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Two-Dimensional Halogen-Bonded Porous Self-Assembled Nanoarchitectures of Copper β-Diketonato Complexes

Two novel copper β-diketonato Complexes with halogen atoms are synthesized. The length of complex arms is slightly different. Scanning tunneling microscopy (STM) shows that the two complexes self-assemble into porous two-dimensional nanoarchitectures at the solid-liquid interface on graphite. These arrangements are however stabilized by the formation of two different halogen synthons between neighboring molecules. These synthons are composed of four or two type-II halogen bonds. These observations reveal that a tiny modification of complex design can drastically affect the structure of two-dimensional halogen-bonded nanoarchitectures.

Introduction

Metal-containing organic species are promising building blocks to engineer novel nanoarchitectures for application in nanotechnology. β-diketonate ligands have for example been selected to create novel metalloligand complexes for the quest of molecular spin qubits. [START_REF] Tesi | Quantum Coherence in a Processable Vanadyl Complex: New Tools for the Search of Molecular Spin Qubits[END_REF] To be used as molecular spin qubits, not only these complexes have to be synthesized but their collective arrangement has to be controlled to perform quantum logic operations. A rational synthetic design is thus required to govern β-diketonato complex electronic properties as well as their ability to form controlled nanostructures. β-diketonate ligands have also recently been used for the elaboration of nanoporous materials for anion exchange and scaffolding of selected anionic guests. [START_REF] Carlucci | Heterometallic Modular MetalOrganic 3D Frameworks Assembled via New Tris-β-Diketonate Metalloligands: Nanoporous Materials for Anion Exchange and Scaffolding of Selected Anionic Guests[END_REF] These βdiketonate based complexes are thus promising building blocks to engineer functionnal materials.

Molecular self-assembly offers unique possibilities for engineering two-dimensional (2D) nanoarchitectures on metal surfaces. The internal structure of these organic structures can be tailored at the atomic scale by exploiting intermolecular interactions. [START_REF] Liang | Two-Dimensional Molecular Porous Networks Formed by Trimesic Acid and 4,4'Bis(4-pyridyl)biphenyl on Au(111) through Hierarchical Hydrogen Bonds: Structural Systematics and Control of Nanopore Size and Shape[END_REF][START_REF] Yang | Hierarchical Construction of Self-Assembled Low-Dimensional Molecular Architectures Observed by Using Scanning Tunneling Microscopy[END_REF] Strong, selective and directional intermolecular interactions are required to stabilize the formation of porous organic nanoarchitecture and prevent molecules to form close-packed arrangements. Large self-assembled porous organic nanoarchitectures have thus been successfully engineered taking advantage of intermolecular hydrogen-bonds, [START_REF] Liang | Two-Dimensional Molecular Porous Networks Formed by Trimesic Acid and 4,4'Bis(4-pyridyl)biphenyl on Au(111) through Hierarchical Hydrogen Bonds: Structural Systematics and Control of Nanopore Size and Shape[END_REF][START_REF] Yagai | Supramolecularly Engineered Functional π-Assemblies Based on Complementary Hydrogen-Bonding Interactions[END_REF][START_REF] Xu | Hydrogen-Bonding-Induced Polymorphous Phase Transitions in 2D Organic Nanostructures[END_REF][START_REF] Tanioku | Thermochromism and Structural Change in Polydiacetylenes Including Carboxy and 4-Carboxyphenyl Groups as the Intermolecular Hydrogen Bond Linkages in the Side Chain[END_REF][START_REF] Hu | STM Investigation of Structural Isomers: Alkyl Chain Position Induced Self-Assembly at the Liquid/Solid Interface[END_REF][START_REF] Priimagi | Efficient Surface-Relief Gratings in Hydrogen-Bonded Polymer-Azobenzene Complexes[END_REF][START_REF] Hu | Structural Transition Control Between DipoleDipole and Hydrogen Bonds Induced Chirality and Achirality[END_REF][START_REF] Hieulle | Localized Intermolecular Electronic Coupling in Two-Dimensional Self-Assembled 3,4,9,10-perylenetetracarboxylic Diimide Nanoarchitectures[END_REF][12][START_REF] Baris | Robust and Open Tailored Supramolecular Networks Controlled by the Template Effect of a Silicon Surface[END_REF][START_REF] Uemura | Two-Dimensional Self-Assembled Structures of Melamine and Melem at the Aqueous Solution-Au(111) Interface[END_REF][START_REF] Silly | Two-Dimensional 1,3,5-Tris(4-carboxyphenyl)benzene Self-Assembly at the 1-Phenyloctane/Graphite Interface Revisited[END_REF][START_REF] Shen | Structure of Isophthalic Acid Based Monolayers and its Relation to the Initial Stages of Growth of Metal-Organic Coordination Layers[END_REF][START_REF] Temirov | A Novel Method Achieving Ultra-High Geometrical Resolution in Scanning Tunnelling Microscopy[END_REF][START_REF] Chen | Globally Homochiral Assembly of Two-Dimensional Molecular Networks Triggered by Co-Absorbers[END_REF][START_REF] Gardener | Intricate Hydrogen-Bonded Networks: Binary and Ternary Combinations of Uracil, PTCDI, and Melamine[END_REF][START_REF] Sun | Tailoring Two-Dimensional PTCDA-melamine Self-Assembled Architectures at Room Temperature by Tuning Molecular Ratio[END_REF][START_REF] Räisänen | Effects of Pore Modification on the Templating of Guest Molecules in a 2D Honeycomb Network[END_REF] halogen-bonds, [START_REF] Baris | Robust and Open Tailored Supramolecular Networks Controlled by the Template Effect of a Silicon Surface[END_REF][START_REF] Shang | Assembling Molecular Sierpiński Triangle Fractals[END_REF][START_REF] Xu | Trimeric Supramolecular Liquid Crystals Induced by Halogen Bonds[END_REF][START_REF] Gao | Phosphorescent Co-Crystal Assembled by 1,4-diiodotetrafluorobenzene with Carbazole Based on C-I• • • π Halogen Bonding[END_REF][START_REF] Silly | Selecting Two-Dimensional Halogen-Halogen Bonded Self-Assembled 1,3,5-Tris(4iodophenyl)benzene Porous Nanoarchitectures at the Solid-Liquid Interface[END_REF][START_REF] Getmanenko | 2-b:6,5-b]dithiophene(dithiazole)-4,5-dione Derivatives: Synthesis, Electronic Properties, Crystal Packing and Charge Transport[END_REF][START_REF] Metrangolo | Engineering Functional Materials by Halogen Bonding[END_REF][START_REF] Meyer | Halogen Bonding at Work: Recent Applications in Synthetic Chemistry and Materials Science[END_REF][START_REF] Voth | Halogen Bonds as Orthogonal Molecular Interactions to Hydrogen Bonds[END_REF][START_REF] Lieberman | Br and Br• • • H Interactions in Action: Polymorphism, Hopping, and Twinning in 1,2,4,5-Tetrabromobenzene[END_REF][START_REF] Gutzler | Halogen Bonds in 2D Supramolecular Self-Assembly of Organic Semiconductors[END_REF][32][START_REF] Chung | Molecular Multistate Systems Formed in Two-Dimensional Porous Networks on Ag(111)[END_REF][START_REF] Meazza | Halogen-Bonding-Triggered Supramolecular Gel Formation[END_REF][START_REF] Sun | Preparation of Poly(diiododiacetylene), an Ordered Conjugated Polymer of Carbon and Iodine[END_REF][START_REF] Pigge | Hexagonal Crystalline Inclusion Complexes of 4-iodophenoxy Trimesoate[END_REF][START_REF] Metrangolo | Mutual Induced Coordination in Halogen-Bonded Anionic Assemblies with (6,3) Cation-Templated Topologies[END_REF][START_REF] Zha | Cooperation and Competition Between Halogen Bonding and van der Waals Forces in Supramolecular Engineering at the Aliphatic Hydrocarbon/Graphite Interface: Position and Number of Bromine Group Effects[END_REF] metal-ligand [START_REF] Di Giovannantonio | Insight into Organometallic Intermediate and Its Evolution to Covalent Bonding in Surface-Confined Ullmann Polymerization[END_REF][START_REF] Barth | Fresh Perspectives for Surface Coordination Chemistry[END_REF][START_REF] Hanke | Heat-to-Connect: Surface Commensurability Directs Organometallic One-Dimensional Self-Assembly[END_REF] and organic-ionic compounds interactions. [START_REF] Hieulle | Engineering Two-Dimensional Hybrid NaCl-Organic Coordinated Nanoarchitectures on Metal Surfaces[END_REF] Large cavities have been observed in the self-assembled molecular Sierpiński triangle fractals. These sophisticated structures have been achieved by exploiting intermolecular hydrogenbonds, [START_REF] Zhang | Robust Sierpiski Triangle Fractals on Symmetry-Mismatched Ag(100)[END_REF] metal-organic coordination interactions [START_REF] Zhang | Robust Sierpiski Triangle Fractals on Symmetry-Mismatched Ag(100)[END_REF][START_REF] Li | Packing fractal Sierpiski triangles into one-dimensional crystals via a templating method[END_REF] and intermolecular halogen-interactions. [START_REF] Shang | Assembling Molecular Sierpiński Triangle Fractals[END_REF] Zhang et al. showed that hydrogen-bond interactions appear wicker than metal-organic coordination interactions; [START_REF] Zhang | Robust Sierpiski Triangle Fractals on Symmetry-Mismatched Ag(100)[END_REF] the largest Sierpiński triangle fractal motifs were achieved when the structures were stabilized by halogen-bonds [START_REF] Shang | Assembling Molecular Sierpiński Triangle Fractals[END_REF] and metal-organic coordination interactions. [START_REF] Li | Construction of Sierpiński Triangles up to the Fifth Order[END_REF] The halogenbond is not only attracting interest for its high directionality and strength but also because of its potential for fine-tuning intermolecular interactions. X 2 , 46-48 X 3 , 22,49,50 X 4 , [START_REF] Silly | Selecting Two-Dimensional Halogen-Halogen Bonded Self-Assembled 1,3,5-Tris(4iodophenyl)benzene Porous Nanoarchitectures at the Solid-Liquid Interface[END_REF][START_REF] Zha | Concentration Dependent Halogen-Bond Density in the 2D Self-Assembly of a Thienophenanthrene Derivative at the Aliphatic Acid/Graphite Interface[END_REF][START_REF] Anhpham | Self-assembly of Pyrene Derivatives on Au(111): Substituent Effects on Intermolecular Interactions[END_REF][START_REF] Jang | Tetragonal Porous Networks Made by Rod-Like Molecules on Au(111) with Halogen Bonds[END_REF] X 6 [START_REF] Peyrot | On-Surface Synthesis of Two-Dimensional Covalent Organic Structures versus Halogen-Bonded Self-Assembly: Competing Formation of Organic Nanoarchitectures[END_REF] and X ∞ 47 synthons have been observed in various two-dimensional arrangements. The strength of the halogen bond is however strongly depending of its geometry. [START_REF] Bui | The Nature of Halogen• • • Halogen Interactions: A Model Derived from Experimental Charge-Density Analysis[END_REF] The high flexibility of this intermolecular interaction combined with the tunability of the molecular building-block design offers multiple strategies to elaborate complicated self-assembled naoarchitectures with different internal structures.

In this paper the influence of molecular design on the self-assembly of two functionalised βdiketonato copper complexes at the 1-phenyloctane/graphite interface is investigated. The complex-1 has one iodine atom at the end of its four arms, whereas the complex-2 has a bromine atom and the length of its four arms is in addition longer. Scanning tunneling microscopy (STM) reveals that the two complexes self-assemble into halogen-bonded nanoarchitectures, having different the internal structure and different intermolecular biding.

Experimental

The synthesis of complex-1 and complex-2 is described in supplementary materials. Complex-1 = cu(bipd) 2 with bipd = 1,3-bis(4-iodophenyl)propane-1,3-dione. Complex-2 = cu(bbbpd) 2 with bbbpd = 1,3-bis(4'-bromo-[1,1'-biphenyl]-4-yl)propane-1,3-dione. The calculated Cu-O bond lengths for complex-1 and complex-2 were found to be 1.925 Å(ESI).

Solutions of the complexes in 1-phenyloctane (Aldrich) were prepared. A droplet of the so-lutions was then deposited on a graphite substrate. STM imaging of the samples was performed at the liquid-solid interface using a Pico-SPM (Molecular Imaging, Agilent Technology) scanning tunneling microscope. Cut Pt/Ir tips were used to obtain constant current images at room temperature with a bias voltage applied to the sample. STM images were processed and analyzed using the application FabViewer. 53 The STM image in Figure 2 shows the graphite surface after deposition of a droplet of complex-1 in 1-phenyloctane. Molecules self-assemble into a large-scale 2D organic nanoarchitecture.

Bright spots and dark areas are visible in the STM image. The fast Fourier transform of the STM image (inset) reveals that the unit cell of this arrangement has a nearly square-shape.

High resolution STM images of the complex-1 self-assembly are presented in the Figure 3. The STM images in Figure 3a,b show that each molecule has four side-by-side neighbors. The bright features observed in the STM images correspond to squares composed of four bright spots. These bright spots are observed at the apex of molecular arms. It has been previously experimentally observed that halogen atoms, such as bromine and iodine, appear brighter than molecular carbon atoms in the STM images. [START_REF] Shang | Assembling Molecular Sierpiński Triangle Fractals[END_REF][START_REF] Silly | Selecting Two-Dimensional Halogen-Halogen Bonded Self-Assembled 1,3,5-Tris(4iodophenyl)benzene Porous Nanoarchitectures at the Solid-Liquid Interface[END_REF][START_REF] Peyrot | On-Surface Synthesis of Two-Dimensional Covalent Organic Structures versus Halogen-Bonded Self-Assembly: Competing Formation of Organic Nanoarchitectures[END_REF] These bright spots therefore correspond to the molecular iodine atoms. The molecular arrangement is stabilized by X 4 synthons (highlighted with orange squares in Figure 3c). Two molecular orientations are observed in the organic nanoarchitecture, as it can STM image of the complex-2 self-assembled porous network at the 1phenyloctane/graphite interface, 27×27 nm 2 , V s = 0.95 V, I t = 9 pA. Inset: FFT of the STM image.

The STM image in Figure 4 shows the graphite surface after deposition of a droplet of complex-2 in 1-phenyloctane. Molecules self-assemble into a large-scale 2D organic nanoarchitecture. The fast Fourier transform of the STM image (inset) reveals that the unit cell of this arrangement has a nearly rectangular shape. High resolution STM images of the complex-2 self-assembly are presented in the Figure 5.

In contrast with complex-1 arrangement, the STM images in Figure 5a,b reveal that only one molecular orientation is now observed in the organic nanoarchitecture. Each complex-2 has two side-by-side neighbors and not four as the complex-1. Complex-2 are forming parallel rows and neighboring rows are shifted along their axis by half a complex-length. The complex arrangement is stabilized by X 2 synthons, that can be observed in the molecular rows. The X 2 synthons are highlighted with orange ellipses in Figure 5c. There is no halogen interaction between complexes of neighboring rows, the complex arms of neighboring rows are arranged side-by-side. This configuration is therefore maximizing intermolecular van der Walls interactions. The model of the complex-2 self-assembly is presented in Figure 5c. As a guide for the eyes, the STM image presented in Figure 5b has been placed underneath the schemes of the molecules, Figure 5c. The network unit cell, containing two molecules and corresponding to the FFT image in Figure 4-inset, is represented by dashed yellow lines in Figure 5c. The unit cell of this porous structure is a parallelogram with 4.1±0.1 nm and 2.6±0.1 nm unit cell constants and an angle of 93±1 • between the axes. The molecular architecture is stabilized along the molecular row by halogen• • • halogen interactions, forming X 2 synthons. The angle between Br-C groups of neighboring molecules is ∼127 • .

Discussion

The design of complex-1 and complex-2 is very similar. The length of complex-2 arms is increased by the insertion of one additional phenyl ring in comparison with the complex-1 arm, Figure 1. STM shows that the two H-shaped complexes self-assemble into 2D porous nanoar-chitectures stabilized by intermolecular halogen interactions at the 1-phenyloctane/graphite interface. Two molecular orientations are observed in the complex-1 arrangement. Neighboring molecules are rotated by 90 • in comparison of each other. In contrast, only one orientation is observed in the complex-2 arrangement. The complex-1 arrangement is in addition stabilized by X 4 halogen synthons, whereas the complex-2 arrangement is stabilized by X 2 halogen synthons.

The angle between the complex halogen-carbon covalent bond (X-C) of neighboring complexes is different in the complex-1 X 4 synthon and the complex-2 X 2 synthon. This angle is 95 • in the X 4 synthon, whereas it is 127 • in the X 2 synthon. Bui et al . previously showed that the strength of the halogen• • • halogen interaction depends of the C-X• • • X-C binding angle. [START_REF] Bui | The Nature of Halogen• • • Halogen Interactions: A Model Derived from Experimental Charge-Density Analysis[END_REF] The halogen• • • halogen interaction strength is similar to van der Waals interactions when the C-X• • • X-C angle is 180 • . This interaction is called a Type-I halogen interaction. In comparison the strength of the halogen• • • halogen interaction is stronger and is similar to the one of a hydrogen-bond when the C-X• • • X-C angle is 90±30 • . This bond is called a type-II halogen interaction (it should be noticed that only the Type-II halogen interaction is considered as a "true" halogen-bonds by the IUPAC Recommendations 2013 [START_REF] Desiraju | Definition of the Halogen Bond (IUPAC Recommendations[END_REF] ). The high resolution STM images in Figure 3 and Figure 5 are thus revealing that the X 4 synthon as well as X 2 synthon are only composed of Type-II halogen interactions (halogen-bonds only). The STM images are showing that the complex-1 nanoarchitecture is only stabilized by halogen-bonds, but the complex-2 arrangement is also stabilized by intermolecular van der Walls interactions, i.e. neighboring complex arms are arrangement sideby-side. These observations reveals that a tiny modification of the complex design can drastically affect its arrangement.

The graphite surface was selected because it is expected to weakly interact with the molecules.

Molecules are usually strongly interacting with semiconducting surfaces but less with conductive and metal surfaces. However when molecules with halogen atoms are deposited on metal surfaces, dehalogenation through Ullmann coupling may already occur at room temperature. Halogenbonded intermolecular interactions can therefore be investigated on graphite surface, [START_REF] Silly | Selecting Two-Dimensional Halogen-Halogen Bonded Self-Assembled 1,3,5-Tris(4iodophenyl)benzene Porous Nanoarchitectures at the Solid-Liquid Interface[END_REF][START_REF] Zha | Concentration Dependent Halogen-Bond Density in the 2D Self-Assembly of a Thienophenanthrene Derivative at the Aliphatic Acid/Graphite Interface[END_REF][START_REF] Silly | Concentration-Dependent Two-Dimensional Halogen-Bonded Self-Assembly of 1,3,5-Tris(4-iodophenyl)benzene Molecules at the Solid-Liquid Interface[END_REF][START_REF] Zha | Controllable Orientation of Ester-Group-Induced Intermolecular Halogen Bonding in a 2D Self-Assembly[END_REF] whereas noble metal surfaces are promising surfaces to engineer on-surface synthesized covalent nanoarchitectures. [START_REF] Peyrot | On-Surface Synthesis of Two-Dimensional Covalent Organic Structures versus Halogen-Bonded Self-Assembly: Competing Formation of Organic Nanoarchitectures[END_REF][START_REF] Peyrot | Temperature-Triggered Sequential On-Surface Synthesis of One and Two Covalently Bonded Porous Organic Nanoarchitectures on Au(111)[END_REF] 

Conclusion

To summarize, the influence of complex design on H-shaped copper β-diketonato complex selfassembly at the 1-phenyloctane/graphite interface was investigated using scanning tunneling microscopy. Complexes self-assemble into different porous halogen-bonded nanoarchitectures. STM revealed that the geometry of the halogen synthons stabilizing these nanoarchitetcture is drastically influence by the complex design. These observations show that halogen• • • halogen bonds are promising intermolecular binding to control and tune two-dimensional arrangement of molecular magnet on flat surfaces. This opens up new opportunities for engineering tailored organic magnetic nanoarchitectures at the nanometer scale. 
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 11 Figure 1: Scheme of the β-diketonato copper complexes, (a) C 30 H 18 CuI 4 O 4 and (b) C 54 H 34 Br 4 Cu0 4 . Carbon atoms are gray, iodine atoms are purple, hydrogen atoms are white, oxygen atoms are red, copper atoms are green and bromine atoms are in blue, respectively.

Figure 2 :

 2 Figure 2: STM image of the complex-1 self-assembled porous network at the 1phenyloctane/graphite interface, 35×35 nm 2 , V s = 0.55 V, I t = 9 pA. Inset: FFT of the STM image.

Figure 3 :

 3 Figure 3: High resolution STM images of the complex-1 self-assembled porous network, (a) 10×8 nm 2 , V s = 0.95 V, I t = 9 pA, (b) 5×3 nm 2 , V s = 0.95 V, I t = 9 pA. (c) Assembly model with the STM image in (b) placed underneath as a guide for the eyes. X 4 synthons are highlighted with orange squares.

Figure 4 :

 4 Figure 4:STM image of the complex-2 self-assembled porous network at the 1phenyloctane/graphite interface, 27×27 nm 2 , V s = 0.95 V, I t = 9 pA. Inset: FFT of the STM image.

Figure 5 :

 5 Figure 5: High resolution STM images of the complex-2 self-assembled porous network, (a) 15×15 nm 2 , V s = 0.95 V, I t = 9 pA, (b) 8×6 nm 2 , V s = 0.95 V, I t = 9 pA. (c) Assembly model with the STM image in (b) placed underneath as a guide for the eyes. X 2 synthons are highlighted with orange ellipses.

Acknowledgement

The research leading to these results has received funding from the European Research Council under the European Union's Seventh Framework Programme (FP7/2007-2013) / ERC grant agreement n • 259297. This work was granted access to the HPC resources of CALMIP under the

The Journal of Physical Chemistry allocation 2012-[1206].

Supporting Information Available

Preparation and synthesis of the Ligands and complexes and the computational details for the optimization of the complex geometry are presented in the supporting information.