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The coordination-driven self-assembly of two-dimensional (2D) supramolecular architectures is a convenient
method of rational construction of one-atom-thick nanomaterials with desired topology, intriguing physico-
chemical properties and high cognitive value. In this work, we use coarse-grained Monte Carlo (MC) computer
simulations to study the self-assembly of functional bridging ligands with mononuclear metal centers on a
triangular lattice. Particularly, we focus on the role of anisotropic, reversible ligand — metal coordinate bonds in
the bottom-up formation of hierarchically organized metal-organic networks composed of star-shaped and rod-
like linkers (representing real organic molecules) and trivalent metal atoms. In our model © aromatic ligands
were modeled in a simplified way as a collection of flat, rigid, and interconnected segments with properly
encoded short-ranged interactions. Depending on the composition of the investigated overlayers, we observed
the spontaneous formation a cascade of openwork (co)crystals with a hierarchical structure, controllable
chirality and scalable morphological properties like porosity, connectivity, density, etc. Our theoretical findings
can pave the way for the experimental fabrication of the novel surface-confined metal-organic networks (SMONs)
in which anisotropic coordinate bonds play a decisive role.

1. Introduction

The rational synthesis of low-dimensional surface-confined metal-
organic networks (SMONs) with programmable spatial structure, tune-
able composition and intriguing physicochemical properties is nowa-
days a research hotspot in materials science [1-3]. Such atomically thin
self-assembled nanomaterials usually exhibit a highly periodic
arrangement of empty voids (differing in size, shape and chirality),
bridging ligands (usually simple carbon-based molecules) and mono-
[4-6] or multinuclear metal centers [7,8]. In the nanoporous SMONs the
spatially separated and locked into precisely defined positions metal
atoms serve as well-defined connecting points for appropriately func-
tionalized (bi-, tri-, or polydentate) m aromatic ligands [4,6,9,10].
Contrary to the bulk phase, at atomically flat metallic substrates most d-
and f-block transition metals can accommodate from 2 to 6 sterically
undemanding ligands (with small cone angle) equipped with terminal
donor atoms [6] or identical electronegative centers like nitrile moiety
(-C=N) [4,11], propiolonitrile functional group (-C = C-C=N) [12],
hydroxyl group (-OH) [13], and others [14,15]. Among the above

mentioned planar coordination complexes those with linear (ligand —
metal < ligand) [16], trigonal [4,17], and square geometry [18] are
usually seen. Such surface-supported metal-organic nodes are energeti-
cally stabilized not only by the anisotropic ligand — metal coordinate
bonds (dative covalent bonds), but also by the presence of well-ordered
solid surfaces. Therefore, the isolated metal centers embedded within
the crystalline SMONs are not labile and easily accessible to guest
atoms/molecules, what makes possible exploiting them in a selective
adsorption [19] or as active centers of artificial metalloenzymes in a
heterogeneous catalysis [20]. On the other hand, empty voids of struc-
turally programmed SMONs may provide nanoscale spatial confinement
for laterally interacting species [21], play the role of anchoring points
for (macro)molecules in the interfacial host-guest chemistry (posi-
tioning of organic species), and capture of small molecules with com-
plementary chirality and geometrical features [22]. Importantly, the
metal-assisted self-assembly (and final topology) of periodic
metal-organic networks can be reliably traced using non-destructive
techniques, like non-contact atomic force microscopy (nc-AFM) [23]
and low temperature scanning tunneling microscopy (STM) [24], which
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makes the interpretation of their structural properties straightforward
and credible. As it has been demonstrated in numerous experimental
studies, by a careful manipulating size, shape, and atomic structure of
simple molecular building blocks it is possible to obtain plethora of
diverse low-dimensional nanoarchitectures like open porous networks
[6,17,25], quasicrystals [26], fractal crystals [27,28], chains [29],
nanoribbons [30], ladders [31], large-sized macrocycles [32], small
aggregates [33], and others [34]. However, the on-surface construction
of hierarchically organized SMONs with programmable morphological
properties and functions is extremely challenging from the scientific
point of view. So far, the experimental efforts in this field were made
only by Liu et al., who demonstrated that, on an atomically flat Au(111)
surface, the self-assembly of star-shaped 1,3,5-tris(pyridyl)benzene li-
gands (TPyB) with Cu atoms can lead to the formation of partially or-
dered metal-organic networks with a hierarchical structure [35]. In this
context, the rational construction of extended, defect-free, and multi-
level SMONs with tailorable morphological properties still remains
largely unexplored. Interestingly, in the recent years, a lot of flower-like
2D molecular assemblies, sustained by weak noncovalent interactions,
were prepared experimentally at interfaces. Among them are mono-
component overlayers comprising simple, highly symmetrical mole-
cules, like the trimesic acid (TMA) [36], functionalized
hexaphenylbenzene (HPB) [37], methyltrioxatriangulenium (Me-TOTA)
[38], 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) [39] and the others
[40-42]; bicomponent porous networks [43], and even trinary supra-
molecular architectures with global organizational chirality [44].
Inspired by the above listed scientific reports we have focused recently
on the possibility of computer-aided design of analogous multi-walled
SMONSs with high structural complexity. For this purpose, we selected
lattice Monte Carlo (MC) computer simulations, recognized as reliable
and efficient tool in the surface nanostructure formation predictions in
the past decade [45-47]. Next, we constructed coarse-grained theoret-
ical model in which real n aromatic ligands (and metal atoms) are
mapped into flat triangular lattice maintaining their most vital struc-
tural properties intact (size, shape, number and intramolecular distri-
bution of active interaction centers). With this approach it was possible a
comprehensive examination of complex metal-organic overlayers
(composed of up to two thousands of individual components) with the
use of only a few adjustable parameters like surface coverage 0, linear
size L of the 2D simulation box, temperature T, ligand — metal coordi-
nation bond energy o, etc. Initially, we ran the preliminary MC com-
puter simulations for the two-component metal-organic mixtures
comprising rod-like/star-shaped linkers and trivalent metal atoms. Next,
a series of predictive MC calculations were performed for the analogous
three-component overlayers composed of trivalent metal atoms and
bridging linkers differing in size, shape and functionalization. To our
surprise, it turned out that the metal-directed coassembly of archetyp-
ical = aromatic ligands (used so far routinely in the experimental
fabrication of homoporous metal-organic networks at surfaces) can
result in the formation a series of unreported so far flower-like SMONs
with controllable chirality and scalable morphological properties like
composition, porosity, connectivity, etc. The obtained theoretically 2D
(co)crystals were structurally analyzed in detail and described quanti-
tatively using a parameter further called structural index n € N. More-
over, their high structural coherence was confirmed by the metal-metal
radial distribution function g(r) calculations. All these informations can
be valuable in the context of rational designing new supramolecular
architectures with tailorable adsorptive and catalytic properties on solid
surfaces.

2. The model

To investigate the self-assembly of surface-confined metal-organic
networks, we have performed a series of lattice Monte Carlo (MC)
computer simulations in the NVT ensemble, where N stands for the total
number of components present in the 2D simulation box, V means its
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volume (surface area) and T temperature. Namely, MC numerical cal-
culations were performed on a rhombic fragment of the triangular lattice
at fixed surface coverage 0 = 6(L)L 2, defined as the product of occupied
adsorption sites 6(L) on a triangular lattice with linear size L = 120, and
inverse of the total number of adsorption sites L? in the investigated
system. To provide optimal conditions for unperturbed self-assembly of
2D supramolecular patterns, the MC simulations were conducted under
low surface coverage 6 ~ 0.23. In our coarse-grained model the flat
triangular lattice (appropriately scaled square grid) is composed of
evenly distributed vertices (adsorption sites), and represents the smooth,
defect-free (no kinks, edges, terraces, etc.) and energetically homoge-
neous metallic surface with (111) geometry like Cu(111), Ag(111), or
Au(111). For convenience, the distance between two adjacent adsorp-
tion sites on a triangular lattice was set to 1 and expressed in dimen-
sionless units. Additionally, to eliminate the negative edge effects
resulting from the finite size of the investigated systems, standard pe-
riodic boundary conditions were imposed on a triangular lattice in all
directions. As it is seen in Fig. 1, the functionalized © aromatic ligands
(denoted as A, B, and C, respectively) were modeled on a triangular
lattice in a simplified way, as flat linkers composed of rigid inter-
connected segments (hard spheres). In this representation each linker’s
segment corresponds to individual aromatic ring of real molecule A-C,
and occupies one adsorption site on a triangular lattice (localized
monolayer adsorption). Analogously, the connections between individ-
ual rigid segments building the simulated ligands represent C—C
c-bonds of real aromatic molecules A-C. Moreover, the arm’s ends
(terminal segments) of the investigated linkers were equipped with
anisotropic interaction centers playing the roles of para/meta electro-
negative functional groups present in the tested molecules (see bottom
panel in Fig. 1). The trivalent metal atoms M (M = Fe, Co, Ni, Cu or Ce)
were modeled in a very similar way - as single, isolated segments with
appropriately assigned interaction directions on a triangular lattice. To
examine the metal-assisted self-assembly of supramolecular architec-
tures we assumed that the terminal interaction centers of bridging
linkers A-C are able to form attractive coordinate bonds with coadsorbed
metal atoms. Additionally, the ligand — metal coordinate bonds were
assumed to be highly directional, short-ranged (limited to the adjacent
adsorption sites on a triangular lattice) and reversible. Therefore, a
single anisotropic coordinate bond with energy o = —1.0 (negative
value means attraction) was allowed to form only when a linker mole-
cule (connector) and metal atom M met in a proper planar configuration
on a triangular lattice, and interaction directions assigned to them were
collinear and oppositely directed ( — «). In order to emphasize the
dominant role of ligand — metal coordinate bonds in the bottom-up
formation of ordered SMONSs, all other possible lateral interactions
(metal-metal, linker<linker, etc.) between the components of the
simulated overlayers were neglected for the sake of simplicity. The same
refers to the linker(metal)—triangular lattice interactions whose energy
was set equal to zero.

As it is seen in Fig. 1, the simplest chemical structure corresponds to
the Cy-symmetric molecule A, which is composed of two collinear aro-
matic rings connected by a single o-bond. Each aromatic ring of the
achiral ligand A is equipped with a well-defined interaction center G
embedded at para position. The very similar distribution of terminal
active centers (functional groups) also characterize the Cs-symmetric
connector B, comprising four interconnected segments - central inactive
core (1,3,5-substituted benzene ring) plus three arm segments (para-
functionalized phenyl moieties). Contrary to the achiral molecules A and
B, which adopt a unique conformation when adsorbed, the star-shaped
ligand C (constitutional isomer of molecule B) is conformationally
flexible due to rotatability of the outer phenyl rings around individual
C—C o-bonds. Therefore, the meta-functionalized linker C is prochiral
(achiral in the bulk phase but chiral under 2D confinement), and upon
adsorption at the solid surface can adopt one of the four distinct con-
formations, denoted arbitrary as (rrr)C, (rrs)C, (srr)C, and (sss)C (see
Fig. 1). Among them are both C3p-symmetrical surface enantiomers (rrr)
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Fig. 1. Mapping of trivalent metal atom M (red isolated segment, M = Fe, Co, Ni, Cu or Ce) and archetypical = aromatic ligands A, B, and C (X = C, N) on a 2D
triangular lattice. Letters G denote positions of distinct electronegative centers like nitrile moiety (-C — N), propiolonitrile functional group (-C = C-C — N) or ring-
nitrogen atom (-N:) within presented molecules. The black arrows indicate in-plane interaction directions assigned both to the terminal segments of the modeled
ligands A-C and trivalent metal atom M. The dashed line represents mirror plane for the surface conformers of prochiral ligand C (turquoise tripods). The intersecting

red arrows mark the directions of a triangular lattice.

C | (sss)C and mirror-image conformers (rrs)C | (srr)C with Cs symmetry.

The custom source codes of lattice MC simulations were written in
Fortran 95 programming language and run in a free Linux environment.
Specifically, the applied simulation algorithm can be outlined as follow.
Initially, all components of the simulated overlayers (metal atoms and
bridging linkers) were distributed randomly on a triangular lattice in a
preselected stoichiometric ratio. Next, to bring the modeled assemblies
into a thermodynamic equilibrium 10'°, MC steps (MCs) were per-
formed (one MCs is a single attempt of a lateral displacement and/or
rotation of a randomly selected entity from the adsorbed overlayer).
Namely, the randomly chosen linker/metal atom was removed from its
old position Q on a triangular lattice. Then, the coordinates of the Q' set
(comprising one, two or four adjacent adsorption sites arranged in a
shape corresponding to the removed entity), were determined using
pseudo-random numbers. If the Q' set (trial position) was empty (Q' =
@), the linker/metal atom was placed in the trial position on a triangular
lattice. Otherwise (Q' # @), the selected entity was left in the old posi-
tion Q, and the above described procedure was successively iterated.
The transition probability P(Q — Q') was calculated based on the clas-
sical Metropolis criterion P(Q — Q') = min{1, exp( — AE/kgT)} [48],
where AE = E — Eg, is the potential energy difference between the trial
and the old state, kg denotes Boltzmann constant (kg = 1 in our model)
and T is the system temperature. If the total potential energy of
randomly selected linker/metal atom in a trial position ' was lower or
equal to its total potential energy in the old state (that is E¢y < Eg), the
trial position Q' was accepted unconditionally and became a new
configuration Q* of the probed entity (Q — Q*). Otherwise, the
pseudo-random number r € (0, 1) was generated and compared with the
exponential factor exp( — AE/kgT). If the pseudo-random number r
satisfied inequality r < exp( — AE/kgT), the Q' position was accepted (¢’
— Q~). In the opposite case, the trial position Q' was discarded (Q' — Q).
After 10'° MCs performed at fixed temperature (T = 0.16), the investi-
gated adsorbed overlayer was linearly cooled down to the low, target
temperature T = 0.01 (10* MCs per temperature interval dT = 0.01) and

structurally analyzed in detail. The additional annealing procedure was
applied to heal sparse point defects (missing linkers/metal atoms) of
assembled metal-organic networks and finally improve their structural
integrity. The energies and temperature in our theoretical model are
reduced quantities expressed in units of ® and |w|/kg, respectively.

3. Results and discussion
3.1. Homoporous metal-organic networks

The preliminary MC simulations were carried out for a metal-organic
overlayer composed of 1238 rod-like linkers A and 825 trivalent metal
atoms M in a ~ 3:2 stoichiometric ratio, which is optimal for the
growth of extended 2D nanomeshes comprising bidentate organic li-
gands with linear backbone and d-block transition metal atoms like Co
[4,17,49], Cu [21, 50], and Ce [7]. As it is seen in Fig. 2a, the rod-like
bridging linkers A self-assembled with trivalent metal atoms into a
defect-free, long-range ordered homoporous network (denoted as F),
composed of empty hexagonal cavities o (highlighted in orange in
Fig. 2). Each complete nanopore a has diameter d = 6 (metal-to-metal),
includes 19 free adsorption sites and is surrounded by alternately ar-
ranged linkers A and metal atoms. The crystalline overlayer is charac-
terized by a rhombic unit cell (3v/3 x 3v/3, « = 60/120°), and has
density equal to p; = 0.342 (expressed in the number of occupied lattice
sites per unit cell area). Moreover, the coordinatively saturated metal
atoms in the simulated phase create a 6> (6.6.6 in the expanded vertex
notation) 1-uniform tessellation. As shown in the magnified fragment of
a honeycomb-like network, the hexagonal tiling is defined by a vertex
(marked by a single black dot) surrounded by three regular hexagons
connected edge-to-edge and vertex-to-vertex in the Euclidean plane.
Within the discussed overlayer, the C3-symmetrical mononuclear coor-
dination nodes AgM are linked together by bifunctional bridging linkers
A and exhibit a two-fold rotational degeneracy on a triangular lattice. As
shown in the top-right inset in Fig. 2, the angles between rod-like
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Fig. 2. (a) Snapshot of the simulated metal-organic overlayer comprising 1238 rod-like linkers A and 825 trivalent metal atoms M (red circles) in a ~ 3 : 2 stoi-
chiometric at surface coverage 8 ~ 0.23 and temperature T = 0.01. In the magnified fragment of the homoporous network (bottom-left panel), the rhombic unit cell
is marked (solid red lines). The solid black lines connecting neighboring metal atoms represent small fragment of 6.6.6 regular tessellation, while the single black dot
indicates defining vertex point. Hexagonal nanopores a with diameter d = 6 (metal-to-metal) are marked in an orange color. In the top-right insets the magnified
coordination node AzM and single nanopore o are shown. (b) Metal-metal radial distribution function g(r) calculated for the single-walled network F; at temperature
T = 0.01. Selected intermetallic distances M—M are marked with different colors (black, purple, green, and light blue) and correspond to the individual peaks of the
metal-metal radial distribution function (color arrows). (c) The high-resolution STM image of a nanoporous coordination network comprising [1,1’-biphenyl]-4,4'-
dicarbonitrile ligands and Cu metal adatoms on the Cu(111) surface with partially superimposed DFT model. Reprinted (adapted) with permission from Ref. 50.

Copyright (2017) American Chemical Society.

molecules A pointed to the single metal atom in a coordination motif
A3M are equal to 120°. The high symmetry of such planar complexes
facilitates error correction during the nucleation and growth of a
modeled overlayer. Importantly, the infinite metal-organic phase F; is
isostructural with the 2D coordination network obtained experimentally
recently by Cai et al. [50] (see Fig. 2c). Moreover its high structural
coherence is confirmed by the metal-metal radial distribution function g
(r) calculations (see the section 2. of Supplementary Data for definition).
As it follows from Fig. 2b the metal-metal radial distribution function g
(r) comprise a series of distinct peaks corresponding to the subsequent
coordination shells of the superstructure F;. The selected sharp peaks at
distances r < 10 (expressed in the lattice spacing units) are marked with
color arrows and linked with the appropriate intermetallic distances
MoM (top-right inset in Fig. 2b).

In the case of star-shaped linkers B mixed with trivalent metal atoms
M in a stoichiometric ratio 1: 1, we observed spontaneous formation of
perfectly ordered metal-organic network (denoted as F,) with a
rhombic unit cell (2v/3 x 2v/3, £ = 60/120°) and density p,, = 0.481
[51] (see Fig. 3a). The homoporous adsorbed overlayer is composed of
periodically distributed cavities § (7 adsorption sites), with diameter d
= 4 (corner-to-corner). The coordinatively saturated metal atoms
incorporated into superstructure F,, are arranged into a 36(3.3.3.3.3.3
in the expanded vertex notation) 1-uniform (regular) tessellation and
constitute isolated connecting points for the para-functionalized arms of

unioriented molecules B. The above described topological features of
infinite phase F,, match perfectly with structural properties of real 2D
metal-organic assemblies prepared on the Ag(111) [52] and Au(111)
[53] single-crystal surfaces, which confirms the correctness of the pro-
posed theoretical model.

The individual surface enantiomers of the star-shaped linker C (and
their racemic mixtures) were investigated in our previous studies [51,
54]. However, the coassembly of all surface conformers of a tritopic
molecule C with trivalent metal atoms M was not tested so far theoret-
ically or experimentally. Therefore, in this contribution, we modeled the
meta-functionalized ligand C as a conformationally flexible connector.
For this purpose, we assumed that the single coordination bond C - M
can be formed only when the metal atom occupies adsorption site
neighboring with one of the two meta positions of terminal segment
(arm) of molecule C, and the adsorption site adherent to the second meta
position of the same segment is not occupied by another metal atom. In
this way, only one meta interaction center per terminal segment of
molecule C is allowed. Therefore, the stochastic formation/dissociation
of planar coordination motifs C — M differing in geometry is not biased
by the fixed stoichiometric ratio between individual surface conformers
of prochiral ligand C. As shown in Fig. 3b the mixture of prochiral
linkers C and trivalent metal atoms M self-assembled into (R)-chiral
metal-organic superstructure (denoted as F, ) with a small rhombic unit

cell (3 x 3, « = 60/120°), relatively high density p. = 0.646 and
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Fig. 3. A representative snapshots of the metal-organic networks composed of star-shaped linkers and trivalent metal atoms M (red segments). (a) Achiral supra-
molecular phase F,, comprising 660 linkers B (gray tripods) and 660 trivalent metal atoms M in a 1:1 stoichiometric ratio. (b) (R)-chiral overlayer Fw comprising 660
prochiral linkers C (turquoise tripods) and 660 trivalent metal atoms M in a 1: 1 stoichiometric ratio. In the magnified fragments of the homoporous networks, the
rhombic unit cells are marked (solid red lines). The solid black lines connecting neighboring metal atoms represent small fragments of 3.3.3.3.3.3 1-uniform tes-
sellations, while the black dots indicate defining vertex points. The empty nanopores p and y are marked in light blue and pale green color, respectively. In the top-left
and bottom-right insets the magnified coordination nodes BsM and (rrr)C3M are shown. (c¢) Radial distribution functions g(r) calculated for the homoporous networks
F, and F_ at temperature T = 0.01. Selected intermetallic distances M«<M are marked with different colors (black, purple, green, and light blue) and correspond to
the individual peaks (metal-metal coordination shells) of the metal-metal radial distribution functions (color arrows).

uniformly distributed star-shaped nanopores y (4 free adsorption sites).
Interestingly, the homochiral network F, is selectively built of
windmill-like conformers (rrr)C (analogous phase with the opposite
chirality is shown in Fig. S1 of the Supplementary Data). Indeed, in the
studied system, there is a factor inhibiting formation of mixed coordi-
nation nodes comprising different conformers of meta-functionalized
molecule C. The closer inspection of intramolecular distribution of

active centers within the surface enantiomers (rrs)C | (srr)C unravel that
the above mentioned factor is a steric effect. Namely, two out of three
active centers of the mirror-image conformers (rrs)C | (srr)C, are parallel
oriented (J) and located to close each other to form the coordinatively
saturated complex with a trivalent metal atom. Therefore, the
metal-assisted chiral self-sorting occurring in the systems comprising
different surface conformers of prochiral molecule C and trivalent metal
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atoms M is very effective and results in the selective formation of the individual peaks at distances r < 10 are more intense, as compared to
homochiral metal-organic domain shown in Fig. 3b. Interestingly, the an achiral phase F,, indicating denser packing of the homoporous
peak pattern corresponding to metal-metal radial distribution function g network Fw (/’:x: =1.34p_).

(r) calculated for the (R)-chiral metal-organic network F._ is very similar

like those determined for infinite overlayer F,, (see Fig. 3c). However,
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Fig. 4. (a) A representative snapshot of the achiral metal-organic network F, comprising 762 molecules A, 254 molecules B and 762 trivalent metal atom Mina 3: 1:
3 stoichiometric ratio. (b) The flower-like phase F3 comprising 550 molecules A, 368 molecules B and 734 trivalent metal atoms M in a ~ 3 : 2 : 4 stoichiometric
ratio. In the magnified fragments of the heteroporous networks, the rhombic unit cells are marked (solid red lines). The dashed red lines delimit triangular half-unit
cells. The periodicity of the hierarchically organized phases is highlighted by the differently colored nanopores: a (orange color), p (light blue color) and & (yellow
color). The solid black lines connecting the neighboring metal atoms in the magnified fragments of the multi-walled networks represent small fragments of the
irregular 1-uniform 3.4.6.4 and the irregular 2-uniform 3.4.6.4; 3%.42 tessellation, while the black dots indicate defining vertex points. The black line segment () —
() connects the centers of the adjacent hexagonal pores a in the supramolecular phase F,. (c) Comparison of the metal-metal radial distribution functions g(r)
calculated for the successive networks F, and F3 at temperature T = 0.01. Selected intermetallic distances M<M are marked with different colors (black, purple,
green, and light blue) and correspond to the individual peaks (metal-metal coordination shells) of the determined metal-metal radial distribution functions
(color arrows).
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3.2. Achiral heteroporous metal-organic networks

In this section, we are presenting the results of the predictive MC
simulations devoted to surface-confined assemblies composed of rod-
like and star-shaped linkers (A and B) coadsorbed with trivalent metal
atoms M on the triangular lattice. Interestingly, in such overlayers, we
observed spontaneous formation a family of highly periodic 2D net-
works with a hierarchical structure (see Figs. 4, 5, and 6a). In order to
describe the obtained cocrystals quantitatively, we introduced a
parameter called the structural indexn € N, corresponding to the total
number of equidistant ligands A (A<A = 2+/3), perpendicular to the
line segment () — (O connecting the centers of the neighboring hex-
agonal nanopores o. As it is shown in Fig. 4a, the ordered superstructure
F5 (p2 = 0.400) is characterized by a rhombic unit cell (5v/3 x 5v/3, 2 =
60/120°) composed of two triangular, centrosymmetric half-unit cells.
The half-unit cells of the discussed phase are linked by two aligned
parallel molecules A, being a part of the three-fold coordination nodes
A,BM (top-left inset in Fig. 4). Additionally, the coordinatively satu-
rated metal atoms embedded within a metal-organic network F, create
an irregular 1-uniform 3.4.6.4 tessellation (see Fig. S2a of the Supple-
mentary Data). The above mentioned pattern is called irregular because,
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in contrast to the 3.4.6.4 semi-regular Archimedean tiling, it is
composed of a regular hexagon (side length 3), an equilateral triangle
(side length 24/3), and a rectangle (3 x 2+/3), instead of a square. As it
follows from the visual inspection of a defect-free phase Fo, the para-
functionalized linkers B present in its half-unit cells have identical mo-
lecular surroundings but are rotated by an angle of 60° with respect to
each other. Moreover, the flower-like overlayer F, comprise two types of
nanopores with different size and shape - hexagonal nanopores o
(characteristic for the honeycomb-like network F;) and unique voids 8
encompassing 10 empty adsorption sites, each. On the other hand, the
homologous phase F3 is composed of two types of mononuclear coor-
dination nodes A;BM and AB,M, differing in the stoichiometric ratio
between linkers A and B (see the bottom-right part of Fig. 4). The
centrosymmetric half-unit cells of a multilevel phase F3 (p3 = 0.424)
make up a relatively large rhombic unit cell
(7V/3 x 7+/3, « =60/120°) with diagonals equal to e = 7+/3 and g =
/3, respectively (black intersecting arrows in the bottom-left inset in
Fig. 4). Moreover, the metal atoms cementing coordination nodes of the
stoichiometric network F5 create an irregular 2-uniform 3.4.6.4; 33.4%
tessellation (the k-uniform tessellation has k types of distinct vertices
and is composed of two or more types of regular polygons connected

Fi

Fs

Fig. 5. The coexistence of flower-like metal-organic networks differing in structural index n. (a) Adsorbed overlayer comprising 762 linkers A, 254 molecules B and
762 metal atoms Mina~ 3:1 : 3 stoichiometric ratio. The solid black lines connecting the neighboring metal atoms in the magnified fragment of phase F, represent
a fragment of an irregular 3-uniform 3.4.6.4; 3°.4%; 3° tessellation, while the black dots indicate defining vertex points. The rhombic unit cells of separate nanoporous
networks are marked by solid red lines. (b) Metal-organic overlayer composed of 550 linkers A 368 molecules B and 734 metal atoms M in a ~ 3:2: 4 stoi-
chiometric ratio. The bottom-left inset presents a magnified hexagonal rosette rs, the center of which is nanopore o (orange color) surrounded by concentrically
arranged cavities p (light blue color) and & (yellow color). The bottom-right inset presents a magnified rhombic unit cell of phase Fs with marked perpendicular

diagonals e = 11/3 and g = /3.
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Fig. 6. (a) A representative snapshot of the achiral metal-organic network Fg comprising 354 linkers A (orange rods), 472 molecules B (gray tripods) and 708
trivalent metal atoms M (red segments) ina ~ 3 : 4 : 6 stoichiometric ratio. The solid red line delimits a rhombic unit cell with marked perpendicular diagonals (e =
13v/3, g¢ = eV/3). The bottom-right inset presents a magnified hexagonal rosette, the center of which is nanopore o (orange color) surrounded by concentrically
arranged cavities f§ (light blue color) and & (yellow color). (b) Metal-metal radial distribution function g(r) calculated for the flower-like network Fg at temperature T
= 0.01. Selected intermetallic distances M—M are marked with different colors (black, purple, green, and light blue) and correspond to individual peaks (metal-metal

coordination shells) of the metal-metal radial distribution function (color arrows).

edge-to-edge and vertex-to-vertex in the Euclidean plane),*® built of the
same polygons as the overlayer Fy (for more details see Fig. S2b of the
Supplementary Data). However, the continuous superstructure F3 ex-
hibits higher pore-type heterogeneity because it is composed of addi-
tional cavities B (7 adsorption sites), which are characteristic
morphological feature of the homoporous network F, (see Fig. 3a). The
crystallinity of the comparing phases is confirmed by the corresponding
metal-metal radial distribution functions g(r) shown in Fig. 4c. Both g(r)
are composed of distinct, sharp peaks (metal-metal coordination shells)
with fluctuating intensities. At large distances r, the individual peaks
merge with one another and gradually decrease. However, at distance r
< 10 their positions, number and relative intensities can be easily linked
with structural properties of the homologous phases F and F3 (see insets
in Fig. 4c). For example, the second peak (r = 2v/3) is much higher for
network Fs, what is associated with the elongation of the interpore
distance d(a<a). On the other hand, the fourth peak (r = 3v/3)
remarkably loses its intensity due to the less relative content of the
hexagonal nanopores a within phase F3 (see also Fig. 6b).

Importantly, the metal-assisted coassembly of linkers A and B can
also lead to the formation of coexisting metal-organic phases with
different morphology. Such complex structure formation is a common
feature of reported so far hierarchically organized molecular assemblies,
sustained by the weak intermolecular interactions [37-44], and the
discussed herein metal-organic connections are no exception.

Interestingly, in the theoretically studied molecular systems comprising
para-functionalized ligands (A and B) we have never observed their
complete separation and coexistence of the homoporous phases F; and
F,, with extreme values of the structural index n. Namely, the
self-assembly processes always resulted in the formation of individual
extended overlayers (Figs. 4 and 6a) or coexistence of metal-organic
networks differing in the value of structural index n (see Figs. 5 and
S3 of the Supplementary Data). It means that among factors directing
assembly of such complex patterns (surface coverage 6, composition of
the adsorbed overlayer, temperature T, etc.) prominent role plays en-
tropy of mixing.

Like in the case of low-structural index phases the topological
properties of successive hierarchical networks F, (where n > 4) also
change in a highly systematic, predictable way. For example, within the
openwork network F4 (ps = 0.437), the periodically distributed hexag-
onal nanopores o are interconnected by the molecular ladders with steps
formed by equispaced linkers A (A<A = 2+/3), while the coordinatively
saturated metal atoms create an irregular 3-uniform 3.4.6.4; 3342 36
tessellation (for more details see a magnified fragment of Fig. 5a).
Moreover, a characteristic feature of any flower-like heteroporous phase
F, (1 <n< ) are achiral rosettes comprising 3(n%-n) tripod molecules
B and 6T, trivalent metal atoms M, where T,, = 271(n? + n) is a n-th
triangular number, each (see the insets in Figs. 5 and 6). Each hexagonal
rosette r, is built of central nanopore a and six triangular domains
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separated by molecular ladders composed of aligned parallel rod-like
linkers A. The edges of a single triangular domain are composed of n
evenly distributed three-fold coordination nodes AB,M, its vertices are
nodal motifs ApBM, while T;, — 3(n — 1) elementary coordination nodes
BsM fill its interior. Moreover, the adjacent triangular domains
belonging to a single rosette r, are rotated by an angle of 60° with
respect to each other.

The gradually increasing content of the tripod ligands B in the
simulated metal-organic mixtures can lead also to the selective forma-
tion of extended high-structural index phases like those shown in Fig. 6a.
The openwork superstructure Fg (pe = 0.451) is composed of the huge
achiral hexagonal rosettes rg (bottom-right inset in Fig. 6), and charac-
terized by a rhombic unit cell (13v3x 13V3, 2 =60 /120°). Like in
the case of previously discussed overlayers (n < 6), the metal atoms
embedded inside of a defect-free network Fg are periodically distributed
and create repetitive lace-like pattern. The high structural integrity of
the above mentioned overlayer is also confirmed by the metal-metal
radial distribution function g(r), the diagram of which is shown in
Fig. 6b. Among many peaks corresponding to the subsequent metal-
metal coordination shells of the multilevel phase Fg, the most intense
is the second peak (r = 2v/3). This observation can be easily explained
based on the structural analysis of a giant rosette rg shown in the bottom-
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right inset in Fig. 6. Namely, its triangular domains comprise exclusively
interconnected three-fold coordination motifs BsM with intermetallic
distance M<M equal to 2v/3. In general, the relative intensity of the
second peak is strongly correlated with the size of triangular domains
building hexagonal rosettes of any homologous phase F,, and system-
atically increase with structural index n. On the other hand, the relative
intensity of the fourth peak (- = 31/3) in diagram 6b is correlated with
the total number of nanopores o (hexagonal rosettes rg) present within
the superstructure Fg, and systematically decrease with n. Therefore, in
the case of infinite phase F, the radial distribution peak located at r =
3V3is equal to zero (see Fig. 3c).

To conclude, based on the scalable properties of the successive metal-
organic phases F, (where n = 1, 2, 3, ...), their morphology (porosity,
connectivity, density p, composition of the unit cell, etc.) can be
described in detail using structural index n. Namely, the rhombic unit
cell of an arbitrary selected supramolecular network F, consists of two
adjacent triangular subunits (half-unit cells), has side length equal to
a, = d,(aa) =+/3(2n + 1) and contains a precisely defined number
of trivalent metal atoms M, rod-like linkers A, and/or star-shaped mol-
ecules B. The length of the shorter diagonal e of a rhombic unit cell of
phase F, is equal to its side length e, = a,, while the longer one takes
value g, = v/3e,. Therefore, the total area A of a rhombic unit cell of any
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Fig. 7. The influence of the structural index n, where 1 < n < 10 on (a) the total number of trivalent metal atoms M and bridging linkers (A and B) in a unit cell of
phase F,, (b) the total number of nanopores o,  and & in a unit cell of phase F,, (c) the relative density p* of the successive networks F, and (d) the absolute value of

the net potential energy ¢ per unit cell area A of the supramolecular network F,,.
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phase F;, can be written as a discrete function of the structural index A, =
2’1\/§aﬁ . The total number of trivalent metal atoms in a unit cell of
superstructure F, is a doubled sum of the subsequent natural numbers
from 1 ton, thatis M, =n’ +n. A very similar relation is also true for the
total number of tritopic molecules B present in a unit cell of periodic
network F,, namely B, = n® — n. The total number of linkers A in a
rhombic unit cell of phase F,, scale linearly with the structural index A,
= 3n (see Fig. 7a). Therefore, the stoichiometric ratio between the
components present in a unit cell of network F, is equal to M: B: A, =
(% + n): (n® — n): 3n. As it follows from this relationship, the molar
ratios between bridging linkers B and A present in the rhombic unit cells
of consecutive superstructures F,, make up an infinite arithmetic pro-
gression with the initial term equal to zero and a common difference r
between successive terms equal to r = 371, Due to the hierarchical
structure of the homologous overlayers F,, the total number and type of
empty nanopores (a, f, and 8) present in their unit cells are also corre-
lated with the structural index n. Namely, the total number of hexagonal
nanopores o within a unit cell of phase F, is constant o, = 1, the total
number of nanopores B is described by a quadratic equation p, = n? — 3n
+ 2, while the total number of empty cavities § is a linear function of the
structural index 5, = 3n — 3 (see Fig. 7b). Therefore, the total number of
nanopores present in a unit cell of phase F, is equal to the square of the
structural index o, + pn + &, = n? (additional morphology-structural
index relationships of multilevel phases F, are given in section 3. of
the Supplementary Data). Based on the determined dependencies it is
also possible to calculate the total number of free f, = 7n® + 9n + 3 and
occupied 6, = 5n + 3n adsorption sites in a rhombic unit cell of the
arbitrary selected hierarchical phase. Therefore, the density p of open
porous phase F,, can be written as a discrete function of the structural

index n in the following way p, = 20,[v3 aﬂfl. It means that the
density p of the hierarchically organized metal-organic phases is a
monotonically increasing function of a structural index n, that is p,
= 2(5n% +3n)[3v/3 (4n* + 4n + 1)]* (for more details see section 3.3 of
the Supplementary Data). The asymptotical analysis of this equation
leads to the conclusion that the lowest density p corresponds to the
single-walled network F; (p; = 0.342), while for the very large values of
the structural index (n — o), the density of homologous assemblies
asymptotically tends to the value, which is characteristic for a homo-
porous network F, (p,, = 0.481). The next parameter, which allowed us
to get a better insight into the structural properties of the flower-like
phases F,, is a relative density p*, defined in the following way:

o _Puii =P _ 8n® + 18n+38
T p, 204+ 723 4 8102 +27n

Pn

where p, and p,, + 1 are densities of the consecutive networks F, and F;,
1. As it is shown in Fig. 7c, their relative density p* decreases rapidly as n
grows. Moreover, only the first few openwork phases differ significantly
in terms of relative density p*, and for n > 6 the differences are almost
negligible. In this context, the selective formation of a single metal-
organic network F, with desirable value of structural index n becomes
more difficult when n grows. This conclusion remains in accordance
with the results of previous studies devoted to the surface-assisted for-
mation of multilevel assemblies [37,55,56].

Interestingly, as a discrete function of the structural index n, can also
be written fraction ¢ of the occupied adsorption sites in a unit cell of any
open porous phase F,, that is

6, _ 5n*+3n
o, +f, 12n2 4+ 12043

[

where o, stands for the number of occupied adsorption sites and f,
means the number of free (unoccupied) adsorption sites within a cor-
responding unit cell. Moreover, the parameter ¢ calculated for any
metal-organic network belonging to the homologous series F, a can be
linked with its density, that is ¢, = 27'v/3p,. Therefore, the extreme
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values of fraction ¢ can be easily calculated: lin}(pn = 0.296, and
n—

limg, = 0.417. Besides the morphological properties of the achiral

n—oco

multilevel phases, we also analyzed the energy-related aspects associ-
ated with their spontaneous formation. Namely, the total number of
anisotropic ligand — metal coordinate bonds in a unit cell of the metal-
organic phase F,, is a quadratic function of structural index n, that is 3n?
+ 3n. Therefore, the net potential energy ¢ per unit cell area of the su-
perstructure F, is equal to &, = 20(n® + n)[v/3 (4n? + 4n + 1)] "}, where
® = —1.0 is the potential energy of a single ligand — metal coordinate
bond (see Fig. 7d). Based on the asymptotical analysis of this formula, it
is clear that, among an infinite series of hierarchically organized over-
layers, the highest value of the absolute net potential energy € per unit
cell area corresponds to the homoporous network F, (Fig. 3a), for which
€0 = 0.289|w|. On the other hand, the least value of the absolute net
potential energy e corresponds to a honeycomb-like phase F; (see
Fig. 2a), for which the following relation €; = 0.889%,, is true.

3.3. Chiral heteroporous metal-organic networks

Encouraged by the results obtained for organometallic mixtures
described in the previous section, we performed additional calculations
for the adsorbed overlayers comprising prochiral linkers C, trivalent
metal atoms M and para-functionalized molecules A’ with a linear
backbone (A’ = A + one collinear segment). As we demonstrated in our
previous study the rod-like linkers A’ mixed with trivalent metal atoms
are able to assemble into ordered 2D nanomesh with spacious hexagonal
cavities [57] (see also Fig. S4 of the Supplementary Data). Therefore, we
expected that the metal-directed self-assembly of rod-like molecules A’
and prochiral molecules C could result not only in the formation a family
of flower-like metal-organic networks but also in the spontaneous in-
duction of their chirality. Importantly, our speculations have confirmed
the results of MC computer simulations. Namely, in the
three-component mixtures composed of achiral linkers A’, conforma-
tionally flexible ligands C and trivalent metal atoms M we observed the
formation a series of chiral polymorphic phases F, (see Figs. 8 and S5 of
the Supplementary Data), where n is the structural index, defined as the
total number of equidistant linkers A’, perpendicular to the line segment
connecting the centers of the neighboring nanopores o present within
network F,.

As illustrated in Fig. 8a, the (R)-chiral overlayer F, (p, = 0.397) is
characterized by a rhombic unit cell (v93 x 93, « = 60/120°)
composed of two triangular, centrosymmetric half-unit cells. A charac-
teristic feature of the above mentioned superstructure are hexagonal
rosettes r’2 build of centrally located nanopore o (37 adsorption sites)
and six adjacent empty voids A (8 adsorption sites), each. The metal
atoms embedded within continuous metal-organic network F, are
involved in the stabilization of three-fold coordination nodes A’5(rrr)CM
and create regular 2D pattern (see magnified fragment of Fig. 8a). The
shown in Fig. 8b polymorphic phase F; (p; = 0.399) shares structural
features characteristic to the open porous network Fz like modular
composition, size/shape of nanopores o and A, and multi-walled
arrangement of bridging linkers A’ (the metal-organic overlayers F,
and F, with the opposite chirality are shown in Fig. S5 of the Supple-
mentary Data). However, its chirality is more expressed due to larger
content of windmill-like conformers (rrr)C. Additionally, the globally
chiral superstructure F, is cemented by two types of three-fold coordi-
nation nodes A’,(rrr)CM and A’(rrr)CoM (differing in the stoichiometric
ratio between bridging linkers) and comprise additional star-shaped
nanopores y (4 adsorption sites), located at vertices of hexagonal
nanopores o'

As it is seen in Fig. 8c the high structural coherence of hierarchically
organized overlayers F, and F, is confirmed by calculations of the cor-
responding metal-metal radial distribution functions g(r). Diagrams of g
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Fig. 8. (a) A representative snapshot of the (R)-chiral metal-organic network FZ comprising 621 linkers A’, 207 conformers (rrr)C and 621 metal atom M ina 3: 1: 3
stoichiometric ratio. (b) The (R)-chiral phase F"3 comprising 474 linkers A’, 316 conformers (r7r)C and 632 metal atoms M in a ~ 3 : 2 : 4 stoichiometric ratio. In the
magnified fragments of the heteroporous networks, the rhombic unit cells are marked (solid red lines). The dashed red lines delimit triangular half-unit cells. The
periodicity of the metal-organic phases is highlighted by the differently colored nanopores: o' (chalk color), y (pale green color) and A (pink color). The solid black
lines connecting the neighboring metal atoms in the magnified fragments of the multi-walled networks represent small fragments of the irregular 1-uniform 3.4.6.4
and the irregular 2-uniform 3.4.6.4; 3342 tessellation, while the black dots indicate defining vertex points. (c) Comparison of the metal-metal radial distribution
functions g(r) calculated for the successive networks FJ2 and F3 at temperature T = 0.01. Selected intermetallic distances MM are marked with different colors
(black, purple, green, and light blue) and correspond to the individual peaks of the metal-metal radial distribution functions (color arrows).

(r) determined for the compared metal-organic phases are composed of
distinct peaks with fluctuating (but gradually decreasing) intensities
what is a clear manifestation of their crystalline structure.

The results presented in this section show clearly that the metal-
assisted self-assembly of rod-like linkers A’ and prochiral ligands C
can lead to the formation a series of chiral networks with scalable to-
pological properties like composition, connectivity, density p, nanopore

11

spatial distribution, ect. As it follows from Figs. 8 and S6 of the Sup-
plementary Data, the nanopore type, size and shape remains constant,
regardless of the structural index n of metal-organic phase F, (1 < n <
), whereas the interpore distance d(o'«<>a’) increases linearly with n. In
consequence, when n decreases the chirality of homologous phases F, is
gradually less expressed and it finally vanishes atn =1 (see Fig. S4 of the
Supplementary Data). In this context, the co(existence) of homologous
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supramolecular architectures made up of the same building blocks but
with significantly different morphology is possible in the discussed
adsorbed systems (see Fig. S6 of the Supplementary Data). Moreover,
the results of conducted MC simulations demonstrate that the con-
formationally flexible molecule C can be successfully used as a simple
prochiral agent inducing chirality in the mixed metal-organic overlayers
and offer a practical guide for rational fabrication of globally chiral
SMONSs (nanopatterned homochiral surfaces) with potential application
in chiral catalysis and enantioselective separation/recognition of
organic species.

4. Conclusions

In summary, we theoretically demonstrated that the metal-directed
coassembly of archetypical n aromatic ligands with distinct symme-
tries and different number of active centers (functional groups) can re-
sults in the spontaneous formation a family of openwork metal-organic
architectures with high structural complexity. Particularly, we observed
the coordination-driven self-assembly a homologous series of topologi-
cally non-trivial SMONs with a hierarchical structure, controllable
chirality, and scalable morphological properties. The structure-related
parameters of the obtained supramolecular architectures were deter-
mined algebraically as discrete functions of structural index n € N.
Moreover, their crystallinity was confirmed by the metal-metal radial
distribution function g(r) calculations. The modeled supramolecular
networks are not only aesthetically pleasing but also important for
cognitive reasons. Namely, the mononuclear metal centers incorporated
into their structure are arranged into non-trivial 2D tessellations (peri-
odic mosaics) and thus realize fundamental mathematical ideas of
Euclidean geometry. Furthermore, the real existence of the simulated
flower-like SMONs can be verified by the appropriately designed STM
experiments in UHV environment (for example with the use of easily
accessible pyridine ligands A(A’)-C, trivalent Fe/Co atoms and atomi-
cally smooth metallic substrates with 111 geometry). Moreover, we
hypothesise that the surface-assisted coassembly of halogenated de-
rivatives of molecular bricks used in our study (A and B, where G = Br,
1), can results in the formation a cascade of multilevel halogen-bonded
2D networks isostructural to those presented in our study. The
comprehensive computational investigations devoted to such exotic
molecular assemblies are ongoing in our laboratory.
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