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ABSTRACT: Surface-confined molecular networks can serve as templates to steer o
the adsorption and organization of secondary ligands, metal atoms, and clusters.
Here, the incorporation of Ni atoms and clusters into open two-dimensional
robust metal—organic templates self-assembled from butadiyne dibenzoic acid
molecules and Fe atoms on Au(111) and Ag(100) surfaces is investigated by
scanning tunneling microscopy. The metal substrate plays a crucial role in the
interaction of Ni atoms with the metal—organic host networks. On Ag(100) the
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metal—organic template steers the growth of Ni clusters underneath the network

pattern near the central butadiyne moiety. In contrast, on Au(111) Ni interacts preferentially with the benzene rings forming
size-limited clusters inside the network cavities. Thereby, on both surfaces Ni clusters consisting of a few atoms with both high
areal density and thermal stability up to 450 K are realized. The Ni-functionalized networks enable the coordination of additional
molecules into the open structures demonstrating the utilization of selective interactions for the assembly of multicomponent

architectures at different organizational stages.

B INTRODUCTION

The self-assembly protocols developed in the field of
supramolecular chemistry are widely employed to engineer
complex molecular architectures and materials with tailored
properties. > In particular, bulk metal—organic frameworks
(MOFs) and other porous compounds are highly versatile
materials®'? that can be utilized, e.g, for gas storage13 or
heterogeneous catalysis.14 Only recently, the interest has shifted
also toward MOF films, thereby expanding and enhancing their
applicability to membrane separators, chemical detectors,
optical applications, and quartz crystal microbalance devi-
ces.">'® In the two-dimensional limit, metal—organic architec-
tures as well as hydrogen-bonded networks confined to single-
crystal metal surfaces have been intensively studied for gaining
fundamental insights into the substrate governed self-assembly
phenomena'” ™" as well as to investigate their potential in the
fields of surface patterning,®® catalysis,”’ and organic-based
magnetism.22

Functionality in materials is often achieved by incorporating
particular molecular or inorganic components into the
framework that do not necessarily serve as building blocks in
the primary structure. First, a robust framework and template is
constructed with suitable lattice structure, porosity, and well-
defined anchoring sites, followed by the incorporation of
functional units at a higher organizational stage.®**™*° At
surfaces, molecular networks were tested for their suitability to
serve as host—guest systems*® and as templates to steer the
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adsorption and organization of secondary ligands® and metal
atoms and clusters.>”?® However, the thermal stability of the
latter proved to be challenging. Further, the metal decorated
networks and templates have so far not been used to
incorporate ligand molecules at a second stage of organization.

Here, we demonstrate the selective incorporation of Ni
atoms and clusters into two-dimensional metal—organic
templates on Ag(100) and Au(111) surfaces that allows to
coordinate additional molecules into the open structure. The
host coordination network self-assembles from bifunctional
ligands (4,4'-di(1,4-buta-1,3-diynyl)benzoic acid (BDBA),
Figure 1) and Fe atoms and provides a robust and flexible
matrix.”® Scanning tunneling microscopy (STM) reveals the
selective interaction of Ni atoms with the Fe—BDBA network.
Depending on the substrate, Ni atoms decorate either the
benzene rings (Au) or the butadiyne moiety (Ag) of the ligand,
while the network remains thermally stable up to 450 K. The
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Figure 1. Molecular structure of the BDBA ligand.
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Figure 2. Representative STM images acquired after Ni deposition at 300 K on the Fe—BDBA network on Au(111). (a) Typical Ni-induced features
near the benzene rings (blue circle, solid square) or entire BDBA (dotted square) are highlighted. (b) High-resolution image of the decorated
benzene rings with superimposed BDBA model. (c) The average profiles (with 1o error bars) corresponding to the line colors in (a). (d) High-
resolution image of a filled cavity. (e) Upon annealing to 385 K only the filled cavities remain. (f) Model of possible binding sites of the Ni atoms to
BDBA. Acquisition parameters: 5 K, 1 nA, —0.2 V (a, b) and 5 K, 1 nA, +0.5 V (d, e). Scale bars: 5 nm (a, e) and 1 nm (b, d).

striking difference in the Ni binding behavior reveals that
besides selective Ni—ligand interactions also the substrate-
dependent Ni atom diffusion processes play a role in the
network functionalization. The incorporation of additional
ligands into the network cavities coordinating to Ni atoms
enables the assembly of robust architectures at different
organizational stages.

B EXPERIMENTAL METHODS

All experiments have been carried out in two separate UHV
chambers (base pressure ~2 X 107* Pa) hosting a homemade
variable-temperature STM and a low-temperature STM (S K)
and standard tools for preparation of well-defined metal
surfaces.

Clean Ag(100) and Au(111) surfaces were prepared by
cycles of Ar" sputtering and annealing to 800 K, followed by a
slow substrate cooling to room temperature. The metal—
organic networks were prepared by simultaneous deposition of
Fe atoms and BDBA molecules on the substrate held at 450
K* The BDBA molecules were deposited by thermal
evaporation from a quartz crucible held at the temperature of
560 K and metal atoms using a standard e-beam evaporator
(Omicron EFM3) at a flux current of 1 nA. During the
deposition (5—15 min) the pressure was lower than 2 X 1077
Pa. Ni atoms were deposited by a second e-beam evaporator on
the substrate held at room temperature (300—305 K). The
samples were then directly transferred to the respective STM.

The STM images were acquired either at room temperature
or 5 K using electrochemically etched tungsten tips with a
sample bias in the range from —1.0 to +1.2 V and tunneling
currents ranging from 0.06 to 1.0 nA.

For the synthesis of the BDBA ligand we refer to ref 29.
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B RESULTS

Recently, we have demonstrated the formation of extended
Fe—BDBA coordination networks on both Ag(100) and
Au(111) surfaces, showing a high degree of structural flexibility
and adaptability. The preparation and the properties of these
networks are described in detail in ref 29. In brief, Fe adatoms
and BDBA ligands form fully reticulated networks on Ag(100)
and Au(111), in which Fe dimers coordinate to the carboxylate
groups of four BDBA ligands. The rectangular arrays show the
ability to adapt to surface defects and extend over multiple
surface terraces exhibiting a high robustness and structural
integrity of the network. The findings are ascribed to the high
flexibility of the central BDBA butadiyne moiety. Further, the
iron atoms interact exclusively with the carboxylate oxygen
atoms leaving the butadiyne moiety virtually free, which serves
as anchoring sites for transition metal atoms with high -
electron affinity, e.g,, Ni. The Ni atoms can be utilized to bind
additional ligands and functional units to the host network.
Further, low-valent Ni atoms are potential active sites for CO,
conversion.>

Ni Decoration of Fe—BDBA on Au(111). Figure 2
presents STM images of the Fe—BDBA network on Au(111)
after subsequent nickel deposition at room temperature
followed by cooling to 5 K. The BDBA ligands appear as
dumbbell-like protrusions with an apparent height of 1.51 +
0.04 A at the benzene ring and 1.31 + 0.04 A at the center of
the molecule, which is independent of the applied bias voltages
(from —1.0 to +1.2 V). Upon Ni deposition the following
features are identified in the STM images: (1) decoration of the
benzene rings and (2) partial or complete filling of the network
cavities.

The blue circle in Figure 2a marks a small protrusion at the
benzene rings with an apparent height in the range 1.9-2.1 A.
The high-resolution image depicted in Figure 2b and the
averaged line profile (blue) in Figure 2c reveal a small
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Figure 3. STM topographs of a Fe—BDBA/Ag(100) coordination network after Ni deposition at room temperature (a, ¢, and d) and after
subsequent annealing to 450 K (e). (a) Red circles mark BDBA ligands with a pronounced depression at their centers (w-BDBA). (b) Average
profiles of pristine and w-BDBA marked by color-coded lines in (a) with 16 error bars. The magnified images (c) and (d) show the observed features
in greater detail with the superimposed molecule model. (e) Only the @-BDBA features remain after annealing to 450 K. (f) Line profile of a Ni
atom embedded in the first Ag substrate layer. (g) Proposed trapping site of Ni atoms underneath the ligand molecules. Acquisition parameters: S K,
1 nA, +0.5 V (a, e), +0.7 V (c), and +0.2 V (d). Scale bars: 5 nm (a, e), and 1 nm (c, d).

asymmetry with respect to the long axis of the ligand. The
somewhat larger features (marked by a green square in Figure
2a) have an apparent height of 2.2—2.5 A, and their appearance
extends from the benzene ring further to the center or over the
entire molecule. The corresponding line profile (green) is
shown in Figure 2c. We attribute all of these analyzed features
to the presence of Ni atoms and small clusters which bind to
the organic backbone of the network (see below).

Figure 2d shows a high-resolution image of a filled cavity,
which apparent height of 2.0—2.6 A at the center is close to the
apparent height of Ni clusters on the bare Au(111). The
position of the filled cavities correlates with the elbow sites of
the herringbone reconstruction, which remains intact under the
network (see Supporting Information for details).

Annealing to 385 K leads to the removal of the small features
at the organic backbone, and only completely filled cavities
remain within the networks (Figure 2e). After this treatment,
the filled cavity interior shows a uniform height that
corresponds to the formation of Ni islands with a height of
monatomic Ni layer (2.1-2.4 A).

Ni Decoration of Fe—BDBA on Ag(100). The incorpo-
ration of Ni atoms into the Fe—BDBA network on Ag(100)
after deposition at room temperature followed by sample
cooling to 5 K is illustrated in Figure 3. The apparent height of
the pristine BDBA ligand on the Ag(100) surface is 1.01 & 0.01
A at the benzene ring and 0.93 + 0.01 A at the center. The
following changes upon Ni deposition are observed: (1)
lowering of the central part of the BDBA molecule, (2)
appearance of protrusions near the ligands, and (3) filling of the
network cavities.

The red circles in Figure 3a mark a large fraction of BDBA
molecules (termed w-BDBA) that display a bias-independent
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apparent height of 0.88 + 0.07 A at the benzene ring and 0.53
+ 0.05 A at the central part of the ligand. The corresponding
averaged line profiles are plotted in Figure 3b. The variation of
the w-BDBA profile is considerably larger compared to the
pristine ligand, suggesting that a range of distinct configurations
contribute to the appearance of the w-BDBA molecules. The
high-resolution images presented in Figure 3c,d reveal that
some of the BDBA molecules display an asymmetry along the
long axis with one benzene ring being lower than the other.
Further, the apparent height at the center of the molecules can
be as low as 0 A. We attribute the dark features to Ni atoms
residing underneath the molecules (see below).

Figure 3a shows additional relatively large protrusions with
measured heights in the range of 1.4—2.2 A that are tentatively
attributed to metal clusters. These features are predominantly
located near the central part of the ligands, and only a minority
of clusters is found near the benzene rings. Also on Ag(100)
some of the network cavities are completely filled with an
apparent height of 2.05 A that matches exactly the Ag substrate
step height. As will be discussed below, both clusters and
islands are composed of Ag atoms. Apart from the decoration
of the network, rectangular metal ad-islands were found on the
bare Ag surface (see Supporting Informmation for details).

Annealing to 385 K leads to a reduced amount of clusters
decorating the network and an accompanied increase in the size
of the metal ad-islands on the bare surface. Further annealing to
450 K removes nearly all cluster features inside the network
with only w-BDBA features remaining at the same abundance
(Figure 3e).

Binding Guest Molecules into Ni-Functionalized
Cavities on Ag(100). The applicability of the Ni-function-
alized Fe—BDBA/Ag(100) networks for the hierarchical
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Figure 4. (a) STM image taken at room temperature shows the Ni-decorated Fe—BDBA/Ag(100) network before the deposition of additional
BDBA molecules; the main features—®-BDBA molecules and Ag clusters—are highlighted by red circles and yellow arrows, respectively. (b) Upon
BDBA deposition (310 K), the additional BDBA molecules are bound into the cavities as highlighted by circles. The orange and yellow circles
highlight accommodated BDBA molecules that point to a network node or to the center of a cavity molecule involving the bending of the guest
molecule, respectively. Note that the Ag clusters are still present as marked by an arrow. (c) Tentative model of the BDBA bound into the cavity.
Acquisition parameters: 300 K, 0.07 nA, —1.0 V (a) and 0.09 nA, —0.9 V (b). Scale bars: S nm.

assembly of multicomponent architectures is demonstrated by
binding additional BDBA molecules into the cavities. Upon
subsequent deposition of BDBA onto the Ni-decorated
networks at room temperature (see Figure 4a), the molecules
are bound into the cavities as depicted in Figure 4b. The guest
BDBA molecule binds predominantly to the central butadiyne
groups at the opposite sides of the cavity (see red circles in
Figure 4b and scheme in Figure 4c). The accommodated
BDBA molecules can also point to a network node or to the
center of adjacent ligands of the cavity involving the bending of
the guest molecule (marked by orange and yellow circles in
Figure 4b, respectively). For steric reasons the ligands
preferentially arrange parallel to the long side of the cavity.
The accommodation of additional molecules was not observed
for the plain Fe—BDBA network.

H DISCUSSION

A number of distinct explanations for the nature and positions
of the observed adspecies can be presented since a delicate
interplay of a variety of mutual interactions and surface-related
processes contributes to the resulting structure. On the bare
substrate the surface diffusion and island nucleation may be
altered by the interchange of incoming Ni metal atoms with
atoms from first substrate layer (see Supporting Information for
details). Besides reactive sites related to the substrate, e.g., step
edges and heteroatoms embedded in substrate, the molecular
networks, i.e., butadiyne group, phenyl rings, and coordination
nodes, additionally modify the adatom diffusion. Moreover, the
observed features are not necessarily the thermodynamically
most stable ones because all above-mentioned processes are
thermally activated. All these processes should be taken into
account in order to reach a coherent and consistent
interpretation of the experimental results. We start the
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discussion by considering the surface diffusion processes of
Ni adatoms on the surfaces.

The distinct observations in the incorporation of Ni into the
networks on the Au(111) and Ag(100) substrates can be
understood by taking into account also the elementary
processes for Ni atoms on the bare surfaces. On the Ag
surface, Ni atoms exchange with the substrate atoms, assuming
their thermodynamically most stable position within the first
layer.*"** The associated activation energy amounts to only
~0.3 eV, enabling the exchange process even at low
temperatures (~130 K).>* The surface diffusion of Ni atoms
proceeds via an exchange diffusion mechanism within the
topmost Ag layer®* that can be assisted by Ag adatoms (from
the exchange process) binding to the embedded Ni atom (Ni—
Ag pair).>' Ni atoms migrate in the first substrate layer and
form islands, following the standard nucleation and island
growth model.*

The situation changes by the presence of the Fe—BDBA
network on top of the surface. Here, the mobility of the Ni—Ag
pair is spatially limited to the network cavity. The apparent
depth of ~0.4 A associated with a single Ni atom (see
exemplary profile in Figure 3f and Supporting Information for
details) matches closely the lowering of the central part of the
@-BDBA molecules. Since no excessive segregation of Ni-
related islands was observed on the bare surface, and no
features were found within the exposed surface area of the
cavities, we propose that the Ni atoms reside directly below the
butadiyne group. During the diffusion process the Ni atoms are
attracted by the high electron density of the alkynyl group,
thereby breaking the Ni—Ag pair. Already a weak Ni—butadiyne
attraction raises the diffusion barrier for the Ni atoms, which
increases the residence time of the Ni atoms in the vicinity of
the butadiyne moiety and consequently enhances the
probability to form a stable nucleus by trapping a second Ni
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atom. Figure 3g illustrates the proposed geometry of the Ni
nucleus. Its stability is enhanced by the absence of Ag adatoms
assisting the Ni diffusion. The differences and variations in the
measured heights of the ligands are thus ascribed to the number
and geometry of Ni atoms below the molecules. In the
proposed configuration, the Ni atoms could not be
incorporated oxidatively by rehybridization of the alkynyl
bonds since this would lead to a strong upward bending of the
ligand.*’~*' Therefore, we expect a rather weak nonoxidative
binding between Ni and BDBA.**

To accommodate the additional BDBA into the cavity as
shown in Figure 4b, we presume that the Ni atom is lifted again
above the surface. The energy 4§ain from the formation of
coordination bonds (~1.2 eV)* is much higher than the
energy expense (~0.4 eV) needed for lifting the embedded Ni
atom.

Apart from the butadiyne moiety, the benzene rings also
possess m-electron density, and the Ni atoms can be localized
there. The benzene rings show a decrease in the apparent
height of 0.13 + 0.08 A for the w-BDBA ligands, which
suggests the presence of Ni atoms below the aromatic rings.
However, a reduced height of the benzene rings was always
accompanied by a significantly lowered central part of the
molecules. Thus, we infer that the presence of Ni atoms under
the aromatic rings is a result of the continuing growth of the Ni
clusters and that the benzene rings do not serve as primary
nucleation sites.

The stability of the Ni functionalized network at temper-
atures exceeding 450 K is significantly higher compared to
previous reports, in which Co and Fe decorated networks start
to collapse above 250 K.*” Since every molecule in the network
acts as a nucleation site for Ni atoms, the resulting pattern
shows a mean Ni cluster distance of 2 nm corresponding to an
areal density of 4 X 10" clusters/cm”. Besides the organic
templates,””*® other patterning methods can be employed to
steer the cluster growth with comparable areal cluster density.
These include the use of surface strain relief patterns,* surface
oxide templates,***’ or graphene Moiré patterns.* However,
only the last two approaches also show appreciable cluster
stability above room temperature.”™”

The trapped Ni atoms and clusters can serve as a template
for the growth of metal clusters of a third kind as demonstrated
by the presence of Ag clusters. These Ag adatoms originate
from the Ni—Ag exchange process and aggregate close to
embedded Ni atoms inside the networks or on the bare surface.
The room temperature stability of the Ag clusters is traced back
to their appreciable binding energy of 0.59 eV in the vicinity of
an embedded Ni atom. This energy gain increases to 0.82 eV
for Ag adatoms in contact with two Ni atoms, which usually
leads to the capping or encapsulating of Ni islands on the bare
Ag surface.®® At elevated temperatures, the Ag atoms can
overcome the binding energy, resulting in the removal of the
Ag clusters from the network area and to the attachment of the
adatoms to the substrate step edges and Ag islands on the bare
surface (Figure 3e).

In contrast to Ag(100), on the Au(111) surface the Ni
adatom interchange takes place only in the vicinity of elbow
sites of the herringbone reconstruction,* 1eadin§ to the
preferential formation of Ni islands at these sites.’”" This
preference is maintained even within the network area.
However, the size of the clusters is limited to the size of the
cavity. The composition of these islands is presumably a
mixture of Ni and Au atoms.>>

8875

On Au(111) the Ni atoms show only a low affinity to the
butadiyne moiety but rather interact more strongly with the
benzene rings. The interaction of transition metal atoms with
the benzene rings of organic templates was reported recently.
Cobalt atoms residing on top of the benzene rings were
observed for both coordination networks>” and molecular
adlayers®™® on a Ag(111) substrate. The observations were
explained by the formation of stable half-sandwich complexes.>®
Similar behavior was observed for Fe atoms decorating the
benzene rings at lower temperatures (90—130 K).*” In this
work a slightly asymmetric binding of the Ni atoms to the
benzene rings was found on Au(111) (cf. Figures 2b and 2c).
The calculated binding energy to a free benzene ring is
considerably lower for Ni (1.73 eV) compared to Co (2.58
eV).>* On the other hand, the adsorption energy of a Ni
adatom on Au(111) amounts to about 2.9 eV.** Hence, a
preferential binding of Ni atoms to the substrate would be
expected. This explains the observation of filled cavities after
annealing the substrate, which was not observed for both Fe
and Co atoms on the Ag(111) surfaces.”” The Ni binding to
the benzene rings is only metastable for the BDBA ligands on
Au(111).

Further insight into the selective interaction of Ni atoms with
the BDBA ligand on the two surfaces can be gained by the
investigation of the Ni—BDBA interaction in the absence of Fe
(see Supporting Information for further details). On Au(111),
Ni binds almost exclusively to the carboxylate oxygen atoms,
forming nearly identical network structures as Fe—BDBA.
Contrarily, on Ag(100) predominantly disordered structures
were found that involve the binding of Ni adatoms equally to
the carboxylate and the butadiyne groups. The bonding to the
latter is sufficiently strong to bend the ligands, indicating a
strong oxidative Ni—butadiyne association.””*' However, for
an existing Fe—BDBA network this strong binding is only
possible at the network periphery, ie., for undercoordinated
ligands. Here, strong deformations of the BDBA molecules
were observed even on the Au(111) surface. Within the
network, the BDBA geometry is fixed by the dominant
coordination bonds to Fe atoms, and hence, the structural
change associated with the rehybridization of alkynyl bonds is
not possible. Consequently, the Ni atoms can only interact
nonoxidatively with the high z-electron density of the
butadiyne group, which results in a much weaker binding of
Ni atoms to the ligand molecules.

The striking difference in the behavior of the Ni binding on
Au(111) and Ag(100), both to the free ligands and within the
Fe-BDBA networks, highlights the role of the underlying
substrate. On the one hand, the Ni adatom processes are
distinct on the two surfaces as described above, and on the
other hand, the specific interaction of the z-electrons of the
butadiyne moiety and benzene rings with the metal substrates
results in different chemical states of the constituents on the
two surfaces and hence to different affinities to Ni atoms.

B CONCLUSIONS

In summary, we have demonstrated the incorporation of Ni
atoms and clusters into open two-dimensional robust metal—
organic templates. The functionalized networks are thermally
stable at temperatures up to 450 K and enable the coordination
of additional molecules into the open structures, demonstrating
the utilization of selective interactions for the assembly of
multicomponent architectures at different organizational stages.
Further, we showed that the employed metal substrate plays a
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crucial role in the interaction of transition metal atoms with the
metal—organic host networks. On the Ag(100) substrate, the
surface-confined metal—organic template steers the growth of
the Ni clusters underneath the network pattern. Here, the
embedded Ni atoms nucleate preferentially at the butadiyne
moiety of the BDBA ligands. Thereby, Ni clusters consisting of
a few metal atoms with an areal density of 4 X 10" cm™ can be
obtained. In contrast, on the Au(111) substrate the Ni atoms
interact preferentially with the BDBA benzene rings and form
size-limited clusters inside the cavities.

The work demonstrates the unique occurrence of selective
interactions in a multicomponent system including the surface
that may be further explored to create functional molecular
architectures with novel properties. Moreover, the stability and
direct accessibility of the noncapped Ni atoms and clusters on
both gold and silver substrates render these systems attractive
candidates to explore their catalytic activity.

B ASSOCIATED CONTENT
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(1) Ni clusters and cavity filling of the Fe—BDBA network on
Au(111), (2) Ni deposition on the bare Ag(100) substrate, and
(3) Ni—BDBA networks. This material is available free of
charge via the Internet at http://pubs.acs.org.
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