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The confinement of molecular species in nanoscale environ-
ments strongly modifies the interaction pathways compared
to homogenous, three-dimensional (bulk) conditions. A new
field of chemistry featuring weak interactions, coordination
bonding, and covalent chemistry at solid surfaces has recently
emerged.'®! In particular, the combination of surface-con-
fined chemistry and scanning probe techniques with sub-
nanometer resolution allows immediate insights into molec-
ular self-organization processes on the nanometer level.
Extended monolayers of open, two-dimensional (2D) coor-
dination networks with high organizational periodicity, con-
trolled symmetries, and modular dimensionality have been
achieved by using designed, self-instructed molecular building
blocks."

The deposition of mixtures of precursor molecules has led
to more sophisticated architectures, mainly built on weak
intermolecular interactions!""! or weak interactions in
combination with coordination bonding, that is, hierarchical
motifs.'>1% The cooperative assembly of instructed mixtures
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of molecular bricks enables a high degree of structural control
and functionality, for example, the stability and ordering of
primary structures can be increased,™ or the dimensionality
and geometry of supramolecular structures can be
steered.'*!8l Observations of molecular-level self-recognition
and error correction have demonstrated collective dynamics
in surface-confined supramolecular systems.':!*!

A grand challenge in materials chemistry is the capability
to design adaptive materials, that is, to develop systemic
methods for tailored structure and function. To exploit the
opportunities of systemic chemistry, a detailed understanding
of the selectivity in the interaction mechanisms of molecular
mixtures, if possible by direct studies at the single-molecule
level, is of pivotal interest.

Herein, we report on the observation of supramolecular
selectivity in the simultaneous coordinative interaction of two
different molecular ligands, aromatic bipyrimidines and
dicarboxylic acids, with Cu and Fe atoms resulting in a self-
segregation into two distinct, surface-confined coordination
network domains. The random mixture of ligands and metals
separates into subdomains of pure bipyrimidine—-Cu and
carboxylate-Fe networks, while heteroleptic ligand combina-
tions, though feasible, are not observed. Each 2D coordina-
tion network exhibits a tetragonal geometry with metal atom
coordination nodes, but expresses unique molecular compo-
sition and spatial organization.

The molecular components PBP (5,5'-bis(4-pyridyl)(2,2'-
bipyrimidine)) and BDA (1,4'-biphenyl-dicarboxylic acid, see
Scheme 1) are co-evaporated in a 1:1 number ratio onto
a Cu(100) substrate at room temperature under ultra-high
vacuum (UHV) conditions. At this temperature, a diffusing
copper adatom gas is present at the Cu(100) surface, which
has been shown to be available for the formation of extended

coordinative
segregation

Cu(100)

Scheme 1. Representation of the linear, parallel readout of two coordi-
nation algorithms from the instructed mixture of two ligands and two
metal species confined on a Cu(100) surface.
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coordination architectures.'”* Subsequently, the temper-
ature is increased to 450 K and the second metal, zero-valent
iron, is deposited onto the “hot” substrate. The subsequent
annealing process serves multiple purposes: 1)it assures
deprotonation of the carboxylic acid groups of BDA, forming
carboxylate functionalities,??? 2) it enables effective rever-
sibility of preformed bonding interactions,™® 3) it provides
thermal energy to activate the less-stable bonds that would
otherwise lead to disordered or entropic structures, and 4) it
causes an increase in the mobility (2D diffusivity) of the
elementary building blocks. In consequence, the annealing
process dissolves initial, kinetic assemblies (usually disor-
dered and trapped by low mobility) and induces a dynamic
redistribution of the molecular building blocks PBP, BDA,
Cu, and Fe. The building blocks have sufficient mobility at
this temperature to sample available bonding sites, and the
system can thereby progress toward a thermodynamically
favored configuration.

The randomly distributed reaction mixture is allowed to
cool to room temperature, and supramolecular segregation
into subdomains is observed in high-resolution STM topo-
graphs (Figure 1a). The selective formation of two different
types of 2D coordination networks with distinct geometries
can be distinguished: 1) a highly regular network with
tetragonal symmetry exhibiting a pore size of 12 A (marked
by blue arrow, Figure 1a) and 2) a more flexible network with

1a) BDA+PBP+Fe+Cu/Cu(100) & ""‘
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Figure 1. a) High-resolution STM image of the self-assembly of PBP,
BDA, Fe, and Cu, starting from an initial random distribution of the
building blocks. The STM image displays two types of networks (room
temperature, 40 nmx 25 nm). Copper selectively coordinates with PBP
(blue arrow, model in (b)) and iron selectively coordinates with BDA
(white arrows, model in (c)). Color codes: Fe green, Cu yellow, N blue,
O red.
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larger cavities exhibiting between 20 and 25 A pore size
(marked by white arrows, Figure 1a).

The first network of smaller pore size forms large domains
with extensions of 200 to 400 nm?” and a lattice periodicity of
23 A (marked by blue arrow, Figure 1a). The observed
structure matches prior studies of PBP-Cu networks of
[Cu,(PBP),], constitution on the same substrate (see Fig-
ure 1b). Structurally, the network is constructed from
a three-fold coordination motif around the copper atoms.
Each copper atom is coordinated by three nitrogen electron-
donor atoms of PBP: two donor atoms coordinate as
bipyrimidine chelate of one PBP molecule, while the third
donor atom is the terminal pyridyl group of a second PBP
molecule (Figure 1b). The coordination sphere around the
copper atom can be described, within the limits of STM
resolution, as trigonal planar, but an additional metal-metal
contact to the underlying substrate cannot be excluded.?* The
charge state of the Cu center cannot be unambiguously
determined from the coordination geometry and character of
the ligating species, owing to the possible charge transfer to
and charge compensation by the underlying metal surface
(see the Supporting Information for further discussion of this
point).

The second network consists of coexisting structural
adaptations of an orthogonal BDA-Fe network (marked by
white arrows, Figure 1a), which has also been reported.®
This network is stabilized by Fe—O bonds to produce
a periodic [Fe,(BDA),], constitution, whereby dimeric iron
coordination centers are stabilized by two bridging p-carbox-
ylates. The coordination sphere is completed by two non-
bridging, monodentate carboxylates (see Figure 1¢). The
observed structural diversity is introduced by different
orientations of Fe-Fe axes on the surface. The dimeric
coordination motif has been proven to be robust in various
bis(carboxylate) systems with iron and cobalt.”>>*!

In principle, the non-bridging monodentate carboxylate
groups in the Fe-BDA motif can be replaced with pyridine
functionalities, which satisfy maximal site occupancy and
form stable coordination nodes at room temperature.””) We
reported recently a regular ladder-type architecture that is
based on this coordination motif, which is formed by a very
similar mixture, that is, iron, BDA, and linear polyphenyls
with endstanding 4-pyridines (ligands 1,4-bipyridyl-benzene
and, 4.4-bipyridyl-biphenyl), but no bipyrimidine back-
bone.['¥ That architecture is in strong contrast to the assembly
of the mixture here, where no heteroleptic coordination
networks were observed. Based on those prior experimental
results or simply looking at the local environment around the
Fe center, a heteroleptic mixture would be plausible. To
understand the segregation behavior, one must consider what
structure will be favorable for the overall thermodynamics of
the system.

The drastic difference in the assembly behavior here
(heteroleptic assembly vs. homoleptic segregation) can be
attributed to the presence of the bipyrimidine chelate, which
again accounts for the different stability of the homoleptic
assemblies of endstanding bipyridines and bipyrimidine
(PBP) ligands, respectively. While PBP forms a very stable
coordination network on its own,* 14-bipyridyl-benzene
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and 4,4-bipyridyl-biphenyl have only metastable homoleptic
coordination alternatives on Cu(100)'" and therefore are
easier integrated into a heteroleptic coordination architec-
ture.

From the point of view of systemic chemistry, the ligand
mixture PBP, BDA, Cu, and Fe can be considered as
a surface-confined programmed chemical system,”! which
enables subprogram processing of molecular information,
here readout of coordination algorithms under confined
conditions. In this sense, the pure Cu-PBP and Fe-BDA
networks represent the linear readout of the binding infor-
mation, while no evidence for a cross-over of the two ligand
subroutines, for example, a mixed Fe-BDA-PBP phase, is
observed.’)

To further understand the emergence of Fe-BDA and Cu-
PBP segregation, density functional theory (DFT) calcula-
tions were performed.’ To model the electrostatics of the
formed complexes under conditions near the metal surface,
surface screening was modeled within the image charge
model (see details of calculations in the Supporting Informa-
tion). The observed segregation can effectively be explained
by preferred stabilization of Fe' by coordination of the
deprotonated BDA ligand (under dimerization), while Cu' is
preferred by the neutral PBP ligand. Multiple combinations
of the four components in this study were considered in the
calculations. The calculations show that Cu bound to the BDA
ligand is always energetically unfavorable (by at least 1.5 eV)
when compared to the Fe"™-BDA combination. On the other
hand, the formation of Fe'-PBP would lead to a net +4
charge per unit cell; that charge is not likely to be stabilized
by means of surface screening. Here, the electron charge
transfer from the surface (owing to reported hybridization)?!
is instead expected to lead to Fe'-PBP, a system within the
same stability range as found for the Cu'-PBP couple.

In Table 1, we summarize some of the results of the
calculations for different possible combinations of binding
units on Cu(100) that could be achieved with the available
building blocks. More detail about these calculations is given
in the Supporting Information. Table 1 compares three
scenarios. The first is the interaction of Fe-BDA and
a separate structure of Cu—PBP, which is the experimentally
observed scenario. The second is the reverse combination:
Fe-PBP binding and Cu-BDA binding, neither of which are
observed in any control experiments. The third scenario is

Table 1: Calculated binding energies for three structural assemblies
(DFT, see the Supporting Information for details).

Structure Energy Note
[eV]
Fe'"-BDA and Cu'-PBP -11.9 experimentally observed
selectivity®
Fe'-PBP and Cu'-BDA -10.7 reversed pairing®!
Fe'-PBP-Cu'-BDA -9.2 bonding to produce

mixed phase®

[a] This row corresponds to the experimentally observed segregation
(Figure 1) and is found to be energetically favorable. [b] Second and third
rows consider alternative possibilities: opposite metal segregation or
a mixed phase (see Figure S2 in the Supporting Information).
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a theoretically identified heteroleptic structure that combines
all constituents (Cu, Fe, PBP, and BDA) within one network,
as illustrated in the inset of Figure S2 in the Supporting
Information. From Table 1 we see that DFT predicts that the
first scenario is energetically favorable, consistent with the
experimental result. Thus, parallel assembly of segregated
homoleptic domains is the most stable system according to the
DFT calculations.

Since STM measurements do not deliver direct chemical
information of the adsorbates, the mismatching coordination
pairs, BDA ligand with Cu atoms and PBP ligand with Fe
atoms, were separately investigated as control experiments. In
the first case, a pure molecular phase was formed without any
evidence of the BDA molecules coordinating to Cu adatoms
(Figure 2a, for further details see the Supporting Informa-
tion).””! Co-sublimation of the PBP/Fe pair on Ag(100)
elucidates the coexistence of two distinct 2D phases: 1) a
densely packed and well-ordered molecular phase of PBP

=
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Figure 2. STM images of three control experiments. a) Self-assembled
phase of BDA on Cu(100), with a molecular-model overlay

(9.5 nmx5.0 nm).®! The carboxylate moieties do not interact with Cu
adatoms. b) Self-assembly after deposition of PBP and Fe on Ag(100)
at room temperature (image recorded at 5 K, 49 nmx27.5 nm). Pure
molecular PBP phase (blue arrow) coexists with unordered clusters
(black arrow). c) Self-assembly of PBP and BDA on Cu(100) at room
temperature after annealing at 450 K. BDA islands form the same
structure as in (a; left side of image), while the PBP molecules
coordinate with Cu adatoms, as observed previously®”!

(32.5 nmx11 nm).
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(rows indicated by blue arrow in Figure 2b) and 2) disordered
Fe or Fe-PBP cluster agglomeration (black arrow in Fig-
ure 2b). This experiment was conducted on the Ag(100)
surface to avoid the presence of Cu adatoms, which are
present in a 2D lattice gas at room temperature on Cu(100)."
Both the formation of pure PBP domains based on weak
intermolecular interactions and of irregular iron clusters are
in strong contrast to the outcome of the self-organization
experiment of a PBP/Cu mixture on Ag(100) that generates
a highly ordered PBP-Cu architecture, which is the same
structure as observed herein on Cu(100) (for further details
see the Supporting Information).”” When no Fe is deposited
on the surface, the annealing of the mixture of BDA and PBP
ligands on Cu(100) at 450K results in the pure BDA
molecular phase and the Cu-PBP network phase, as shown
in Figure 2 c. Based on the behavior of the mismatching metal/
ligand pairs, it can be concluded that copper centers in the
PBP coordination network are not exchangeable with iron
centers and the iron centers not with copper in the BDA
coordination networks. In consequence, the molecular con-
stituents that form the segregated supramolecular arrange-
ments on the Cu(100) substrate can be unambiguously
assigned from the STM data.

The coordinative interactions Cu—PBP and Fe-BDA are
concluded here to be selective and thereby trigger segregation
into two different metal-organic networks with quantitative
yield. In the absence of the preferred coordination partner,
weaker intermolecular interactions are preferred over com-
plex formation with the mismatching metal species, thus
emphasizing the highly selective character of the observed
coordination motifs. Here, the network formation is purely
steered by coordination bonding, in contrast to the many
examples of cooperative assemblies (see introduction), where
very flexible weak intermolecular interactions were involved.

In conclusion, we have shown that an instructed mixture
of two ligands and two metal species, under surface-confine-
ment, leads to selective assembly according to the coordina-
tion algorithms, thereby enabling the functionalization of
surfaces with multiple independent supramolecular assem-
blies with distinct architectures and coordination chemistry.
The systemic knowledge of how molecular components
construct nano-architectures from complex, but instructed
metal-ligand mixtures, sets the basis for establishing surface-
confined coordination chemistry as an efficient, low-cost,
bottom-up nanostructuring technique.

Experimental Section

The experiments were conducted in an ultra-high vacuum chamber
(ca. 2 x 107" mbar) equipped with a home-built variable-temperature
scanning tunneling microscope. The Cu(100) and Ag(100) samples
were prepared by repeated cycles of sputtering with Ar* ions and
annealing at 850 K. The molecular component BDA was purchased
from Sigma-Aldrich (purity 97 %), and PBP was synthesized follow-
ing published protocols.”®) The molecular powders were sublimed
from quartz crucibles at 490 and 465K for BDA and PBP,
respectively, resulting in about 8% of a monolayer (relative to the
respective molecular phase). Subsequently the substrate was
annealed to 450 K and atomic iron (purity 99.9% ) was evaporated
onto the hot substrate by using an electron beam evaporator. The
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STM topographs were acquired at 298 K, except for Figure 2b, which
was recorded at 5 K.
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