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Surface Diffusion Aided by a Chirality Change of Self-Assembled

Oligomers under 2D Confinement

Abhijit Bera,* Stefan Henkel, Joel Mieres-Perez, Yetsedaw Andargie Tsegaw,
Elsa Sanchez-Garcia, Wolfram Sander, and Karina Morgenstern*

Abstract: Chirality switching of self-assembled molec-
ular structures is of potential interest for designing
functional materials but is restricted by the strong
interaction between the embedded molecules. Here, we
report on an unusual approach based on reversible
chirality changes of self-assembled oligomers using
variable-temperature scanning tunneling microscopy
supported by quantum mechanical calculations. Six
functionalized diazomethanes each self-assemble into
chiral wheel-shaped oligomers on Ag(111). At 130K, a
temperature far lower than expected, the oligomers
change their chirality even though the molecules reside
in an embedded self-assembled structure. Each chirality
change is accompanied by a slight center-of-mass shift.
We show how the identical activation energies of the
two processes result from the interplay of the chirality
change with surface diffusion, findings that open the
possibility of implementing various functional materials
from self-assembled supramolecular structures. )

Introduction

Over the past decade, the field of surface modification by
self-organized molecular systems has received immense
scientific attention. The main thrust is to define novel
materials and identify their exciting properties. In general,
self-assembly is controlled by specific functionalized groups
that lead to van-der-Waals"! or Coulomb interactions™ or
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hydrogen® or halogen bonding.! During self-assembly, the
molecules diffuse and adjust their orientation to form a
specific structure on the surface.’! The general principles of
self-assembled structures have proven to be particularly
interesting for understanding aspects of the chiral phenom-
ena of organic molecules on solid surfaces.”! The non-
centrosymmetric nature of an interface ensures that chirality
is achieved in two dimensions (2D) even by prochiral
molecules on achiral surfaces because of symmetry loss in
the adsorbed state.™” Such 2D chirality has attracted
considerable interest in areas as diverse as molecular
recognition,® heterogeneous catalysis,”’ and sensing
technology.’ STM studies of self-assembled molecular
layers adsorbed in a crystalline substrate reveal several
chiral structures, such as the formation of homochiral
domains,"! racemic clusters,'? or handed nanostructures.!"”!

The active control of the chirality on surfaces has been
achieved so far above a critical coverageP*’™ or by the
sergeant-soldiers method." Moreover, the chirality was
switched by an external electric field, hot electrons, or light
for both single molecules and layers of self-assembled
monolayers.'” Recently, local chiral inversion was induced
by manipulating other small molecules involved in the
nanostructure formation."” An exception to chirality control
is a thermally-induced chirality switching through the
conformational changes of one side group.™ The reason is
that other dynamic processes, such as molecular diffusion or
rotation, may concurrently occur in a molecular system, and
each of these processes needs to be appropriately addressed
to understand the chirality change. Understanding the
chirality change in conjunction with the diffusion of chiral
assemblies might thus be essential for several catalytic
reactions and storage applications but has not yet been
discussed.

The most important of these processes is surface
diffusion. It controls surface reactions by allowing the
reactants to reach specific reactive sites. The surface
diffusion of small inorganic molecules like CO and H,O is
well understood and can essentially be described as a simple
hopping motion.'”! Increased complexity results from dimer
and trimer formation.!"”*'! Studies for larger organic mole-
cules are rare and point to increased complexity.'”! For
instance, the motion of 4-trans-2-(pyrid-4-yl-vinyl)benzoic
acid (PVBA) on the anisotropic Pd(110) is restricted to one
dimension.'"™ For cobalt phthalocyanine molecules on Ag-
(100), rotational and translation movements are associated
with activation energies of the same order.'™ Studies for
clusters of molecules are even rarer and so far restricted to
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dimers.™ These studies suggest an even richer complexity
for the diffusion of self-assembled oligomers.

In this article, we report on the formation of chiral self-
assembled oligomers from functionalized diazomethane. Six
molecules of p-tolyl(trifluoromethyl)diazomethane
(PTTDM) form oligomers on Ag(111). The kinetics of these
oligomers, both their chirality changes and diffusion, are
investigated by time-lapsed STM and quantum mechanical
calculations. Temperature-dependent measurements yield
the activation energies involved in the chirality change and
diffusion. The possible kinetic pathways are discussed, and a
design strategy is proposed for a supramolecular structure
allowing a chirality change at room temperature.

Results and Discussion

p-tolyl(trifluoromethyl)diazomethane (PTTDM) (Figure 1a)
was used for this study because of (a)its specific charge
distribution (Figure 1b) and (b)its 2D chirality on the
surface (Figure 1c). Prominent electrophilic and nucleophilic
centers on the electrostatic potential (ESP) map are the
central nitrogen atom of the diazo (—N,) group and the
fluorine atoms of the —CF; group, respectively. These
regions are expected to dominate structure formation under
two-dimensional confinement conditions, while the largely
charge-neutral methyl group should hinder an agglomer-
ation of larger clusters. Under two-dimensional confine-
ment, the two groups attached to the benzylic carbon atom,
i.e., the —CF; and —N, groups, lead to two mirror-symmetric
enantiomers, named L- and R-type (Figure 1c).”"

At low coverage, the elongated and slightly curved
protrusions agglomerate at the step edges without any
preferred orientation (Figure 2a,b). The size and elongated
shape of the molecule (0.85+0.10) nm match well with the
size and shape of the computed structure (0.86 nm),
suggesting the planar adsorption of the molecule. While
their size and elongated shape fit the molecular dimension,
the banana shape is surprising at first sight. For a related
molecule, diazoflourene on Ag(111), the diazo group was
invisible to STM.PY On the other hand, methyl groups
always appear as round features in STM images.” Thus, the

0.86 nm

Figure 1. Properties of PTTDM. a) Optimized geometry of PTTDM at
the B3LYP-D3/def2-TZVP level of theory (light blue, blue, grey, white; F,
N, C, H). b) Electrostatic potential map (ESP, at the same level of
theory) projected on a contour value of 7x107® enm™, the electron
density is given in fractions of the elementary charge with red
corresponding to —0.02 Hartree, and blue to 0.06 Hartree. c) Two
surface enantiomers, R- and L-type, the dashed line indicates the mirror
plane.
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Figure 2. Adsorption of PTTDM molecules on Ag(111). a,c) large scale,
b,d) small-scale, and e,f) high-resolution STM images for a coverage of
a,b) 0.2 ML and c—f) 0.4 ML. Light blue and bright pink in (b, d)
represent the Ag(111) surface and the PTTDM molecules, respectively.
White dotted lines follow the contour of the molecules. Ball-and-stick
models of calculated structures are placed next to (b) or superimposed
to (d) some of the molecules. e,f) High-resolution STM images (1)
focusing on the two oligomers marked by squares in panel (c), with the
corresponding optimized geometries under symmetry constraints (11)
and ESP maps (Ill). Blue and green arrows indicate clockwise and
counterclockwise orientations of the oligomers. Scanning conditions:
V=120 mV, =60 pA, T=(122+2) K.

banana shape of the molecules is attributed to the specific
positions of the methyl and the —CF; group with respect to
the molecular axis. From the asymmetric shape, we
determine the surface-induced chirality of the molecules,
marked by L and R in Figure 2b, which exist in equal
amounts on the surface (50 molecules analyzed). The
agglomeration of the molecules at the step edges implies
that the molecules are mobile enough to diffuse to the step
edges at the deposition temperature of (115+5) K.

Having identified individual molecules, we now turn to
the formation of self-assembled oligomers formed at the
same temperature at a slightly higher coverage of 0.4 ML
(Figure 2¢). At this coverage, both sides of the step edges
are entirely decorated by molecules (Figure 2c, middle).
Additionally, there are circular structures distributed ran-
domly across the terraces. The terrace between these
circular structures appears brighter than at lower coverage
(Figure 2a). It is also imaged brighter than the interior of
the circular structures. Such a diffusive background points to
highly mobile molecules crossing multiple times under the
tip during the scanning.”” The formation of the self-
assembled oligomers is possible in the coverage range of
0.3 ML to 0.6 ML (see Supporting Information, Section 3.1).

The circular structures are monodispersed wheel-shaped
oligomers consisting of six molecules (Figure 2d). The direct
comparison of neighboring oligomers reveals two types of
these self-assembled oligomers (Figure 2¢c, Figure S2). The
two wheels appear inclined in opposite directions, better
visible in a close-up view (Figure 2e,f). The close-up view
reveals that the diffusive noise around the oligomers is
structured, reflecting transient bindings of molecules from
the diffusive background. The structured pattern is discussed
in the Supporting Information, Section 3.2. The shape of the
oligomers is not altered, suggesting a weaker interaction of
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the mobile molecules with the oligomers. From the orienta-
tions of the banana-shaped protrusions, we infer that the
two opposite pinwheel configurations are enantiopure. Their
formation may result from the interaction of the charged
groups.

We analyze the intermolecular interactions that stabilize
the oligomers based on high-resolution STM images with
optimization of an assembly of six molecules at the B3LYP-
D3/def2-TZVP level of theory. In the gas phase calculations,
the 2D confinement by the surface is not present, and the
optimized oligomer would not be planar. Therefore, the
geometry was restricted to the Cg, point group. The
calculated geometry (Figure 2e.f, II) and the ESP maps of
the two mirror images (Figure 2e,f, III of the oligomers)
match well with the acquired STM images (Figure 2e.f, I).
However, the resulting Cg, symmetric structure features
imaginary frequencies between 10 and 15 cm™!, correspond-
ing to a lowering in symmetry. Thus, the chiral self-
assembled oligomers are formed by a combination of
intermolecular interactions and surface interactions; both
are essential.

For more insight into the formation and stability of the
oligomers, we performed gas-phase quantum mechanics
(OM) molecular dynamics simulations at temperatures from
50K to 128 K in 10 K intervals. For details, see Supporting
Information, section 4.1. The molecular dynamic simulations
suggest that the intermolecular interactions in the gas-phase
are insufficient to stabilize the oligomers.

We performed DFT calculations of PTTDM on Ag (111)
using dimers of PTTDM as models to study the interactions
present in the oligomer and the interactions between its
components and the surface at a reasonable computational
cost. We found several nearly isoenergetic adsorbed dimers
on the surface that differ in the adsorption sites for the
different chemical groups of the molecules (Supporting
Information, Figure S4). The largest energy difference
among them is 2 kcalmol . For all of them, the calculations
predict a close to planar adsorption on the surface (Figure 3
and Figure S4). The diazo groups are tilted, with the
terminal N atom closest to the surface atoms. In the
adsorbed dimers, the N1--H distances range from 0.262 nm
to 0.273 nm, and the C1-H1--N1 angles are close to 160°

Figure 3. Adsorption structure of a PTTDM dimer on Ag (111). a) Top
view with relevant intermolecular interactions, the atomic distances, d;:
N1-H, d;: N1-F, and d;: N2-F are marked. b) Side view marking the
distance with respect to the Ag surface atoms, h;: N1-Ag, and h,: N2-
Ag. For the other dimers, see Supporting Information, Figure S4.
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(Table S1). Within this distance range, electrostatic inter-
actions between the —CF; and —N, groups should contribute
to the overall stability of the dimer and consequently the
oligomer (Figure 2e,f), because of the proximity of the —N,
of one molecule and the F atom (closest to the surface) of
the —CF; group of an adjacent molecule, ranging from
0.299 nm to 0.369 nm (Table S1 and Figure S4). On the other
hand, the overall calculated adsorption energies ranged
from 40 to 42kcalmol™' for all dimers. These values
represent the adsorption energies with respect to the dimer
(calculated in the gas-phase) and the pristine surface,
defined such that the larger the positive values, the more
stable the adsorbed dimer with respect to the separated
fragments. For two individual PTTDM molecules in the gas-
phase (not forming a dimer) the adsorption energy is 44 to
45 kcalmol ™', even larger than the dimer adsorption energy
as a consequence of the enhanced stability of the gas-phase
dimer with respect to the monomer. Both scenarios point to
weak adsorption of PTTDM dimers, in agreement with the
experimentally observed mobility of the oligomers on the
surface. These results suggest that the combination of the
weak intermolecular interactions between the molecules
forming the complex and, more importantly, the interaction
of those molecules with the surface, stabilize the experimen-
tally observed oligomer. In addition, the existence of several
nearly isoenergetic dimers facilitates a diffusive motion of
the oligomers across the surface.

Based on the calculated adsorption structure of the
PTTDM dimer and their calculated STM image (see
Supporting Information, Figure S6) in conjunction with the
STM images of the oligomer, we derive model structures of
the oligomers on Ag(111). Their azimuthal orientations
differ by (16+2)°, and the individual molecules and their
corresponding oligomers axes are inclined by y=(8+1)° to
the left or the right sides of the Ag(111) close-packed lattice
directions (compare Figure 4b,c). For the detailed geo-
metrical analysis of the oligomers on Ag(111), see Support-
ing Information, section 5.1. Based on the dimer calcula-
tions, three adsorption sites of the Ag(111) are equally
likely for these oligomers. Their center might be above an
atop site, an hcp site, or an fcc site. In We present in
Figures 4f and 4g the model for the atop site. For the other
models, see Supporting Information, section 5.2.

Independently from this assignment, the tolyl cores of all
six molecules are almost aligned with the closed-packed
lattice directions. For the center of the oligomer above an
atop site, the positively and negatively charged nitrogen
atoms of the diazo group are situated close to an electron-
rich three-fold hollow site and an electron-deficient atop
site, respectively, a binding that is consistent with calcula-
tions of the PTTDM dimer on the surface (Figure 3). Due to
the threefold symmetry of the surface, the tolyl groups and
the positively charged N atoms of the diazo group of the
adjacent molecules are located alternately nearby hcp or fcc
sites, as demonstrated by a close-up view of two neighboring
L-type molecules in Figure 4h. The correlation between the
chirality of the oligomers and that of the partaking surface
enantiomers most likely results from the interactions
between the polar groups.
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Figure 4. Adsorption models of self-assembled oligomers on Ag(111).
a) Atomic resolution STM image of Ag(111); a hexagon comprising
seven atoms for comparison with the six-fold symmetry of oligomers;
arrows indicate surface directions. b,c) STM images of R- and L-type
self-assembled oligomers. d) Angular plot of the direction of R- (blue)
and L-type (green) molecules on Ag(111) with respect to the surface
directions. ) Ball model of the three top layers of Ag(111). Dark, faded,
and light brown balls represent the topmost, second, and third surface
layer atoms. Fcc and hcp sites marked by yellow and white circles,
respectively. f,g) Ball-and-stick models of R- and L-type oligomers on
Ag(111) surface. Cyan lines indicate one of the close-packed <110>
surface directions. Blue and green lines designate R- and L-type
oligomer axes. Blue and green arrows denote the clockwise and
counterclockwise orientation of the two oligomers with respect to the
< 110> surface directions. h) Enlarged view of the surface adsorption
sites of two adjacent molecules in an L-type oligomer. Scanning
conditions a) V=70 mV, =200 pA, T: RT and b,c) V=120 mV,

1=60 pA, T=(122+2) K.

Having understood the structure formation and the
adsorption geometry of the chiral self-assembled oligomers
of PTTDM, we now turn to the thermal switching of their
chirality. Time-lapse sequences of STM images, so-called
movies, reveal a center-of-mass (CM) motion of the
oligomers, some of them accompanied by a change of the
chirality (Figure 5a to 5c, see Supporting Information for an
STM movie). The chirality changes from R- to L-type (blue
box) and from L- to R-type (green box) may happen at a
temperature as low as 122 K within as little time as 35 s. The
chirality change is reversible (black circle). Note that a
chirality change is always accompanied by a CM motion, as
demonstrated by the superposition of two successive STM
images (Figure 5d-f) and the corresponding ball-stick mod-
els (Figure 5g—i). In contrast, CM motions without a chirality
change are frequently observed. In fact, it is expected that
only half of the observed motions, i.e., those with an odd
number of chirality changes, display a visible chirality
change, but those with an even number do not. Further-
more, the diffusion is fast on the timescale of the measure-
ment as within one line (i.e., 90 ms), an oligomer is imaged
at two different positions, as shown in Figure Sa (white
rectangular box). The accessible temperature range for
reliable statistics was from 122K to 132K for both the
chirality change and the diffusion.

Before determining the two activation energies, we
discuss the details of the motion and chirality change of an
individual oligomer. The oligomer marked in Figure 6a
diffuses at 124 K to 128 K with respect to some immobile
depressions by randomly jumping between discrete posi-
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Figure 5. Reversible chirality change of self-assembled oligomers. a—

c) Three consecutive STM images recorded at the same spot of the
surface at a scanning speed of 35 sframe™". Open circles and square
boxes mark R-type oligomers, and filled circles and boxes mark L-type
oligomers. The positions of circles and boxes are at the same positions
in all panels. Arrows indicate the directions of the displacements. The
white rectangular box represents a mobile structure imaged during its
motion. The blue boxes mark a chirality change from R- to L-type (b),
which persists in the next frame (c). Black circles mark a reversible
change, i.e,, L- to R- (b) and R- to L-type (c). The green box marks an L-
to R-type change (b), which remains in R-type chirality (c). d—

f) Superposition of two successive STM images and g—i) corresponding
ball-stick model of the oligomers (blue: R-type and green: L-type)
marked 1, 2, and 3 in panel (a). Arrow indicates center-of-mass
movement from the initial to the final position. Scanning conditions:
V=120 mV, I=60 pA, T= (126 +1) K.

tions. During that diffusion, it occasionally changes its
chirality. For the track of another oligomer for 20 min at the
same temperature, the two enantiomers are marked by blue
and green points and superimposed to an atomically
resolved Ag(111) image (Figure 6b). The oligomer fre-
quently changes its chirality during its diffusion between
different adsorption sites, including the hollow sites of
Ag(111). The minimum distance traversed by an oligomer
accompanied by a change of its chirality is (0.20+0.05) nm,
in agreement with the distance between an fcc and an hcp
site, smaller than a lattice constant. Greater distances reflect
multiple chirality changes between the images. From such
observations, we conclude that the oligomer prefers to adopt
a different adsorption site upon changing its chirality. Note
that the transiently bound peripheral molecules might alter
the diffusivity of oligomers quantitatively, but the influence
is expected to be low due to the transient nature of binding.

To determine the activation energy for diffusion, we
follow the center-of-mass motion of individual oligomers
over extended periods, disregarding their chirality change.
We performed a statistical analysis of the oligomer diffusion

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. Surface diffusion aided by a chirality change of self-assembled
oligomers on Ag(111). a) Series of STM images at indicated times.
Yellow dashed triangles mark three immobile depressions (one of them
in yellow circles) used as a reference for the motion. Scanning
conditions: V=120 mV, /=60 pA, T= (124 to 128) K. b) Track of the
center-of-mass positions of one oligomer with the color of the circles
reflecting its chirality (blue: R-type) and (green: L-type). c) Arrhenius
plot of two-dimensional diffusivity (D, red, left axis) and rate of chirality
change (h, black, right axis) of the oligomers versus inverse temper-
ature with fits. Horizontal bars mark the range of temperature
contributing to the data point. Vertical error bars represent the
standard deviation. d) Schematics of chirality change and surface
diffusion of oligomers. Initial adsorption structure (R-type) (1), chirality
change of individual molecules (11), 16° rotation of the whole molecules
(111), diffusion of each molecule (IV), and final adsorption structure (L-
type) (V). Blue and green lines and dots correspond to the R- and L-
type molecular axis and the center-of-mass of the oligomers,
respectively.

at different temperatures from time-lapsed STM images."™!
The Arrhenius plot of the two-dimensional diffusivity (D) in
Figure 6¢ (red) yields the activation energy for diffusion
E;=(0.30+0.05)eV with a prefactor of D,=2.1x10°*
““nm?s~!. Adapting a commonly used model to study the
diffusion of molecules on surfaces,?" the activation energy
for the chirality changes is determined to be E,=(0.34+
0.07) eV with a prefactor of #;=9.24x10"*'¥s™!, The low
prefactors indicate processes that consist of several consec-
utive steps. The calculated rotational barrier of one
trifluoromethyl diazomethane (TDM) group within a
PTTDM molecule on Ag(111) is, at 0.43 eV (Supporting
Information, Figure S9), considerably larger than the gas-
phase barrier, at 0.13 eV, and slightly higher than the
experimentally determined range of (0.34+0.7) eV for the
chirality change of the oligomer. Details of the dynamical
processes are discussed in Supporting Information, Sec-
tion 6.

The separately determined energy barriers for chirality
change and diffusion are the same within the error margin.
Thereby, the activation energy for the chirality change of
the oligomers is in the same range as previously determined
activation energies for chirality changes of large organic
molecules. For instance, a chirality switching through
conformational changes by cis-trans and trans-cis flipping of
the end groups of 1,4-bis[(5-tert-butyl-3-formyl-4-
hydroxyphenyl)ethynyl]benzene on Au(111) has an activa-
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tion energy of (0.304+0.02) eV.'™ Or, a caged trimeric
supramolecular unit of a rod-like para-sexiphenyl-dicarboni-
trile (NC-Phs-CN) molecule switched its chirality with an
activation energy of (0.2640.01) eV.”™ In contrast, the
activation energies for the diffusion of some large organic
molecules, e.g., PVBA (0.83eV),™ DC (0.71eV),” and
HtBDC (0.57 eV),” are typically much larger than the
oligomers diffusion energy barrier of (0.30+0.05) eV,
determined here. Only in one case, for cobalt phthalocya-
nine (CoPc) on Ag(100), the diffusion energy barrier of
(0.1640.01) eV™ is considerably smaller than the oligomer
diffusion barrier. In this case, the low diffusion barrier was
facilitated by a rotational motion. These comparisons
suggest that here the chirality change enables the low
diffusion barrier.

The most likely scenario of the chirality change is
initiated by a rotation of one of the trifluoromethyl diazo-
methane (TDM) groups (Figure 1c), leading to a chirality
change of one of the molecules (Figure 6d, I). All other
molecules need to follow this chirality change retaining
favorable bonding, leading to unfavorable orientations for
the intermolecular bonds (IT in Figure 6d). Thus, each
molecule needs to rotate by 16° to restore a favorable
orientation, leaving the molecules in unfavorable adsorption
sites (III). With the initial molecule moving to its closest
favorable adsorption site, the other molecules need to move
by different distances (IV). Overall, the center-of-mass of
the oligomer shifts to a different adsorption site (here from
a hollow to atop site) (V), a distance corresponding to the
smallest displacement observed in the experiment. This
process allows a chirality change of the wheel without its
disintegration, i.e., the molecules remain bound in their
original wheel. We infer that the chirality change of the
oligomer, initiated by a chirality change of a single molecule,
is intimately connected to its CM motion.

Conclusion

Our combined time-lapsed STM and computational studies
revealed how the two enantiomers of PTTDM (p-
tolyl(trifluoromethyl)diazomethane) self-assemble into two
enantiomeric-pure chiral wheel-shaped oligomers on Ag-
(111) based on weak non-covalent interactions. The inter-
actions between the molecules in the self-assembled oligom-
ers are too weak to stabilize them in the gas phase. But it is
stable on the surface due to its 2D confinement effect. The
interconversion between two chiral oligomers is aided by a
facile chirality change of individual molecules, causing a
small center-of-mass motion of the oligomers and promoting
large-scale diffusion. It occurs even though the molecules
reside in an embedded self-assembled structure. Therefore,
the chirality changes of the oligomers with an activation
energy of (0.34+0.07) eV ease their diffusion at a much
lower temperature than other large molecules. Our inves-
tigations demonstrate the dynamical phenomena of the
supramolecular species by utilizing a weak intermolecular
interaction concept of self-assembled oligomers. These
dynamics are crucial to synthesizing complex structures on
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surfaces, in which functional molecular systems control a
chemical reaction by directing its enantioselectivity.

While we analyzed PTTDM only in the temperature
range between 120 and 132 K, we identified three main
principles that need to be fulfilled for the chirality-change-
induced surface diffusion of oligomers: (i) The nucleophilic
and electrophilic parts of the molecule should be in close
proximity to form an inner ring protected by neutral end
groups. (ii) The chirality change of the molecule needs to be
facile, here facilitated by the single bond between the phenyl
carbon and the side group carbon. (iii) The intermolecular
binding energy must be higher than the energy barrier of
this chirality change. By tuning the latter point, another
temperature range should be reachable, possibly also room
temperature.

We anticipate that this work will motivate further
research on the detailed mechanisms of the chirality-change-
induced surface diffusion to fabricate an efficient molecular
system in due course. For instance, with higher intra-
molecular interaction energy, the energy needed for the
chirality change could be higher, such that the phenomenon
should be observable at a higher temperature.

Experimental Section

Detailed information on materials, methods, and computations is
available in the Supporting Information.
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