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Metal coordination assemblies of the symmetric bi-functional
4,4'-di-(1,4-buta-1,3-diynyl)-benzoic acid are investigated by scanning
tunnelling microscopy on metal surfaces. The formation of long-range
ordered, short-range disordered and random phases depends on
the competition between the convergent and divergent coordina-
tion motifs of the individual functional groups and is crucially
influenced by the substrate.

Molecular self-assembly at surfaces has become an area of intense
research. Its increasing popularity is largely attributed to the real
space imaging capability of scanning probe techniques with single
molecule resolution. The main interest lies in the understanding of
self-assembly phenomena of complex systems with future prospects
for molecular electronics, heterogeneous catalysis, and molecular
templates among other topics."

A variety of fascinating and complex self-assembled motifs
have been observed. These are essentially the result of several
competing interactions between the components as well as the
chemical coupling of the adsorbates to the supporting surface." ™
In general, convergent assemblies with a regular periodic structure
in the thermodynamic limit are sought. Hence, the investiga-
tion of model systems can provide fundamental insights into
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the thermodynamics and kinetics of complex multicomponent
systems.>*'2™*> Pparticularly, apart from long-range ordered
networks,*' short-range disordered® and random systems®®
are of interest due to the possibility of direct visualization of
basic structural units at the molecular level and their correla-
tion with the molecular geometry.

The employed substrate also plays an important role in the
self-assembly process." It generally confines the adsorbates to the
surface plane and puts constraints on the molecular adsorption
geometries, which leads to the well-known templating effects." Further-
more, charge transfer from the substrate can alter the electronic states
of the adsorbates and thus their physical properties.*®

In this communication we show that the activation of the
coordination chemistry of an additional alkynyl functional group of
the symmetric, bi-functional organic ligand 4,4’-di-(1,4-buta-1,3-
diynyl)-benzoic acid (1, see Scheme 1) leads to a crossover from
long-range ordered convergent coordination assemblies to divergent
short-range disordered or even random coordination structures with
Fe, Ni or Cu adatoms on metal surfaces. The results highlight the
crucial role of the substrate in supramolecular self-assembly as it
influences the resulting energy landscape of the competing interac-
tions between the distinct functional groups and mediates their
selective activation and incorporation in the binding motifs.

Fig. 1 shows ordered coordination network structures of 1
on Au(111), Ag(001) and Cu(001) substrates prepared via thermal
evaporation of all components on a clean substrate and imaged
using a scanning tunnelling microscope (STM) operated in an
ultrahigh vacuum at room and low temperature (5 K), respectively.t
The homoleptic coordination networks display both long and short-
range order regardless of the employed substrate. Simultaneous
deposition of Fe or Ni together with 1 on Au(111) at elevated
temperatures results in the formation of fully reticulated
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Scheme 1 Chemical structure of the molecule used within this study (1).
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Fig. 1 (a) Fe-1and (b) Ni-1 fully reticulated network structures on Au(111)
(metal atom : 1 ratio 1:1). The same Fe-1 networks can also be obtained on
(c) Ag(001) and (d) Cu(001) substrates. Models for each structure are
shown in the corresponding bottom panels. Structures were obtained by
simultaneous deposition of metal atoms and 1 at 450 K on the substrates.
Images acquired at 5 K (a, b) and 300 K (c, d). Scale bars are 5 nm.

coordination networks based on the Fe- and Ni-carboxylate
coordination motif, respectively (Fig. 1a and b). In particular
the Fe-1 networks show a high degree of structural adaptability
on the Au(111) surface, which is also present on Ag(001), see
Fig. 1c.'® This is enabled by the conformational flexibility of 1
which arises from partial re-hybridization of the alkynyl moiety
in contact with the metal substrate.'® On the Cu(001) surface, the
Fe-1 network structure is only poorly formed. Here, Fe-carboxylate
coordination still dominates the network assembly but secondary
binding motifs involving additional heteroleptic Cu coordination
(see below) between the carboxylate and butadiynyl moiety are also
observed (see Fig. 1d). As a consequence a variety of locally distinct
binding motifs are recognized; the most prominent ones include
incorporation of additional molecules into Fe-1 network cavities,
i.e. a side-on binding of 1 to the butadiynyl group facilitated by Cu
coordination. This binding multiplicity triggers complexity in the
system by inducing structural disorder.

The influence of the finite coupling of 1 to the substrate is
revealed in the detailed comparison between the Fe-1 networks
on the Au(111) and Ag(001) substrates (¢f. Fig. 1a and c). While
convergent coordination assemblies with strict periodic order
can be achieved on the square lattice Ag(001) substrate employing
the slow and incremental growth procedure (see Fig. 1c), the
network on the threefold symmetric Au(111) substrate with the
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preserved herringbone reconstruction necessarily displays a cer-
tain degree of disorder on the local scale (Fig. 1a). A more striking
difference in the structure formation on the Au(111) and Ag(001)
substrates is revealed in networks with Fe: 1 ratios differing from
1:1. Fig. 2a portrays a Fe-rich 2:1 structure on Au(111) in which 1
and Fe form densely packed one-dimensional chains. The internal
ligand flexibility appears to be essential for obtaining this structure as
evidenced by the bent shape of several ligands. The ligand’s bent
conformation also indicates that excess Fe adatoms may participate in
coordination interactions with the alkynyl moieties within the mole-
cular rows. On Ag(001) an increase in the Fe:1 ratio to 2:1 leads to
the formation of the square network shown in Fig. 1c and excess Fe
clusters on the substrate. At the Fe deficient 2:3 ratio a ladder-type
structure forms on Ag(001) as shown in Fig. 2b which possesses long-
range order only in the direction of the molecular double-rows. These
are connected via highly flexible molecular linkers that can adapt to
the misalignment of adjacent double-rows. On Au(111), however, we
observe the coexistence of the square network (Fig. 1a) and domains
of the non-coordinated molecular phase. Thus, both structures shown
in Fig. 2 are unique for the given substrate highlighting its non-
innocent role in the self-assembly process while the open square
networks shown in Fig. 1 form on all considered substrates.

Fe and Ni atoms in the coordination structures grown on the
Au(111) surface exhibit low affinity to coordinate to the central
butadiynyl group of 1."” Hence, apart from their flexibility, the
alkynyl groups are not involved in the network formation.
Although the change of substrate for the Fe-1 networks can lead
to unique substrate dependent structural motifs as shown for the Fe
rich and deficient structures on Au(111) and Ag(001) surfaces in
Fig. 2, the Fe-carboxylate bonding motif prevails throughout all
structures. This situation is changed on the Cu(001) surface, where
the butadiyne group becomes coordination active via the involve-
ment of Cu adatoms.'® The coordination bonding is clearly evident
by the bent conformation of 1 deposited on the Cu(001) substrate as
shown in Fig. 3. The Cu adatoms that are imaged as bright spots
near the centre of the molecular backbone coordinate to an alkynyl
group at the concave side of the bent ligands yielding a structural
motif tentatively presented in Fig. 3b. A chiral network pattern is
obtained, where the central chiral coordination units (see model in
Fig. 3b) are closely packed together possibly via attractive carboxylate

Fig. 2 (a) Fe-rich row phase on Au(111). Fe:1 ratio 2:1. (b) Fe-deficient
double-row structure on Ag(001). Fe:1 ratio: 2:3. Structures were
obtained by simultaneous deposition of Fe and 1 at 450 K. Images acquired
at 5 K. Scale bars are 5 nm.
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Fig. 3 (a, b) Ordered phase of 1 on Cu(001). Molecules were deposited at
300 K and subsequently annealed at 450 K for 5 min. (b) Blue spheres
indicate some Cu adatoms. Images acquired at 300 K. Scale bars are 5 nm.

hydrogen bonds. Despite the relatively strong conformational
change and the emergence of a heteroleptic coordination motif
of 1, which usually lead to disordered structures,"* long-range
ordered supramolecular domains evolve.

The cooperating Cu-carboxyl and Cu-alkynyl bonding in the
1/Cu(001) system suggests that the network topology can be
steered by the respective activation and strength of the two
available coordination modes. Altering the bonding affinity and
strength is generally achieved by the choice of the metal coordina-
tion centre, but can also be influenced by the ligand-surface
interaction and hence the nature of the substrate as demonstrated
here. For the first route, Ni atoms show similarly to Cu high
affinity to form bonds with both carboxyl and alkyne functional
groups.'® However, on the Au(111) surface the Ni adatoms only
interact with the carboxyl moieties and form regular networks with
1 similar to Fe, see Fig. 1b. In contrast, on the Ag(001) surface
Ni was reported to coordinate also to the alkyne moiety.'®
Fig. 4a shows that Ni-1 networks involving coordination also
at the alkynyl groups can be grown on Ag(001). Here, Ni engages
in heteroleptic coordination motifs with both carboxylate and
alkynyl groups. As a consequence the molecule bends upon
alkynyl coordination resulting in strongly distorted L-shaped
chiral ligands with lower symmetry than their Cu analogues,
which appear symmetrically bent. The number of possible
binding motifs increases with the low-symmetry ligand shapes
and possible interaction pathways.'' In combination with a

Fig. 4 Disordered Ni-1 coordination networks on Ag(001). Ni was depos-
ited on 1/Ag(001) at 430 K (a) and additional deposition of 1 and annealing
at 430 K resulted in (b). Images acquired at 300 K. Scale bars are 5 nm.
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high degree of flexibility of the individual components this
results in divergent coordination assemblies with polymorphic
coordination motifs that are close in energy and may render the
observed disordered networks thermodynamically stable.”
No significant changes were observed upon annealing up to
460 K, the temperature at which molecular decomposition
starts. Only at low Ni concentration the L-shaped ligands are
absent and ordered domains resembling locally the Cu-1 mole-
cular domains (except for translation symmetry)” were observed
that are trapped inside larger disordered networks or molecular
phases (Fig. 4b).

The disordered phase evolves from the ordered deproto-
nated phase of 1 after Ni deposition at an elevated temperature
of 430 K. As presented in more detail in the ESI,{ the coordina-
tion motifs include predominantly the alkynyl group (90-98%);
moreover, a relatively large portion of hydrogen bonds is
still found within the disordered coordination network. The
dominant coordination modes incorporating single Ni atoms
comprise one alkynyl and either one or two carboxylate groups.
Taking into account only binding motifs in which all molecules
include Ni-alkynyl coordination, three main structural units
containing 3 or 4 molecules with a Ni: 1 ratio of 1: 1 (see Fig. 5)
are found. Neither of these modes can be combined to form a
long-range ordered lattice on the surface.

The Ni-1 structures obtained on the Ag(001) surface are in marked
contrast to the Au(111) surface. The Ni-alkynyl interaction is
quenched on the Au(111) surface’” and consequently long-range
ordered Ni-1 coordination networks expressing Ni—carboxylate motifs
similar to Fe-1 ones are found for the same preparation conditions.
Thus, the Ni-alkynyl interaction depends strongly on the electronic
hybridisation of the ligand with the surface, since the Ni adatoms are
expected to behave very similarly on the two metal supports.'® We
assume that the organic molecules hybridise more strongly with the
Ag(001) surface and that 1 on Au(111) represents a weakly interacting
case."® This is even more surprising because Ni-alkynyl interactions
are well-known in coordination compounds.'® Furthermore, the
comparison between Ni-1 and Cu-1 networks grown on the
Ag(001) and Cu(001) surface, respectively, hints that the strength
of the coordination bonding between the metal adatoms and the
alkynyl moieties also has a dramatic effect on the overall network
formation. While the Cu-1 domains exhibit long-range order
presumably due to a rather weak coordination of Cu atoms and a

Fig. 5 (a—c) Dominant structural units observed in Ni-1 1:1 coordination
networks on Ag(001) and (d—f) corresponding tentative models, respectively.
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symmetrically bent ligand, the strong binding of Ni to the
butadiynyl backbone that leads to L-shaped ligands with lowered
symmetry results in both the suppression of long-range order
and occurrence of random networks. This demonstrates that
disorder can occur in systems in which several equivalent
asymmetric binding motifs are possible, where also the registry
of the substrate cannot favour a structural motif.

Non-reversible coordination bond formation generally causes
an increased tendency to form non-periodic assemblies.”’*2°
In addition, the Ni-alkynyl coordination gives rise to multiplicity
by the emergent stereochemistry of the diverse Ni-1 conformers
introducing disorder into the assembled structure that cannot be
cured by post-annealing treatments.>”"®> Thus random coordina-
tion assemblies can occur,” for which the possible thermodynamic
stability stems from the large entropy associated with the bond/
linker flexibility.'* However, to discriminate whether the observed
disordered structure is kinetically trapped (glass-like) or thermo-
dynamically stable, detailed theoretical calculations of the different
binding modes are required.

In conclusion, our results demonstrate that the underlying
substrate plays a crucial role in the formation of all observed
coordination structures as the chemical hybridisation of the
ligand activates or suppresses particular coordination motifs.
The alkynyl functionality shows a high degree of flexibility in
contact with the metal substrate, which allows the formation of
unique network structures for each substrate. Furthermore, the
coordination of Ni atoms with the central butadiyne group results in
a strong bending of the molecule, however, the chemical coupling of
1 to the supporting surface can enable (Ni-1/Ag) or quench (Ni-1/Au)
Ni-alkynyl interaction resulting in random or ordered networks,
respectively. Hence, by balancing the strength of interactions via
metal adatom and substrate-controlled activation of particular func-
tional groups a particular ligand system 1 can be switched between
convergent and divergent 2D assemblies.
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