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 The resulting intermolecular interactions, of same nature, are about a third weaker. This example shows that the growth of molecular structures on insulating surfaces is possible, but is driven by a delicate balance between moleculesubstrate interactions vs. intermolecular interactions. Thus, the growth of extended and robust supramolecular phases on insulating surfaces requires intermolecular interactions with an energy range going beyond vdW interactions.

 The molecule of 1,4-benzenediboronic acid (BDBA, Scheme 1a) contains four hydroxyl groups, which enables the formation of hydrogen-or coordinative-bonds, 39,42,43 and two boron atoms with a Lewis acid character. The most stable configuration of the isolated molecule that was derived from DFT calculations, is shown in Scheme 1a (details of the calculations are given in the next section). The molecule adopts a planar configuration with hydroxyl groups of both B(OH) 2 groups lying in the same plane as the phenylene cycle. In the molecular crystal, BDBA molecules stack to form a lamellar structure with a triclinic unit cell including a single molecule. The structure has been characterized in details and calculated by Cuamatzi et al.

Introduction

Over the past decade, supramolecular engineering of organic molecules on metallic surfaces, essentially Au, Cu and Ag, has achieved a high level of control for the growth of structurally complex self-assemblies with low-dimensionality (1D or 2D), specific shape, homo-or heteromolecular composition and functional properties. 1,2 Most of the time, these molecular phases rely on supramolecular chemistry concepts, [START_REF] Lehn | Supramolecular Chemistry-Concepts and Perspectives[END_REF][START_REF] Lehn | [END_REF] for which bonds between molecules, so-called tectons, have a non-covalent character. As discussed in details in ref. 1 , these interactions notably gather selective and directional Hydrogen-bonding interactions (energy barrier: 0.05-1 eV) and nonselective van der Waals ones (0.02-0.1 eV). On metallic surfaces, the current trend is to tailor the growth of more robust organic networks as evidenced by recent approaches such as metalinduced catalysis, 5,6 improved H-bonds by temperature-activated dehydrogenation 7 and covalent polymerization of the tectons performed directly at the surface.
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Conversely, the growth of extended molecular networks based on supramolecular chemistry concepts have not really bridged the gap towards surfaces of bulk insulators yet. Owing to their wide optical band gap, these bear promise for technological applications though, notably in optoelectronics. 14,15 Furthermore, it is now well-stated that even in the case of ultra-thin insulating films on metals, the insulating layer allows for efficient electronic decoupling between the molecular layer and the surface states of the metal, hence preserving the intrinsic properties of the molecules and avoiding optical quenching. [16][17][18][19] On metallic surfaces, the growth of supramolecular networks is made possible by the overall favorable balance between lateral diffusion, adsorption energy, intermolecular interactions and, in most cases, planar adsorption of the tectons. The less reactive surfaces of bulk insulators significantly modify the parameters of this balance, which makes the growth of well-extended monolayers challenging, particularly at room temperature. . 44,45 Besides, it has been recently put in evidence that BDBA molecules were able to polymerize in solution and form a 3D extended covalent organic framework (COF). 46,47 The polymer forms after dehydration of each molecule, thus allowing for the development of B-O-B intermolecular covalent bonds. Polymerization on Ag(111) at room temperature was also obtained to form a two-dimensional COF. 9,48 Therefore, beyond its intrinsic optical properties, the ability of the molecule to develop H-bonds in the molecular crystal or to polymerize, makes it a suitable candidate for growing ordered self-assemblies on insulating surfaces.

Experimental method and Density functional calculations

The deposit of BDBA molecules on KCl(001) as well as the nc-AFM imaging of the resulting structures has been carried out in UHV at room temperature. The UHV setup includes two interconnected chambers for sample preparation and analysis with a base pressure of 4.10 The beam light used for the optical detection is supplied by a super-luminescent diode (Superlum SLD371, λ = 844 nm, output power: 1 mW). A N-doped silicon cantilever (PPP-NCl-50 NanoSensors with eigenfrequency f 0 = 156.540 kHz, quality factor Q = 39000 and stiffness k = 30 N/m) was used. The cantilever tip was solely heated in vacuum prior to experiments up to 120 • C for 3 h to remove contaminations. The oscillation amplitude of the cantilever was A 0 = 9.2 nm peak, calibrated with the constant-γ method. 49 The RHK software was used for the image processing.

Electronic structure calculations were performed within the framework of the density functional theory (DFT) using the generalized gradient approximation (GGA) parameterization by Perdew-Burke-Ernzerhof (PBE) 50 for the exchange-correlation energy. The projector-augmented wave (PAW) method was used. 51 In this method, the full wave functions and densities are expanded on a plane wave basis set without shape approximation. The core electrons are treated within the frozen-core approximation. Band structure calculations were carried out with a plane wave cutoff of 40 Ry. In these calculations, atomic positions were relaxed using the Lagrangian approach of Car and Parrinello. 52 The two-dimensional structure of BDBA molecules was studied and optimized neglecting interactions between the molecules and the surface.

Results and Discussion

At low coverage, small molecular islands nucleate along step edges (data not shown) as was also observed with other molecules on ionic surfaces. 21 For a coverage yielding about a monolayer (ML), extended two-dimensional islands have grown on terraces up to the almost complete ML.

Images are reported in Scheme 2. For instance, Scheme 2a reveals that more than 85% of the exhibit straight edges, which shows that they are highly ordered and makes them discernable from the irregular KCl steps edges including kink sites. The molecular layers spread over the KCl steps and may overlay each other. In the inset shown in Scheme 2b, three BDBA layers are visible and labelled as 1, 2 and 3, respectively. Performing accurate heights measurements in nc-AFM requires careful analysis, particularly on heterogeneous samples as here. The topographical nc-AFM image is an "iso-frequency shift" (∆ f ) map of the surface, i.e. also an "iso-force" map considering that the ∆ f results from the averaged tip-surface interaction force over the oscillation cycles of the tip.

When the imaging mechanism relies on short-range forces, height measurements are reliable from site to site. Conversely, if heterogeneous long-range electrostatic forces occur between the tip and the surface from site to site, then the apparent height of the object (step edge, molecular layer) will be influenced. 53 The latter forces may occur owing to the presence of trapped charges at the tip apex and/or at the surface and, in most cases, owing to contact potential difference (CPD) between the tip and the surface. Heterogeneous samples such as organic layers on a substrate may be subject to such CPD changes. 15,23,26,54 Then, it is mandatory to compensate the CPD by applying the proper DC bias to the tip and thus nullify the long-range electrostatic interaction. In order to estimate the height of the BDBA layers with respect to the substrate accurately, the tip-surface CPD has been measured before and after the deposit of the molecules. However with the tip used, no significant CPD was put in evidence owing to the presence of the molecules on the surface. Therefore, it is inferred that the heights measurements discussed below are not significantly affected by heterogeneous long-range electrostatic interactions. The cross-section C shown in Scheme 2b and Scheme 2c reveals similar apparent heights h = (0.35 ± 0.05) nm between the first (on top of the substrate) and the second (on top of the first ML) molecular layers. This value is compliant with the inter-sheets separation derived from the triclinic structure of the molecular crystal (0.37 nm).

Besides, the measured apparent heights are close to the KCl step height, s = 0.315 nm. The cross-section D shown in Scheme 2b and Scheme 2d reveals a height difference δ = (40 ± 20) pm between two MLs on the lower KCl terrace (left-hand side, labelled as 2) and the single one on the upper terrace (right-hand side, labelled as 1). This is consistent with the expected height δ given by: s + h + δ = 2h, i.e. δ = hs = 35 pm. This suggests the structure of the first ML is quite similar to the one of the upper layers, these being more representative of the 3D structure of the molecular crystal.

In Scheme 3a and Scheme 3b, nc-AFM images reveal the atomic resolution on the KCl(001) substrate and the detailed structure of BDBA islands at the same time. This is a key aspect when performing the quantitative analysis of the molecular structure in nc-AFM. Firstly, this states that the two areas are imaged in a regime of short-range interactions for which tiny variations of the interaction forces are discernable. Hence, despite the local heterogeneity of the surface, no significant difference in the background interaction forces (vdW and ES) occur. This statement is also consistent with the experimental observation that no CPD change is observed owing to the presence of the molecules. Secondly, because the symmetry and the size of the unit cell of the substrate are unambiguously known, experimental images can be corrected from the lateral drift and creep of the scanner. Thus, the parameters of the molecular network can be derived with a high precision as well. In Scheme 3a and Scheme 3b, BDBA molecules are adsorbed close to a KCl step and on a terrace, respectively. In both cases, the network is made of an arrangement of dense molecular rows (see large arrow within each figure), rotated by an azimuthal angle ±α = (±27 ±2) • between the direction of the dense rows (vector -→ a ) and the [110] axis of the KCl substrate, as shown in the figures. This observation confirms the large scale images. The molecular network nucleates at step edges and then extends over the KCl terraces, while keeping the same structure. The value of α was confirmed on different areas. But despite this, no obvious epitaxy between the molecular layer and the substrate has been put in evidence, neither experimentally, nor with schematic representations based on the experimental parameters of the molecular lattice (see hereafter). We do not exclude an epitaxial ordering though, because of the following reasons. First, it is known that some molecular films can achieve epitaxial ordering that is not necessarily commensurate with the substrate, i.e. not with a point-on-point coincidence. 55 Next, among alkali metals, potassium ions exhibit a clear preference to develop cation-π interactions. 56 Thus, they might interact with the benzene rings of the molecules. At last, the boron atoms, being electropositive, might interact with the chlorine ions of the substrate because the intramolecular B-B distance (6.02 Å) is compliant with the Cl-Cl distance in the KCl crystal (6.29 Å). Therefore, owing to our experimental error bars, it cannot be inferred that the BDBA layer is incommensurate with respect to the KCl substrate, but rather claim that the epitaxial ordering, if any, is not obvious. Furthermore, if an epitaxial ordering occurs, then it is likely driven by the manner the first molecules adsorb at the step edges. This issue is currently being addressed by means of DFT calculations, which is out of the scope of the current work. Nevertheless, the experimental findings suggest that the interaction driving the adsorption between the molecular layer and the substrate has a weak character. For instance, the calculated O-O distance between an acceptor water molecule and various R-OH donor groups ranges between 2.49 and 3.22 Å. 57 When dealing with H-bonds between B(OH) 2 groups, DFT calculations predict that this distance yields 2.826 Å. 43 The intermolecular distance along the rows ( a = 5.2 Å) is also compliant with the formation of two equivalent O-H...O Hbonds (O-O distance = 2.9±0.2 Å). However, the rather short intermolecular distance along this direction prevents the molecules from being adsorbed in a flat lying configuration on the substrate.

Indeed, a planar adsorption of the tectons would impose a significant steric hindrance between the aromatic cycles of the molecules (Scheme 4a and Scheme 4c). In order to lower the intermolecular steric hindrance and to favor the developments of strong H-bonds, it is inferred that the molecule adapts its conformation by tilting its phenylene cycle, while keeping the in-plane orientation of the B(OH) 2 groups, as shown in Scheme 4b. The conformational adaptation of molecules within a supramolecular phase has been reported with oxalic amides on Au(111) 58 and with tetrahydroxyquinones on Ag(111). 59 Following these ideas, Scheme 4d depicts the postulated BDBA network when considering an arbitrary tilt of the aromatic cycle. Thus, a H-bonded driven supramolecular self-assembly of BDBA can be grown with a single molecule per unit cell and developing two H-bonds along the axes -→ a and -→ b . Furthermore, it is now important to point out that the molecular film acquires an intrinsic corrugation along axes a and b with the phenylene cycles protruding out of the mean plane of the B(OH) 2 groups. This is the main reason why the bright spots have been assigned to the central part of the molecule in Scheme 3c.

To investigate the relevance of the postulated 2D structural model and to estimate its cohesion energy, DFT calculations have been carried out. These do not include the description of the KCl(001) surface. The most stable 2D structure of the molecular network is reported in Scheme 5a.

The unit cell is composed of a single molecule and has a rectangular structure with calculated parameters a 0 = 4.998 Å and b 0 = 10.178 Å, in very good agreement with the experimental observations. The calculated electron density within the plane of the B(OH) 2 groups has been reported. The molecules develop primary H-bonds along -→ b and secondary H-bonds to form rows along the -→ a axis, which allows for the 2D growth of the molecular structure. The topological anal-ysis of the electron density at the saddle points where primary and secondary H-bonds are formed shows that they have the same strength. Besides, the calculations validate the required conformational adaptation of the molecule to form the structure. The calculated tilt of the phenylene cycle with respect to the B(OH) 2 plane yields 38.2 • and prevents π-π interactions between aromatic cycles from occurring, as shown with the lower electron density between them. The calculated cohesion energy of the structure yields 0.95 eV per molecule (22 kcal/mol), i.e. 0.24 eV per H-bond (5.5 kcal/mol). Following Steiner's classification, 57 this value sorts them out as "mediumstrength" H-bonds. Nevertheless, the cohesion energy of the structure is comparable to other Hbonded supramolecular phases on metals, such as HHTP on Ag(111). 7 Note also that the latter value is compliant with the strength of the H-bonds involved in the discrete phenylboronic acid homodimer of the gas phase, as determined by ab inito calculations (0.28 eV per H-bond, i.e.

6.45 kcal/mol). 

  For instance, recently, Bombis et al. have obtained extended H-bonded molecular structures on a NaCl thin film in epitaxy on Au(111) by depositing melamine and cyanuric acid molecules that were merely stable up to 160 K. 20 When dealing with bulk insulating samples, the atomic-and molecular-scale analysis is to in Scheme 1b and is found to be consistent with the one reported by Cuamatzi et al.: a=4.989 Å; b=5.305 Å; c=7.368 Å; α = 93.797 • ; β = 104.429 • ; γ = 97.886 • . The crystal consists of molecular sheets forming the plane defined by -→ a and ( -→ c --→ b ) that stack along the -→ c axis. The sheets weakly interact by vdW interactions and are separated by about 0.37 nm. Within each sheet, the molecules are linked by two kinds of H-bonds between B(OH) 2 groups. Primary intermolecular association involves the formation of the homodimeric B(OH) 2 ...(HO) 2 B motif along the ( -→ c --→ b ) axis (O B H B ...O C and O D H D ...O A bonds between molecules B/C and D/A in Scheme 1b, respectively). These associate by secondary H-bonds along the -→ a axis to form sheets (O A H A ...O B and O C H C ...O D bonds between molecules A/B and C/D, respectively)

  Scheme 3c is a high-resolution image of the BDBA network wherein individual molecules forming the parallel molecular rows are visible. The vertical contrast of the image is 30 pm. Four sketched molecules have been overlayed. For the sake of clarity, the bright spots have arbitrarily been assigned to the central part of each molecule. This issue will be addressed further hereafter. Molecules are imaged with a 9 Å-long and 4 Å-wide elliptical shape. The network has a rectangular unit cell with a = (5.2±0.2) Å, b = (10.0±0.2) Å and ( a, b) = (90 ± 2) • . Do note that the -→ b axis of the 2D network differs from the one of the triclinic unit cell: -→ b 2D = -→ c tricl. --→ b tricl. . Unless specified otherwise, -→ b will refer to the axis of the 2D network in the following. The unit cell of the network consists of a single molecule, hence yielding a compacity of 1.9 molecule.nm -2 . The lattice parameters have been determined by cross-comparison between direct measurements performed over several nc-AFM images and by 2D-Fourier transform of the latter images (see inset in Scheme 3c). Subsequent annealing of the structure at 100 • C leads to the complete desorption of the molecules from the surface. Consistently with the calculated structure of the BDBA molecule (Scheme 1a), the intermolecular distance between adjacent BDBA rows ( b = 10.0 Å) suggests the formation of a pair of O-H...O hydrogen bonds between the boronic acid groups at both ends of the molecule, as shown in Scheme 4a and Scheme 4c. The corresponding distance between oxygen atoms is estimated to be (2.5±0.2) Å, which is compliant with usual O-O distances within H-bonds involving OH groups.

43 Although

 43 the calculations are performed without the description of the substrate, the stability of the structure upon varying the size of the unit cell has been estimated with the goal to assess if it would be favorable for it to accommodate to the substrate. The experimental unit cell along axes a and b ( a = 5.2 Å and b = 10.0 Å) merely differs from the theoretical unit cell ( a 0 = 4.998 Å and b 0 = 10.178 Å) by 4% and 2%, respectively. The calculated cohesion energies of the structure for various ratios of a/a 0 and b/b 0 are reported in Scheme 4b and Scheme 4c, respectively. As can be seen, the values of a 0 and b 0 correspond to a strong energy minimum. Any attempt to change the lattice parameters, for instance in order to accommodate the molecular layer to the substrate, would cost a significant energy. This suggests that the growth of the molecular network is not significantly influenced by the substrate. This might also explain the relatively low desorption temperature observed for this phase, despite the rather large intermolecular cohesion energy.Finally, we have compared the combined experimental and theoretical results to the known structure of the bulk BDBA crystal reported by Cuamatzi et al. and calculated in DFT (Scheme 1b).As mentioned above, the crystal has a triclinic unit cell and consists of molecular sheets stacking along the -→ c axis. A close inspection to the structure of a 2D sheet shows that the molecules are arranged therein with an almost equivalent structure to ours. In particular, Cuamatzi et al. state that the plane of the phenylene group is twisted out of the mean plane of the B(OH) 2 groups by approximately 35 • , which is confirmed by the DFT calculations. Therefore the observed supramolecular phase of BDBA on KCl(001) is ultimately almost similar to a single 2D sheet of the molecular crystal. This unambiguously states that the interaction with the substrate is weak and does not influence notably the molecular network.ConclusionA joint experimental and theoretical structural analysis of the molecular network of 1,4-benzene diboronic acid molecules on KCl(001) at room temperature has been presented. The network consists of an extended 2D supramolecular phase driven by H-bonds with a cohesion energy of 0.95 eV/molecule. The structure requires conformational adaptation of the molecules. They do so by twisting their phenylene cycle out of the plane of the diboronic acids functions, which reduces the intermolecular steric hindrance while strengthening H-bonds along the axes forming the unit cell of the structure. Such an unusually large cohesion energy for a molecular network on a bulk insulator mainly originates from the H-bonded intermolecular interactions as the experimental findings show that the molecular film weakly interacts with the substrate. Tailoring the moleculesubstrate interaction whilst preserving strong intermolecular interactions might be a path towards highly robust molecular assemblies on bulk insulators.
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