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On-surface Synthesis: A New Route Realizing Single-Layer Conjugated Metal-Organic Structures

Recently, both experimental and theoretical advances have demonstrated that two-dimensional conjugated metal-organic frameworks (2D-cMOFs) exhibit interesting electronic and magnetic properties, such as high conductivity and ferromagnetism. Theoretical studies have predicted that exotic quantum states, including topological insulating states and superconductivity, emerge in some 2D-MOFs. The high design tunability of MOFs' structure and composition provides great opportunities to realize these structures. However, most of conventional synthesis methods yield multi-layer structures of the 2D-cMOFs, in which the predicted exotic quantum phases are often quenched due to inter-layer interactions. It is highly desirable to synthesize single-layer cMOFs.

On-surface synthesis represents a novel strategy towards this goal. In this Perspective, we discuss the recent developments in on-surface synthesis of 1D-and 2D-cMOFs.

Metal-organic frameworks (MOFs) represent a class of functional materials for wide range applications including gas and energy storage, filtration, catalysis, and sensing owing to their versatile structural and functional properties. [START_REF] Stavila | MOF-Based Electronic and Opto-Electronic Devices[END_REF][2][START_REF] Kreno | Metal-Organic Framework Materials as Chemical Sensors[END_REF][START_REF] Hendon | Grand Challenges and Future Opportunities for Metal-Organic Frameworks[END_REF] From the structure point of view, MOFs are considered crystals that comprise lattices of metal atoms and molecules. The structural and compositional tunability of MOFs provides an appealing playground for designing specific lattices. Majority of MOFs features poor electric conductivity because the coordination bonds normally feature weak electronic coupling which does not provide effective hopping between the neighboring sites. This problem can be overcome when coordination modes render aromaticity or quasi-aromaticity. [START_REF] Sun | Electrically Conductive Porous Metal-Organic Frameworks[END_REF] It has been found that a tetra-coordinated square-planar bis-(di-X)M coordination satisfies this requirement. As shown in Scheme 1, a metal ion M and two di-X ligands (X=thiol, hydroxyl, amino) constitute two inter-connected five-member rings. The electronic coupling between the π orbital of the di-X ligands and the d orbital of the metal ion delocalizes the π electrons over the two five-member rings, offering efficient π-conjugation, namely, quasi-aromaticity. This type of coordination yields so-called conjugated MOFs. [START_REF] Kambe | π-Conjugated Nickel Bis(dithiolene) Complex Nanosheet[END_REF] 2D-cMOFs represents a new family of 2D crystals that are uniquely different from inorganic 2D materials such as graphene or boron nitride which are not easily to be functionalized, or 2D organic polymers that are lack of good crystalline.

Scheme 1 On-surface synthesis of single-layer 2D-cMOFs based on bis-(di-X)M coordination (X=thiol, hydroxyl, amino).

Research on 2D-cMOFs prior to 2012 has been mostly focused on structural analysis rather than on their physical properties. Recently, more and more breakthroughs have been made reporting electrochemical activity, photoactivity, semiconductivity, high electrical conductivity and ferromagnetism in 2D-cMOFs. [START_REF] Sakamoto | Coordination Nanosheets (CONASHs): Strategies, Structures and Functions[END_REF][8][START_REF] Huang | A Two-Dimensional π-d Conjugated Coordination Polymer with Extremely High Electrical Conductivity and Ambipolar Transport Behaviour[END_REF][START_REF] Clough | Metallic Conductivity in a Two-Dimensional Cobalt Dithiolene Metal-Organic Framework[END_REF][START_REF] Lahiri | Hexaaminobenzene as a Building Block for a Family of 2D Coordination Polymers[END_REF][START_REF] Campbell | Cu 3 (hexaiminotriphenylene) 2 : An Electrically Conductive 2D Metal-Organic Framework for Chemiresistive Sensing[END_REF][START_REF] Kambe | Redox Control and High Conductivity of Nickel Bis(dithiolene) Complex π-Nanosheet: A Potential Organic Two-Dimensional Topological Insulator[END_REF][START_REF] Pal | Interfacial Synthesis of Electrically Conducting Palladium Bis(dithiolene) Complex Nanosheet[END_REF][15] Remarkably, conductivity of up to 1580 S cm -1 was obtained in the 15-500 nm thick films of a Cu-BHT MOF. [START_REF] Huang | A Two-Dimensional π-d Conjugated Coordination Polymer with Extremely High Electrical Conductivity and Ambipolar Transport Behaviour[END_REF] This high conductivity is attributed to the strong π-d interaction between the metal ions and ligands and to the delocalized electrons in the 2D system. More excitingly, this material was reported to be a single-layer superconductor. [START_REF] Zhang | Theoretical Discovery of a Superconducting Two-Dimensional Metal-Organic Framework[END_REF]17 Another interesting example is a 2D-cMOF exhibiting ferromagnetic ordering below ~20 K. [START_REF] Dong | A Coronene-Based Semiconducting Two-Dimensional Metal-Organic Framework with Ferromagnetic Behavior[END_REF] Concurrent with these experimental advances, theoretical investigations have progressed rapidly. The work of Feng Liu's group, leading to the prediction of the existence of organic topological materials in a series of publications, [START_REF] Wang | Organic Topological Insulators in Organometallic Lattices[END_REF][START_REF] Liu | Flat Chern Band in a Two-Dimensional Organometallic Framework[END_REF][START_REF] Wang | Quantum Anomalous Hall Effect in 2D Organic Topological Insulators[END_REF][START_REF] Zhang | Tunable Topological States in Electron-Doped HTT-Pt[END_REF][START_REF] Jiang | Exotic Topological Bands and Quantum States in Metal-Organic and Covalent-Organic Frameworks[END_REF] is an exciting development. The 2D-cMOFs with bis-(di-X)M coordination have received wide interest. For example, a bis(dithiolato)Mn 2D-MOF was predicted to be a ferromagnetic spin-lattice with S = 3/2. [START_REF] Zhao | Half-Metallicity of a Kagome Spin Lattice: The Case of a Manganese Bis-dithiolene Monolayer[END_REF] The spins in the unit cell form long-range ferromagnetic ordering mediated by p-d hybridization resulting from the πconjugated Kagome lattice. Octaaminonaphthalene-M (M=Fe, Cr, or Co) 2D-MOFs were reported to exhibit half-metallic nature resulting in remarkable 100% spin-filtering efficiency. [START_REF] Li | High Temperature Ferromagnetism in π-Conjugated Two-Dimensional Metal-Organic Frameworks[END_REF] Hexaiminotriphenylene Ni or Cu (Ni-HATP or Cu-HATP) 2D-MOFs display metallic band structures. Zhou et al. showed that d 8 transition metals (Pt and Pd) induce spin orbit coupling (SOC) gaps and the gaps of the NH coordinated complexes are much larger than their amino counterparts. [START_REF] Zhou | Topological Insulators Based on 2D Shape-Persistent Organic Ligand Complexes[END_REF] These predicted physical properties of the single-layer systems are often different in the multi-layer structures in which the inter-layer interactions in the stacked layers may quench the exotic quantum phases. It is thus highly desirable to synthesize single-layer 2D-cMOFs.

However, traditional hydro-/solvothermal methods yield crystalline powders of 2D-cMOFs. [START_REF] Li | Conductive MOFs[END_REF] The interface-assisted synthesis methods, including gas-liquid and liquid-liquid interfacial synthesis, Langmuir-Blodgett (LB) method, solid-liquid interfacial synthesis, are used for synthesizing films and layers of 2D-cMOFs whose thickness ranges from 1-2 μm to 10 nm. To date, only one work reported by Feng's group successfully fabricated a single layer 2D-cMOF which features thickness of ∼0.7 nm using the LB method. [START_REF] Dong | Large-Area, Free-Standing, Two-Dimensional Supramolecular Polymer Single-Layer Sheets for Highly Efficient Electrocatalytic Hydrogen Evolution[END_REF] On-surface synthesis provides a unique approach for fabricating single-layer metal-organic structures. As illustrated in Scheme 1, the linker molecules functionalized with specific chemical groups and metal atoms are deposited on an atomic flat surface, and after annealing at an appropriate temperature, single-layer 2D-MOFs form on the surface. This method has yielded a large variety of 2D-MOFs comprising hexagonal, triangular, square, Kagome, or other complex lattices of metal atoms. [START_REF] Dong | Self-Assembly of Metal-Organic Coordination Structures on Surfaces[END_REF] The whole process normally is conducted in ultra-high vacuum conditions, which enable the state-of-art microscopic and spectroscopic characterizations in further steps. In this perspective, we will discuss the recent progresses in the design, synthesis and characterization of single-layer 1D-and 2D-cMOF structures using the on-surface synthesis.

We will exemplify several combined experimental and theoretical studies concerning (1) the electronic structures, and (2) the magnetic properties of the on-surface synthesized single-layer 1D-and 2D-cMOFs to highlight the advances in the field.

In recent years, on-surface synthesis has emerged as a remarkable strategy to create and isolate single layer of organized 1D-cMOF chains using the surface as a template to drive the assembly and to catalyze the reactions. Benzene-based molecules have been used to react with metal atoms (Scheme 2). [START_REF] Koudia | On-Surface Synthesis of Covalent Coordination Polymers on Micrometer Scale[END_REF][START_REF] Denawi | On-Surface Synthesis of Spin Crossover Polymeric Chains[END_REF][START_REF] Denawi | Magnetic Polymer Chains of Iron and Zwitterionic Quinoidal Ligands on the Ag(111) Surface[END_REF][START_REF] Denawi | Magnetic Polymer Chains of Transition Metal Atoms and Zwitterionic Quinone[END_REF][START_REF] Denawi | Electronic and Magnetic Properties of Metal-Organic Polymers with 4d and 5d-Transition Metal Ions[END_REF][START_REF] Liu | Collective Spin Manipulation in Antiferroelastic Spin-Crossover Metallo-Supramolecular Chains[END_REF][START_REF] Liu | Lattice-Directed Stabilization of Different Spin-State Phases in Metallo-Supramolecular Chains on Au Surfaces[END_REF][START_REF] Santhini | 1D Coordination π-d Conjugated Polymers with Distinct Structures Defined by the Choice of the Transition Metal: Towards a New Class of Antiaromatic Macrocycles[END_REF] All these molecules are based on a phenyl ring with four radicals: i) a zwitterionic quinone (ZQ) functionalized by 2 amine groups and two carboxylic groups, ii) tetrahydroxy benzene (THB) and iii) 2,5 diamino-1,4benzoquinonediimines (2HQDI). The formation of 1D-cMOFs from these molecules proceeds by successive deprotonation/metalation steps in which two covalent bonds and two coordinative bonds are formed between the metal center and two adjacent molecules. This provides a metal oxidation state +II and a full delocalization of the π electrons. The presence of metal centers regularly spaced in the conductive chain is very promising to introduce magnetic properties in the 1D-cMOF. Strictly 1D-cMOFs (nanowires) are fascinating from fundamental and applied points of views. [START_REF] Bose | Quantum Communication through an Unmodulated Spin Chain[END_REF] While non-covalent metal-organic coordination chains are well documented, [START_REF] Messina | Direct Observation of Chiral Metal-Organic Complexes Assembled on a Cu(100) Surface[END_REF][START_REF] Lin | Real-Time Single-Molecule Imaging of the Formation and Dynamics of Coordination Compounds[END_REF] covalent links (i.e., with preservation of conjugation) between metal and organic molecules to form cMOFs have just emerged. [START_REF] Kezilebieke | Hierarchy of Chemical Bonding in the Synthesis of Fe-Phthalocyanine on Metal Surfaces: A Local Spectroscopy Approach[END_REF][START_REF] Kezilebieke | Steric and Electronic Selectivity in the Synthesis of Fe-1,2,4,5-Tetracyanobenzene (TCNB) Complexes on Au(111): From Topological Confinement to Bond Formation[END_REF][START_REF] Koudia | Step-by-Step on-Surface Synthesis: From Manganese Phthalocyanines to Their Polymeric Form[END_REF][START_REF] Sakamoto | The Coordination Nanosheet (CONASH)[END_REF][START_REF] Kambe | π-Conjugated Nickel Bis(Dithiolene) Complex Nanosheet[END_REF][START_REF] Nardi | On-Surface Reaction between Tetracarbonitrile-Functionalized Molecules and Copper Atoms[END_REF] Due to the growth process used so far, the extension of these nanowires is often limited. To overcome this limitation, reactive growth process was used involving ZQ and iron atoms co-deposition on a Ag(111) substrate held at 200 °C (Figure 1a-d).

The reaction proceeds by successive deprotonation/metalation steps and finally wires in which each quinoid unit is linked to the metal center by two covalent and two coordinative bonds through N and O atoms, thereby producing a π electrons delocalized over the entire 1D-cMOF. This is confirmed by X-ray photoelectron spectroscopy (XPS) experiments and allows the formation of micrometer size 1D-cMOF. [START_REF] Koudia | On-Surface Synthesis of Covalent Coordination Polymers on Micrometer Scale[END_REF] In this case the distance between two molecules is measured to be 7.6 Å in a (√7x √7) R20° superstructure. This lattice parameter is found very close to the equilibrium lattice parameter calculated by DFT when intermediate spin state is considered for each Fe atoms (S = 1). When this ZQ-Fe cMOF is deposited on Au(110), the lattice parameter is enlarged to 8.2 Å due to a c(4x2) epitaxial relationship measured by LEED (Figure 1e-h). Such a large lattice parameter comparing to the one obtained on Ag(111) (7.6 Å) cannot be interpreted without taking into account a spin crossover (SCO) phenomenon where the spin state of Fe atom change from S = 1 to S = 2 and the associated equilibrium lattice changes from 15.4 Å to 15.9 Å (i.e., 7.7 Å and 7.95 Å between adjacent molecules) (Figure 1i). 31 1D-cMOF (Product 3) comprising 2HQDI and metal atoms (M = Cr, Fe, Co, Ni) are formed on Au(111) and Cu(111). [START_REF] Santhini | 1D Coordination π-d Conjugated Polymers with Distinct Structures Defined by the Choice of the Transition Metal: Towards a New Class of Antiaromatic Macrocycles[END_REF] A combination of XPS, STM, nc-AFM, and DFT calculations was used to characterize in (Figure 1j), demonstrating that all metal atoms adopt a fourfold coordination motif with the nitrogen atoms after dehydrogenation of the 2HQDI molecules providing a full delocalization of the π-d electron system over the entire 1D-cMOF. In contrast, complexation between Cu adatoms and 2HDQI molecules on Cu(111), a different configuration of the metal is obtained, in which 2-fold coordination of Cu atoms preventing the full delocalization of the electron density over the nanowire. [START_REF] Santhini | 1D Coordination π-d Conjugated Polymers with Distinct Structures Defined by the Choice of the Transition Metal: Towards a New Class of Antiaromatic Macrocycles[END_REF] Transition metal complexes with 4 to 7 d electrons can adopt different spin configurations either high-spin, intermediate-spin and low-spin depending on ligand field splitting, and SCO has been observed under external stimuli such as light, pressure temperature or electric field. [START_REF] Hauser | Ligand Field Theoretical Considerations[END_REF] The on-surface synthesis of 1D-cMOF has allowed a description and manipulation of individual spin state at the atomic level. As presented above in the case of ZQ-Fe 1D-cMOF, the epitaxial relationship between the spin chain and the substrate can be used to strain the molecular wire forcing it to change spin state from S = 1 to S = 2 (Figure 2). This phenomena in 1D-cMOF chains of THB and Ni atoms synthesized on different Au substrates [Au(111), Au(110) and Au(100)] are studied using STM, STS under magnetic field and DFT calculations. [START_REF] Liu | Lattice-Directed Stabilization of Different Spin-State Phases in Metallo-Supramolecular Chains on Au Surfaces[END_REF] Distinct STM topographies of the 1D-cMOFs are observed on the three Au surfaces (Figure 2a). [START_REF] Liu | Lattice-Directed Stabilization of Different Spin-State Phases in Metallo-Supramolecular Chains on Au Surfaces[END_REF] Specifically, a collective SCO in the 1D-cMOF chains prepared on Au(111) is demonstrated using tip excitations. [START_REF] Liu | Collective Spin Manipulation in Antiferroelastic Spin-Crossover Metallo-Supramolecular Chains[END_REF] By applying voltage pulses, the brightness of multiple Ni atoms in the same coordination chain, which representing their spin states, are found to switch collectively (Figure 2d ande). Such collective conversions lead to the reversible switching between two degenerate states of the chain, that is, the transition between the spin-state configurations of "...101010..." and "...010101..." in the chain.

The realization of single-layer 2D-cMOFs by on-surface synthesis has been explored using benzene-or triphenylene-derived ligands with ortho-disubstituted N-, O-, or S-containing functional groups (Scheme 3a), [START_REF] Sun | Electrically Conductive Porous Metal-Organic Frameworks[END_REF][START_REF] Li | Conductive MOFs[END_REF][START_REF] Maeda | Coordination Programming of Two-Dimensional Metal Complex Frameworks[END_REF][START_REF] Ko | Conductive Two-Dimensional Metal-Organic Frameworks as Multifunctional Materials[END_REF] including metal-organic oligomers (Products 1 and 4 in Scheme 3b) via the coordination between 2,3,6,7,10,11-hexaaminotriphenylene (HATP, Scheme 3a) and Cu or Ni on Cu(111), [START_REF] Lischka | Competitive Metal Coordination of Hexaaminotriphenylene on Cu(111) by Intrinsic Copper Versus Extrinsic Nickel Adatoms[END_REF] 2D thiolate coordination networks of Ag 3 (C 6 S 6 ) (Product 4 in Scheme 3b), Cu 6 (C 6 S 6 ) (Product 5 in Scheme 3b), and Cu 8 (C 6 S 6 ) (Product 6 in Scheme 3b), on Ag(111) and Cu(111), using benzenehexathiol (BHT, Scheme 3a), [START_REF] Meng | Tunable Thiolate Coordination Networks on Metal Surfaces[END_REF] 2D networks with Ag 3 and Cu 3 clusters embedded (Product 2 in Scheme 3b) using hexahydroxytriphenylene (HHTP, Scheme 3a) molecules on Ag(111) and Cu(111), respectively, [START_REF] Rochefort | Role of the Structure and Reactivity of Cu and Ag Surfaces in the Formation of a 2D Metal-Hexahydroxytriphenylene Network[END_REF] and extended 2D-cMOFs, of Cu 3 (C 6 O 6 ) (Product 3 in Scheme 3b) on Cu(111) [START_REF] Zhang | On-Surface Synthesis of a Semiconducting 2D Metal-Organic Framework Cu 3 (C 6 O 6 ) Exhibiting Dispersive Electronic Bands[END_REF] and Fe 3 (C 6 O 6 ) (Product 4 in Scheme 3b) on Au(111) [START_REF] Hua | Highly Degenerate Ground States in a Frustrated Antiferromagnetic Kagome Lattice in a Two-Dimensional Metal-Organic Framework[END_REF] using benzenehexol (BHO, Scheme 3a), Ni 3 (HITP) 2 (HITP: 2,3,6,7,10,11hexaiminotriphenylene) [START_REF] Gao | Synthesis and Characterization of a Single-Layer Conjugated Metal-Organic Structure Featuring a Non-Trivial Topological Gap[END_REF] and Fe 3 (HITP) 2 [START_REF] Gao | Design and Synthesis of a Single-Layer Ferromagnetic Metal-Organic Framework with Topological Nontrivial Gaps[END_REF] (both are Product 4 in Scheme 3b) on Au(111) using HATP. The combined STM and XPS studies in these works demonstrate the deprotonation of the molecular ligands, indicating that the deprotonated coordination reactions (Scheme 3b) are responsible for the formation of the metal-organic products on the surfaces. [START_REF] Lischka | Competitive Metal Coordination of Hexaaminotriphenylene on Cu(111) by Intrinsic Copper Versus Extrinsic Nickel Adatoms[END_REF][START_REF] Meng | Tunable Thiolate Coordination Networks on Metal Surfaces[END_REF][START_REF] Zhang | On-Surface Synthesis of a Semiconducting 2D Metal-Organic Framework Cu 3 (C 6 O 6 ) Exhibiting Dispersive Electronic Bands[END_REF][START_REF] Hua | Highly Degenerate Ground States in a Frustrated Antiferromagnetic Kagome Lattice in a Two-Dimensional Metal-Organic Framework[END_REF] Moreover, it's found in these studies that the careful control over the substrate-adlayer interactions and metal-organic interactions is crucial for the achievement of extended 2D metal-organic structures with high quality. A 2D-cMOF (Product 3 in Scheme 3b) is synthesized by the dehydrogenated coordination reaction between benzenehexol (BHO, Scheme 3a) and the Cu adatoms on Cu(111). [START_REF] Zhang | On-Surface Synthesis of a Semiconducting 2D Metal-Organic Framework Cu 3 (C 6 O 6 ) Exhibiting Dispersive Electronic Bands[END_REF] The STM topograph and DFT-optimized model of the Cu 3 (C 6 O 6 ) monolayer are displayed in Figure 3a and b, respectively. Theoretical investigations reveal the band structures of the freestanding (Figure 3c) and surface adsorbed (Figure 3d) Cu 3 (C 6 O 6 ), respectively. It can be clearly seen in Figure 3c that a highly dispersive band with a band width of 1 eV and an effective mass of 0.45 m e appears above 2.7 eV. In addition, there are two narrow bands near the Fermi level, giving rise to a direct band gap at Γ point of 2.2 eV. Comparison between Figure 3c andd The dispersive bands were also found in the Ni 3 (HITP) 2 monolayer on Au(111) achieved by the on-surface dehydrogenated coordination (Scheme 3b, Product 4) between HATP (Scheme 3a) and Ni. [START_REF] Gao | Synthesis and Characterization of a Single-Layer Conjugated Metal-Organic Structure Featuring a Non-Trivial Topological Gap[END_REF] 3i), and the gap is retained in the adsorbed monolayer (black dots in Figure 3i). These theoretical results provide evidence of a non-trivial topological gap in the absorbed Ni 3 (HITP) 2 monolayer.

A series of extended 2D-MOFs exhibiting magnetic coupling were achieved by on-surface coordination chemistry. [START_REF] Tseng | Two-Dimensional Metal-Organic Coordination Networks of Mn-7,7,8,8-Tetracyanoquinodimethane Assembled on Cu(100): Structural, Electronic, and Magnetic Properties[END_REF][START_REF] Umbach | Ferromagnetic Coupling of Mononuclear Fe Centers in a Self-Assembled Metal-Organic Network on Au(111)[END_REF][START_REF] Abdurakhmanova | Superexchange-Mediated Ferromagnetic Coupling in Two-Dimensional Ni-TCNQ Networks on Metal Surfaces[END_REF][START_REF] Faraggi | Modeling Ferro-and Antiferromagnetic Interactions in Metal-Organic Coordination Networks[END_REF][START_REF] Giovanelli | Magnetic Coupling and Single-Ion Anisotropy in Surface-Supported Mn-Based Metal-Organic Networks[END_REF] Combined STM and X-ray magnetic circular dichroism (XMCD) investigations of these 2D-MOFs reveal either ferro-or antiferromagnetic interactions between the 3d-metal centers, which were ascribed to the super-exchange coupling via the molecular ligands. [START_REF] Umbach | Ferromagnetic Coupling of Mononuclear Fe Centers in a Self-Assembled Metal-Organic Network on Au(111)[END_REF][START_REF] Abdurakhmanova | Superexchange-Mediated Ferromagnetic Coupling in Two-Dimensional Ni-TCNQ Networks on Metal Surfaces[END_REF][START_REF] Faraggi | Modeling Ferro-and Antiferromagnetic Interactions in Metal-Organic Coordination Networks[END_REF] In all these cases, conjugated organic ligands [e.g., 7,7,8,8tetracyanoquinodimethane, 68,70,71 1,2,4,5-tetracyanobenzene, [START_REF] Giovanelli | Magnetic Coupling and Single-Ion Anisotropy in Surface-Supported Mn-Based Metal-Organic Networks[END_REF] and 2,4,6-tris(4-pyridyl)-1,3,5triazine 69 ] were used. It is in line with the theoretical study by Bellini et al. [START_REF] Bellini | Propagation of Spin Information at the Supramolecular Scale through Heteroaromatic Linkers[END_REF] concluding that efficient conjugation through the organic linkers in the metal-organic hybrids can enhance the super-exchange coupling between the metal centers. In this context, 2D-cMOFs provide a playground for constructing various 2D magnetic orderings and exploring the related physics.

An example of the study addressing the magnetic coupling in an on-surface synthesized 2D-cMOF, Fe 3 (HITP) 2 . [START_REF] Gao | Design and Synthesis of a Single-Layer Ferromagnetic Metal-Organic Framework with Topological Nontrivial Gaps[END_REF] Theoretical exploration of the freestanding Fe 3 (HITP) 2 monolayer (Figure 4b) demonstrates a ferromagnetic ground state (Figure 4c) in which each Fe center possesses a net out-of-plane magnetic moment of 2.45 μ B . The experimental realization of the single-layer Fe 3 (HITP) 2 framework was achieved by dehydrogenated coordination (Scheme 3b, Product 4) of Fe and HATP (Scheme 3a) on Au(111). STM topograph of Fe 3 (HITP) 2 on Au(111) (Figure 4a)

shows a similar hexagonal framework with that of Ni 3 (HITP) 2 , in which the Fe atoms are arranged in a Kagome lattice, in agreement with the theoretical models. STS measurements show a V-shape feature around the Fermi level which can be attributed to either the Kondo effect or the spin excitations (Figure 4d). The dI/dV map at 8 mV provides a direct look at the spatial distribution of the V-shape resonance in the spectra. It can be seen in Figure 4e that the dim regions induced by the V-shape spectral feature are mainly localized at the Fe centers, which is consistent with the calculated spin density distribution, indicating the presence of a magnetic moment at the Kagome lattice of Fe atoms. In addition, the theoretical exploration also indicates this 2D-MOF structure as a promising candidate of a quantum anomalous Hall system Copyright 2021 American Chemical Society.

A frustrated antiferromagnetic Kagome lattice is formed in a single-layer 2D-cMOF (Scheme 3b, Product 4) formed by BHO (Scheme 3a, denoting dehydrogenated BHO as BHO -6H

hereafter) and Fe on Au(111). [START_REF] Hua | Highly Degenerate Ground States in a Frustrated Antiferromagnetic Kagome Lattice in a Two-Dimensional Metal-Organic Framework[END_REF] Combined STM, XPS and DFT investigations reveal a stoichiometry of Fe 3 (BHO -6H ) of the 2D framework which comprises a Kagome lattice of Fe atoms at a high-spin state of S = 2 (Figure 4f andg). In order to elucidate the magnetic ground state of the Fe 3 (BHO -6H ) framework, the authors theoretically tested several magnetic configurations, including out-of-plane ferromagnetic, out-of-plane ferrimagnetic, in-plane ferrimagnetic, and in-plane antiferromagnetic. Consequently, it is found that the most energyfavorable configuration comprises the in-plane antiferromagnetically coupled Fe centers. Further calculations of several different in-plane antiferromagnetic configurations (Figure 4h), that is, A (also known as the q = 0 state of the Kagome lattice [START_REF] Grohol | Spin Chirality on a Two-Dimensional Frustrated Lattice[END_REF][START_REF] Chernyshev | Quantum Selection of Order in an XXZ Antiferromagnet on a Kagome Lattice[END_REF] ), B, C and D (also known as the q = √3 × √3 state of the Kagome lattice [START_REF] Grohol | Spin Chirality on a Two-Dimensional Frustrated Lattice[END_REF][START_REF] Chernyshev | Quantum Selection of Order in an XXZ Antiferromagnet on a Kagome Lattice[END_REF] ), uncover their comparable energies, suggesting them as degenerate ground states. A representative dI/dV spectrum shows two steps at ±6 mV (Figure 4i).

The conductance steps were assigned to spin excitation caused by either magnetic anisotropy or a spin gap. The spatial resolved dI/dV spectra acquired along the dotted line in Figure 4j shows that the step feature associated with the spin excitation is a global effect taking place in the entire framework while appears stronger at the Fe atoms. This result likely indicates a spin gap as the origin of the spin excitation.

The concept of on-surface synthesis has been well demonstrated for designing and fabricating 1D-and 2D-cMOF structures. Though only being demonstrated in limited examples, this method already shows promising potentials to realize single-layer 1D-and 2D-cMOFs.

Future developments of employing this method to fabricate free-standing single-layer 1D-and 2D-cMOFs or grow 1D-and 2D-cMOFs on decoupling layer are of great importance in order to investigate and harvest their intrinsic electronic and magnetic properties.

Acknowledgement: This work is supported financially by Hong Kong RGC 16301219.
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 2 Scheme 2 Schematic illustration of the 1D coordination reactions used for the synthesis of 1D-
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 1 Figure 1 (a,b) STM images of ZQ co-deposited with Fe on Ag(111) with alignment of 1D chains

  On Au(100) [Au(110)], most Ni atoms in the chains are darker (brighter) than the molecular moieties, while on Au(111), darker and brighter Ni atoms arrange alternately along the chains. High resolution STS measurements reveal the different spin states of the brighter and darker Ni atoms. The dI/dV spectra acquired at the brighter Ni atoms on Au(110) and Au(111) feature zerobias anomalies which are attributed to the Kondo resonance of the spin electrons localized on the Ni atoms (Figure 2b). As a comparison, the darker Ni atoms on Au(100) and Au(111) show featureless spectra around the Fermi level, indicating the absence of Kondo effect. The experimental results are in accordance with the DFT calculations demonstrating an S = 1 (high spin, HS) state of the brighter Ni atoms on Au(110) and Au(111) while an S = 0 (low spin, LS) state of the darker Ni atoms on Au(100) and Au(111). Different spin-state phases of the 1D-cMOFs are identified on the three Au surfaces, that is, a LS phase on Au(100), a HS phase on Au(110), and an antiferroelastic (AFE) phase with alternately arranged HS-and LS-Ni atoms along the chains on Au(111) (Figure 2a).
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 2 Figure 2. (a) STM images of the coordination chains formed by THB and Ni on Au(100) (left),
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 51533 Scheme 3 (a) Chemical structures of the molecular ligands used for preparation of 2D-cMOFs on

  (the contribution from the MOF is drawn in thick black lines) shows that despite the down-shifted positions of the bands and the narrowed band gap of the absorbed Cu 3 (C 6 O 6 ) monolayer, the main band characteristics of the freestanding structure, especially the dispersive conduction band, are preserved upon its adsorption on Cu(111). Further atom-specific analysis uncovers that the dispersive band is dominantly contributed by the , and orbitals of Cu, and the + orbitals of O. The coupling between these d, p orbitals with in-plane components results in a π-like nature of the conduction band and hence an in-plane conjugation of the O-Cu-O bonding motif. The latter was believed to be the origin of the dispersive conduction band. The theoretical results were confirmed by the experimental measurements. The power spectral map of Cu 3 (C 6 O 6 ) (Figure 3e) enables direct observation of the dispersive conduction band above 0.8 V and the narrow bands at negative bias with a 1.5 V band gap between them. The larger experimental band gap in comparison with the calculated results was attributed to the underestimation of band gap in the DFT method.
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 3 Figure 3 (a) STM image of Cu 3 (C 6 O 6 ) on Cu(111). (b) Theoretically optimized model of the
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 3 Figure 3c and d) Ni 3 (HITP) 2 monolayers. It's clearly seen in Figure 3h that the intrinsic band
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 4 Figure 4 (a) High-resolution STM image of the single-layer Fe 3 (HITP) 2 on Au(111). (b) DFT-