
dimensional crystal structures.
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formed when molecules adsorb onto a surface.®'”>”72° Indeed,
many examples exist where enantiopure adsorbates transfer
their molecular chirality to the surface, which then exhibits
global chirality."®*°> So far, we have only read of two excep-
tions to this phenomenon. In the first, Walba et al. observed
apparently heterochiral domains forming when depositing the
enantiopure samples of the chiral liquid crystalline 4-[(S)-2-
ethoxypropoxy|phenyl 4-(decyloxy)benzoate; they determined
these were instead ‘‘quasi-enantiomorphous” domains resulting
from different monolayer structures.®® In the second, the
S-enantiomer of a chiral diacetylene isophthalic acid forms
an enantiomorphous lamella structure that is not correlated
to the surface. Zhang et al. explained that the self-assembled
monolayers did not follow the molecular chirality due to the
stereocenter being forced away from interacting with the sur-
face, which was believed to drive the organization.*” In both
systems, chirality appears to be lost in STM images, ultimately
because the chiral center does not propagate to form structures
that are apparent to the microscope.

Much of the work in our group revolves around studying
molecular “families,” or studying many derivatives of the same
molecular backbone to probe the effect different functional
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Fig. 1 Molecular structures of the molecules used in this study: (a) S-
indoline-2-carboxylic acid (S-ICA) and (b) S-proline.

groups have on the intermolecular interactions that drive self-
assembly.*® One such molecule, the achiral indole-2-carboxylic
acid, adsorbed to the surface of Au(111) in chiral cyclic pentamers
after pulse deposition.>**® However, under vapor deposition con-
ditions it forms catemer chains, thus showing that pulse deposi-
tion can lead to interesting metastable assemblies on surfaces.”'
In this study, we look at another molecule in the same family, S-
(—)-indoline-2-carboxylic acid (S-ICA), the chiral analog of indole-2-
carboxylic acid. We found that the chirality of S-ICA does not
clearly transfer to the monolayer, but instead forms a monolayer
that appears to be a racemic mixture of chiral pinwheel-like
pentamers. We continue the study by investigating a similar family
of molecules (related by removing the fuzed benzene ring) that
include S-(—)-pyrrolidine-2-carboxylic acid (S-proline). Structures of
these molecules are shown in Fig. 1. The S-proline molecule also
did not pass chirality to the monolayer, instead showing the same
mixture of left- and right-handed pinwheel pentamers.

2 Methods

2.1 Experimental

Au(111)-on-mica thin films were cleaned in high vacuum with
two cycles of Ar” sputtering (0.55 kV for 15 min) and subsequent
annealing at 350-400 °C, which we found to yield flat, clean
surfaces of Au(111) with the characteristic ‘“herringbone”
reconstruction. Cleaned samples were allowed to cool before
being transferred to a load-lock chamber for preparation of the
monolayer. All molecules used in this study were purchased
from Sigma Aldrich and used without further purification:
S-(—)-indoline-2-carboxylic acid (S-ICA) >99%, i-proline (S-
proline) ReagentPlus® >99%. Solutions with a concentration
of 10 mM were prepared in methanol (unless otherwise noted).
Droplets of solutions of interest were delivered via a pulsed-
solenoid valve (Parker Instruments, Series 9, Iota One Driver,
0.5 mm diameter nozzle) onto the cleaned Au(111) substrate
kept at room temperature in a load-lock chamber. Before the
deposition, the load-lock chamber was at pressures <5 x 10 °
Torr. During the deposition, the pressure rose significantly and
then returned to the baseline within a minute. The sample was
then transferred to an Omicron LT-STM, kept at a base pressure
of 5 x 107'° Torr, and was cooled to 77 K. All images were
acquired with a Pt/Ir tip in constant current mode with a
tunneling current of 10 pA and a tip-sample bias of +1.0 V
unless otherwise noted.
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2.2 Computational

Because the clusters we are studying are quite large, DFT
became computationally expensive. To narrow the size of the
problem, we used a less accurate but much more affordable
force-field method to achieve reasonable starting points for the
more expensive electronic-structure calculations. This drama-
tically lowered our computational cost while still allowing us to
probe tens of thousands of pentamer configurations.

The simulations of proline pentamers used the Amber22
force field in the Gaussian 16 software package.’>** A single
zwitterionic proline monomer was first geometrically optimized,
then used as the building block to generate pentamers. As a Cs-
symmetric pentamer can be defined by three angles and a
distance, a script was used to produce ~ 18000 starting config-
urations for proline pentamers that covered all of geometric
phase space. An initial single-point energy calculation allowed us
to rank each cluster by starting energy. Geometric optimization
of the lowest 3000 starting configurations in the Amber force
field resulted in 60 unique configurations. These configurations
were then geometrically optimized using DFT at the B3LYP/6-
31g(d) level of theory.

All pentamer-on-gold calculations were performed utilizing
VASP.**™*” A slab of Au(111) was constructed with the dimen-
sions of 6 x 5 x 3 gold atoms with 10 A of vacuum above and
below the slab. The lattice constant was found to be 4.2 A. All
calculations were conducted with a PBE functional with an
energy cutoff (encut) of 500 eV. The k points used were [7, 7, 1]
with an energy difference of 1 x 107> eV.

Pentamer configurations were placed on the surface of the
gold and single-point calculations were performed for both
nitrogen-up and nitrogen-down orientations of the pentamer.
The pentamer was raised off the surface at varying heights. For
the nitrogen-up orientation, the height is defined as the height
of the top of the surface to the lowest oxygen in the pentamer.
As for the nitrogen-down orientation, the height is defined as
the height of the top of the surface to the lowest carbon atom.
Single-point calculations were conducted for the gold slab, each
pentamer, and the pentamer on the gold slab. All binding
energies were calculated by:

Ebindingenergy = Eslab&pentamer — Eglap — Epentamer

1)

3 Results and discussion

3.1 Indoline-2-carboxylic acid monolayers

Fig. 2 shows an STM image of the S-ICA monolayer after pulse
deposition. The majority species cluster on the surface was the
tightly packed pinwheel-like structures seen in Fig. 2. These
pentamers are similar in structure to those we observed pre-
viously in the monolayer of indole-2-carboxylic acid and
isatin.*>*® These pentameric clusters are quite stable, remain-
ing on the surface after thermal annealing to 30-40 °C, but
desorbing when annealed to 65-70 °C. S-ICA pentamers also
form via vapor deposition, so they are not preparation-method
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Fig. 2 STMimage (139 x 139 A) of S-ICA pulse deposited in methanol on
the Au(111) surface, with red (R-) and blue (S-) circles indicating the
handedness of each pentamer. The pentamers appear to be approximately
hexagonally packed, with the unit cell rhombus measuring 17.2 + 1.4 and
60 + 6.0°.

dependent as previously observed for indole-2-carboxylic acid
pentamers.*>*!

Fig. 3(A) and (B) shows pulsed deposited S-ICA onto Au(111)
using acetonitrile as the solvent. Fig. 3(A) shows that the
pentamer structure is still present on the surface of the gold,
so the pentamer structure is observed using at least two
different solvents. However, when acetonitrile is used as the
pulse-deposition solvent, a new phase is observed: parallel
dimer chains, highlighted in Fig. 3(A) and (B). Dimer chains
were not observed for S-ICA using methanol as the solvent for
pulse deposition, but are a common structural motif for
carboxylic acids.*® X-ray crystallography data for S-ICA confirms
a zwitterionic dimer-based crystal structure (see ESIT).

) ’ h < " -n
: S
'.:- i : ‘?:;\‘\‘,";‘J

Fig. 3 (A) and (B) Monolayer of S-ICA pulse deposited in acetonitrile
consists of both phases of pentamers and dimer chains; representative
pentamers are colored in light blue and dimer chains are colored in green
and blue (200 x 200 A and 148 x 148 A, respectively).
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The parallel chains observed in Fig. 3(A) and (B) are similar
to those in the crystal structure of S-ICA.

In our previous studies of clusters and monolayers produced
through pulse deposition, the choice of solvent has been shown
to affect the range of structures formed, though the mechanism
by which this occurs remains uncertain.***°>> Simple
chemical intuition (e.g., zwitterions favored in polar solvents)
does not have strong predictive power.”>>*

Analysis of STM images was done in an automated fashion
with minimal user input. First, the centroid of each pentameric
cluster was determined, and the molecular features in the STM
image fit to a function of the form sin 50 + ¢. The chirality can
then be measured by the dependence of ¢ on radius (distance
from the centroid)—that is, for left-handed pentamers ¢
increases with radius, while ¢ decreases for right-handed penta-
mers. The calculated chirality is shown in Fig. 2, with pentamers
circled in red and blue for R- and S-pentamers, respectively. Once
the orientation and chirality of every pentamer in the image have
been determined in this fashion, clusters of like chirality can be
overlapped (and reoriented as necessary), and the numerical
average of the STM image calculated. These composites are what
is shown in Fig. 4(A) and (B). Fig. 4(C) is a tight zoom on the S
pentamer with a line drawn from the centroid of the pentamer
cluster through the top molecule. As all mirror planes must
contain the Cs axis, the lack of mirror symmetry in Fig. 4(C)
makes the chirality of the cluster evident. We automated a count,
Fig. 2, of 226 pentamer clusters over 5 scanned areas and
determined the chirality split to be 118:108 (R:S). This is
indistinguishable from a binomial distribution that assumes
equal probabilities, which gives a most likely result of 113 with a
standard deviation of 7.5 (see ESIT).

The mixing of the R- and S-pentamers of the S-ICA mono-
layer shown in Fig. 2 is peculiar. In addition to the equal total
numbers of R- and S-pentamers, there is no obvious segrega-
tion of homochiral pentamers into separate domains. This is
analyzed quantitatively, showing only a slight deviation from a
random mixture for nearest-neighbor and next-nearest-
neighbor pentamers (see ESI,t Fig. S1). This implies that there
are no significant short-range interactions between left- and
right-hand pinwheels, so that one geometry does not seed the
growth of a domain; or, alternately, there must be a very large

Fig. 4 (A) Composite of left-handed pentamers shown in the image in
Fig. 2 (25 x 25 A). (B) Composite of right-handed pentamers shown in the
image in Fig. 2. The pentamer is distinct from that in (A). (C) One lobe of the
composite left-handed pentamer with a line drawn from the centroid of
the pentamer cluster through the centroid of a single lobe. As there is a
clear imbalance of electron density on either side of the line, it does not
constitute a mirror plane, defining the structure as chiral.

This journal is © the Owner Societies 2024
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number of “seeds” such that many domains grow and merge.
As we do observe the characteristic “herringbone” reconstruc-
tion of the gold surface underneath the monolayer, the kinks
that accompany this reconstruction could be one source of such
nucleation sites. Diffusion of pentamers may also be limited
because of their size, the high surface coverage, or the peculiar
condition that result during the pulse-deposition process.>® In
contrast, most of the extant literature reports that when mirror-
image enantiomorphs are present on the surface, they phase
separately into two homochiral domains (conglomerates).®%°7¢?
These conglomerates typically consist of homochiral molecular
adsorbates, in which both enantiomers self-assemble in differ-
ent domains.®>

A racemic mixture of pentameric structures is surprising
given that the deposited molecule is purely the S-enantiomer.
Typically, for a racemic mixture of 2D crystals to form, a racemic
mixture of the starting molecule must be adsorbed.®’ S-ICA
should not racemize during or after deposition as the energetic
barrier to switch to R-ICA is far higher than kT, especially at our
operating temperatures.®*®* Supramolecular chirality usually
results from the chirality of the starting molecule,®® except in
limited cases.*®” Because S-ICA is a small molecule, the stereo-
center would be forced to interact with the surface, so we would
expect the chirality of the molecule to be passed to the surface,
forming an enantiomorphous monolayer."®"”

3.2 S-Proline monolayers

S-Proline and S-ICA have very similar chemical structures,
Fig. 1(a) and (b), S-proline differing only in the absence of the
benzene ring fused to the five-membered heterocycle. Because
the amine and carboxylic acid groups remain in the same
positions, we expected the chemical interactions to be quite
similar to those of S-ICA. Indeed, when we scan S-proline after
pulse deposition, Fig. 5, we find both the pentamer and dimer
phases present in the image. Additionally, we observe that the
proline pentamers are chiral and form an apparently racemic
mixture, just as the S-ICA pentamers do.

The adsorption of amino acids on metal surfaces has been
well studied. The copper surface is more reactive and

(111). (A) Pentamers
and dimer chains are observed (450 x 450 A). (B) Representative penta-
mers are colored in light blue, and right-handed and left-handed penta-
mers are present in the monolayer. The pentamers appear to be
approximately hexagonally packed, with the unit cell rhombus measuring
18.4 £ 1.6 A and 60 £ 8.8° (169 x 169 A).
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commonly results in the deprotonation of carboxylic acids,
resulting in adsorption in the anionic form.®®”* S-Proline
adsorbes on Pd(111) in the zwitterionic form,”® but zwitterio-
nization does not typically occur on the less reactive gold

7677 (except at elevated temperatures).”® However,

surface
monolayers of proline have been observed on the Au(111)
surface’® that consisted of a motif reminiscent of the crystal
structure of proline, in which zwitterionic molecules are bound
by NH---O hydrogen bonds to form a two-dimensional
network.®® Given this evidence, we believe it likely that at our
experimental conditions—in which molecules are deposited on
the gold surface at room temperature upon adsorption—pro-
line adsorbs on the gold surface in the zwitterionic form.

A significant difference between the current study and the
aforementioned studies of amino acids on metal surfaces is
the incorporation of the solution to deliver the molecule to the
surface. Previous work from our group has resulted in the
formation of kinetically-locked structures that have been attribu-
ted to the non-equilibrium solvent evaporation conditions present
in the pulse deposition process.>*"#! 1t is possible that pentamer
formation can occur independent of the non-equilibrium adsorp-
tion kinetics of solution deposition.*®*> Nonetheless, for the case
of S-proline pentamers, non-equilibrium adsorption kinetics are
likely the cause of pentamer formation in our experiments
because Seljamae-Green et al. do not observe pentamers of S-
proline on a vapor-deposited monolayer.”

In addition to there being no measurable preference for
right-handed or left-handed pinwheels, both for the S-ICA and
the S-proline, there is also no evidence for separation of these
pinwheels into homochiral domains. In Fig. S1 (ESIf), the
likelihood of neighboring left- and right-handed pentamers is
very close to what would be expected from a random distribu-
tion. This implies that there are no significant short-range
interactions between left- and right-hand pinwheels, so that
one geometry does not seed the growth of a domain; or,
alternately, there must be a very large number of “seeds” such
that many domains grow and merge.

Fig. 6(A) and (B) shows the composite images for the S- and
R-pentamers of proline. In exactly the same way as the S-ICA
pentamers, the line in Fig. 6(C) does not define a mirror plane,
causing the pentamer structure to be chiral.

Fig. 6 Composite of (A) left- and (B) right-handed pentamers shown in
the image in Fig. 5(A) (25 x 25 A). (C) One lobe of the composite left-
handed pentamer with a line drawn from the centroid of the pentamer
cluster through the centroid of a single lobe. As there is a clear imbalance
of electron density on either side of the line, it does not constitute a mirror
plane, defining the structure as chiral.
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3.3 Molecular modeling

We used proline in our computational approach to simplify
calculations and lower computational cost. S-ICA and proline
are identical except for the aforementioned fused benzene ring,
so the strongly interacting functional groups (carboxylic acid,
amine) are shared. We expect that, if undertaken, the S-ICA
calculations would yield similar results.

In the solid state, proline is in the zwitterionic form.*® The
zwitterion is also the majority species adsorbed on the surface
of Au(111), though XPS of a monolayer does reveal small
amounts of co-existing neutral and anionic species.”® In our
observations, proline pentamers are Cs symmetric, which is not
consistent with a mixture of different charge states. Based on
the XPS data, we modeled all prolines as zwitterionic.

Gas phase DFT optimizations for systems of this size are
feasible. However, we found that a geometry optimization
procedure produced different solutions depending on the
starting geometry used, so we could not be confident that the
global minimum-energy structure or all local minima had been
found. An exhaustive search of phase space was not possible,
given the time required for each individual electronic structure
calculation. Instead, we used Amber force-field calculations to
find the type of structural configurations of proline that made
physical and chemical sense, and thus to narrow down the
number of starting configurations to test with DFT.

To identify all potential configurations, and thus probe
phase space for these pentamers, we exhaustively sampled
starting geometries of Cs; symmetric pentamer clusters. We
forced all clusters to be Cs symmetric to match our observation
of Cs; symmetric pentamers in the STM images. For Cs-
symmetric clusters, only three angles and one distance are
needed to fully specify the internal cluster geometry, so a grid
covering all values of the angles and a physically reasonable
range of distances was generated, translating to ~18000
potential pentamer geometries. We performed single-point
energy calculations on each geometry using the Amber22 force
field.*> The 3000 lowest energy configurations were then geo-
metrically optimized using the same force field. Our study of
the optimized clusters found that all of the original 18000
structures had either broken symmetry or converged to one of
60 Cs-symmetric clusters. Each of these clusters corresponds to
a local minimum in the potential energy, as defined using
Amber. The six lowest-energy clusters are shown in Fig. 7.

It is important to note that a classical force field will not
produce quantitatively accurate results, especially given the
importance of hydrogen bonding in these molecular clusters.
The results are also necessary qualitative in nature as they are
performed on gas-phase clusters; that is, in the absence of a
surface. Au(111) is, however, both flat and non-reactive, and in
several previous studies, we have found that gas-phase calcula-
tions provide good predictions for observed self-assembled
structures.*® Additional evidence for a molecule-based model
of self-assembly is that molecules adsorb incommensurately,
and with clusters in random orientations. This is emphatically
not the case for other crystal faces of gold or other metals. For
Au(111) specifically, the self-assembly of molecules can often be

25434 | Phys. Chem. Chem. Phys., 2024, 26, 25430-25438
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Fig. 7 Six lowest-energy stable or metastable Cs-symmetric S-proline
pentamer structures predicted using the AMBER force field.

substantively understood based on molecule-molecule interac-
tions while ignoring the molecule-surface interactions. This can
be true even if the molecule-surface interactions are large in
magnitude (as we would expect given the polarizability of gold and
the large molecular dipole of proline); all that is required is that
these interactions do not have significant lateral corrugation,
whether directly or through substrate-mediated interactions.®* %>

3.4 DFT

Unlike 18 000 starting configurations, 60 configurations are not
computationally prohibitive for DFT calculations. Using the
results of the Amber calculations as starting points, we opti-
mized the geometry of the clusters using the B3LYP/6-31g(d)
level of theory. All 60 configurations optimized to one of three
results, which are shown in Fig. 8(A)-(C). We believe that this
approach is the most practical way to identify multiple local
energy minima, though it can not guarantee it will find all of
them. The geometry of the cluster in Fig. 8(C) is significantly
different from the other two and is much less stable, so we
consider only Fig. 8(A) (configuration A) and Fig. 8(B) (configu-
ration B) to explain the pentamers observed experimentally.

While configurations A and B appear qualitatively similar,
they are not mirror images. This can be seen by comparing the
top view, that is with respect to the C; axis of symmetry, of both
clusters in Fig. 8(A) and (B). Then, the NH,-to-CO, axis of each
proline is oriented differently: clockwise for configuration A
and counterclockwise for B. The clusters should be described as
diastereomeric rather than enantiomeric as they have opposite
handedness but are not mirror images.

The experimental images of proline and ICA show equal
numbers of opposite-handedness pentamers. One hypothesis is
that this results from a mixture of A and B diastereomers, with
the two configurations appearing as near-mirror images due to
the specifics of STM contrast. Alternately, either or both could
be flipped over, adsorbed with the oxygen atoms (instead of
nitrogen) in proximity to the surface, which, of course, also flips
the perceived handedness of the cluster. To address these
questions, we turned to DFT calculations of the surface-
adsorbed clusters using VASP software.

This journal is © the Owner Societies 2024
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Fig. 8 The three pentamer configurations that all DFT optimizations
conformed to. In all three cases, nitrogen is on the far side of the cluster.
Configurations (A) and (B) are apparently opposite chiralities, but are not
mirror images, and so are diastereomers. NH- - -O hydrogen-bond contact
distances are 1.63 A in configuration A and 1.57 A in configuration B. (C) is
ignored as it is qualitatively unlike the other two, and because of its
significantly less favorable binding energy. Binding energies were calcu-
lated by subtracting five times the total monomer energy from each
pentamer energy. (D) Configurations A and B from an axial view with the
nitrogen-up and -down sides labeled.

3.5 VASP

A proline pentamer adsorbed on a gold slab is large enough
that using DFT to perform a full geometry optimization is
prohibitively expensive. Instead, calculations with VASP were
aimed at answering specific questions important to under-
standing the experimental results: (1) what is the difference
in binding energy when a pentamer is flipped over, nitrogen-up
vs. nitrogen-down; (2) would STM be able to distinguish
between clusters in nitrogen-up and nitrogen-down orienta-
tions; and (3) are configurations A and B predicted to appear as
mirror images when observed using STM?

Using the DFT-optimized pentamer clusters, a series of
single-point energy calculations was performed while varying
the cluster-surface distance to determine the energy minimum
of absorption. The potential curves for both orientations are
shown in Fig. 9 for configurations A and B. We initially
expected to find a strong preference for the nitrogen-down
orientation because we hypothesized a nitrogen-surface inter-
action, but we instead see that the minimum energies in Fig. 9
are similar for both configurations A and B in both the
nitrogen-up and -down orientations.

The formation of any pentamers at all is likely due to kinetic
factors at play in the pulse deposition process, as they have not
been reported in early observations of this system.”"*® On the
sole basis of calculated energies, then, all four possibilities
(both configurations and both orientations) could be present in
a mixture on the surface. To discriminate between them, we
simulated constant-current STM images using the output of the
VASP calculations, and these images are shown in Fig. 10. From
these, we conclude that despite not being true enantiomers,
configurations A and B are predicted to appear as mirror
images in STM measurements, in both the nitrogen-down

This journal is © the Owner Societies 2024
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Fig. 9 Calculations for both accepted clusters from Fig. 8. Single-point
energy calculations were taken of both clusters from varying distances and
at nitrogen-up and nitrogen-down orientations.

(Fig. 10(A) and (B)) and nitrogen-up (Fig. 10(C) and (D))
orientations. However, for both configurations, there is a large
contrast between the two orientations. Of the two, the simu-
lated images of the nitrogen-up orientations of configuration A
and B, as seen in Fig. 10(C) and (D), are a better match to the
experimental data. Fig. 11 shows the same simulated images as
Fig. 10 with models of the molecules overlaid on the images.
The main contrast seems to originate from the carboxyl oxy-
gens, particularly when those atoms are in proximity to the
surface (in the nitrogen-up orientation).

In comparing the experimental STM images (Fig. 6) and
calculated images (Fig. 10) for proline, we note that agreement
is by no means quantitative: the experimentally observed
molecular features are larger and less well resolved than what

Fig. 10 Simulated STM images using VASP for both accepted cluster
configurations from Fig. 8 in both nitrogen-down and nitrogen-up orien-
tations. (A) Configuration A/nitrogen-down, (B) configuration B/nitrogen-
down, (C) configuration A/nitrogen-up, (D) configuration B/nitrogen-up.
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Fig. 11 Simulated STM images from Fig. 10 with overlaid molecular models.
(A) Configuration A/nitrogen-down, (B) configuration B/nitrogen-down, (C)
configuration A/nitrogen-up, (D) configuration B/nitrogen-up.

is predicted from the calculations. This could be the effect of
limited experimental resolution, but another likely confound-
ing factor is the simplifications made in the VASP calculation,
most importantly that the geometry of the surface-adsorbed
cluster was not fully optimized. However, we propose that the
qualitative findings of the calculations are what is most sig-
nificant: that nitrogen-up and nitrogen-down oriented clusters
would be readily distinguished in STM images, while different
diastereomeric configurations can appear very similar in struc-
ture, but with apparently opposite chirality.

4 Conclusion

The adsorption of both S-indoline-2-carboxylic acid and
S-proline on the Au(111) surface creates pinwheel-shaped cyclic
pentamers. Even though both molecules were enantiomerically
pure, upon adsorption both left- and right-handed pinwheels
form in an apparently racemic mixture. Electronic structure
calculations confirm two Cs-symmetric diastereomers with
comparable binding energies and predict that STM images of
the two look nearly identical, but are mirror-imaged. Calculated
STM images also rule out that there is a mixture of adsorption
orientations. We conclude that the observed loss of chirality
results from a near-equal mixture of diastereomeric clusters,
where the apparent chirality of a pentamer on the surface is not
derived from the molecular stereocenter.

Considering the relatively small NH- - -O hydrogen bond dis-
tances for both proposed pentamer configurations, we conclude
that molecule-molecule interactions, specifically hydrogen
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bonding, drive pentamer formation for these molecules instead
of being stabilized by molecule-surface interactions.

These results show that even for small organic molecules,
the intermolecular interaction potential can be complex, leading
to multiple local energy minima and ultimately structural poly-
morphism during self-assembly. This study presents one com-
putational approach to investigate the complexities of these
interactions. In addition, it highlights the importance of poly-
morphism in the propagation of chiral structure in self-
assembly. A better fundamental understanding of chiral self-
assembly may inform efforts to more effectively realize directed
enantioselective crystallization, which has important implica-
tions in the development of single-enantiomer pharmaceuticals
and enantioselective heterogeneous catalysts.
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