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Introduction

A variety of chemical reactions have been explored in on-surface synthesis to create organic compounds by taking advantage of a solid surface acting as a confining template. [START_REF] Grill | Nano-Architectures by Covalent Assembly of Molecular Building Blocks[END_REF][START_REF] Clair | Growth of Boronic Acid Based Two-Dimensional Covalent Networks on a Metal Surface under Ultrahigh Vacuum[END_REF][START_REF] Goronzy | Supramolecular Assemblies on Surfaces: Nanopatterning, Functionality, and Reactivity[END_REF][START_REF] Palmino | Photochemistry Highlights on On-Surface Synthesis[END_REF][START_REF] Clair | Controlling a Chemical Coupling Reaction on a Surface: Tools and Strategies for On-Surface Synthesis[END_REF][START_REF] Cui | Surface-confined single-layer covalent organic frameworks: design, synthesis and application[END_REF][START_REF] Grill | Covalent on-surface polymerization[END_REF] Inspired by the Ullmann reaction, the C-C coupling between halogenated precursors was demonstrated [START_REF] Grill | Nano-Architectures by Covalent Assembly of Molecular Building Blocks[END_REF] and now represents the most widely used approach. A few other mechanisms have also proven successful, most remarkably the direct C-H activation that is greatly facilitated by the supporting metal surface. [START_REF] Zhong | Linear Alkane Polymerization on a Gold Surface[END_REF][START_REF] Gao | Coupling at Metal Surfaces[END_REF][START_REF] Li | Surface-Controlled Mono/Diselective ortho C-H Bond Activation[END_REF][START_REF] Kang | On-Surface Synthesis of One-Dimensional Carbon-Based Nanostructures via C-X and C-H Activation Reactions[END_REF] While alternate reaction pathways have been scarcely proposed, [START_REF] Gao | Intermolecular On-Surface sigma-Bond Metathesis[END_REF][START_REF] Liu | Polymerization of silanes through dehydrogenative Si-Si bond formation on metal surfaces[END_REF][START_REF] Kalashnyk | The Orientation of Silver Surfaces Drives the Reactivity and the Selectivity in Homo -Coupling Reactions[END_REF][START_REF] Galeotti | Synthesis of mesoscale ordered two-dimensional pi-conjugated polymers with semiconducting properties[END_REF][START_REF] Wang | On-Surface Decarboxylation Coupling Facilitated by Lock-to-Unlock Variation of Molecules upon the Reaction[END_REF][START_REF] Han | Surface-assisted fabrication of low-dimensional carbon-based nanoarchitectures[END_REF][START_REF] Holec | A Large Starphene Comprising Pentacene Branches[END_REF] it is of prime importance to investigate reaction mechanisms for on-surface synthesis to gain better control and predictability over the reaction products and to position this emerging field as an efficient and versatile chemical synthesis approach.

In traditional solvent-based chemistry the transition metal-mediated activation of C-S bonds has been extensively investigated and sulfur-based organic synthesis is emerging as an alternative to halogenbased synthesis. [START_REF] Wang | Transition-Metal Mediated Carbon-Sulfur Bond Activation and Transformations[END_REF][20][21][START_REF] Li | Catalytic C-H and C-S Bond Activation of Thiophenes[END_REF] Thiophenyl groups represent an attractive way of introducing sulfur in organic precursors. Thiophene derivatives could be successfully implemented in 3D covalent organic frameworks (COFs) for efficient gap tuning. [START_REF] Bertrand | Thiophene-based covalent organic frameworks[END_REF][START_REF] Ball | Computational Investigation on the Electronic Structure and Functionalities of a Thiophene-Based Covalent Triazine Framework[END_REF] On surfaces, a few covalent networks containing thiophene units have been obtained from Ullmann coupling on Ag(111) [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Cardenas | Synthesis and electronic structure of a two dimensional pi-conjugated polythiophene[END_REF][START_REF] Bernardo | On-Surface Synthesis of Polyethylenedioxythiophene[END_REF] or Cu(110). [START_REF] Lipton-Duffin | Step-by-Step Growth of Epitaxially Aligned Polythiophene by Surface-Confined Reaction[END_REF] Pure polythiophene chains were reported on Au(111) from dibrominated oligothiophenes [START_REF] Lu | On-Surface Synthesis and Characterization of Polythiophene Chains[END_REF][START_REF] Liu | Conformation modification of terthiophene during the on-surface synthesis of pure polythiophene[END_REF][START_REF] Reecht | Oligothiophene Nanorings as Electron Resonators for Whispering Gallery Modes[END_REF][START_REF] Liu | Stepwise on-surface synthesis of thiophenebased polymeric ribbons by coupling reactions and the carbon-fluorine bond cleavage[END_REF] While quaterthiophene and heptathiophene molecules are stable at room temperature on Cu(111), [START_REF] Kakudate | Electronic Structures of Quaterthiophene and Septithiophene on Cu(111): Spatial Distribution of Adsorption-Induced States Studied by STM and DFT Calculation[END_REF] in most cases, a degradation of thiophene derivatives is observed upon thermal activation on reactive surfaces [START_REF] Malone | Exploring Thiophene Desulfurization: The Adsorption of Thiophene on Transition Metal Surfaces[END_REF] like Cu(111) [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Bernardo | On-Surface Synthesis of Polyethylenedioxythiophene[END_REF][START_REF] Galeotti | Surface-Mediated Assembly, Polymerization and Degradation of Thiophene-Based Monomers[END_REF] or Ni(111). [START_REF] Dinca | Unprecedented Transformation of Tetrathienoanthracene into Pentacene on Ni(111)[END_REF][START_REF] Dinca | Tailoring the Reaction Path in the On-Surface Chemistry of Thienoacenes[END_REF] Thiophene degradation can be also obtained upon application of an electric field by the STM tip [START_REF] Borca | Electric-Field-Driven Direct Desulfurization[END_REF] or by applying atomic hydrogen. [START_REF] Zuzak | On-Surface Synthesis with Atomic Hydrogen[END_REF] Successful C-S bond activation has been shown to initiate intra-or inter-molecular reaction on a surface. [START_REF] Dinca | Tailoring the Reaction Path in the On-Surface Chemistry of Thienoacenes[END_REF] In this latter work the thiophene units were fused with adjacent benzene rings, which probably limited the reactivity of the as-released radicals and the possibility to extend the polymerization reaction.

We designed the precursor 1,4-di(thiophen-2-yl)benzene (DTB, Fig. 1a) [START_REF] Tamao | Nickel-phosphine complex-catalyzed Grignard coupling -II : Grignard coupling of heterocyclic compounds[END_REF][START_REF] Yang | Influence of the Introduction of Phenylene Units into the Polymer Backbone on Bandgap of Conjugated Poly(Heteroarylene Methines)[END_REF] as a model system to demonstrate on-surface C-S bond activation as an efficient mechanism to perform C-C coupling at moderate annealing temperature. The thiophene unit in DTB is linked to the core benzene ring through a single C-C bond, a configuration that enables good flexibility compared to a fused thiophene ring. [START_REF] Dinca | Tailoring the Reaction Path in the On-Surface Chemistry of Thienoacenes[END_REF] Electropolymerization of this molecule [START_REF] Danieli | Poly[1,4-di-(2-Thienyl)Benzene]: a New Conducting Polymer[END_REF][START_REF] Xu | Electrosynthesis and Characterization of an Electrochromic Material from Poly(1,4-bis(2-Thienyl)-Benzene) and its Application in Electrochromic Devices[END_REF] and of similar threefold precursors [START_REF] Idzik | Synthesis by Stille Cross-Coupling Procedure and Electrochemical Properties of C3-Symmetric Oligoarylobenzenes[END_REF][START_REF] Nakae | trithiophene Polymer Network Prepared by Electrochemical Polymerization with a Combination of Thermal Conversion[END_REF][START_REF] Gu | pi-Conjugated Microporous Polymer Films: Designed Synthesis, Conducting Properties, and Photoenergy Conversions[END_REF][START_REF] Ledwon | Doping Behaviour of Electrochemically Generated Model Bithiophene Meta-Substituted Star Shaped Oligomer[END_REF] has been reported to create materials with good conductivity or electrochromic properties. The polymeric system obtained in this work is fully conjugated and composed mainly of oligoacetylene segments separated by benzene rings. Low-temperature atomic force microscopy (AFM) imaging using CO-terminated tips combined with photoemission spectroscopy and density functional theory (DFT) reveals the structure of the extended polymeric chains, with a mixture of cis-and trans-polyene as well as pentalene, which are globally aligned along the substrate high-symmetry directions. Our work thus positions C-S bond activation as an effective strategy in the on-surface synthesis approach, delivering compounds with high potential in molecular electronics applications under mild conditions. At room temperature the molecules are highly mobile and form a 2D gas phase. Upon cooling the substrate down to 4.8 K, the molecules become immobilized enabling the acquisition of stable scanning tunneling microscopy (STM) images (Fig. 1d). DTB molecules exhibit very weak intermolecular interaction since no large self-assembly can be observed. Figure 1b shows an AFM image using a COterminated tip (see Methods) of an isolated molecule that confirms its chemical structure. The molecules remain intact upon sublimation with the benzene and thiophene rings lying almost flat on the surface. 33,48- 50 The thiophene rings are slightly tilted and appear elongated by AFM and terminated by a bright protrusion corresponding to the sulfur atom, as confirmed by the simulated AFM image using DFT coordinates of the relaxed DTB structure on Cu(111) (Fig. 1c and SI Fig. S1). Several conformers coexist on the surface which differ according to the syn-or anti-orientation of the thiophene units with respect to the central phenyl (see SI Fig. S1).

Results and discussion

An annealing temperature of 150°C was required to induce the full C-S activation and the opening of all thiophene rings, although partial reaction could already be observed after 80°C annealing (see Fig. S2).

STM images acquired at room temperature (Figs. 2a,b) show the formation of a polymeric network consisting of straight chains up to ~20 nm long and with a tendency to align with the [12 ̅ 1] substrate directions. The chains are randomly interconnected, forming an extended 2D reticulated network. Highresolution AFM images confirmed that the chains consist of the original benzene rings of DTB interconnected by different configurations of oligoacetylene chains (Figs. 2c,d). The chains and benzene rings are resolved with a homogeneous contrast, indicating a perfectly flat adsorption configuration and suggesting that the sulfur atoms were fully removed from the polymer. The contrast of the carbon chains resembles the trans-or cis-polyacetylene chains that were obtained on Cu(110) [START_REF] Wang | On-surface synthesis and characterization of individual polyacetylene chains[END_REF] and has the periodicity (2.4 Å and 4.4 Å for the trans-and the cis-chains, respectively). DFT calculations further indicate that the most favorable orientation for the trans-chains is along the [11 ̅ 0]-direction (see SI Fig. S3a). The trans-polyacetylene chains are in principle energetically more favorable than the cis-chains, [START_REF] Wang | On-surface synthesis and characterization of individual polyacetylene chains[END_REF] but here the different stereoisomers appear to be locally stochastically distributed, which results in a main orientation of the polymeric chains along the average [12 ̅ 1]-directions (Fig. 2). Figure 3 shows the different reaction products that are formed locally, starting from the desulfurization of the thiophene units. In principle, the thiophene ring opening reaction creates bi-radical species, which couple predominantly at one radical site. The resulting polymeric radical chains are subsequently hydrogenated to produce unsaturated closed shell hydrocarbons (see below). Along with cis-and trans-oligoacetylene chains, pentalene units (Fig. 3d) are also formed occasionally, with an occurrence lower than 20%. The darker contrast measured on these cyclic structures was well reproduced by DFT calculations (SI Fig. S3b). Besides the bifunctional coupling mechanism that creates linear chains, threefold crossing connections are also found. These are responsible for the reticulation of the polymeric network as observed at larger scales (Figs. 2a,b). A high-resolution image of threefold connections is reproduced in Fig. 4 along with suggestions of their chemical structure. These connections are obtained by coupling of the terminal carbon to the carbon radical closest to the benzene ring. Similar to the formation of pentalene, the creation of these threefold connections allows for a more advanced coupling reaction of the biradical species.

The hydrogenation of radical products is a common process in on-surface synthesis for which the H supply may have different origins. The C-C coupling reaction leading to the formation of pentalene (Fig. 3d) or chain interconnections (Fig. 4) spontaneously releases hydrogen atoms that recombine with the carbon radicals, [START_REF] Wackerlin | On-Surface Hydrogenation of Buckybowls: From Curved Aromatic Molecules to Planar Non-Kekule Aromatic Hydrocarbons[END_REF][START_REF] Castro-Esteban | An on-surface Diels-Alder reaction[END_REF][START_REF] Ma | On-surface cyclodehydrogenation reaction pathway determined by selective molecular deuterations[END_REF] although probably in understoichiometric ratio. The residual hydrogen gas from the vacuum chamber could represent an additional hydrogen source, as it was similarly suggested for various other systems. [START_REF] Canas-Ventura | Coexistence of One-and Two-Dimensional Supramolecular Assemblies of Terephthalic Acid on Pd(111) due to Self-Limiting Deprotonation[END_REF][START_REF] Urgel | Overcoming Steric Hindrance in Aryl-Aryl Homocoupling via On-Surface Copolymerization[END_REF][START_REF] Sanchez-Grande | Unravelling the Open-Shell Character of Peripentacene on Au(111)[END_REF][START_REF] Cirera | On-Surface Synthesis of Gold Porphyrin Derivatives via a Cascade of Chemical Interactions: Planarization, Self-Metalation, and Intermolecular Coupling[END_REF][START_REF] Kawai | Competing Annulene and Radialene Structures in a Single Anti-Aromatic Molecule Studied by High-Resolution Atomic Force Microscopy[END_REF][START_REF] Zhang | Atomic-Scale Visualization of the Stepwise Metal-Mediated Dehalogenative Cycloaddition Reaction Pathways: Competition between Radicals and Organometallic Intermediates[END_REF] The presence of a carbon radical would lead to strong distortions inside the chains and to a substantial chemical shift [START_REF] Simonov | Effect of Substrate Chemistry on the Bottom-Up Fabrication of Graphene Nanoribbons: Combined Core-Level Spectroscopy and STM Study[END_REF] of the C 1s core level (see SI Fig. S4) that are not compatible with the perfectly flat contrast of the structures observed in AFM images and XPS data. Also, we never observed products in which the C-S bonds are replaced by C-H bonds without C-C coupling, thus suggesting that the hydrogenation takes place as the last reaction step. Interestingly, no C-Cu bond was identified by XPS at this stage (see corresponding text below). While the complexation of radical species with adatoms is usually observed as an intermediate step in Ullmann-like coupling reactions, [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Simonov | Effect of Substrate Chemistry on the Bottom-Up Fabrication of Graphene Nanoribbons: Combined Core-Level Spectroscopy and STM Study[END_REF][START_REF] Sun | The Stereoselective Synthesis of Dienes through Dehalogenative Homocoupling of Terminal Alkenyl Bromides on Cu(110)[END_REF][START_REF] Ferrighi | Control of the Intermolecular Coupling of Dibromotetracene on Cu(110) by the Sequential Activation of C-Br and C-H Bonds[END_REF][START_REF] Dong | On-Surface Synthesis[END_REF] in the present case the C-C coupling followed by hydrogenation takes place without any observable organometallic intermediate.

In addition to the carbon chains, small isolated dots (see Figs. 2c,d To gain further insight into the chemistry at play in this system, we acquired temperature-dependent XPS spectra. The S 2p spectrum (Fig. 5a) shows the evolution of the chemical state of S atoms during the polymerization process. The spectrum of a thick layer is used as fingerprint of the pristine molecule.

It displays a strong component at a binding energy (BE) of 164.4 eV, in line with other thiophene derivatives on the same surface. [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Galeotti | Surface-Mediated Assembly, Polymerization and Degradation of Thiophene-Based Monomers[END_REF] Least-square fitting gives a full width at half maximum (FWHM) of 0.72 eV, essentially due to intermolecular -stacking interactions. Two minor components are added to improve the fit which are likely due to different final state screening of surface (high BE) and interface (low BE) molecules.

When a submonolayer is deposited at room temperature, the DTB-derived peak is narrower (FWHM=0.55 eV), close to what is observed in the gas phase for other thiophene derivatives. [START_REF] Zhang | Lone-Pair Delocalization Effects within Electron Donor Molecules: The Case of Triphenylamine and Its Thiophene-Analog[END_REF] This is consistent with the 2D gas-phase observed by RT-STM and the consequent reduced intermolecular interaction. The observed shift to lower BE (by -0.24 eV) is characteristic of a reduced film thickness due to the enhanced screening from the metal substrate. An additional minor component at higher BE may be ascribed to a certain preferred adsorption site. At about 3 eV lower BE (between 160.5 and 162.5 eV) a new spectroscopic feature appears revealing atoms having left the molecule upon thiophene ring opening. [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Galeotti | Surface-Mediated Assembly, Polymerization and Degradation of Thiophene-Based Monomers[END_REF] A possible fragmentation of the thiophene into thiolates (e.g. CHS) adsorbed on Cu(111) should give a BE of the 2p3/2 component around 162.0-162.5 eV, [START_REF] Jia | 1,4-Benzenedimethanethiol Interaction with Au(110), Ag(111), Cu(100), and Cu(111) Surfaces: Self-Assembly and Dissociation Processes[END_REF][START_REF] Sirtl | From Benzenetrithiolate Self-Assembly to Copper Sulfide Adlayers on Cu(111): Temperature-Induced Irreversible and Reversible Phase Transitions[END_REF][START_REF] Meng | Tunable Thiolate Coordination Networks on Metal Surfaces[END_REF] which is clearly not observed here.

The positions and the line shape rather reveal the presence of atomic S coordinated with Cu. [START_REF] Sirtl | From Benzenetrithiolate Self-Assembly to Copper Sulfide Adlayers on Cu(111): Temperature-Induced Irreversible and Reversible Phase Transitions[END_REF][START_REF] Wahlstrom | Observation of ordered structures for S/Cu(111) at low temperature and coverage[END_REF][START_REF] Jia | Sulfur Interaction with Cu(100) and Cu(111) Surfaces: A Photoemission Study[END_REF] When the temperature is increased to 150 °C, i.e. after polymerization, the spectral weight of DTB transfers almost completely into the low BE feature which now distinctively shows three atomic-S derived components at 161.6, 161.2 and 160.7 eV (see also Fig. S5). The first two components were previously reported for sub-ML coverage of S/Cu(111) [START_REF] Wahlstrom | Observation of ordered structures for S/Cu(111) at low temperature and coverage[END_REF] and can be related to the formation of various S-Cu coordination structures in the vicinity of step edges. In fact, when adsorbed on Cu(111), the high affinity of S to Cu produces mass transport and step edge reconstruction leading to the formation of complex fourfold coordination sites. [START_REF] Walen | Cu2S3 complex on Cu(111) as a candidate for mass transport enhancement[END_REF][START_REF] Walen | Reconstruction of steps on the Cu(111) surface induced by sulfur[END_REF][START_REF] Liu | Sulfur adsorption on coinage metal(100) surfaces: propensity for metal-sulfur complex formation relative to (111) surfaces[END_REF] The step edge regions shown in SI Fig. S6 are clearly active sites for molecular adsorption. On the other hand, the lowest BE component at 160.7 eV was not observed in previous studies on atomic sulfur, thiols or thiolates adsorption on Cu(111). [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Galeotti | Surface-Mediated Assembly, Polymerization and Degradation of Thiophene-Based Monomers[END_REF][START_REF] Jia | 1,4-Benzenedimethanethiol Interaction with Au(110), Ag(111), Cu(100), and Cu(111) Surfaces: Self-Assembly and Dissociation Processes[END_REF][START_REF] Sirtl | From Benzenetrithiolate Self-Assembly to Copper Sulfide Adlayers on Cu(111): Temperature-Induced Irreversible and Reversible Phase Transitions[END_REF][START_REF] Wahlstrom | Observation of ordered structures for S/Cu(111) at low temperature and coverage[END_REF][START_REF] Jia | Sulfur Interaction with Cu(100) and Cu(111) Surfaces: A Photoemission Study[END_REF] We assign this component to the presence of lower-coordination S, i.e. terrace-supported, threefoldcoordinated S. This feature can be traced back to the small protrusions observed beside the polymer chains in the AFM images (see Fig. 2c,d). Such protrusions are smaller than the usual S-Cu complexes [START_REF] Walen | Cu2S3 complex on Cu(111) as a candidate for mass transport enhancement[END_REF][START_REF] Walen | Reconstruction of steps on the Cu(111) surface induced by sulfur[END_REF] and are likely to be isolated S atoms restricted from diffusing by the interaction with the just-formed nearby polymers. The C 1s spectrum (Fig. 5b) reflects the presence of C atoms in different oxidation states within the DTB molecule and in the polymeric chains, as well as their interaction with the substrate. When possible, the C 1s spectrum was modeled by DFT calculations. As for the S 2p spectrum, the C 1s of the thick film is representative of the different C atoms in the pristine DTB molecule. The modeling using a DFT-calculated set of Gaussian components (FWHM of 0.9 eV) represents a good fit for the measured spectrum. The small asymmetry observed at high BE can be attributed to the S-bonded C atom (labeled 4 in inset Fig. 5).

Differently to what is found for S 2p, when a submonolayer of DTB is deposited a visible broadening is observed for C 1s. Additionally, a larger shift of -0.48 eV towards lower BE is observed. This suggests that the molecule-substrate interaction occurs through C atoms (as compared with S atoms) that are found in a number of inequivalent sites with well-screened final states. Part of the broadening at the low-BE side can also be ascribed to the presence of a small fraction of molecules having started to react and lost their S atoms, as revealed by the corresponding S 2p spectrum.

Annealing the sub-ML from RT to 150 °C induces a progressive shift to low BE concurrent with the thiophene ring opening and S release (see SI Fig. S5). At the same time the spectrum narrows, testifying to a more homogeneous sample with well-defined atomic sites within the polymer chains. Its BE and line shape are very similar to those of other 2D polymer-derived spectra. [START_REF] Wang | On-surface synthesis and characterization of individual polyacetylene chains[END_REF][START_REF] Simonov | Effect of Substrate Chemistry on the Bottom-Up Fabrication of Graphene Nanoribbons: Combined Core-Level Spectroscopy and STM Study[END_REF][START_REF] Moreno | Critical Role of Phenyl Substitution and Catalytic Substrate in the Surface-Assisted Polymerization of Dibromobianthracene Derivatives[END_REF][START_REF] Pis | Surface-Confined Polymerization of Halogenated Polyacenes: The Case of Dibromotetracene on Ag(110)[END_REF][START_REF] Basagni | Molecules-Oligomers-Nanowires-Graphene Nanoribbons: A Bottom-Up Stepwise On-Surface Covalent Synthesis Preserving Long-Range Order[END_REF][START_REF] Panighel | Stabilizing Edge Fluorination in Graphene Nanoribbons[END_REF] A simple modeling was performed by considering octatetraene chains terminated by two phenyl units adsorbed on the surface (SI Fig. S3a). This model reproduces the overall line shape with a pronounced asymmetry to high BE due to the presence of minority C's having three C-C bonds (the phenyl C's linking the oligoacetylene chains). In the simulated spectra, the inclusion of the Cu(111) surface does not affect the line shape (see Fig. S7). Compared to the simulated model, the real system includes more complex conformations (pentalene structure and threefold connection branches) with a larger C-C to C-H ratio that could be at the origin of the discrepancy in the high BE region. The C-C to C-H BE difference was previously detected in other on-surface polymerization studies involving aromatic compounds, [START_REF] Simonov | Effect of Substrate Chemistry on the Bottom-Up Fabrication of Graphene Nanoribbons: Combined Core-Level Spectroscopy and STM Study[END_REF][START_REF] Moreno | Critical Role of Phenyl Substitution and Catalytic Substrate in the Surface-Assisted Polymerization of Dibromobianthracene Derivatives[END_REF][START_REF] Basagni | Molecules-Oligomers-Nanowires-Graphene Nanoribbons: A Bottom-Up Stepwise On-Surface Covalent Synthesis Preserving Long-Range Order[END_REF][START_REF] Panighel | Stabilizing Edge Fluorination in Graphene Nanoribbons[END_REF][START_REF] Cirera | On-surface synthesis of organocopper metallacycles through activation of inner diacetylene moieties[END_REF] although sometimes with opposite shifts. [START_REF] Pis | Surface-Confined Polymerization of Halogenated Polyacenes: The Case of Dibromotetracene on Ag(110)[END_REF][START_REF] Fan | Biphenylene network: A nonbenzenoid carbon allotrope[END_REF][START_REF] Savu | Nanoscale assembly, morphology and screening effects in nanorods of newly synthesized substituted pentacenes[END_REF] The XPS data shows that the loss of carbon atoms upon annealing is limited to ~3%, in similar proportion as the loss of S (~2%), so we can conclude that most of the carbon and sulfur remain on the surface. The yield of the C-S activated reaction is thus very high and takes place in the range 50 to 120°C (Fig. S5). Figure 6 shows representative STM and AFM images of the system obtained after annealing at 300°C. We could not observe a transition to the more favorable trans-chain configuration, [START_REF] Wang | On-surface synthesis and characterization of individual polyacetylene chains[END_REF] probably due to the strongly reduced mobility in this reticulated network. Similar to the case of polyacetylene chains, [START_REF] Wang | On-surface synthesis and characterization of individual polyacetylene chains[END_REF] cyclization reactions take place and lead to the formation of narrow polyaromatic ribbons. Upon further annealing to 500°C the graphitization reaction is advanced further and small graphene flakes are formed on the surface (see SI Figs. S8,S9). Similar amorphous phases obtained from massive dehydrogenative coupling have been observed for various systems after high temperature annealing of covalent networks on noble metal surfaces. [START_REF] Ferrighi | Control of the Intermolecular Coupling of Dibromotetracene on Cu(110) by the Sequential Activation of C-Br and C-H Bonds[END_REF][START_REF] Rabia | Electronic, and Vibrational Properties of a Two-Dimensional Graphdiyne-like Carbon Nanonetwork Synthesized on Au(111): Implications for the Engineering of sp-sp(2) Carbon Nanostructures[END_REF][START_REF] Sedona | Onsurface synthesis of extended linear graphyne molecular wires by protecting the alkynyl group[END_REF][START_REF] Lischka | Remote Functionalization in Surface-Assisted Dehalogenation by Conformational Mechanics: Organometallic Self-Assembly of 3,3 ',5,5[END_REF][START_REF] Huang | Kinetic Control over Morphology of Nanoporous Graphene on Surface[END_REF][START_REF] Del Arbol | On-Surface Driven Formal Michael Addition Produces m-Polyaniline Oligomers on Pt(111)[END_REF][START_REF] Smerieri | Synthesis of Corrugated C-Based Nanostructures by Br-Corannulene Oligomerization[END_REF] Indeed graphene formation can take place on a copper surface at sufficiently high temperature from virtually any carbon source. [START_REF] Ruan | Growth of Graphene from Food, Insects, and Waste[END_REF][START_REF] Zhang | Controlled Growth of Single-Crystal Graphene Films[END_REF] 

Conclusions and perspectives

We presented the formation of a fully conjugated hydrocarbon polymeric network from simple thiophene-functionalized precursors. The C-S activation at 120°C annealing temperature initiates the formation of carbon radicals that couple to form oligoacetylene chains or pentalene units linking the original benzene rings. Although the coupling reaction is not selective towards cis-or transstereoisomers, the mainly linear chains maintain an overall [12 ̅ 1]-orientation along the high symmetry directions of the Cu(111) surface. An alternate reaction mechanism occasionally takes place that leads to the creation of threefold interconnections and the overall formation of a reticulated network. Upon further annealing, additional cyclodehydrogenation reactions occur, leading finally to the formation of small graphene flakes up to a temperature of 500°C.

Our study demonstrates that the strong reactivity of copper toward sulfur-containing species can be exploited to steer an on-surface homocoupling reaction and to create extended polyene chains at low activation temperature. Unfused thiophene precursors offer simpler synthesis and more diverse coupling chemistry than fused precursors, [START_REF] Dinca | Tailoring the Reaction Path in the On-Surface Chemistry of Thienoacenes[END_REF] as they form diradical butadiene moieties instead of ethylene monoradicals. For the synthetic approach in general, C-S activation could be complementary to Ullmann-type coupling as it provides access to antiaromatic and nonbenzenoid structures, such as the pentalene minor product we obtained. However, the precise reaction mechanism still needs to be elucidated, in particular with regard to the role of the atomic sulfur, that is known to affect the bonding of hydrocarbons on Cu(111). [START_REF] Rousseau | Sulfur the archetypal catalyst poison? The sulfur-induced promotion of the bonding of unsaturated hydrocarbons on Cu(111)[END_REF] Compared to Ullmann-like coupling of molecules, [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Simonov | Effect of Substrate Chemistry on the Bottom-Up Fabrication of Graphene Nanoribbons: Combined Core-Level Spectroscopy and STM Study[END_REF][START_REF] Sun | The Stereoselective Synthesis of Dienes through Dehalogenative Homocoupling of Terminal Alkenyl Bromides on Cu(110)[END_REF][START_REF] Ferrighi | Control of the Intermolecular Coupling of Dibromotetracene on Cu(110) by the Sequential Activation of C-Br and C-H Bonds[END_REF][START_REF] Dong | On-Surface Synthesis[END_REF] no organometallic intermediate was detected, which suggests that the desulfurization step is rate-limiting with respect to both the C-C coupling and the hydrogenation reactions. In future work, different strategies 5 may be explored to improve the order and density of the polymeric network. Preliminary experiments on Cu(110) (see Fig. S10) showed that the strong anisotropy of this surface did not noticeably steer the alignment of the chains, but alternate solutions like e.g. the use of vicinal surfaces, [START_REF] Merino-Diez | Switching from Reactant to Substrate Engineering in the Selective Synthesis of Graphene Nanoribbons[END_REF] co-adsorbed oxygen [START_REF] Ji | Oxygenpromoted synthesis of armchair graphene nanoribbons on Cu(111)[END_REF] or hydrogen, [START_REF] Sanchez-Sanchez | On-Surface Hydrogen-Induced Covalent Coupling of Polycyclic Aromatic Hydrocarbons via a Superhydrogenated Intermediate[END_REF] or supramolecular templating [START_REF] Liu | Graphene-Like Nanoribbons Periodically Embedded with Four-and Eight-Membered Rings[END_REF] may still deliver interesting results.

Thiophene groups are sometimes used as constitutive groups in on-surface synthesis on various metal surfaces. [START_REF] Gutzler | Ullmann-Type Coupling of Brominated Tetrathienoanthracene on Copper and Silver[END_REF][START_REF] Bernardo | On-Surface Synthesis of Polyethylenedioxythiophene[END_REF][START_REF] Lipton-Duffin | Step-by-Step Growth of Epitaxially Aligned Polythiophene by Surface-Confined Reaction[END_REF][START_REF] Lu | On-Surface Synthesis and Characterization of Polythiophene Chains[END_REF][START_REF] Liu | Conformation modification of terthiophene during the on-surface synthesis of pure polythiophene[END_REF][START_REF] Reecht | Oligothiophene Nanorings as Electron Resonators for Whispering Gallery Modes[END_REF][START_REF] Liu | Stepwise on-surface synthesis of thiophenebased polymeric ribbons by coupling reactions and the carbon-fluorine bond cleavage[END_REF] In view of our results showing a relatively low activation temperature of the thiophene ring opening reaction, it is certainly necessary to confirm the integrity of these monomers. Conversely, solutions to preserve the integrity of sulfur in on-surface polymerization reactions include providing an out-of-plane structure of the precursors like in diamantanethiol, [START_REF] Feng | Diamantanethiols on Metal Surfaces: Spatial Configurations, Bond Dissociations, and Polymerization[END_REF] or following other strategies that have proved successful to maintain specific functions even on reactive surfaces. [START_REF] Kawai | Threedimensional graphene nanoribbons as a framework for molecular assembly and local probe chemistry[END_REF][START_REF] Sosa-Vargas | decorative'' 2D supramolecular self-assembly: strategies towards functional surfaces for nanotechnology[END_REF] Methods Chemical synthesis of 1,4-di(thiophen-2-yl)benzene Tetrakis(triphenylphosphine)palladium (0) (0.46 g, 0.744 mmol, M = 1155.56 g.mol -1 ) was added to a mixture of 1,4-dibromobenzene (1.44 g, 6.11 mmol, M = 235.90 g.mol -1 ), 2-thiopheneboronic acid (1.62 g, 12.66 mmol, M = 127.96 g.mol -1 ), toluene (54 mL), ethanol 26 mL) and an aqueous potassium carbonate solution (2 M, 6.91 g in 25 mL water, 26 mL) under vigorous stirring. The mixture was stirred at 80 °C for 48 h under a nitrogen atmosphere. After cooling to room temperature, the reaction mixture was poured into water and extracted with ethyl acetate. The organic layer was washed with brine several times, and the solvent was then evaporated. Addition of DCM followed by pentane precipitated a white solid which was filtered off. The residue was purified by column chromatography (SiO2, pentane/DCM: 1/1 and pure DCM) and isolated as a white solid (1.15 g, 78% yield). [START_REF] Grill | Nano-Architectures by Covalent Assembly of Molecular Building Blocks[END_REF] H NMR, see Fig. S11 (250 MHz, CDCl3) δ 7.63 (s, 4H), 7.32 (dd, J = 11.9, 3.9 Hz, 4H), 7.14 -7.05 (m, 2H); [START_REF] Liu | Polymerization of silanes through dehydrogenative Si-Si bond formation on metal surfaces[END_REF] 

Scanning Probe Microscopy

The Cu(111) single was cleaned by repeated cycles of Ar sputtering and annealing. The DTB molecules were deposited from a Knudsen cell maintained at a temperature of 60 to 70°C. The experiments were performed in two different setups. Room-temperature STM was performed with an Omicron VT-STM (typical tunneling parameters 300 pA, -0.5 ~ -1.5V). Low-temperature STM/AFM images were acquired at T = 4.8 K in ultrahigh vacuum (p ≈ 1×10 -10 mbar) using an Omicron microscope operated with a Nanonis RC5 electronic controller. The force sensor is a commercially available tuning fork sensor based on a qPlus design operated in the frequency-modulation mode (resonance frequency f0 ≈ 25 kHz, spring constant k ≈ 1800 N.m -1 , quality factor Q = 14000 and oscillation amplitude A ≈ 0.5 Å). STM images were acquired in constant-current mode with the voltage applied to the tip. AFM measurements were acquired in constant-height mode at V = 0 V. The tip mounted to the qPlus sensor consists in a 25 µm-thick PtIr wire sharpened ex situ using a focused ion beam. A clean and sharp Cu tip was then prepared at low temperature by repeated indentations into the substrate. A functionalized tip was created by picking up a single CO molecule from the surface. [START_REF] Bartels | Controlled vertical manipulation of single CO molecules with the scanning tunneling microscope: A route to chemical contrast[END_REF] The images were partly treated with the free software WSxM [START_REF] Horcas | A software for scanning probe microscopy and a tool for nanotechnology[END_REF] and Gwyddion. [START_REF] Necas | Gwyddion: an open-source software for SPM data analysis[END_REF] Photoemission Spectroscopy XPS was performed in-situ with synchrotron radiation at the IOM-CNR BACH beamline (Elettra, Trieste). DTB was evaporated in UHV on the substrate kept at RT. After molecular deposition, the sample was annealed in the analysis chamber (base pressure 1x10 -9 mbar) through a filament at the back of the sample. XPS was performed with a Scienta 3000 electron energy analyzer, in normal emission and using horizontally polarized light. XPS peak fitting of the Shirley background-subtracted S 2p spectra was performed by using Voigt peaks with fixed Lorentzian width of 0.3 eV. The spin-orbit splitting was fixed to the usual 1.2 eV value [START_REF] Zhang | Lone-Pair Delocalization Effects within Electron Donor Molecules: The Case of Triphenylamine and Its Thiophene-Analog[END_REF] while the branching ratio was adjusted around the multiplicity value (2:1).

Theoretical modeling

Theoretical calculations were performed with the Vienna Ab initio Simulation Package (VASP) 100,101 using the Perdew-Burke-Ernzerhof 102 generalized-gradient approximation (PBE-GGA) for the exchange-correlation potential, the projector augmented wave (PAW) method, 103,104 and a plane-wave cutoff of 450 eV. The zero-damping DFT-D3 method of Grimme 105 was used for the van der Waals (vdW) correction of the potential energy, and calculations were performed at the gamma k-point.

Geometry optimizations for the AFM simulations were performed with an (8×8) orthogonal Cu(111) slab constructed using a lattice constant of 0.363 nm and a 1.8 nm vacuum layer, with four atomic layers and the positions of atoms in the bottom two layers fixed (supercell dimensions: 2.05620 nm × 17.8073 nm × 24.2958 nm). Calculations for DTB on Cu(111) used a smaller (6×6) orthogonal slab with the same lattice constant, five atomic layers (bottom two fixed), and a 1.6 nm vacuum layer. The geometries were optimized until the force on each atom was below 0.02 eV/Å. of the calculated structures were generated using the VMD software. 106 The AFM image simulation was performed using the Probe Particle model 107,108 for a CO-terminated tip with a charge of 0.05 e, lateral bending stiffness of 0.5 N/m and a particle-tip bond stiffness of 20.0 N/m. The simulated XPS spectra are the result of the convolution of several Gaussians centered at the calculated core level positions (vertical ticks). A negative global shift was applied to the calculated energies to match the maxima of the experimental spectra.

Fig. 1 .

 1 Fig.1.(a) 1,4-di(thiophen-2-yl)benzene (DTB) precursor. (b) High-resolution AFM image of a single DTB obtained with a CO-functionalized tip and (c) corresponding image simulation (DFT). (d) STM image of isolated DTB molecules on Cu(111) acquired at 4.8 K.

Figure 2 .

 2 Figure 2. a,b) RT-STM images revealing the on-surface reaction of DTB on Cu(111) after annealing at 150 °C (a) or 200 °C (b). (c,d) High-resolution AFM images of the polymeric chains obtained after annealing at 130°C showing the preserved benzene rings (blue arrows) regularly distributed and linked by linear carbon chains. Scale bars: (a) 10 nm, (b) 4 nm, (c, d) 1 nm.

Figure 3 .

 3 Figure 3. Schematic drawings of the different coupling schemes along with representative highresolution AFM images. (a) Dissociation of the thiophene rings. Formation of (b) cis-oligoacetylene chains, (c) trans-oligoacetylene chains and (d) pentalene. Scale bars: 0.2 Å.

  ) that we can assign as sulfur byproducts are observed in the vicinity of the polymeric chains. They are mostly aligned along the [12 ̅ 1]directions and regularly positioned with an interspacing of 4.3±0.1 Å thus compatible with an epitaxial relationship along this direction (for Cu(111), a√3 = 4.4 Å).

Figure 4 .

 4 Figure 4. Schematic drawing of the suggested coupling schemes leading to the threefold crossings (dashed circles) along with the corresponding high-resolution AFM image. Scale bar: 2.5 Å.

Figure 5 .

 5 Figure 5. XPS data for DTB/Cu(111). Bottom spectra: a thick film deposited at RT. Upper spectra: sub-ML coverage deposited at RT and annealed at increasing temperatures. (a) S 2p core level (hν = 260 eV). The vertical dashed lines are intended to follow the evolution of the different components (peak fitting) as explained in the text. (b) C 1s core level (hν = 382 eV). Markers: experimental data. Magenta full lines: DFT simulated core levels. For the DTB (thick film) the calculated core levels are numbered according to the inset molecular model. For the polyene chain (sub ML 150°C) the C-C and C-H eigenstates are colored differently.

Figure 6 .

 6 Figure 6. STM (a) and AFM images (b) of DTB/Cu(111) after annealing at 300°C.

  C NMR, see Fig. S12 (63 MHz, CDCl3) δ 143.87, 140.28, 133.45, 128.08, 126.27, 124.88, 123.07, 77.50, 76.99, 76.49; HRMS (ESI MS) m/z: theor: 242.0224 found: 242.0224 (M + detected).
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