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The bottom-up assembly of chiral structures usually relies on a cascade of molecular recognition
interactions. A thorough description of these complex stereochemical mechanisms requires the capability
of imaging multilevel coordination in real-time. Here we report the first direct observation of
hierarchical expression of supramolecular chirality at work, for 10,10’-dibromo-9,9’-bianthryl (DBBA) on
Cu(111). Molecular recognition first steers the growth of chiral organometallic chains and then leads to
the formation of enantiopure islands. The structure of the networks was determined by noncontact
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atomic force microscopy (nc-AFM), while high-speed scanning tunnelling microscopy (STM) revealed
details of the assembly mechanisms at the ms time-scale. The direct observation of the chirality transfer
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Introduction

Chirality recognition is essential in many biological systems,
determining optical and pharmaceutical properties of enantiopure
compounds.'” Furthermore, the realization of chiral catalysts,
which allows the production of non-racemic chemicals with high
enantioselectivity, has become of paramount importance in
modern synthetic chemistry.>* However, the mechanisms
underlying the selectivity of such processes remain poorly
understood,>® limiting industrial applications.””®

In the field of supramolecular chemistry, it was shown that
chirality can be expressed from single molecules to mesoscopic
systems, by means of non-covalent assemblies.’ "> Direct obser-
vations, provided by in situ STM, highlighted the importance of
dynamic mutual conformational adjustments for the chiral
recognition to occur.”® In similar ways, exploiting recognition
processes, enantiopure phases can be successfully synthesized
on metal surfaces.'**® Moreover, since the control of the supra-
molecular assembly critically depends on the interplay between
molecule-molecule and molecule-substrate interactions,'” >
different strategies were developed for the realization of extended
chiral networks, exploiting different molecular structures**?* and
bonding motifs."*>*?
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pathways allowed us to evaluate the enantioselectivity of the interchain coupling.

Recently, special attention has been devoted to systems pre-
senting a hierarchical chirality transfer, which reveals the presence
of sequentially-activated enantioselective mechanisms.>*%73°
Bliim et al.®® reported the fascinating case of rubrene (C,;,H,s)
assembling into pentagonal structures, which act as building
blocks for a second generation decagons. Interestingly, both the
resulting supramolecular structures are enantiopure, indicating the
conservation of chirality during the coordination. Hierarchical
organization can also be steered through metal-ligand interactions,
where the presence of metal adatoms imposes distinctive multilevel
binding processes.**** Furthermore, sequential self-assembly of
nanoporous homochiral networks has been recently observed
using porphyrin derivatives,*® representing an appealing platform
for the realization of flexible functional materials. However,
the atomic-scale mechanisms driving molecular recognition in
hierarchical assemblies are yet to be clarified and the factors
governing the enantioselectivity of these processes are largely
unknown, limiting the possibility to design a priori tailored
molecular units with programmed functionalities.

In this work, we report the study of chirality expression
during 10,10’-dibromo-9,9’-bianthryl (DBBA) self-assembly on
Cu(111), combining state of the art scanning probe microscopy
(SPM) techniques. In fact, despite DBBA has been extensively
studied on the Cu(111) surface as precursor for the on-surface
synthesis of chiral graphene nanoribbons,**® little attention has
been devoted to the molecular structure of Ullmann intermediates.
In particular, the chiral properties of such compounds have not
been properly addressed so far.

Upon deposition at 300 K, the molecules undergo debromi-
nation and subsequent assembly into chiral organometallic
chains, which further interact forming 2D enantiopure islands.
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The atomic configurations of the resulting compounds are deter-
mined by means of high-resolution noncontact atomic force
microscopy (nc-AFM), while high-speed scanning tunnelling
microscopy (STM) measurements shed light on the assembly
mechanisms, revealing the presence of co-existing coordination
pathways. Finally, exploiting time-resolved STM sequences, the
enantioselectivity of the interchain coupling has been evaluated.

Experimental

Experiments were carried out in two UHV systems, equipped with
standard sample preparation facilities. Cu(111) single-crystal
samples were cleaned by several sputtering (Ar'/Ne", 1 keV) and
annealing (773 K) cycles.

Variable-temperature experiments were carried out with an
Omicron VT-STM. High-speed STM measurements were per-
formed using FAST,* an add-on module for increasing the
imaging frequency of commercial scanning probe microscopes
up to video-rate.*® In the experiments here discussed, image
time-series were acquired in quasi-constant height mode with
frame rates between 10 and 36.5 Hz. The high-speed images are
presented with horizontal fast scanning direction. Bias voltages
are given as sample bias with respect to the tip. 10,10’-dibromo-
9,9’-bianthryl molecules (AOKBIO, 98+% purity) were sublimed
onto the sample held at ~300 K.

Low-temperature experiments were carried out with a home-
built combined scanning tunnelling/atomic force microscope,
at a temperature of 6.8 K. The atomic force microscope’s qPlus
tuning fork*' was operated in the frequency modulation mode
with sub-angstrom oscillation amplitudes.** Bias voltages are
given as sample bias with respect to the tip. A small amount of
CO was dosed onto the surface for tip functionalization.*> NaCl
islands were grown to facilitate the pick-up of CO molecules to
the tip apex from these islands. AFM data was obtained with a
CO-terminated tip apex. 10,10’-dibromo-9,9’-bianthryl mole-
cules (AOKBIO, 98+% purity) were sublimed onto the sample
kept at ~ 8 K inside the microscope and subsequently annealed
at ~300 K in the preparation chamber.

Results and discussion

In gas-phase, DBBA is not planar, due to steric hindrance,
presenting a large angle between the anthracene moieties (see
Fig. 1), which confers axial chirality to the molecule. Upon
surface deposition, the molecules remain non-planar, resulting
in racemic ad-layers of two enantiomers, named o and f in
Fig. 1. Moreover, on Cu(111), at surface temperatures above
240 K, debromination spontaneously occurs,*® generating biradical
active species. While on Au(111) covalent coupling is readily
triggered after the radical generation,*** for the case of similar
molecules on Cu(111), metal adatoms have been shown to bind
to the active C atoms, giving rise to C-Cu-C coordination (see
Fig. 1),*°™*® recently identified as possible intermediates of the
Ullmann coupling reaction.*®*°
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Fig. 1 Reaction scheme for the formation of chiral organometallic chains
from DBBA enantiomers on Cu(111). Top (bottom) panel corresponds to
o (B) enantiomer.

Fig. 2a shows a STM image of the Cu(111) surface after DBBA
deposition at 300 K. Molecular self-assembly gives rise to
ordered zigzag-like chain structures, which can further coalesce
into 2D islands. The absence of moiré patterns in uniform
structures, exceeding 10 nm in length, suggests that the mole-
cular orientation with respect to the substrate provides com-
mensurability to the chains.

Around room-temperature (RT), the molecular assembly
presents equilibrium fluctuations, due to the balance between
energy minimization from chain coordination and loss of confor-
mational and translational entropy,”>”" resulting in the continuous
diffusion of single molecules and chains (indicated by the fuzzy
regions in Fig. 2a). As previously reported by Wintterlin et al.,”®
this fact, along with the absence of qualitative structural evolution
over long periods, reveals that the system has reached thermo-
dynamic equilibrium.

In order to clarify the molecular organization within the chains,
such structures have been characterized by means of nc-AFM with
a CO-functionalized tip.**** Since the molecules are not planar, it
is not possible to fully resolve their structure by constant-height
AFM imaging.”® However, the image in Fig. 2b reveals intra-
molecular features of a dimer (indicated by arrows on a molecule
in Fig. 2b), which allow resolving the geometric arrangement
of the chemical bonds located at the two protruding lobes of
the molecule. In Fig. 2b, due to the non-planar geometry of
the bi-anthracene, the protruding lobes (indicated by arrows in
Fig. 2b and c) exhibit repulsive (less negative Af) contrast in the
AFM images, while the parts closer to the substrate are not
visible. By superimposing a model on the image and rotating
in-plane the anthracene units until the model fits the bright
features in the AFM image, the orientation of the molecule can
be determined (see Fig. S1 in the ESIT). In this way, we extracted
an angle of about 82° between the azimuthal orientation of the
anthracene long axis and the chain direction (see Fig. S1 and
S2c in the ESIT). This observation indicates that the molecular
coordination involves aryl group interaction, in agreement with

This journal is © the Owner Societies 2017
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Fig. 2 DBBA self-assembly on Cu(111). (a) STM image of molecular chains and islands [-1V, 0.5 nA, 295 K, 60 s per frame]. Circles highlight domains with
opposite chirality. Fast and slow scanning directions are specified. (b) nc-AFM image of a dimer obtained with a CO tip [Az = 2.9 A, 6.8 K, STM setpoint:
1V, 1.4 pAl. Arrows indicate the main intra-molecular features. (c) 3D model of the molecular structure imaged in (b). The arrows specified in (b) are
superimposed. (d and e) Zoom-in on two regions of different chirality, extracted from the STM image in (a), overlaid with the proposed structures.
A dashed line between the panels indicates the mirror symmetry between o and B domains (images were rotated to display the mirror plane along

the vertical direction).

previously proposed models based on STM images.*® However,
the distance between the molecules (1.2 nm) is larger than the
one found in anthracene chains on Au (0.85 nm),** suggesting
the presence of bridging Cu adatoms,*®*® usually not visible in
STM images.>*~® Since the adatoms are expected to sit closer to
the substrate than the molecular protruding lobes, they cannot
be detected by constant-height AFM. Moreover, the observed
distorted shape of diffusing chains (see below) suggests an
important intermolecular interaction, supporting metal-organic
coordination. Fig. 2c shows the resulting structural model of the
organometallic chain, in line with recent results presented by
Schulz et al®*® In Fig. 2b, arrows indicate the protruding C-H
bonds within the molecule. The bright features located closer to
the centre of the molecule (see blue arrows in Fig. 2b and c)
correspond to bonds pointing out-of-plane due to steric
hindrance, more than the other visible C-H bonds (indicated
by red arrows in Fig. 2b and c). Instead, the ones adjacent to the
aryl groups cannot be distinguished, indicating a different
height with respect to the substrate, as result of a lateral bending
of the anthracene towards the Cu adatoms. A slight difference
between the protruding lobes of the single molecule can be
observed in the AFM image (see Fig. 2b), revealing an asymmetry
in the adsorption configuration, reflected also in some STM
images (see below). This effect may be attributed to the possible
presence of Br atoms underneath the tilted anthracene units, as
reported by Bronner et al.>’

Concerning the expression of supra-molecular chirality, a
closer inspection reveals that the chains exhibit a high enantio-
purity, indicating the formation of 1D chiral organometallic
structures. Interestingly, also the islands are usually composed
exclusively of either o or B enantiomers, as shown in Fig. 2.
In fact, upon deposition at 300 K, the concentration of chiral

This journal is © the Owner Societies 2017

defects is less than 10%, revealing that chirality is preserved in
the 2D molecular assembly. In fact, the chains in the molecular
islands are found to be aligned only along two groups of three-
fold symmetric directions (see Fig. S3 in the ESIt),>” which
indicates the presence of two distinguished inequivalent phases
(i.e. o and B). This differs from the self-assembly behaviour
of methylthiolate complexes on Au(111),°® where, in order
to reduce the steric repulsion, chains of alternating chirality
couple, leading to the formation of racemic islands. In contrast,
in our case, molecular recognition mechanisms steer a hierarch-
ical transfer of chirality from molecules to chains and from
chains to islands, suggesting the presence of enantioselective
assembly processes acting at different scales.

To study the self-assembly mechanisms, we investigated the
time-evolution of the molecular network at temperatures
between 290 and 370 K. Under these conditions, the assembly
processes are too fast to be properly imaged through conven-
tional STM. For this reason, we exploited the high-speed
imaging capability provided by the FAST module, which allows
acquiring STM time-series up to video-rate.* In this way, it is
possible to resolve in real-time chemical reactions steps with
atomic resolution.’®*°

Fig. 3 shows the three assembly mechanisms captured by
high-speed STM imaging. The process in Fig. 3a and b advances
by attachment of a single enantiomer to an organometallic chain.
The centre of Fig. 3a presents a chain composed of four mole-
cules. After 108 ms (Fig. 3b), an additional enantiomer of the
same chirality is found to be attached at the termination on the
bottom. This process involves the formation of organometallic
bonds and leads to the growth of enantiopure 1D structures.
A second mechanism is also characterized by organometallic
coordination, where an individual molecule attaches to a chain

Phys. Chem. Chem. Phys., 2017, 19, 24605-24612 | 24607
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Organometallic bond formation

Fig. 3 Self-assembly mechanisms. (@ and b) Enantiomer attachment to chain
termination [—1 V, 14 nA, 294 K, 27 ms per framel; (c and d) enantiomer
attachment to the kink of island edge [-1.5V, 0.3 nA, 343 K, 100 ms per framel].
In each frame, relevant molecules are highlighted with coloured dashes and red
arrows highlight the position of the enantiomer located at the end of the chain.
(e and f) Interchain coupling [-2 V, 0.5 nA, 295 K, 100 ms per frame]. Blue arrow
indicates the chain attachment. The difference in the monomer appearance
between a and b and c—f panels is likely due to the tip-dependent STM contrast.

located at the edge of a 2D island (Fig. 3¢ and d). Fig. 3(e and f)
shows yet another process, involving coupling between pre-
formed organometallic chains. In the STM sequence, the chain
first approaches and then attaches to the island edge. Due to
the lack of lateral functional groups, such interchain coupling
is expected to be mediated by van der Waals forces.®!
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All the mechanisms are highly enantioselective and
work identically for both molecular chiralities. Concerning
the organometallic coordination, the clear correlation between
molecular chirality and chain orientation with respect to the
Cu(111) crystallographic directions (see Fig. S3 in the ESIY)
indicates an important molecule-substrate interaction,*®*’
to which we attribute the main reason for the high enantio-
selectivity of the organometallic coordination process. In fact,
the rather strong coupling with the substrate does not allow
heterochiral molecules to attach to the chains, while still main-
taining a favourable substrate adsorption site. These arguments
also explain why defect formation has been observed only for
the radical attachment to single chain (see Fig. S2 in the ESIY),
but not through its coordination at island edges. In fact, as
compared to the extended islands, single chains can access a
larger number of adsorption configurations, owing to their
higher surface mobility, allowing for the attachment of radicals
with opposite chirality.

Conversely, the formation of enantiopure islands is given by
two distinct contributions: attractive van der Waals interactions
between the chains and molecule-substrate adsorption energy.

While the former leads to the formation of 2D networks,
steering the interchain coupling, the latter stabilizes the 1D
organometallic structures along specific directions according
to their chiralities,”” thereby providing enantioselectivity to
the process.

Concerning the nature of the assembly processes, qualitative
considerations can be done based on the observed event rates.
Above RT, all the mechanisms shown in Fig. 3 are found to be
reversible, ie. it is possible to observe both formation and
breaking of the molecular connections. However, the one shown
in Fig. 3e and f exhibits a considerably higher disruption rate,
compared to the first two processes, indicating that interchain
coupling is less stable than organometallic bonding. This differ-
ence in the coordination stability is responsible for the general
hierarchical behaviour of the self-assembly.

In order to shed light on the hierarchical chirality transfer,
we investigated in detail the interchain coupling process, since
it guides the coordination of 1D chiral structures, giving rise to
second-generation enantiopure networks.

Fig. 4a shows three chiral domains, one composed of o
enantiomers and two of B ones. In Fig. 4b, a B chain (four

Fig. 4 Enantioselectivity of interchain coupling. (a) STM image of three homochiral domains. The molecules are highlighted with coloured dashes
according to their chirality. (b—d) Selected STM frames from a time-series. The exchanged chain is indicated in green. Arrows serve as a guide to the eye.

[-1.6 V, 0.22 nA, 297 K, 100 ms per frame].
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molecules long, highlighted in green) has attached to the B
domain edge in the top-left corner. In Fig. 4c and d, this chain
first moves to the B edge in the bottom-right (Fig. 4c), then goes
back to the initial one (Fig. 4d). Interestingly, within the time-
scale of STM measurements (100 ms per frame), exchange
events of the B chain appear to occur between B island edges
only. In an extended STM time-series (~15 s), we observed the
chain attaching/detaching for 16 times at the P molecular
island, while no detectable heterochiral coupling event can
be clearly identified. This indicates a remarkable preference
for homochiral coupling to occur, favouring the formation of
enantiopure islands.

To better understand the molecular recognition interaction,
we measured the residence times of different chains along the
chiral edges. Fig. 5(a and c) shows two stable molecular islands
(left: B island, right: o island), with two short oligomers of the
opposite chirality moving in the separating region: a chain with
three o enantiomers (marked with violet dashes in Fig. 5a) and
one composed of three B ones (marked with green dashes in
Fig. 5¢). At RT, such short chains exhibit remarkable dynamics,
resulting in a fast attachment/detachment process (see Movies
in ESIY). For both the cases shown in Fig. 5(a and c), the chain
position along the different molecular edges has been tracked

Fig. 5 Enantioselectivity of interchain coupling. (a, c and e) STM frames
extracted from extended movies acquired on the same region, for the case
of: aaw, BPP and aPp chains, respectively. (b, d and f) IRT maps obtained
from 36 consecutive frames (x15s) [-1V, 1.4 nA, 294 K, 27 ms per framel.

This journal is © the Owner Societies 2017
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by acquiring STM time-series with high temporal resolution
(27 ms per frame). Despite the high mobility of the short
chains, which prevents us from discriminating each exchange
event, it is possible to quantify the probability to find the chain
along the two edges, through the measurement of integrated
residence time (IRT). Fig. 5(b and d) shows the average on 36
consecutive frames, after the subtraction of a background image
(where the diffusing chain was not present), in which the prefer-
ential position of the moving chains turns to be enhanced compared
with individual frames. In these images, the grey-scale contrast
represents the IRT of the chain configurations with molecular
resolution. Comparing the IRT intensities along the different
island edges, it is possible to quantify the enantioselectivity of
the interchain coupling process. For this purpose, we introduce
the parameter S, which expresses the difference between IRT
along the opposite homochiral edges:

_bL=h
B 1, -l—IB7

where I, and Iy are the integrated intensities along the island
edges with respect to a background level (see Fig. S4 in the ESIT
for details). In presence of a non-selective process, S drops to
zero, while it reaches values close to £1 for highly selective
mechanisms. Positive (negative) values of S express a prefer-
ential chain distribution along the o (B) edge. Since the STM
sequences shown in Fig. 5 have been acquired on the same
surface region and for chains composed of the same number of
molecules, it is possible to compare the interchain coupling
selectivity.

For both the enantiopure chains, the main IRT features are
localized along the edge of the same chirality, revealing a negli-
gible adsorption along the heterochiral edge. S values of 0.99 and
—0.96 indicate the high enantioselectivity of the interchain homo-
coupling process. Since the two configurations are symmetric due
to geometrical reasons, the difference between the two reported
absolute values of S is within the experimental error.

It is worth noting that, at the thermodynamic equilibrium,
the residence-time distribution of different configurations
reflects the relative binding energy difference. As mentioned
above, for the system considered in this study, above RT,
the large structural fluctuations combined with a lack of
qualitative evolution over long times (up to few days) indicate
that the equilibrium condition has been reached.’®*"** This
allows exploiting the IRT maps to estimate the binding energy
difference between the homo- and heterochiral configurations.
In fact, assuming the activation entropy to be the same for the
two attachment processes, the ratio of the probability distribu-
tion can be expressed as:

pa_ b (,ﬂ)

148 Iﬁ kBT '
where p, and pg are the probabilities of coupling of a specific
(o0 or B) chain along the o and B edges, AE,, is the binding
energy difference between the two chain configurations, kg is

the Boltzmann constant, 7 is the surface temperature and the
same pre-exponential in the Arrhenius equation for both the
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processes is assumed. By using this expression, for the homo-
chiral o and B chains composed of three molecules shown in
Fig. 5(a and c), we obtained AE, values of 153 and 95 meV,
respectively. Since, as observed above, the two configurations
are practically equivalent, these values reflect the uncertainty of
the real binding energy difference, which we therefore estimate
to be around 120 meV. This value supports the assumption that
interchain coupling is governed by van der Waals forces, as
typical values of pair-wise interaction in noble gases lie between
15 and 35 meV,® in line with the estimate we obtain for a three-
molecule chain. While, due to the experimental error quoted
above, this estimate is only indicative and should be considered
with care, it is interesting to note that from measurements of
this kind, values of the relevant thermodynamic parameters
can be derived.

To further corroborate this argument, we examine the case of
non-enantiopure oligomers. In Fig. 5e, the chain is composed
of one o and two P molecules (details about the formation of
defective organometallic chains are provided in the ESI}). In the
corresponding IRT map (Fig. 5f), the absence of well-defined
features along both island edges (S = —0.15) reveals a poor chain
adsorption stability, highlighting how, for the case of short
chains, the enantioselectivity of the process is importantly
affected by the presence of chiral defects. This is in line with
the thermodynamic control of the process selectivity. In fact, the
(small) negative S value implies a higher adsorption binding
energy along the P edge (in the order of 10 meV), which is
expected given relative § excess in the chain composition (two f
vs. one o). Despite the fact that the experimental uncertainty
does not allow for a quantitative comparison between the homo-
and heterocoupling energy gains, the negative S value indicates
that, also for the case of non-enantiopure chains, the interaction
is driven by thermodynamic arguments, steering the homochiral
coupling.

Concerning the kinetic factors involved in the interchain
coupling mechanism, in principle, relevant information can be
obtained by measuring the attachment/detachment rates, since
they are related to the difference in potential energy barriers
between the homo- and heterocoupling configurations. However,
the residence times along heterochiral edges are usually below our
temporal resolution, preventing us from discriminating individual
exchange events. Nevertheless, in the IRT maps of Fig. 5(b and d),
the lack of a depletion region close to the heterochiral edge in
the IRT maps suggests that the approaching barrier, if present,
is at most comparable to the diffusion ones.

Conclusions

In summary, combining high-resolution nc-AFM and variable-
temperature high-speed STM, we revealed the structures and
self-assembly mechanisms of chiral organometallic networks
on Cu(111). The molecule-substrate interaction is found
to contribute importantly to the assembly enantioselectivity,
dictating specific chirality-dependent orientations of the mole-
cules. Through real-space imaging of molecular coordination at
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the ms time-scale, we observed hierarchical chirality transfer
processes for the first time. By monitoring the molecular kinetics,
we were able to evaluate the enantioselectivity of interchain
coupling, providing information about energy gains and kinetic
barriers involved in the chirality recognition process. These results
represent a significant step forward in the understanding of
enantioselective self-assembly, demonstrating the feasibility of
monitoring complex chirality transfer mechanisms in real-time.
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