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Abstract:

Two-dimensional (2D) chirality has been actively studied in view of numerous applications of chiral
surfaces such as in chiral resolutions and enantioselective catalysis. Here we report on the expression
and amplification of chirality in hybrid 2D metallosupramolecular networks formed by a nucleobase
derivative. Self-assembly of a guanine derivative appended with a pyridyl node was studied at the
solution/graphite interface in the presence and absence of coordinating metal ions. In the absence of
coordinating metal ions, a monolayer which is representative of a racemic compound was obtained. This
system underwent spontaneous resolution upon addition of a coordinating ion and led to the formation
of a racemic conglomerate. The spontaneous resolution could also be achieved upon addition of a
suitable guest molecule. The mirror symmetry observed in the formation of the metallosupramolecular
networks could be broken via the use of an enantiopure solvent which led to the formation of a globally

homochiral surface.



Introduction:
Metal-organic coordination is ubiquitous in biology and materials. Thanks to the reversible, highly
directional and predictable nature of the dative bond, coordination-driven self-assembly has been
widely exploited as a bottom-up strategy for the fabrication of a variety of materials ranging from
discrete metallosupramolecular architectures?® 2 to metallosupramolecular polymers3 and from two-
dimensional (2D) metal-organic coordination networks (MOCNs)* 5 to metal-organic frameworks
(MOFs).6.7 These hybrid organic-inorganic materials have attracted substantial attention in view of their
remarkable properties and numerous potential applications.!-7

MOFs consist of infinitely extended porous networks with crystalline arrangement of organic
ligands held together by suitable metal nodes giving rise to permanent porosity. The advent of graphene
and related inorganic 2D materials has fuelled the research on 2D analogues of such hybrid organic-
inorganic systems in search of diversity in structure and properties. In fact, the synthesis of layered
MOFs or so-called 2D-MOFs is an emerging area of research with significant focus on exploration of their
properties. Since the modular design of 2D-MOFs allows construction of structures with tailored
properties, the mechanical, electrical, optical, optoelectronic, magnetic, and catalytic properties of
layered 2D-MOFs are under intense scrutiny.8. 9

Metallosupramolecular systems have been traditionally characterized using different
techniques depending on the dimensionality of the material. Discrete metallosupramolecular
assemblies such as 2D metallacycles, higher order supramolecules and metal-organic cages are
characterized using multidimensional NMR and mass spectrometry (MS)10 whereas powder X-ray
diffraction (PXRD) serves as a primary tool for the characterization of MOFs which are typically isolated
as insoluble crystalline powders.” Single-crystal structures of a MOF have also been elucidated using X-
ray diffraction.ll Recent years have witnessed increasing use of electron microscopy for the
characterization of both the discrete systems!2 13 as well as the framework materials.11. 14,15

Surface confined MOCNSs are typically characterized using scanning probe methods, especially
scanning tunnelling microscopy (STM).16 17 STM images provide unprecedented resolution while
revealing several structural aspects including the nature and the extent of defects which often go
unnoticed in ensemble measurements. While STM can be carried out both under ultrahigh vacuum
(UHV) conditions and at the solution-solid interface, the former dominates the literature.16.17 There exist
only a few reported examples of 1D and 2D MOCNSs constructed and characterized at the solution-solid
interface.18-21 Despite the challenges associated with STM imaging in the presence of metal-ion solutions,
STM characterization of MOCNs at the solution-solid interface at room temperature is valuable as it
provides insight into the dynamical aspects of MOCN formation. STM has also been employed for the
characterization of discrete metallosupramolecules.22-24¢ Thin films of MOCNs25 26 have been investigated
using atomic force microscopy (AFM) and single-layered MOCNs have been imaged at molecular

resolution using non-contact AFM27.



An important structural facet of metallosupramolecular systems that has received considerable
attention in the recent past is their chirality. Chirality is an all-pervasive structural feature found in the
materials and the biological world. Obtaining chiral (enantiopure) materials is highly desired for metal-
organic systems as well in view of potential applications in chiral recognition, separation, and
catalysis.28 29 Similarly, chirality of surface-confined (metallo)supramolecular networks is a highly
researched domain that continues to flourish. Study of the so-called “2D chirality” provides insight into
the molecular mechanisms governing the expression, induction and amplification of chirality on
surfaces under well-defined conditions. As a bottom-up strategy, the on-surface self-assembly approach
not only enables the fabrication of low-dimensional (homo)chiral nanostructures, but it also allows
controlling the structure of homochiral films/surfaces via rational design strategies.30-32

Analogous to MOFs29 and discrete metallosupramolecular systems,?8 induction of chirality in
surface-confined supramolecular networks can be achieved using the “hard” or the “soft” approach.28
The former employs enantiopure building blocks to obtain a predefined handedness where the organic
ligands are chiral even in the absence of metal coordination.1” The latter, on the other hand, uses achiral
building blocks, that, upon metal-coordination and surface-confinement, achieve discrete chirality33. 34
that will be lost upon desorption and/or demetallation. Chirality of surface-confined MOCNs has been
studied for systems investigated using UHV-STM.17. 35 To the best of our knowledge, there exist no
reports describing the expression/induction of chirality in metallosupramolecular networks fabricated
and characterized at the solution-solid interface. Nevertheless, 2D chirality of metal-free self-assembled
molecular networks (SAMNs) has been intensively studied at the solution-solid interface.3! These
studies indicate that chirality is readily achieved upon confinement in 2D. Even prochiral molecules
assemble into chiral domains due to loss of symmetry elements upon surface confinement. The surface,
however, remains globally racemic due to the presence of equal amounts of opposite handed domains.

Various strategies have been employed for breaking the mirror symmetry observed in SAMNs
of prochiral molecules. The “sergeants-and-soldiers” principle, where a small amount of structurally
similar enantiopure dopant is merged in the SAMNs formed by an achiral building block to force the
latter into a homochiral assembly defined by the handedness of the former, remains an important
strategy.36.37 For enantiopure building blocks, a small enantiomeric excess of one enantiomer has been
used to suppress the chiral expression of the other in a so-called “majority rules” approach.38 39 Magnetic
field has also been used for breaking the mirror symmetry in SAMNs of liquid crystals.#® We have
pioneered the solvent-mediated chirality transfer approach4! where network formation from an
enantiopure solvent leads to emergence of homochirality in the SAMNSs.4244 This type of chiral
amplification is a generic strategy that is uniquely applicable to the solution-solid interface and
circumvents the tedious synthesis of structurally similar enantiopure “sergeants” needed in the
“sergeants-soldiers” approach.

In this work, we report on the expression and amplification of chirality in hierarchically complex

metallosupramolecular networks formed by a nucleobase derivative. The latter was achieved using



chirality transfer from an enantiopure solvent. The self-assembly of a guanine derivative appended with
an ethynyl-4-pyridyl moiety (C6G-4Py, Scheme 1a), in the presence and absence of metal ions was
studied at the heptanoic acid/graphite interface. We report on the self-assembly of C6G-4Py into
hydrogen-bonded guanine quartets (G-quartets) in the presence and absence of potassium ions. The G-
quartets could be further connected at the pyridyl nodes via coordination to Pd(II) yielding an extended
hybrid metallosupramolecular network stabilized by H-bonding and metal-coordination. The porous
network with square shaped cavities was used for immobilizing molecular guests (Scheme 1). More
importantly, we discuss the expression of chirality in each step and how the system undergoes changes
in the chiral composition upon addition of metal ions and/or guest molecules. The SAMN represents a
racemic compound in the absence of coordinating Pd(II) however it evolves into a racemic conglomerate
upon coordination to Pd(II) and then further becomes homochiral when the assembly is carried out
from an enantiopure chiral solvent. Plausible reasons behind the successive chiral transitions are

discussed.

Results and discussion:

1. Design of the hybrid metallosupramolecular network

The metallosupramolecular network is designed to be stabilized via multivalent interactions comprising
hydrogen bonding and metal-organic coordination.*5 46 Guanine was used as the central motif in the
design as it is one of the most studied nucleobases. It offers self-complementary hydrogen bonding sites
which give rise to a variety of supramolecular architectures. Guanine derivatives can self-assemble into
dimers, ribbons, or tetramers depending on the precise experimental conditions.*” The H-bonded
tetramers, also known as G-quartets or tetrads, have been widely studied in solution, in the solid state*8
and also as monolayers on solid surfaces.4% 50 They are formed via a quasi-planar association of four
guanine units linked by a network of eight cooperative hydrogen bonds. G-quadruplexes, on the other
hand, are secondary structures formed via the association of a minimum of two G-quartets by m-n
stacking and coordination to a monovalent cation.

Scheme 1a shows the molecular structure of C6G-4Py which consists of a guanine unitappended
with an ethynyl-4-pyridyl moiety at the C-8 position. We anticipated that the H-bonding groups will lead
to the formation of G-quartets templated by monovalent cations such as potassium (K*) (Scheme 1b).
The G-quartets are further expected to be held together at the pyridyl node via an appropriate metal ion
such as Pd(II) which can coordinate two ligands through nitrogen atoms in a linear geometry leading to
the formation of an extended 2D porous network stabilized via H-bonding interactions at the quartet
level and via metal-organic coordination at the pyridyl nodes (Scheme 1c).5! To improve the solubility

of the building block, an n-hexyl chain was introduced at the N-9 position. Moreover, given the porosity
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Scheme 1. A schematic showing the molecular and supramolecular design strategy employed in this
work. (a) Molecular structure of C6G-4Py. (b) Cation templated G-quartet formation. (c) Self-assembly
of the H-bonded G-quartets through metal coordination at the pyridyl site of the tectons followed by

immobilization of a guest molecule (lead phthalocyanine) within its cavities.

of the resulting network, we envisioned that the pores could be used for immobilization of guest
molecules such as metal phthalocyanines giving rise to a hierarchically complex multicomponent
system (Scheme 1c). The overall (supra)molecular design counts on recognition between appropriate
functional groups while avoiding competitive H-bonding and metal-ligand interactions.5?

Scheme 2a, b highlights the expression of chirality at the level G-quartets of C6G-4Py upon
confinement against a solid surface. We define the handedness of the quartet by looking at the ethynyl-
4-pyridyl “arms” as clockwise (CW, blue) or counterclockwise (CCW, red) as depicted in Scheme 2b. The
chiral composition of all systems studied in this work was defined on the basis of this characterization
of the handedness. The chirality of the metallosupramolecular network changes significantly (vide infra)
upon addition of metal ions and/or guest molecules (Scheme 2c, d) and one out of two possible
enantiomorphous domains could be selected to obtain a homochiral surface by carrying out the self-

assembly from an enantiopure chiral solvent (Scheme 2e).
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Scheme 2. Successive chiral transitions within the metallo-supramolecular networks formed by C6G-
4Py at the solution-solid interface. (a, b) A schematic illustrating the prochiral nature of the of the G-
quadruplex and how, upon surface adsorption, two types of G-quartets differing in their handedness,
namely clockwise (CW) and counterclockwise (CCW), can be formed. (c) Self-assembly of C6G-4Py at
the solution-solid interface leads to the formation of a racemic compound where both the CW and CCW
G-quartets are present in a periodic fashion. (d) Addition of Pd(II) leads to a distinct change in the
network structure resulting in the formation of a racemic conglomerate where the CW and CCW quartets
are now separated in different domains. (e) When C6G-4Py self-assembles at the interface between a
chiral solvent and graphite, a homochiral network is obtained with preferential formation of either CW

or CCW domains of G-quartets.

2. Fabrication of the metallosupramolecular networks at the solution-solid interface

Heptanoic acid was used as the solvent for initial STM experiments. It was chosen due to its ability to
dissolve C6G-4Py at reasonable concentrations, its high vapor pressure and lower tendency to compete
for the surface compared to higher alkanoic acids such as octanoic or nonanoic acid.52 Figure 1a shows
a high-resolution STM image of the supramolecular network formed by C6G-4Py at the heptanoic
acid/graphite interface. In the absence of any added metal ions, C6G-4Py forms a porous network with
rectangular cavities. We attribute the bright rims of the porous network to the pyridyl appended
guanine backbone whereas the short n-hexyl chains are not resolved. The vertices of each rectangular
cavity are made up of the H-bonded G-quartet (Figure 1c) and the distance between two adjacent

quartets is 2.8 + 0.1 nm. A careful observation of the STM image revealed that the arms emanating from



Figure 1. Self-assembly of C6G-4Py at the heptanoic acid-graphite interface in the absence of added
metal ions. (a) High-resolution STM image of the self-assembled network of C6G-4Py. The opposite
handed G-quadruplexes are highlighted in blue (CW) and red (CCW). The unit cell parameters are: a =
39+0.1nm,b=3.9+0.1 nm,y=90°+ 1° Imaging parameters: Iy = 70 pA, Vpias = -1.2 V. [C6G-4Py] =
2.5 x 104 M. The graphite symmetry axes (green arrows) are displayed in the lower left corner. (b) A
molecular model corresponding to the self-assembled network built using the lattice parameters
obtained from calibrated STM images. (c) Molecular model for the G-quadruplex in the presence of a K*
ion. (d) A molecular model showing the crystalline arrangement of CW (blue) and CCW (red) G-
quadruplexes within the self-assembled network which represents a racemic compound. For large scale

STM images see Figure S1 in the supporting information.

each vertex are slightly offset with respect to each other which can be explained by considering the
opposite handedness for adjacent quartets. The CW and CCW G-quartets are highlighted with blue and
red coloured structures, respectively in Figure 1.

The equal stoichiometry and the crystalline ordering of the CW and CCW quartets makes this
structure a racemic compound or a racemate.32 53 The rectangular cavities of the network reveal striped
contrast which could possibly arise due to the n-hexyl chains and/or co-adsorbed heptanoic acid
molecules. A molecular model based on calibrated STM data is presented in Figure 1b which clearly
reveals open spaces within the network that could be occupied by heptanoic acid molecules. An
additional molecular model, where the n-hexyl chains have been omitted for the sake of clarity,
reproduces the symmetry of the rectangular network observed in the STM image (Figure 1d). Given the
racemic nature of the network, the unit cell vectors do not correspond to the distance between adjacent
G-quartets (Table 1) but rather to the distance between G-quartets with the same handedness (Figure
1d). The unit cell belongs to p4gm plane group. Note that, a porous self-assembled network was obtained

even in the absence of alkali metals such as Na* or K* which are known to template the formation of G-



quadruplexes. Nevertheless, guanine derivatives are known to form G-quadruplexes even in the absence
of alkali metals.5*

Addition of a DMSO solution of KClI to introduce K+ ions into the system resulted in no change in
the self-assembled network. The unit cell remains the same in the presence of added K+ ions (Figure S2
in the supporting information) however the STM imaging of the monolayer became challenging in view
of increased Faradaic current. X-ray photoelectron spectroscopy (XPS) analysis (vide infra) of the
monolayers formed in the absence of any added metal ions revealed trace amounts of Na* present on
the surface (Figure S3 in the supporting information), however the amount of trace Na+ appears to be
too low to template G-quartet formation across the entire surface. Thus, we conclude that the
supramolecular network presented in Figure 1 is obtained even in the absence of the templating effect
of alkali metals.5* The formation of a racemic compound in the present case is not entirely unusual since
prochiral molecules are known to form racemic as well as conglomerate monolayers.32 55

Pd(II) was chosen to investigate the coordination chemistry of C6G-4Py due to its affinity
towards nitrogen and its coordination geometry. PdCl, forms adducts with Lewis base ligands, resulting
in square planar complexes in which two trans positions are occupied by chloride anions and the other
two positions accommodate the Lewis bases. The metal salt was dissolved in DMSO and added to the
C6G-4Py solution in heptanoic acid to form 1:1 mixtures of the ligand and the metal. Figure 2a shows a
large-scale STM image of the SAMN obtained from a premixed solution containing C6G-4Py and Pd(II)
at the heptanoic acid-graphite interface. In contrast to the racemic network obtained in the absence of
Pd(II) which is characterized by rectangular cavities (see Figure 1a), the STM image in Figure 2a shows
anetwork with square shaped cavities clearly indicating a change in the network structure upon binding
to Pd(II). While the network is still composed of the same fundamental motif, namely the G-quartets, a
major change occurred in the chiral composition of the system. Addition of Pd(II) to the system caused
spontaneous resolution, leading to the formation of separate domains of CW (blue arrow, Figure 2a) and
CCW (red arrow, Figure 2a) G-quartets. Such conglomerate crystallization remains a critical step for
deracemization protocols used in the bulk.5¢ Figures 2b,d and 2c,e show high resolution STM images of
the enantiomorphous domains and the corresponding proposed molecular models, respectively. We
hypothesize that the G-quartets in each enantiomorphous domain are held together via coordination of
the pyridyl nodes to Pd(II). The STM images do not show an obvious contrast at the metal-ligand
junction however, a significant change in the size of the unit cell and the chiral composition clearly
implies the incorporation of Pd(II) in the self-assembling system (Table 1). Our DFT calculations shows
that the LUMO of the metal-coordinated dimer of C6G-4Py, which is responsible for the molecular
contrast seen in the STM images, is mostly localised on the two C6G-4Py molecules, with only a minor
contribution from the metal centre (Figure S8 in the supporting information). The distance between two
adjacent quartets is 2.9 + 0.1 nm and it corresponds to the unit cell vector as the G-quartets within a

given domain have the same handedness. The unit cell belongs to chiral plane group p4.
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Figure 2. Self-assembly of C6G-4Py at the heptanoic acid-graphite interface in the presence of added
Pd(II) in the form of PdCl,. [C6G-4Py] = [PdCIl;] = 1.0 x 10-* M. Solvent: heptanoic acid: DMSO = 99:1
mixture. (a) Large scale image showing the formation of enantiomorphous domains. The handedness of
the G-quartets is domain specific. Domains containing CW (blue) and CCW (red) G-quadruplexes are
indicated. (b, c) High-resolution STM image and proposed molecular model for the CCW domain. (d, e)
High-resolution STM image and proposed molecular model for the CCW domain. The unit cell
parameters for the CW and CCW domains are virtually identical: a=2.9 #+ 0.1 nm,b=29+ 0.1 nm, y =
90° + 1°. Imaging parameters: (a) It = 180 pA, Vhies = -380 mV, (b) Iser = 150 pA, Viies = -350 mV. (f, g)
High-resolution XPS spectra showing the N 1s and Pd 3d regions.

To unambiguously confirm the coordination of Pd(II) to the pyridinic nitrogen sites of C6G-4Py
within the SAMNSs, the as formed monolayers were dried and subjected to detailed XPS analysis (see
supporting information section 2). Figure 2f shows the nitrogen 1s region for the monolayer of C6G-

4Py physisorbed on HOPG. The peak (grey) shows two maxima at 398.7 eV and 400.2 eV. The lower



binding energy peak is due to a combination of contributions from C=N environments in guanine,5” and
the pyridyl nitrogen (C=N, Py), while the higher binding energy environment is due to C-N environments
in the guanine moiety. Following the treatment with PdCl,, retention of Pd(II) by the SAMN is confirmed
by the Pd 3d5/2 peak at 338.3 eV (Figure 2g, red). Additionally, there is a significant reduction in the
relative intensity of the lower binding energy peak in the nitrogen 1s spectrum (Figure 2f, red). This can
be ascribed to co-ordination of the palladium by either the pyridinyl or guanine C=N species and is
consistent with shifts in nitrogen 1s binding energy reported in the literature for formation of pyridine
complexes of palladium(II) which would result in overlap of the Pd-N environment with that from
remaining C-N in the structure.58

Despite the confirmation of coordination of the nitrogen sites to palladium, it was not possible
to unambiguously ascertain whether coordination of Pd(II) occurs selectively at the pyridyl node or also
to the guanine nitrogen. In fact, based on quantification of the survey scan data (see Figure S3, Table S1
in the supporting information), there is significantly more palladium than would be expected from
coordination of the pyridine moieties alone, which may indicate binding to additional nitrogen sites

within the molecular framework.

Table 1. Unit cell parameters of the different supramolecular networks.

Unit cell

Plane group Chiral composition
System
a(nm) b (nm) ()
C6G-4Py 3901 39x01 90.0%10 pdgm Racemic compound
C6G-4Py/Pd(II) 29+£01 29+01 90.0x1.0 p4 Racemic conglomerate
C6G-4Py/PbPc 29+0.1 29+0.1 89.0+1.0 p4 Racemic conglomerate
C6G-4Py/Pd(II)/CA* 29+0.1 29+01 900=x1.0 p4 Homochiral

*Measurement carried out in R-(+)-citronellic acid. All other entries correspond to measurements carried out in heptanoic acid.

Comparison of the molecular densities of the networks reveals that the one formed in the
absence of added Pd(II) is denser (0.53 molecules/nm?) compared to the metallosupramolecular
network obtained upon coordination to Pd(II) (0.48 molecules/nm?). While this difference may appear
rather small, it is well-known that seemingly small differences in molecular densities per unit area in
the case of self-assembled monolayers are often decisive in the selection of one structure over the
other.59 This observation is in line with the Wallach ruleé® which states that racemic crystals are often
denser than the corresponding enantiopure ones. In the present case, the metallosupramolecular
network, which represents a racemic conglomerate, can be considered enantiopure at the level of single
domains and hence qualifies the Wallach rule in being less dense than the racemic compound obtained

in the absence of Pd(II). However, we note that Wallach’s original correlation was based on a limited set
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of nine compounds. Later studies have shown that although there may exist a small difference in the
densities of the racemates and conglomerates, there exist a number of systems where the Wallach rule
does not apply.6! The spontaneous resolution could also be achieved when the experiment was carried
out using sequential deposition of the Pd(II) salt. Thus, in-situ addition of PdCl; dissolved in heptanoic
acid/DMSO mixture (0.2% v/v DMSO) to the HOPG substrate containing the racemic compound SAMN
of C6G-4Py led to formation of the racemic conglomerate (Figure S4 in the supporting information).
This indicates that the self-assembling system is sufficiently dynamic under the experimental
conditions.

Given the porous nature of the SAMNSs, host-guest chemistry inside the open cavities was
explored. To this end, lead phthalocyanine (PbPc), which has a C4 symmetry axis perpendicular to the
molecular plane, was used as a guest molecule. Figure 3a shows the STM image of the SAMN obtained
upon deposition of 1:1 solution containing PbPc and C6G-4Py in heptanoic acid. The brighter contrast
of the cavities, which shows an approximately square-shaped feature, confirms the adsorption of PbPc
within the SAMN. More importantly, the morphology of the host network is reminiscent of the

metallosupramolecular network observed upon addition of the Pd(II). Domains of the opposite handed
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Figure 3. Self-assembly of C6G-4Py at the heptanoic acid/HOPG interface in the presence of PbPc. [C6G-
4Py] = [PbPc] = 2.5 x 104 M. (a) Large-scale STM image showing the host-guest network in which PbPc
is immobilized within the square shaped cavities formed by C6G-4Py. (b) Small-scale STM image
showing two domains containing CW (blue arrow) and CCW (red arrow) G-quartets indicating the
formation of a racemic conglomerate. (c, d) Tentative molecular models depicting the structure of the
host-guest network in the case of CCW and CW domains, respectively. The n-hexyl chains are coloured
white and the rest of the C6G-4Py in blue (CW) or red (CCW) for the sake of clarity. Imaging parameters:
(a, b) Iset = 80 pA, Vhigs = -400 mV.
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G-quartets could be discerned readily indicating that the spontaneous resolution observed upon
addition of Pd(II) could also be achieved upon guest adsorption without the addition of Pd(II). We
hypothesize that the square shaped PbPc acts as a template and thus drives the C6G-4Py network into
an alternative arrangement involving square-shaped cavities which can only be obtained if the
enantiomorphic G-quartets are present in separate domains (Figure 3b) thus resulting in a racemic
conglomerate. Such guest-mediated spontaneous resolution of racemic compounds into racemic
conglomerates has been reported earlier for bulk systems62 however to the best of our knowledge, not
in the case of surface-confined MOCNs.

The metal-ion mediated spontaneous resolution observed in the current system has not been
reported earlier for surface confined systems and thus merits further scrutiny. In order to understand
the spontaneous resolution, we scrutinise the system on the basis of actual building blocks of the
assembly process. Given that guanine-based systems are known to form hydrogen bonded quartets even
in the solution phase,>* it is not unreasonable to assume that, in the absence of Pd(II), the actual building
blocks for the on-surface self-assembly are (partially) H-bonded quartets whereas in the presence of
Pd(II), due to the relatively stronger character of the coordination bond, Pd-coordinated dimers of C6G-
4Py are expected to be the building blocks of the self-assembly. Furthermore, the dimeric adduct is
formed upon encounter of only two molecules versus the four needed for the quartet formation.
Therefore, if we assume that the formation of the adducts is preferred event in solution, the orientation
of the hydrogen bond acceptors groups in the final MOCN is dictated by their orientation in the adduct.

Continuing the argument further, detailed structural dissection of the racemate and conglomerate
networks reveals that, besides the change in the chiral composition and the unit cell of the
supramolecular network, addition of Pd(II) changes the manner in which the C6G-4Py molecules in
adjacent G-quartets are arranged. Figure 4 shows the points of contact between the G-quartets in the
case of the racemate (Figure 4a) and the conglomerate (Figure 4b). It can be readily noticed from this
schematic that, upon coordination to Pd(II), the anti adsorption conformation is favoured (Figure 4d)
whereas in the absence Pd(II), the G-quartets are adsorbed in a manner such that the “arms” facing each
other are adsorbed in a syn conformation (Figure 4c). Based on this structural argument, it is tempting
to conclude that addition of Pd(II) induces an energetic preference such that the Pd-complexed dimers
are adsorbed preferentially in the anti conformation.

To verify if there exists any such preference, the geometry of the metal coordinated dimer complex
was obtained from DFT calculations and imposed in the classical atomistic models via the use of
harmonic restraints. These calculations revealed that two conformers are isoenergetic and thus there
exists no energetic preference for the anti conformation (see Section 4 in the supporting information).
Furthermore, preliminary MOCNs models indicate that the experimentally observed, metal-coordinated
conglomerate (homochiral at the domain level) and the hypothetical metal-coordinated racemate are
essentially isoenergetic. Similarly, early-stage calculations carried out on the metal-free system

indicated that there is no obvious energetic preference for the formation of the racemate over
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Figure 4. (a, b) Molecular schemes of the racemic compound and the racemic conglomerate,

respectively. The guanine molecules in blue highlight the G-quartet arms interacting with each other. (c,

d) Molecular scheme showing the syn- and the anti-conformations of the surface adsorbed guanine

molecules, respectively. Note that the racemic compound is comprised exclusively of the syn-

conformation whereas the racemic conglomerate is made up of the anti-conformation. (e, f) Simulated

molecular models of the metal coordinated (hypothetical) racemate and experimentally observed

conglomerate. Simulations reveal that these two structures are nearly isoenergetic.

conglomerate (see section 4 in the supporting information). These results indicate that the origin of the

metal ion mediated spontaneous resolution remains elsewhere. For example, the relative orientation

and dynamics of the C¢His alkyl groups present in the “cavity” between the interacting G-quartets may

help stabilise one type of self-assembly (e.g., the conglomerate) over the other (e.g., the racemic

compound). The role of excess Pd(II) also needs to be scrutinized in detail.
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To achieve homochiral metallosupramolecular monolayers, we resorted to the solvent mediated
chirality transfer approach.444 To this end, self-assembled network formation was studied at the
interface between R-(+)-citronellic acid and graphite. Citronellic acid was chosen due to its structural
similarity with the achiral solvent heptanoic acid. Both solvents can interact with the solute molecules
via hydrogen bonding and are of comparable length. C6G-4Py was dissolved in R-(+)-citronellic acid and
premixed with a solution of PdCl; in DMSO. Deposition of the premixed solution onto the graphite
surface revealed formation a homochiral metallosupramolecular network. Figure 5a shows an STM
image depicting the exclusive formation of homochiral domains containing CW G-quartets formed at the
R-(+)-citronellic acid/graphite interface. While some disorder was present, especially at domain
borders, formation of CCW G-quartets was never observed when the self-assembly was carried out from
R-(+)-citronellic acid. Furthermore, exclusive formation of CCW G-quartets was observed when the self-

assembly was carried out from S-(-)-citronellic acid (Figure S9 in the supporting information).

0 10 15 20 25 75
% R-(+)-Citronellic acid

Figure 5. Induction of homochirality in the metallosupramolecular networks of C6G-4Py using solvent
mediated chirality transfer. (a) Large scale STM image of the network obtained upon deposition of a
premixed solution of C6G-4Py and PdCl; in R-(+)-citronellic acid/DMSO 99:1 on HOPG. [C6G-4Py] =
[PdCl;] = 1.0 x 104 M. (b) Variation in the surface coverage of CW G-quartets as function of volume % of
R-(+)-citronellic acid in a heptanoic acid/R-(+)-citronellic acid solution mixture. Imaging parameters:
(a) Isee = 200 pA, Viias = -250 mV. Note that the compact features visible in the lower-middle part of the
STM image correspond to the dense self-assembled network formed by C6G-4Py. This type of domains
were also observed occasionally when the self-assembly of C6G-4Py was studied at the heptanoic

acid/graphite interface.
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The extent of chirality induction could be modulated by carrying out the self-assembly from
mixtures of heptanoic acid and R-(+)-citronellic acid. The metal to ligand ratio was kept constant. Figure
5b shows the variation in the percentage of CW G-quartets as a function of the percentage of R-(+)-
citronellic acid in the solvent mixture. It is clear that the induction of homochirality is supressed with
an increasing percentage of the achiral solvent in the solvent mixture. This plot also clearly reveals that
only 25% (v/v) chiral solvent is necessary to achieve homochirality within the self-assembled
metallosupramolecular networks although at 20% (v/v) of the chiral solvent, the efficiency drops to
around 80%. The fact that only 25% (v/v) enantiopure solvent is needed for obtaining a homochiral
surface indicates that the induction process is relatively more efficient than that reported for alkoxy
substituted dehydrobenzo[12]annulene derivatives*3 and comparable to that observed in the case of 5-
(benzyloxy)isophthalic acid (BIC) derivatives where the chiral solvent is immobilized within the
monolayer.63

Given the porous nature of the assemblies described here, it is self-evident that the networks
are stabilized by (transiently) co-adsorbed solvent molecules. Whether or not the solvent molecules,
either heptanoic acid or citronellic acid, are immobilized within the pores on the time scale of STM
measurements, is not clear. A surprising observation is that when the self-assembly of C6G-4Py was
carried out from R-(+)-citronellic acid in the absence of Pd(II), no chiral induction was observed. In fact,
the monolayer representative of the racemic compound, similar to that formed at the heptanoic
acid/HOPG interface, was observed (Figure S10 in the supporting information). This observation clearly
indicates that for chiral symmetry breaking to take place, the presence of Pd(II) is necessary and in the
absence of it, both CW and CCW G-quartets are expressed on the surface. Since the C6G-4Py molecule,
the Pd(II) coordinated dimer adducts (anti) and the quartets are all prochiral, chiral selection can be
exerted at the level of the single molecule or the adduct or the quartet. As R-(+)-citronellic acid does not
induce homochirality in the self-assembled network of C6G-4Pyj, it follows that the enantiopure solvent
does not exert any effect on the orientation of the quartets as such and can be interpreted as further
evidence of the faster formation of the adducts. On the other hand, the enantioselection observed for the
host-guest network indicates that the solvent may be still effective in determining the orientation of the
single molecules, which leads eventually to the formation of an enantiopure homochiral host-guest

network (Figure S11 in the supporting information).

Conclusions and outlook:

Coordination driven chiral self-assembly forms the structural basis of a number of novel materials
including chiral 2D-MOFs and 2D MOCNSs. Here we have investigated the emergence and amplification
of (homo) chirality in the hybrid 2D MOCNs formed by a prochiral guanine derivative. Using high-
resolution STM data we demonstrate that in the absence of any chiral influence, the guanine derivative
forms a monolayer that is representative of a 2D racemate. This system undergoes spontaneous

resolution on surface upon coordination to Pd(II) yielding a 2D conglomerate. The chiral symmetry
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observed in the surface-confined 2D conglomerate could be broken by carrying out the self-assembly
from a chiral solvent which led to the amplification chirality defined by the handedness of the chiral
solvent. The solvent mediated chirality transfer approach used here provides an inexpensive and
generic path towards homochiral films of hybrid MOCNs.

While this supramolecularly rich system led to several fascinating experimental observations, a
number of structural and mechanistic aspects remain under intense scrutiny in our research group and
will be followed up in subsequent work. One of the most interesting and enigmatic aspect is that of the
metal-ion induced spontaneous resolution. Our initial attempts to pinpoint the origin of this fascinating
phenomenon have not yielded concrete results yet because the Pd(II) coordinated hypothetical
racemate and the experimentally observed conglomerate monolayers were found to be isoenergetic. In
order to gain further insight into the spontaneous resolution process, we have initiated detailed
molecular dynamics (MD) simulations including the explicit solvent phase. While these simulations are
computationally expensive and slow, we believe that they will provide insight into the role of alkyl
chains attached to the guanine units and also into the role of solvent molecules in the stabilization of the
experimentally observed networks. Furthermore, the mechanistic aspects of induction of homochirality
from enantiopure solvents need to be studied in detail especially since the solvent mediated chirality
transfer does not occur in the absence of added coordinating metal. We strongly believe that a deeper
understanding of how chirality is expressed, induced and relayed within such metal-organic
coordination systems will be useful in the rational design of homochiral surfaces based on MOCNs and

2D-MOFs with potential applications in stereoselective guest recognition, sensing and beyond.
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