Open Access Article. Published on 03 April 2025. Downloaded on 6/15/2026 11:30:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® RovAL SOCIETY
ap OF CHEMISTRY
PCCP

REVIEW View Article Online

View Journal | View Issue

W) Cheok for updates Construction of metal—organic nanostructures
and their structural transformations on

Cite this: Phys. Chem. Chem. Phys.,

2025, 27, 8635 metal surfaces

Rujia Hou, Chi Zhang, 2 * Lei Xu, Yuangi Ding and Wei Xu (= *

Metal-organic nanostructures, composed of organic molecules as building blocks and metal atoms as linkers,
exhibit high reversibility and flexibility and open up new vistas for the creation of novel metal-organic nanoma-
terials and the fabrication of functional molecule-based nanodevices. With the rapid development of emerging
surface science and scanning probe microscopy, various metal—organic nanostructures, ranging from zero to
two dimensions, have been prepared with atomic precision on well-defined metal surfaces in a bottom-up
manner and further visualized at the submolecular (or even atomic) level. In such processes, the metal—organic
interactions involved and the synergy and competition of multiple intermolecular interactions have been clearly
discriminated as the cause of the diversity and preference of metal—organic nanostructures. Moreover, structural
transformations can be controllably directed by subtly tuning such intermolecular interactions. In this perspec-
tive, we review recent exciting progress in the construction of metal—organic nanostructures on metal surfaces
ranging from zero to two dimensions, which is mainly in terms of the selection of metal types (including
sources), in other words, different metal—organic interactions formed. Subsequently, the corresponding struc-
tural transformations in response to internal or external conditions are discussed, providing mechanistic insights

Received 3rd January 2025, into precise structural control, e.g., by means of metal/molecule stoichiometric ratios (including through scan-
Accepted 2nd April 2025 ning probe microscopy (SPM) manipulations), thermodynamic control, introduction of extrinsic competing
DOI: 10.1039/d5cp00030k counterparts, etc. In addition, some other regulatory factors, such as the functionalization of organic molecules
and the choice of substrates and lattices, which also crucially govern the structural transformations, are briefly
rsc.li/pccp mentioned in each part. Finally, some potential perspectives for metal—organic nanostructures are evoked.
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1. Introduction

Metal-organic nanostructures, which are composed of tunable
organic molecules and metals generally interconnected by
intermediate-strength bonds, have attracted great interest due to
their promising structural diversity and geometrical control, and
have been widely applied in interdisciplinary fields including, but
not limited to, chemistry, nanoscience and nanotechnology,
materials science, and physics."> Based on the fascinating design
of organic molecules and the choice of embedded metals with
infinite combinations, serving as building blocks and linkers,
respectively, diverse nanostructures and nanomaterials have been
fabricated ranging from zero to three dimensions (0D to 3D) with
varied morphologies, sizes, and functions. Accordingly, such a
supramolecular association of organic and inorganic components
has shown great promise in energy storage and conversion,>*
catalysis,"® gas sensing” and storage or separation,” drug delivery,'
and other related systems, with abundant properties including gas
sorption, catalytic, magnetic, and optical properties." Therefore,
the precise preparation of metal-organic nanostructures down to
the (sub-)nanometer scale endows researchers with tremendous
opportunities to develop a new class of appealing nanomaterials.

In addition to conventional synthetic methodologies such as
template synthesis, controlled precipitation, microemulsion tech-
niques, and in situ crystallization," with the boom of surface
science and technology, bottom-up strategies based on metal-
molecule assembly on surfaces® have emerged as a versatile
method to finely regulate and control the metal-organic interac-
tions involved and the resulting metal-organic nanostructures at
the (sub-)nanometer or sub-molecular scale. Especially after the
revolutionary invention of SPM in the early 1980s, typically
including scanning tunnelling microscopy (STM)° and atomic
force microscopy (AFM)'° as prominent members of the family,
surface science and technology has been extensively applied to the
investigation of metal-organic nanostructures, allowing direct
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observation of on-surface assembly processes and related
phenomena.

Specifically, STM achieves atomic-scale resolution (<0.1 nm
lateral, 0.01 nm vertical) by exploiting quantum tunneling current
between a conductive tip and a substrate, enabling direct detection
of electronic states and precise molecular manipulation on con-
ductive surfaces."®'® Despite these strengths, STM is inherently
constrained by its reliance on conductive samples and suscepti-
bility to environmental vibrations and contaminants. For example,
thermal drift necessitates cryogenic conditions (i.e., liquid nitrogen
or liquid helium conditions). Stringent ultrahigh vacuum (UHV)
conditions and functionalized tips (e.g, CO-terminated metallic
tips) have been generally used to enhance stability, minimize
perturbations, and increase sub-molecular apparent contrast.****
In contrast, AFM operates across conductive, insulating, and
biological substrates, and employs multimodal techniques (e.g.,
tapping mode, Kelvin probe force microscopy) to map topography,
mechanical properties, and electrostatic interactions with sub-
nanometer vertical resolution.">”” Despite circumventing the
conductivity limitations of STM, AFM has a comparatively lower
lateral resolution of ~1 nm, and tip-sample convolution artifacts
require advanced solutions such as self-sensing qPlus sensors and
machine learning-assisted image reconstruction.”®*" For addi-
tional insights into SPM, readers may consult the comprehensive
review recently published by Jiang et al.™®

In addition to SPM techniques as mentioned above, well-
defined surfaces not only serve as ideal atomically flat platforms
to align organic molecules and metal atoms with 2D
confinement, but also provide atomic registry from substrate
templates,”® as well as additional free surface adatoms.>**> More-
over, apart from the solid/liquid interfaces under ambient
conditions®*! acting as prototypical systems in conjunction with
more realistic situations, extreme conditions such as UHV
conditions®* have also been applied to the SPM approaches as a
prerequisite for achieving uncontaminated, clean experimental
conditions without the interference of impurities or atmospheres
for target model systems. Based on the UHV conditions, well-
designed organic molecules with specific functional groups are
then sublimated onto substrates, leading to the interactions both
between adjacent molecules and between molecules and the
underlying substrates, and thus to the potential molecular self-
assembly. At the same time, metals originated from different
sources (or in varied forms), e.g., intrinsic metal adatoms>**>>
from substrates or extrinsic metal atoms,’*> inorganic salts,
and metal-based complexes,®® are also introduced into these
molecular systems on substrates, further increasing the complex-
ity and diversity of the intermolecular interactions involved via the
addition of metal-organic interactions and metal-substrate inter-
actions. Accordingly, the synergy and competition of these inter-
actions play a subtle role in the stabilization of the consequent
metal-organic nanostructures as well as in the induction of
potential structural transformations.

In order to steer the intermolecular interactions involved
and to construct and control the metal-organic nanostructures,
several regulatory strategies concerning all the components
involved in the metal-organic systems on metal surfaces
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Fig. 1 Schematic illustration of the construction of metal-organic nanostructures and their structural transformations on metal surfaces, which can be
well tuned by several strategies, including functionalization of organic molecules, selection of metal types and sources, choice of substrates and lattices,

thermodynamic control, etc.

(see Fig. 1 for more details) have been carefully implemented and
proven effective, such as: (1) the functionalization of organic
molecules (with functional groups related to oxygen, nitrogen,
halogen elements, etc.), which provides potential sites for inter-
action with metals in certain molecular backbones; (2) the selec-
tion of metal types (including alkali metals, alkaline earth metals,
transition metals, lanthanide and actinide metals, etc.), which
determines the predominant metal-organic interactions that
stabilize the systems (e.g:, electrostatic interactions, coordination
bonds, etc.) and their characteristics (directionality, saturation,
strength, etc.); (3) the selection of metal sources (ie., intrinsic
adatoms, extrinsic atoms, salts, complexes, etc., as discussed
above) that are associated with their preferred existing forms
and influence the potential structural transformations;*® and
(4) the choice of substrates and lattices (i.e., typical noble metal
substrates such as Au, Ag, and Cu, and lattice planes such as the
commonly used (111), (110), (100)), which anchor the target
organic molecules and metals with specific atomic registries
acting as 2D templates. Overall, these above parameters not only
finely tune the intricate intermolecular interactions behind and
thus determine the bottom-up construction of metal-organic
nanostructures on metal surfaces, including dimensions and
sizes, morphologies, and structural diversity, but also crucially
govern the potential structural transformations. Additionally,
some other internal or external conditions, typically like the
stoichiometric ratios of metals to molecules and the thermo-
dynamic control on the generated metal-organic nanostructures,
also lead to the structural transformations, which generally drive
the evolution towards the energetically more favorable structures.
Thereby, fundamental understandings of these aspects would
inspire precise structural control and stimulate further functio-
nalization of metal-organic nanostructures and broader applica-
tions in multiple interdisciplinary fields.

In this perspective, we first focus on the bottom-up con-
struction of metal-organic nanostructures on metal surfaces

This journal is © the Owner Societies 2025

mainly in terms of the selection of metal types (and sources) as
briefly illustrated in Fig. 2, in other words, the different con-
tributing metal-organic interactions involved. Several recent
exciting research studies will be introduced and reviewed as
representative examples, displaying the characteristic features
of each type of metal-organic interaction. Next, the structural
transformations of the corresponding series of metal-organic
nanostructures in response to different internal or external
conditions are further discussed with respect to the
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Fig. 2 Some typical examples of metal-organic nanostructures con-
structed on metal surfaces and probed by SPM under UHV conditions, in
terms of different types of metals embedded. Reproduced with
permission.>**>40=43 Copyright 2020 American Chemical Society; 2023
American Chemical Society; 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim; 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; 2013
National Academy of Sciences; 2021 American Chemical Society.
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involvement of varied types of metals, for example, by regulat-
ing the stoichiometric ratio of metals to organic molecules
(including through local SPM manipulations), thermodynamic
control, introduction of extrinsic competing counterparts, etc.,
with the vision of providing mechanistic insights into their
structural control and engineering. In addition, some other
regulatory factors, such as the functionalization of organic mole-
cules and the choice of substrates and lattices, which also crucially
govern the structural transformations, are briefly mentioned in
each section to enrich the strategies for the design and modifica-
tion of metal-organic systems. Finally, some potential perspectives
(including prospects and challenges) for metal-organic nanostruc-
tures on surfaces are also evoked.

2. Construction of metal—organic
nanostructures

According to the types (and sources) of metals embedded in the
metal-organic nanostructures, we will basically classify them into
three parts and discuss each in the following sections, i.e., s-block
alkali metals (and alkaline earth metals), d-block transition
metals, and fblock lanthanide metals (and actinide metals)
(Fig. 2). The integration of such metals generally leads to the
variation in the predominant metal-organic interactions that
stabilize the corresponding molecular systems, ranging from
electrostatic interactions to coordination bonds with different
bonding features. For instance, alkali (and alkaline earth) metals
frequently form electrostatic ionic interactions with organic
molecules®® on surfaces. Instead, d-block transition metals, with
partially filled d orbitals, form highly directional coordination
bonds with molecular ligands in predetermined coordination
numbers and angles,>” resulting in the relatively rigid metal-
organic coordination nanostructures. In addition, lanthanide
(and actinide) metals, as fblock elements, generally form sets
of metal-organic nanostructures with enhanced tunability and
flexibility in geometries, featured by the mostly ionic nature***®
of metal-organic interactions. Thanks to the complexity and
diversity of such metal-organic interactions, a variety of nano-
structures have been constructed on surfaces in different dimen-
sions, generally ranging from 0D to 2D, and further experimen-
tally detected by SPM techniques with submolecular or atomic
resolution and theoretically elucidated by density functional
theory (DFT) calculations.

2.1 Alkali metals (and alkaline earth metals)

As one of the most potent reductive agents known, alkali metals
are introduced into molecular systems on surfaces as extrinsic
metals, in most cases in the form of pure metals and alkali metal
salts (commonly, alkali halides). Notably, upon adsorption on
metal surfaces, they are usually positively charged, no matter in
the form of isolated atoms (due to the strong charge transfer
between them and the underlying metal substrates)***® or
interacting with adjacent organic molecules*” ™ (owing to the
strong charge redistribution) or matching counterpart anions
(e.g., halogens such as Cl, Br, and I).***®°**! Thus, various
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electrostatic ionic interactions are generally formed in the
metal-organic nanostructures based on alkali metals, which will
be shown in detail in the following cases.

As early as 2010, Kern et al. introduced cesium (Cs) atoms to
interact with a series of aromatic carboxylic acids on Cu(100),
forming 2D networks with tunable dimensions.*” As an extension,
they further compared this kind of “ionic assembly” with the
traditional coordination by applying the same molecule, 7,7,8,8-
tetracyanoquinodimethane (TCNQ), on Ag(100) to interact with Cs
and manganese (Mn), respectively, forming Cs-TCNQ, and Mn-
TCNQ,."® Almost at the same time, Besenbacher et al. employed
potassium (K), known to play a significant role in the cellular
environment, to direct the assembly of bioligand guanine (G)
molecules, thereby resulting in the formation of K-stabilized
G-quartets on Au(111), which offers further insights into the inter-
molecular interactions involved (ie., a delicate balance between
hydrogen bonding and electrostatic ionic interactions).”>** In the
wake of these pioneering efforts, alkali metals began to be used to
interact with organic molecules on surfaces.

Similarly, based on the bio-related background of alkali
metals and nucleobases, Xu and coworkers have conducted a
comprehensive study concerning almost all kinds of alkali
metals and nucleobase molecules (and their derivatives), includ-
ing 9-ethylguanine (9eG) and NaCl, KBr, and CaCl, (Fig. 3d),*® G
and NaCl (Fig. 3c),’* 9eG and Na,”® 1-methylcytosine (1mC) and
NaCl,>® cytosine (C) and NaCl,”” uracil (U) and Li, Na, K
(Fig. 3a),"° and Cs (Fig. 3b),’® adenine (A) and NaCl, NaBr, and
Nal,® etc. For example, as shown in Fig. 3a and b, U molecules
can interact with different alkali metals (Li, Na, K, and Cs) by a
combination of hydrogen bonds and electrostatic ionic interac-
tions between metal centers and O sites to form various U
clusters, i.e., UsLi trimer, U;Na tetramer, and UsK pentamer,*°
and UsCs;, UsCs,, and UgCs; clusters®® on Au(111), respectively.
In these structures, the size (or diameter) of the embedded metal
cations (which are all positively charged) plays a critical role in
determining both the aggregation numbers of the interacting
molecules and the stabilization of the metal-organic motifs. In
particular, linear arrays of Cs cations can be formed by stepwise
addition of Cs atoms, which appeared as distinctly bright dots
(see Fig. 3b), representing different properties with respect to the
different types of alkali metals.

Among others, the alkali and alkaline earth halides, as
alternative metal sources to pure metals, provide both metals
and halogens to the molecular systems. In this process, the
corresponding alkali and alkaline earth metals usually interact
with the oxygen or nitrogen sites of the molecules, forming
metal-organic interactions, while the remaining halogens
either allow structural diversity by forming electrostatic inter-
actions with hydrogen-rich sites instead or do not participate in
the metal-organic nanostructures (probably diffusing on the
bare substrates), depending on the availability of hydrogen-rich
sites. Fig. 3c and d show two examples of how inorganic salts
(NaCl and CacCl, herein) interact with organic molecules (G and
9eG, respectively). Thus, the well-known G-quartet-M structures
(M refers to Na/K/Ca) can be successfully achieved on Au(111)
based on the introduction of the corresponding salts

This journal is © the Owner Societies 2025
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Fig. 3 Examples of metal-organic nanostructures constructed on metal surfaces based on alkali metals and alkaline earth metals from different sources.
(a) Construction of trimeric, tetrameric, and pentameric uracil (U) clusters on Au(11l), i.e., UsLi, UsNa, and UsK, from alkali metals (Li, Na, and K).
Reproduced with permission.*® Copyright 2020 American Chemical Society. (b) A series of Cs-involved U clusters, UsCs;, UgCs,, and UgCss, formed on
Au(111). Reproduced with permission.>® Copyright 2019 The Royal Society of Chemistry. (c) Solventless formation of G-quartet-Na (G4Na) complexes on
Au(111) from NaCl. Reproduced with permission.>* Copyright 2015 American Chemical Society. (d) G4Ca complexes on Au(111) formed from CaCl,.
Reproduced with permission.>® Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) NaCl-organic coordinated nanoarchitectures on
Au(111). Reproduced with permission.®® Copyright 2015 The Royal Society of Chemistry. (f) Sierpinski triangle fractals formed from K on Cu(111).
Reproduced with permission.** Copyright 2023 American Chemical Society. (g) Na-interlinked metal-organic nanostructure on Au(111). Reproduced

with permission.®* Copyright 2024 American Chemical Society.

(NaCl, KBr, and CaCl,) in a solvent-free UHV environment via
the cooperative electrostatic interactions and hydrogen bonds
(Fig. 3d),*® which further allow the tautomeric recognition and
separation of two G tautomers (G/9H and G/7H) by forming
different assembled structures®® (Fig. 3c). The successful con-
struction of the G4Na structure on Au(111) by introducing NaCl
and G molecules thus enables the in situ identification and
dynamic regulation of two G tautomers within molecular net-
works. This strategy establishes a dual-perspective framework
bridging surface chemistry and biological systems to decipher
metal-organic interactions, while creating methodological
connections between biomolecular tautomerism studies and
surface-confined system analyses.

In particular, alkali salts and pure alkali metals share some
similarities in their interactions with organic molecules, while
they also have certain differences in inducing structural evolution
and in determining structural diversity.”® Based on the tetrapyri-
dyl-porphyrin (H,TPyP) system on Au(111), pure Na and NaCl were
dosed separately, leading to the distinct evolution of metal-organic
structures, where the competition between halogens and organic
molecules in interacting with alkali metals was revealed to be
the key to such differences.’® These findings thus represent a
feasible strategy for the construction and functionalization of
various alkali-metal-based metal-organic nanostructures on metal
surfaces.

Interestingly, in some special cases, the alkali halide salts
(e.g., NaCl and KCl) tend to bind tightly together via strong
ionic interactions and interact with organic molecules to form
“salt (e.g., NaCl and KCl) - organic coordinated nanostruc-
tures”’®**>%* instead. As typically displayed in Fig. 3e, NaCl

This journal is © the Owner Societies 2025

dimers (represented by purple circles) appear as bright protru-
sions in STM images and form various arrangements with
3,4,9,10-perylenetetracarboxylic diimide (PTCDI) molecules in
different aggregation numbers, with similar apparent heights
to those appearing in NaCl islands, which also verifies their
dimer composition in the metal-organic structures.

More recently, organic molecules functionalized with halogen
substitutions have also been brought into interaction with alkali
metals on surfaces.”*»** Tunable 2D metal-organic frameworks
(MOFs) were constructed on Au(111) based on flexible alkali-
halogen bonding between alkali cations and ortho-bromo-
substituted molecules by Zhao et al.®* Besides, Wu et al. further
reported the sophisticated construction of molecular Sierpinski
triangles (STs) via the K" - -CI°~ electrostatic interaction between
K cations and 4,4"-dichloro-1,1":3’,1"-terphenyl (DCTP) molecules
on Cu(111) and Ag(111)** as shown in Fig. 3f, which enriches the
toolbox (besides halogen bonding, hydrogen bonding, coordina-
tion, and covalent bonding) for the bottom-up fabrication of
functional supramolecular nanostructures. Interestingly, by intro-
ducing Na atoms into the halogen-functionalized molecular sys-
tems, a novel halogen separation strategy for the on-surface
dehalogenative reactions was recently developed on Au(111)*" by
our group, where Na not only isolates the dissociated halogens by
forming salt islands, but also facilitates the C-Br activation under
mild conditions. In such processes, a honeycomb Na-interlinked
metal-organic intermediate nanostructure was also captured
(Fig. 3g), with the electrostatic attraction between Na and sur-
rounding Br substituents (similar to the K°*---CI°~ in the former
case) determined to be the driving force for stabilizing the
structures and further halogen isolation.
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2.2 Transition metals

Metal-organic nanostructures based on transition metals, which
are generally formed by the strong coordination bonds between
transition metal (TM) ions or clusters and organic ligands, have
long been promising candidates in various fields. In particular, TM-
based MOFs, which are characterized by their porosity, high surface
area, tunable architecture, magnetism, and optical properties,*
have significant value and substantial application potential in gas
adsorption and storage,*>®” energy storage and conversion,*®*® and
catalysis.”®”? In the field of surface science, transition metals
are also frequently utilized in the construction of metal-organic
nanostructures, including 0D clusters,”® 1D chains,”* and 2D
These specific nano-architectures are largely deter-
mined by the coordination modes between metal ions and organic
ligands. Gold (Au), silver (Ag), and copper (Cu) are among the most
commonly employed metallic substrates, leading to a prevalence of
metal-organic nanostructures incorporating these elements.”>””
Beyond these noble metals, transition metals like iron (Fe), nickel
(N1i), and cobalt (Co) are also commonly utilized due to their unique
properties that can significantly influence the electronic and mag-
netic behaviors of the resulting nanostructures.”® '
Metal-organic nanostructures constructed by intrinsic metal
adatoms from noble metal substrates such as Au, Ag, and Cu
have been extensively applied to develop a wide range of diverse
metal-organic nanostructures and will be discussed first. We
will list several corresponding examples of the construction of
metal-organic nanostructures by tuning various parameters,
such as molecular coverages, adsorption configurations,
annealing temperatures, types of underlying surfaces, etc.
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In the construction of metal-organic nanostructures, organic
ligands possessing specific hydrogen-containing functional
groups, such as hydroxyl and amino groups, usually undergo
dehydrogenation to coordinate with metal ions, thereby forming
stable nanostructures.*”’”** Similarly, the thiolate-copper coor-
dination bond has also attracted considerable attention due to
its electronic conjugation characteristics.**** In order to con-
struct thiolate-metal complexes, Lackinger et al. selected the
1,3,5-tris(4-mercaptophenyl)benzene (TMB) molecule function-
alized with thiol groups as a precursor molecule.®” Upon deposi-
tion on Cu(111) at room temperature, TMB molecules formed
densely packed triangular structures after deprotonation.
Further annealing at 160-200 °C led to the formation of thiol-
copper coordination bonds between the dehydrogenated thiolate
and Cu adatoms, constructing two distinct metal-organic nano-
structures, i.e., the honeycomb networks and dimer row struc-
tures (Fig. 4a). The relative proportion of these two structures is
influenced by the initial coverages of the precursors, with a
higher coverage favoring the formation of dimer row structures.
The fully conjugated electronic structure of thiolate-copper
coordination bonds, along with their enhanced thermodynamic
stability, renders them promising candidates for “solder” in
molecular electronics.

In addition to influencing different coordination patterns,
molecular coverage even directly alters different types of inter-
molecular interactions at a submolecular level. For example, Xu
et al. achieved a reversible interconversion of intermolecular
bonds between metal-organic coordination bonds (Cu---N)
and weak hydrogen bonds (CH- - -N) by regulating the surface

f Au(t1)

c e
Y Y
D NE*
n ¢

Fig. 4 Examples of metal-organic nanostructures constructed on noble surfaces based on intrinsic transition metal adatoms derived from the
substrates. (a) Two kinds of porous structures induced by Cu adatoms on Cu(111). Reproduced with permission.®> Copyright 2011 American Chemical
Society. (b) Construction of metal-organic coordination nanostructure after deposition of TPDCN molecules on Cu(11l) at room temperature.
Reproduced with permission.®® Copyright 2017 American Chemical Society. (c) Formation of triangular metal—organic networks on Ag(111) through
the coordination assembly of m-DICB at different coverages. Reproduced with permission.®” Copyright 2021 American Chemical Society.
(d) Enantiomeric windmill-like tetramers based on DHBP molecules and Ag adatoms on Ag(100). Reproduced with permission.®® Copyright 2019
American Chemical Society. (e) A hexagonal coordinated ring on Cu(111) and a typical ring composed of coordination bonds and hydrogen bonds
obtained on Au(111). Reproduced with permission.”> Copyright 2017 American Chemical Society. (f) Formation of linear assembled chains composed of
N- - -Au coordination bonds and halogen bonds on Au(111). Reproduced with permission.8° Copyright 2024 SIOC, CAS, Shanghai, & WILEY-VCH GmbH.
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molecular coverage.®® In this scenario, carbonitrile end groups
of three (1,1":3',1”-terphenyl)-4,4”-dicarbonitrile (TPDCN) mole-
cules formed the 3-fold coordination interaction with one Cu
adatom from Cu(111) (Fig. 4b). Unexpectedly, as the molecular
coverage increased, the nitrogen sites on the carbonitrile
groups were prone to engage in hydrogen bonding interactions
instead. This propensity ultimately resulted in the formation of
a more compact self-assembled structure, wherein the struc-
tural integrity was maintained by an extensive network of
hydrogen bonds. Interestingly, a similar influence of molecular
coverage on the assembled structure was observed in the
molecular system of chevron-shaped 1,3-phenylene diisocyano-
benzene (m-DICB) on Ag(111).*” Under a low coverage condition,
a variety of fractal structure STs were formed, while at a high
coverage, new metal-organic networks were generated, with both
structures involving coordination bonds between a single Ag
adatom and three m-DICB molecules (Fig. 4c). Notably, the arc-
shaped features typically indicated by a white arrow in the upper
part of Fig. 4c are attributed to the “swinging” terminal m-DICB
molecules, which lack coordination interactions between their
terminal isocyano groups and Ag adatoms. Besides molecular
coverage, the standing configuration of m-DICB on Cu(111)
resulted in the formation of linear chains, illustrating that the
molecular adsorption configuration on surfaces can also influ-
ence the construction of metal-organic nanostructures. Cu(111)
is generally characterized by a higher adsorption energy and a
smaller lattice constant. The reduced intermolecular spacing
effectively enhanced the n-m stacking interactions between
neighboring molecules, which thermodynamically stabilized
the standing adsorption configuration over the flat one. In
contrast, the larger lattice constant of Ag(111) resulted in an
increased intermolecular distance, thereby significantly weaken-
ing the m-rn stacking interactions. Moreover, the relatively lower
adsorption energy also drove m-DICB molecules to adopt the
planar adsorption configuration, synergistically resulting in the
construction of metal-organic nanostructures, as shown in
Fig. 4c.

Moreover, precise control of the annealing process facil-
itates the coordination interactions between molecules and
intrinsic adatoms, leading to the formation of well-organized
metal-organic nanostructures.”” Fig. 4d illustrates two chiral
structures formed by the direct interaction between dehydro-
genated hydroxyl groups on 4,4’-dihydroxybiphenyl (DHBP) and
Ag adatoms on Ag(100) at 490 K, with the central circular bright
spots representing Ag adatoms.®® Interestingly, such metal-
organic coordinated tetramers facilitated further dimerization
reactions by subsequent annealing at 520 K, completing a
crucial chiral transfer process that enhanced the selectivity of
the reaction.’”®! This case indicates the important role of such
metal-organic interactions in the further construction of cova-
lent bonding.

Notably, substrate effects, including reactivity and lattice
commensurability, can also significantly influence the con-
struction of metal-organic nanostructures.”*> The precursor,
1,3-bi(4-pyridyl)benzene (BPyB) with pyridyl functional groups,
was chosen to investigate its interactions with adatoms from
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different metal surfaces.”> As illustrated in Fig. 4e, BPyB
molecules tended to form closed-ring structures with Cu ada-
toms on Cu(111), where each node contains one Cu adatom
coordinated with two BPyB molecules. Since Cu adatoms are
not visible in the STM image, to exclude the influence of
hydrogen bonding, STM lateral manipulations were performed
and showed that the ring structure remained largely unbroken
with only a negligible shift, further confirming the coordina-
tion bonds between pyridyl groups and Cu adatoms. In con-
trast, BPyB molecules only formed hydrogen-bonded structures
on Ag(111), and even desorbed from the surface at approxi-
mately 330 K. Besides, similar ring structures were observed on
Au(111), with a combination of hydrogen bonds and coordina-
tion bonds involved. After annealing at 350 K, the proportion of
coordination bonds increased due to an increase in the density
of Au adatoms at higher surface temperatures. Such a case
clearly highlights the crucial role of metal surfaces in providing
adatoms for the preparation of metal-organic nanostructures.

Similar to the above metal-organic structure obtained on
Au(111) with the assistance of hydrogen bonds, coordination bonds
and halogen bonds can also work together synergistically to form
corresponding metal-organic nanostructures.*® As illustrated in
Fig. 4f, well-assembled linear chains were constructed on Au(111)
composed of triangular units through Br- - -Br halogen bonds, and
each unit consisted of a central Au adatom interacting with three
nitrogen sites on 2,7-dibromodibromo-carbazole (DBC).

The studies presented here demonstrate that a variety of
metal-organic nanostructures can be obtained through the
subtle interactions between organic molecules and substrate
free adatoms, which are influenced by factors including pre-
cursor coverages, molecular adsorption configurations, tem-
peratures, substrate effects, etc.

In addition to the utilization of surface metal adatoms as
metal sources for the construction of metal-organic nanostruc-
tures, the direct deposition of extrinsic metal atoms, typically
including Fe, Co, Zn, and Ni, can also lead to diverse metal-
organic interactions with target organic molecules.*>™7
Molecules with various functional groups (predominantly involving
elements such as N and O) have been applied to interact with
these metal atoms, which will be discussed below based on
several representative studies.

For example, pyridyl groups generally serve as a functional
group to interact with transition metals, as also shown in the
case of Fig. 4e. Accordingly, a V-shaped 3-bis(4-pyridyl)-benzene
(BPyB) molecule was chosen by Wang et al. The co-deposition of
transition metal Fe atoms and BPyB molecules on Au(111),
followed by annealing, allowed the construction of a series of
perfect equilateral Sierpinski triangle structures through the
3-fold coordination between Fe and N sites on the pyridine
rings (Fig. 5a).°® Besides, control experiments on Au(100) in
conjunction with theoretical calculations elucidated the pivotal
role of molecular free diffusion capability and structural match-
ing between structures and surface lattices in the formation of
the two-dimensional crystals of STs.

In a more complicated system, an aromatic molecule based on
terpyridine (zpy), namely tpy-phenyl-phenyl-tpy (denoted as TPPT),
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was selected to coordinate with extrinsic Fe atoms on Ag(111) to
probe low-dimensional metal-organic systems with multinuclear
coordination centers.®® Fig. 5b depicts different stages of the
coordination process, where the non-metalated left ¢py compo-
nent, encased within the blue square, retains its characteristic “v”’
shape. In contrast, the metalated right ¢py within the green square
appears brighter due to the coordination with a single Fe atom
and displays a distinct protrusion at the center. Non-contact AFM
(nc-AFM) images revealed that the pyridine rings at the extremities
were tilted towards the center of the molecule, indicating rotation
around the C-C bond to facilitate coordination between the N
sites and Fe atoms. The red square highlights a metal-organic
nanochain formed by two TPPT molecules coordinated with three
Fe atoms, featuring two opposing #py units and a bright center.
Interestingly, the quasi-linear tri-iron cluster is in a cationic
mixed-valence configuration, concomitant with a charge redistri-
bution. Such an unusual tri-nuclear Fe complex was also proposed
to have high chemical activity. In particular, the synthesis of tri-
iron coordination complexes has been demonstrated to overcome
the limitations of activity and selectivity inherent in mononuclear
catalysts through the electronic synergistic effects of metal-metal
bonds,'*>*** which paves the way for the development of quan-
tum transport devices based on multinuclear metal nodes.
Apart from the N-containing functional groups, O-containing
ones (e.g., hydroxyl group) are also commonly involved in the
coordination with transition metals. In a recent study by Ecija
etal., 2,3,6,7,10,11-hexahydroxytriphenylene (H¢HOTP) molecule
with six hydroxyl groups was applied to interact with Co on
Au(111). The Co-HOTP metal-organic network was successfully
prepared based on the complete deprotonation of the hydroxyl
groups and 3-fold coordination between Co and O sites (Fig. 5c),
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which exhibited a substantial orbital magnetic moment.'® This
finding is significant due to its potential for engineering anti-
ferromagnetic materials via metal-organic coordination.

In some other cases, both N and O sites are involved in the
coordination with transition metals. For example, 9-ethylguanine
(9eG), a derivative of DNA bases, with both potential coordination
sites for metal binding, has been extensively investigated to
interact with Fe'*'>1% and Ni.***” The STM image and theore-
tical computational simulation presented in Fig. 5d provide an
exquisite illustration of an isolated G-quartet-Fe (G,Fe;) complex
formed on Au(111) at a low Fe/9eG stoichiometric ratio, which is
facilitated by the synergistic effect of both preferential coordina-
tion bonds between Fe and O sites and intermolecular hydrogen
bonds.'® 1t is noteworthy that at higher Fe/9eG stoichiometric
ratios, continuous structural transformations from G,Fe; to
GsFe,, Gy4Fe,, and GsFe; were also achieved, with further integra-
tion of N sites into the coordination with Fe, presenting coordina-
tion diversity. Such structural transformations were also
demonstrated to be reversible in response to the additional
deposition of Fe atoms or 9eG molecules at room temperature.

Similar to the case of alkali metals, transition metal halides
(e.g., NiCl,, NiBr,, and FeBr,) can also serve as metal sources,**””
with additional halogens located at the hydrogen-rich harbors.
Xu et al. have detailed a strategy for the room-temperature co-
deposition of 9eG molecules and NiBr, on Au(111), forming
close-packed islands with the elementary structural motif desig-
nated as G;Ni;Br,.>” Within this structure, three Ni metal centers
were observed to interact simultaneously with the O and N sites,
with the central bright feature attributed to the Br atom on the
top of the Ni; cluster (Fig. 5e). After annealing the sample at
390 K, the on-top Br atoms were effectively removed, as evidenced

o

G-quartet-Fe

G;Ni;Br G;Ni;Br,

Fig. 5 Examples of metal-organic nanostructures constructed on metal surfaces based on extrinsic transition metals. (a) A series of BPyB-Fe-ST-n
fractal structures constructed on Au(l1l), n = 0-5. Reproduced with permission.®® Copyright 2020 American Chemical Society. (b) TPPT—Fe
coordination motifs on Ag(111) with multiple linearly arranged Fe atoms. Reproduced with permission.®® Copyright 2018 Springer Nature. (c) Co-
HOTP network on Au(111). Reproduced with permission.1°© Copyright 2022 American Chemical Society. (d) An isolated G-quartet-Fe complex on
Au(111). Reproduced with permission.1° Copyright 2014 American Chemical Society. (e) Ni (derived from NiBr.)-incorporated metal-organic trimers on
Au(111) and the corresponding Kondo effect induced by the on-top Br atom on a three-metal center. Reproduced with permission.®>” Copyright 2019
American Chemical Society.
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by the disappearance of bright dots, along with the absence of the
Kondo effect recorded in the dI/dV spectra. This observation
reveals a direct modification of the magnetic properties of the
trimetallic center in the metal-organic nanostructure, which
underscores the potential to fine-tune the electronic and magnetic
properties of nanomaterials through precise control of their
chemical architectures. Moreover, G;NizI; motifs without on-top
halogen atoms could also be obtained by the direct integration of
pure Ni atoms and I atoms separately,* indicating the difference
between transition metal salts and the corresponding pure transi-
tion metals. Crucially, the reversible switch of the spin states
within transition metal Ni clusters presents a novel avenue for the
development of chemically sensitive spin valves, thereby offering
innovative perspectives for advancing the field of spintronics.

2.3 Lanthanide metals (and actinide metals)

Lanthanide metals, a subset of rare earth elements, have garnered
significant interest in the field of metal-organic nanostructures
due to their unique properties, which are regarded as an invalu-
able treasure trove for the development of novel materials.'®”
In the preceding discourse, we have mainly delineated the con-
struction and characterization of metal-organic nanostructures
based on alkali and transition metals in research endeavours. The
fblock elements typically exhibit high coordination numbers and
malleable coordination environments, with typical values ranging
between 6 and 12, but as low as 3 or 4 in the case of larger ligands,
leading to the formation of architectures with unique pore sizes,
shapes, and functionalities.*>""" Moreover, lanthanide-element-
based nanostructures, beyond their remarkable structural diver-
sity, have been demonstrated to possess a spectrum of distinctive
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physicochemical properties, including luminescence, magnetic
properties, gas storage and separation capabilities, and multi-
phase catalytic activities.'**™**

Recently, lanthanide metals have been involved in the on-
surface coordination chemistry to form complexes with organic
ligands with various functional groups, including carboxylates,
carbonyls, pyridyls, and nitriles, which engage in coordination
through O and N sites.*>*'* To gain insight into the compara-
tive behaviour of different metals, Ecija et al. have conducted a
systematic investigation on the construction of metal-organic
networks based on p-terphenyl-4,4’-dicarboxylic acid (TDA) and
gadolinium (Gd), dysprosium (Dy), and erbium (Er), respec-
tively, on Cu(111)."**7"*® It is noteworthy that, regardless of the
specific metals involved, the resulting reticular network struc-
tures exhibited a high degree of similarity following the co-
deposition of TDA molecules and metals, as displayed in
Fig. 6a. Moreover, the carboxylic acid functional groups under-
went a complete deprotonation process during annealing,
allowing them to coordinate with the specific metal to form
networks, as characterised by the 8-fold coordination between
each metal atom and eight oxygen sites. Similarly, the for-
mation of a reticular metal-organic network was also obtained
by dosing Ho on Ag(100).'*°

In the case of the Dy-TDA reticular network (Fig. 6a), unex-
pectedly, further annealing to 450 K induced phase transition
to another quasi-hexagonal dinuclear network as shown in
Fig. 6b."*° Two small bright spots were observed at each node
(the bottom part of Fig. 6b) and were attributed to two Dy
atoms. Accordingly, within this network, the Dy metal no longer
engages in the expected 8-fold Dy- - -O coordination interaction.

C p-NC-Ph;-CN-p
[ > 1 :5
; :\ u: :~ < k Pentameric unit
+Ce @
l 2849
Ce-pentameric
Nonameric unit
1:4 0

Dodecameric phase

33434

Fig. 6 Examples of metal-organic nanostructures constructed on metal surfaces based on lanthanide metals. (a) Construction of reticular metal—
organic networks induced by Gd, Dy, and Er on Cu(111), respectively. Reproduced with permission.**¢~1*® Copyright 2015 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim; 2021 Wiley-VCH GmbH; 2023 The Royal Society of Chemistry. (b) Dy-directed metal-organic networks on Cu(111) upon thermal
annealing. Reproduced with permission 120 Copyright 2016 The Royal Society of Chemistry. (c) Five-vertex Ce supramolecular architectures on Ag(111).
Reproduced with permission.'?%122 Copyright 2013 National Academy of Sciences; 2014 American Chemical Society. (d) Synthesis of Gd-SNPc after
cyclopentamerization on Ag(111). Reproduced with permission 123 Copyright 2019 Springer Nature.
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Instead, the atomic structural model illustrates that each metal
coordinates with six O sites from four different molecules, and
the two opposite molecules in the middle of this motif interact
with two Dy atoms simultaneously. Additionally, the O-
containing carbonyl functional groups also have the ability to
coordinate with lanthanide metals to form metal-organic
nanostructures.'**

Organonitrogen compounds are also recognized as effective
molecule candidates for the construction of metal-organic
nanostructures, providing N sites for potential coordination
with metal ions. Among others, carbonitrile groups are widely
applied to coordinate with lanthanide metal elements.

Specifically, dicarbonitrile-polyphenyl molecules, denoted
as p-NC-(Ph);-CN-p (see Fig. 6¢), assembled into a quintessen-
tial pentameric unit structure upon dosing of Ce atoms, via the
5-fold coordination interactions between Ce and N sites on the
carbonitriles.'*"'** Furthermore, by precisely controlling
the stoichiometric ratio of metals to organic molecules, phase
transitions were induced, thereby allowing the stepwise pre-
paration of a variety of intriguing structures, as shown in
Fig. 6¢c. The axial coordination activity of Ce centers within
these diverse structures demonstrates significant potential for
applications in heterogeneous catalysis. Similar nitrogen-
lanthanide coordination interactions are also discernible
within molecules functionalized by pyridyl moieties."*®

In addition to the aforementioned cases where carbonitrile
terminal groups directly coordinate with lanthanide metals to
form metal-organic nanostructures, these metal elements have
also been applied in the on-surface synthesis based on such
coordination interactions. For instance, the synthesis of penta-
cyclic Gd-SNPc (Gd-supernaphthalocyanine, see Fig. 6d) on
Ag(111) was achieved using the lanthanide metal Gd, which
activated the carbonitrile groups (-C=N) of precursors (ADN)
to facilitate the cyclopentamerization.'®® In this process, more
importantly, Gd acts as a key metal template to simultaneously
coordinate with N sites on five neighboring molecules, where
the metal atoms appear as bright protrusions (Fig. 6d). In
contrast, the transition metal Fe provides 4-fold coordination,
resulting in the formation of iron-naphthalocyanine (Fe-NPc)
on Ag(111). This study reveals the influence of different types of
metal elements in providing various template-controlled con-
structions of metal-organic nanostructures, which is pivotal for
the rational design of extended naphthalocyanine-based multi-
functional molecule-based nanomaterials.

In addition, actinide elements, which share similar chemical
properties to the lanthanides, possess a greater number of valence
electrons, allowing them to reach higher oxidation states.'?®"*®
Although the actinides theoretically have the potential to form a
wide variety of metal-organic nanostructures, current research on
actinide-based nanostructures is predominantly conducted in
solution or at solid-liquid interfaces, with comparatively fewer
studies on their fabrication on metal substrates.'*

Overall, this section encapsulates the intricate interplay
between metals and organic ligands in the construction of
well-defined metal-organic nanostructures, demonstrating the
precision and predictability of such metal-organic interactions.
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3. Structural transformations of
metal—organic nanostructures

In this section, some typical cases regarding structural trans-
formations of metal-organic nanostructures will be discussed
based on the involvement of different types of metals, including
alkali metals, transition metals, lanthanide metals, and bimetals
(e, combination of two types of metals). Several common reg-
ulatory factors, including both internal and external conditions,
represented by the variation of metal/molecule stoichiometric
ratios (including through SPM manipulations), thermodynamic
control, introduction of extrinsic competing counterparts, respec-
tively, will be focused on. By analyzing the corresponding cases, we
expect to provide some mechanistic insights into precise structural
control and engineering at the submolecular level, which should
shed light on the creation of responsive metal-organic nanoma-
terials and nanodevices.

3.1 Alkali metals

In the case of alkali metals, due to the flexibility of alkali-
molecule bonding in both interaction numbers and angles,**
the corresponding structural transformations are generally
realized by regulating the stoichiometric ratios of alkali metals
(in any form) to organic molecules as demonstrated in several
related reports.*>***® This can be achieved either by directly
controlling the metal dosage and/or the organic ligand coverage,
which are originally associated with the metal-organic system, or
even by introducing competing counterparts (i.e., extrinsic com-
ponents other than the target molecules or metals, which will be
discussed in the following two cases). For instance, by gradually
dosing Na atoms to the 9eG-precovered Au(111) sample, the
stepwise structural transformation from pure 9eG islands
through 9eG,Na,; quartets to 9eG;Na, triads was obtained, with
the reverse process accessible by further addition of 9eG mole-
cules to the former sample.’® Consequently, the interconversion
between 9eG,Na; quartets and 9eGz;Na, triads was achieved in a
controllable manner, indicating the versatility of electrostatic
ionic interactions between Na and O, N sites.

Intriguingly, such structural interconversions can also be
realized by adding the competing counterparts (e.g., iodine)
to interact with Na cations instead of organic molecules.*
As shown in Fig. 7 from our previous work, H,TPyP molecules
interacted with Na at a Na:H,TPyP stoichiometric ratio of
~1:1, initially forming the close-packed phase I on Au(111),
which transformed to more porous structures (mixture phase
and phase II) with an increasing Na: H,TPyP ratio, and finally
formed well-ordered porous phase III at a Na: H,TPyP stoichio-
metric ratio of ~2:1. In this process, the calculated binding
energy per H,TPyP molecule in the corresponding periodic
nanostructures increases progressively with increasing Na
dosage, indicating that such a structural transformation is
thermodynamically driven. In contrast, when Na was supplied
from NaCl instead, only phase I could be formed with the
coexistence of excess NaCl islands, as the binding energy per Na
decreases, indicating that the phase transition from I to III is
thermodynamically unfavorable in the case of NaCl. It is also
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Stoichiometric ratio of Na:H,TPyP

Fig. 7 Reversible structural transformation of alkali-metal-based metal—
organic nanostructures on Au(111) in response to the dosage of (a)-(c) Na
atoms and (d)-(f) iodine, respectively. Reproduced with permission.
Copyright 2023 American Chemical Society.

noteworthy that by introducing iodine (I,) into phase III, the
additional Na tended to bind with I to form Nal islands,
accompanied by a reverse structural transformation through
the mixture phase to eventually phase I. Thereby, halogens and
organic molecules are competitive counterparts to interact with
alkali metals, which is the cause of the reversible phase transi-
tion. This study thus unambiguously displays the difference
between pure alkali metal atoms and alkali halide salts as two
types of metal sources in the construction of alkali-molecule
interactions at the submolecular level.

Accordingly, we further synthesized Na-porphyrins (i.e., Na-
TPyP)"*® on Au(111) with a high yield by the application of
either Na atoms or NaCl as metal suppliers, followed by thermal
treatment to induce the intramolecular dehydrogenation (that is,
the N-H activation) within macrocycles. Such a metalation scenario
implies the broad utility of metal sources not only in assembling
organic molecules with possible structural transformations,***"
but also in inducing molecular reactions."*

More interestingly, by the subtle integration or removal of
such alkali-molecule interactions, covalent organometallic
(OM) nanostructures with C-M-C connections have also been
successfully steered,"** showing the structural transformation
of covalent nanostructures mediated by non-covalent electro-
static interactions (Fig. 8). In our experimental endeavors, we
exploited the inherent dynamics of C-M-C covalent bonds"** as
well as the electrostatic interactions between the alkali metal
Na and both bipyridyl and diketone moieties*****
the ring-chain equilibrium (as detailed in Fig. 8). Upon the
incorporation of Na atoms into the trans OM chains (obtained
in response to O, exposure*®) based on 4,4’-diethynyl-2,2’-
bipyridine (DEBPy) on Ag(111), the trans-to-cis isomerization
of DEBPy-based molecular components was facilitated by the
electrostatic interactions between Na and bipyridyl moieties.
Simultaneously, the Cy,-Ag-Cg;, bonds underwent spontaneous

to fine-tune
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Fig. 8 Ring-chain equilibrium between covalent organometallic chains
and rings induced by the regulation of weak intermolecular interactions
provided by Na. Reproduced with permission.**? Copyright 2024 American
Chemical Society.

cleavage and reformation at room temperature, thereby effec-
tively constructing Kagome networks composed of cis OM rings
in the presence of Na. Considering the competitive preference
of diketone moieties to interact with Na over cis-bipyridyl
moieties, pyrene-4,5,9,10-tetraone (PT) molecules were intro-
duced into the Kagome networks as the extrinsic competing
counterparts. Intriguingly, the conversion from cis OM rings to
trans OM chains was facilitated by the removal of Na (colored
green), while Na interacted with PT molecules instead to form
the PT + Na structure (colored brown).

In the whole process, by adding Na atoms to the ¢trans OM
chains, Na atoms initially interacted with two opposite N sites
of the trans-molecules via twofold Na---N electrostatic interac-
tions, forming the Na-interlinked trans-dimers, which are energe-
tically more favorable than the situation without any interactions.
Then, with the assistance of Na, trans-dimers underwent trans-to-
cis isomerization, forming the energetically more stable cis
Kagome networks via fourfold Na-.--N electrostatic interactions.
Additionally, the competitive preference of PT to interact with Na
over cis-DEBPy further resulted in the removal of Na and allowed
the reverse cis-to-trans isomerization accompanied by the ring-to-
chain conversion. The ring-chain equilibrium was thus control-
lably directed by subtly regulating the electrostatic interactions
between Na and organic ligands. As an extension, such Na---N
electrostatic interactions were further integrated into the on-
surface reactions, which showed the potential in controlling the
selectivity of covalent reaction products transformed from iso-
merically specific trans-chains (with intrinsic Ag adatoms) to cis-
rings (in the presence of Na) on Ag(111)."*® These two cases
undoubtedly demonstrated the close connection between metal-
organic interactions (and corresponding nanostructures) and
covalent nanostructures.

3.2 Transition metals

In the construction of metal-organic nanostructures, the coor-
dination diversity between transition metals and organic ligands
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is crucial for inducing structural transformations."*>"*” By meti-
culously adjusting the co-deposition ratio of metals to organic
molecules, variations in the coordination modes can generally
be achieved, leading to structural phase transitions.?*10%106:138
For instance, by continuously depositing Cu atoms to ligand
molecules containing dicarbonitrile groups, the corresponding
stoichiometric ratio was altered, inducing a series of structural
transformations from 1D self-assembled molecular wires to 2D
hexagonal porous networks, culminating in the formation of 1D
metal-organic nanochains.”

Interestingly, Xu et al. uncovered a unique phenomenon
that the phase transitions of metal-organic nanostructures
could be triggered without alteration in the local stoichiometric
ratio in the elementary coordinated motifs.'*® It was observed
that the co-deposition of thymine (T) and Ni atoms onto
Au(111) resulted in the formation of 1D metal-organic nano-
chains, composed of coordinated trimers with T molecules of
alternating chiralities (left part in Fig. 9). The central Ni atom
coordinates with T molecules via O2 or O4 sites, and the
adjacent trimers are connected by N-H---O hydrogen bonds.
Notably, by introducing additional T molecules and subsequent
annealing at 370 K, the molecular chains were observed to
transform into 2D hybrid network structures, with T molecules
in all coordinated trimers becoming homochiral and coordi-
nating with Ni atoms only via specific O4 sites (right part in
Fig. 9). This resulting network structure consists of alternating
coordinated trimers and hydrogen-bonded dimers. Throughout
this transformation, the local stoichiometric ratio of these two
coordinated motifs remained constant at 1: 3. Furthermore, the
reverse transformation from the hybrid network structure to
the metal-organic nanochains was accessible by the addition of
more Ni atoms and annealing procedure, demonstrating the
reversibility of the two metal-organic trimers. Thus, this study
not only realized reversible transitions between two different
metal-organic trimers, but also provided insights into dynamic
coordination chemistry on surfaces.

Moreover, STM manipulations have emerged as a potent tool
for surface chemistry, with a wide range of applications in the

Constitutional dynamics
on the Au(111) surface

Rk Metal-organic
chains

—

Metal-organic

chains

Fig. 9 Reversible structural transformation of Ni-based metal-organic
nanostructures on Au(11l) in response to additional T molecules or Ni
atoms. Reproduced with permission.*>° Copyright 2016 WILEY-VCH Ver-
lag GmbH & Co. KGaA, Weinheim.
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creation of novel nanostructures. This technique can not only
facilitate the translation, rotation, and chirality alteration of single
molecules, but can also induce phase transitions in metal-organic
nanostructures by the disruption or reformation of chemical
bonds.?*!°11107143 Ag depicted in Fig. 10, the precise control of
the cleavage and reformation of hydrogen bonds enabled the
reversible transformation of metal-organic nanostructures.'** In
this study, uracil (U) was selected for potential coordination with
Ni atoms (Fig. 10a). The co-deposition of U molecules and Ni
atoms on Au(111) resulted in the formation of triangular motifs
(based on the Ni---O coordination) with different orientations
(Fig. 10b). Subsequent thermal treatment at 400 K facilitated the
growth of parallelogram-shaped clusters and the emergence of
more complex clusters via the formation of N-H---O hydrogen
bonds between triangular motifs. Fig. 10c illustrates the structural
transformation induced by lateral manipulations (as indicated by
the green arrows), which led to the disassembly of these advanced
clusters, leaving the triangular motifs undisturbed. A reverse
reassembly process could also be induced by seamlessly stitching
them back together with the STM tip. This phenomenon also
suggests that lateral manipulations can be applied to discriminate
the hierarchy of intermolecular interactions.

In this section, it has been established that the modulation
of the stoichiometric ratios of metals to molecules, temperature
control, and STM manipulation are critical in inducing struc-
tural transformations. Furthermore, the influence of small
molecules, such as water (H,0), carbon dioxide (CO,), nitric
oxide (NO), etc., on intermolecular interactions has also been
demonstrated to be significant, with the potential to lead to the
collapse of network structures."**™'*® For example, in a recent

1 nm

Fig. 10 Structural transformation of metal-organic clusters on Au(111)
induced by STM manipulation. Reproduced with permission.*** Copyright
2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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study, Wu and coworkers observed that exposing 2D STs
composed of Fe and tris(3-phenylphosphine) cyanide (C3PC)
molecules to CO, and CO atmospheres could induce structural
transitions from 2D STs to 1D chain-like structures.'*®

3.3 Lanthanide metals

Lanthanide-based metal-organic nanostructures, similar to
those involving alkali, alkaline earth, and transition metals as
discussed above, exhibit a remarkable diversity and propensity
for phase transitions, which are pivotal in the context of
materials science and allow for the dynamic alteration of the
structural and functional attributes of the nanostructures.*>'*
The variability of the coordination environment and the unique
electronic properties of the lanthanide ions contribute to the
rich and complex behavior of these materials.*>°

In addition to thermal treatment as a means of inducing
phase transitions,"** another commonly used method is to mod-
ulate the stoichiometric ratios of molecules to metals,'*?1122
which leverages the delicate balance of coordination numbers and
interactions between lanthanide metals and organic ligands
within the metal-organic nanostructures. By modifying the ratios,
it is possible to control the assembly of the constituents, resulting
in the formation of distinct structural phases with varied proper-
ties. In Fig. 11a, p-NC-(Ph),-CN-p (qdc), featuring terminal carbo-
nitrile groups, was chosen to construct europium (Eu)-based
metal-organic nanostructures with varying coordination numbers
by precisely adjusting the stoichiometric ratios of metals to
ligands." Through precise stoichiometric modulation, a conti-
nuum of nanostructures can be engineered, encompassing amor-
phous string-like networks based on 3-fold coordination nodes,
advancing to grid-like configurations with 4-fold coordination

b 12=0.7

Fig. 11 Structural transformation of lanthanide-based metal-organic
nanostructures. (a) Various coordination networks obtained at increasing
Eu:qdc stoichiometric ratios on Au(111). Reproduced with permission.**!
Copyright 2016 Springer Nature Limited. (b) Supramolecular phases formed
at different ligand stoichiometries (i.e., ligand 1 to ligand 2). Reproduced with
permission.>® Copyright 2016 The Royal Society of Chemistry.
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arrangements, and further evolving into intricate tiling patterns
anchored by 5-fold coordination nodes. This progression culmi-
nated in the formation of the ubiquitous hexagonal lattices
characterized by 6-fold coordination nodes. Notably, this struc-
tural transformation was driven by the combination of the ionic
nature of these metal-organic bonds, the modulation of the ratio
between Eu and ligand molecules, and the intrinsic properties of
lanthanide metals."*®*** Such Eu-based metal-organic bonds,
which are predominantly ionic with minimal covalent contribu-
tions, facilitated the rearrangement of metal centers and ligands,
thereby enhancing the flexibility of these coordination architec-
tures. Moreover, the larger size of the Eu atom, in conjunction
with the characteristic preference for higher coordination envi-
ronments, ensured the capacity to accommodate an increased
number of ligand molecules. This adaptability eventually led to an
expansion in the number of coordination nodes, propelling the
system towards the phase transformation to a more stable
structure.

In multimolecular systems, where two or more distinct
molecular species coexist and interact, the regulation of their
relative proportions also serves as a viable means of inducing
phase transitions."”? Fig. 11b illustrates the impact of altering
the ratio of molecules 1 and 2, both functionalized with pyridyl
groups, on the formation of distinct metal-organic nanostruc-
tures. At an initial molecular stoichiometric ratio of 0.7, alter-
nating coordination of molecules 1 and 2 with Eu was observed,
leading to the formation of 1D supramolecular chains. As the
ratio was incrementally increased to 0.9, the structure evolved
into a hybrid nanostructure, a mixture of 1D chains and
networks inter-connected by the three-way junctions. Upon
further increasing the ratio to 1.8, two distinct coexisting
metallosupramolecular networks appeared, displaying hexago-
nal and fishnet assemblies, respectively. This structural trans-
formation underscores the sensitivity of metal-organic
nanostructures to the stoichiometry of their constituent
ligands.

Another feasible way to control the phase transition of
metal-organic nanostructures is to adjust the supramolecular
pressure (i.e., change the amount of deposited molecular
species and lanthanide atoms) while maintaining the stoichio-
metric ratio.'®® Moreover, structural transformation can also be
induced by lateral manipulations with a STM tip.">* In this
scenario, the STM tip is used to nudge or move molecules
laterally across the surface, effectively altering their relative
positions and interactions with the central metal, leading to a
direct change in the coordination number of the molecules. As
shown in Fig. 12a, the successful construction of a pentagon
composed of five pentamers (via the coordination between a
central Gd atom and five adjacent p-NC-(Ph),-CN-p molecules)
was achieved by lateral manipulations, demonstrating the
ability of STM manipulations to locally construct complex
molecule-organic nanostructures with high precision. More
interestingly, transformations between pentameric entity and
tetramers were also achieved by directly manipulating the
coordination nodes (Fig. 12b). Moreover, the newly generated
pentamers and tetramers, once formed through STM
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Fig. 12 Structural transformation of Gd-supramolecules induced by STM
lateral manipulations on Ag(111). (a) Formation of a pentagon by displacing
five pentamers. (b) In situ tailoring and displacement of Gd-carbonitrile
metal—organic supramolecules. Reproduced with permission.*** Copy-
right 2014 American Chemical Society.

manipulations, retained the stability necessary to be translated
across the surface without significant structural disruption.
This case thus nicely demonstrates an alternative strategy for
the preparation and modification of specific metal-organic
nanostructures in a localized manner.

In addition, some other related studies have been nicely
reviewed*>'!" and are less discussed here to avoid repetition.

3.4 Bimetals

In this section, the construction of metal-organic nanostruc-
tures in composite systems that integrate multiple metal ions
will be mainly discussed.">>'>® Within this diverse landscape,
bimetallic metal-organic nanostructures have emerged as a
subject of considerable interest due to their unique structural
and functional attributes.’>*° In particular, in comparison
with single-metal systems, bimetallic MOFs have been shown to
exhibit enhanced adsorption selectivity, augmented catalytic
activity, and improved structural stability due to the synergistic
interactions between metal nodes and the concomitant mod-
ulation of electronic structures.'>®1%013

Significant advances have been made in the synthesis of
multimetallic metal-organic nanostructures in wet chemical
environments.'®* However, research on these structures in the
field of surface chemistry remains relatively scarce.'®>'®® For
example, organic ligands functionalized with pyridyl groups
have been extensively explored by Lin and coworkers in the
preparation of metal-organic nanostructures. Among others,
1,3,5-tris(pyridyl)benzene (TPyB) molecules interact with Cu
atoms via N sites on the pyridyl moieties to form coordination
bonds, leading to the construction of honeycomb-like network
structures.®® Surprisingly, further introduction of Bi atoms into
this structure resulted in the formation of two distinct binuc-
lear metal-organic nanoclusters with multilayered interactions,
including coordination bonds between pyridyl groups and Cu,
as well as metal-metal bonds between Bi and Cu.'®” This case
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indicates that the integration of another metal element would
provide unexpected effects on the corresponding metal-organic
nanostructures as well as additional intermolecular interac-
tions involved. Consequently, it is crucial to investigate the
synergistic and competitive relationships between different
interactions involved in bimetallic nanostructures to gain a
deeper understanding of the preparation rules and structural
and property modifications.

Uracil (U) molecules, possessing potential sites for both
ionic and coordination bonds, are considered ideal precursors
for the construction of metal-organic nanostructures with both
alkali and transition metals. In the study shown in Fig. 13,** co-
deposition of U and Na on Au(111), followed by annealing at
350 K, resulted in the formation of a metal-organic network
structure based on U,Na, tetramers via electrostatic interac-
tions between Na and O sites (the upper panel of Fig. 13b).
Interestingly, the introduction of Cs atoms into the structure
and subsequent annealing at 370 K led to a structural trans-
formation with the formation of 10-membered bimetallic
motifs, which consisted of two UsCs; pentamers connected by
a single Na atom and further organized into a different network
structure. After further deposition of Na and annealing at
430 K, a U,;(Na, network was formed, in which U molecules
interacted with the central Na atoms, while Cs atoms stayed in
the cavity and appeared as bright protrusions. This phase

o
v ey,
ST S T o
U,Na, \,(,,,-m:‘f Y
iy s

a)
,

X555

Adding Na atoms
Synergy

Adding
Na atoms

Fig. 13 Structural transformation of different 2D metal-organic networks
on Au(111), including two bimetallic structures. (a) Illustration of the
formation of UsNay, U1oCs,Nay, UigNay, UgFe,, and UpNagFe, structures.
(b) Structural transformations starting from the U4Na; structure induced by
Cs and Fe, respectively. Reproduced with permission.** Copyright 2021
American Chemical Society.
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transition process reveals the synergistic and competitive elec-
trostatic interactions between U and Cs and Na.

Beyond alkali metals, transition metal Fe atoms were also
introduced into the U;Na; structure, followed by annealing at
800 K (the lower panel of Fig. 13b). This resulted in the
formation of a highly porous UgFe, structure, with a central
Fe atom coordinated to three U molecules, indicating the
competition between electrostatic interactions and coordina-
tion bonds during this phase transition. Further deposition of
Na led to the formation of a new U;,Na,Fe, bimetallic struc-
ture, with two UgNa, hexamers connected by two Fe atoms,
under the synergistic effects of electrostatic interactions and
coordination bonds. Thus, it can be concluded that the synergy
and competition between different electrostatic ionic interac-
tions and coordination bonds, along with hydrogen bonds,
enable the construction of various metal-organic nanostruc-
tures on metal surfaces and also facilitate phase transitions.

Apart from the synergy and competition among various
types of intermolecular interactions, the different binding
strengths and ground state electronic configurations of coordi-
nation centers on surfaces confer a degree of selectivity during
coordination with different ligands.'®® For instance, when both
Cu and Fe atoms are involved in the assembly with tripyridyl
ligands on a Au(111) surface, Fe-pyridyl coordination is ther-
modynamically and kinetically favored."®® Taking advantage of
the higher binding energy between Cr atoms and 2,3,6,7,10,11-
hexaiminotriphenylene (HITP) ligands compared to that
between Ni and HITP, single-layer Cr;(HITP),, a Cr-based 2D
metal-organic framework, was successfully synthesized on
Au(111) by metal substitution of Ni with Cr (Fig. 14)."”° Notably,
the Cr3(HITP), frameworks were inaccessible via direct deposi-
tion of 2,3,6,7,10,11-hexaaiminotriphenylene (HATP) molecules
and Cr atoms. As shown in Fig. 14, the deprotonation of HATP
molecules on the surface and their subsequent coordination
with Ni led to the formation of the Ni;(HITP), hexagonal

+Cr
520 K
Nia(HITP),

><]

Cra(HITP)

Fig. 14 Structural transformation by metal substitution from Nis(HITP),,
through (Ni,Crz_,)(HITP),, eventually to Crz(HITP), frameworks on Au(111)
in response to the addition of Cr atoms. Reproduced with permission.t”°
Copyright 2023 Wiley-VCH GmbH.
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framework. Unexpectedly, upon the deposition of excess Cr
atoms and subsequent annealing at 520 K, bright spots were
observed at the joints, which were attributed to Cr atoms
replacing Ni due to their higher apparent height, forming a
bimetallic (Ni,Cr;_,)(HITP), network. As the concentration of
Cr increased, a complete substitution of Ni by Cr occurred with
the complete transformation to a Crz(HITP), network. This
study illustrates a novel on-surface preparation strategy that
exploits the coordination competition between different metals
to facilitate the construction of specific metal-organic
nanoarchitectures via metal substitution, which otherwise can-
not be directly constructed.

Overall, this section explores the critical factors that induce
phase transitions in metal-organic nanostructures, including
the balance of molecular-to-metal ratios, temperature, molecu-
lar coverage, introduction of competing counterparts, integra-
tion of other metals, and STM manipulations. Furthermore, to
illustrate the impact of these factors more concretely, we have
presented a series of case studies on metal-organic nanostruc-
tures based on various metal systems.

4. Conclusions and outlook

Through a combination of high-resolution SPM techniques and
state-of-the-art theoretical calculations, various metal-organic
nanostructures and their structural transformations on metal
surfaces have been visualized in real space and rationalized at
the single-bond level. Regarding the types of metals embedded
in the target metal-organic nanostructures, s-block alkali (and
alkaline earth) metals, d-block transition metals, and f-block
lanthanide (and actinide) metals have been extensively intro-
duced into molecular systems on surfaces, resulting in the
different intermolecular bonding (e.g:, electrostatic interactions
and coordination bonds) and distinct characteristics in direc-
tionality, saturation, strength, etc., as discussed above in detail
based on several typical examples. In addition, different
sources of metals, such as intrinsic metal adatoms or extrinsic
metal atoms and inorganic salts, have been applied, which may
affect the structural transformations to some extent due to the
potential competition between counterpart anions and organic
molecules in grabbing the metal cations or the structural
diversity further provided by the counterpart anions in inter-
acting with the metal-organic motifs. Experimentally, these
structural motifs have been identified in nanostructures on
metal surfaces based on the submolecular morphologies and
bond-resolved molecular skeletons, revealing different inter-
action modes including the aggregation numbers, bonding
sites, and angles. Accordingly, the metal-organic interactions
involved and their synergy and competition have been clearly
discriminated with the assistance of theoretical calculations.
Moreover, the corresponding structural evolutions have been
controllably directed by the subtle tuning of such intermole-
cular interactions and have been evidenced to be responsive to
some common regulatory factors (internal or external conditions),
such as the stoichiometric ratios of metals to organic molecules
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(including situations realized by local SPM manipulations)
and thermodynamic control predominantly, the introduction of
extrinsic competing counterparts, the functionalization of organic
molecules, and the choice of substrates and lattices, thereby
providing mechanistic insights into precise structural and prop-
erty control.

Apart from the above aspects, it is also worth noting that
although the metal-organic interactions are generally treated
as relatively flexible and reversible, with a wide range of bond
strengths generally weaker than carbon-carbon (C-C) covalent
bonds, they can somehow determine or at least influence the
construction of C-C bonded nanostructures. The seminal work
of Lin et al. demonstrated the power of the metal-directed
template (by virtue of the pyridyl-Cu-pyridyl coordination) in
the efficient control of on-surface polymerization'’* and further
revealed the critical role of metal-organic preassembly in
directing the construction of covalent bonds. It thus inspired
a vast number of studies of on-surface reactions and synthesis
based on molecular preassembly. Subsequently, such specific
metal-organic interactions (e.g., between Fe/Cu/Ag/Na atoms
and N sites of pyridyl groups, which control the molecular
conformation of molecular precursors’®'*®'7*'7* or the C-H
activation site'’*) have been widely applied to provide coordi-
nation (or electrostatic interaction) templates,'”” leading to the
selective covalent coupling pathways or the formation of cova-
lent nanostructures with specific molecular conformations.
Such a reaction scenario is schematically illustrated in the
upper panel of Fig. 15.

In addition, extrinsic metal atoms, including typical transi-
tion metals (e.g., Cu,"”* Pd,"”® Ni,’”” and Au'’®) and lanthanide

metals (e.g,, Dy'’®), have been introduced into on-surface
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Fig. 15 Prospects for the application of metal—organic interactions and nanos-
tructures in the regulation of on-surface reaction pathways, barriers, products,
etc., which further influence the structures, processes, and properties.
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reactions, interacting with molecular precursors or embedding
in corresponding intermediate structures, and have been proven
to be efficient catalysts for lowering reaction temperatures or
barriers. More recently, the alkali metal Na was further introduced
into on-surface dehalogenative reactions by our group, where Na
strongly interacts with dissociated intermolecular halogens and
intramolecular halogens of molecular precursors,’" leading to the
C-Br activation under mild conditions and halogen separation in
the form of salt islands. Such studies show the potential of metal-
organic interactions to lower reaction barriers and possibly also to
stabilize previously unfavorable reaction products by regulating
reaction equilibria (as shown in the right panel of Fig. 15). Aside
from the catalytic effects provided by a single type of metal atoms,
it is also noteworthy that cooperative catalysis involving the
incorporation of two types of metals (e.g,, Na and Ag herein)
was also proposed in the previous report,** indicating the great
promise of bimetallic or even multimetallic catalysis in the on-
surface synthesis stemming from the metal-organic interactions.
It is also expected that the integration of metal atoms in combi-
nation with other extrinsic components would provide unpredict-
able opportunities, stimulating researchers to delve deeply into
the related molecule-based catalytic systems on surfaces."*°

Moreover, in our most recent work, metal-organic interac-
tions have been further corroborated to provide additional
intermolecular interactions not only to molecular precursors
but also to reaction products, more specifically, covalent orga-
nometallic nanostructures (Fig. 8),"*> which controllably direct
the ring-chain equilibrium and realize the dynamic covalent
chemistry on the surface. This kind of protocol is also displayed
in the left panel of Fig. 15.

In summary, metal-organic interactions are pivotal not only
for the construction of well-designed, sophisticated metal-
organic nanostructures, but also for the fine-tuning of on-
surface reactions, including but not limited to directing reac-
tion pathways, lowering reaction barriers (regulating reaction
equilibria), and determining reaction products (by favoring
specific intermolecular interactions). This kind of strategy from
metal-organic interactions to covalent bonding thus delicately
bridges the gap between supramolecular and covalent chemis-
try and offers limitless possibilities for the fabrication of
nanostructures with specific desired structures, processes,
and properties or functionalities.

Significant progress has been achieved within the realm of
surface science, yet a series of challenges and issues persist in
the practical applications. Firstly, although STM and AFM
technologies provide atomic-level imaging capabilities, various
limitations are evident in sample preparation, operational
complexity, and data analysis, which require further combi-
nation and development of other techniques. Secondly, the
majority of current research has focused on the exploration of
metal-organic nanostructures on metal surfaces, with com-
paratively less attention paid to those on insulating substrates,
thus limiting the application in a wider range of material
systems. Finally, the translation of fundamental research into
practical applications still requires overcoming numerous tech-
nical obstacles.
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