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The growth of extended supramolecular network by using dipolar molecules as building blocks is of great technological interest. We investigated the self-assembly of a dipolar molecule on an Au(111) surface. The formation of extended two-dimensional network was demonstrated by scanning tunnelling microscopy under ultra-high vacuum and explained in terms of moleculemolecule interactions. This 2D-network is still stable under pressure of one atmosphere of nitrogen, which demonstrated its interest for the development of submolecular-precisely polyfunctional smart surfaces.

Introduction

The fabrication of perfectly ordered nanostructures, based on the controlled adsorption and self-assembly of organic molecules on surfaces, is deeply investigated, since the last two decades, due to their fundamental interest as well as their integration as active components in functional devices. [1][2][3][4][5] In this context, dipolar molecules are of increasing interest since they possess a wide spectrum of appealing properties [6][7][8][9] that could be applied in nanomaterials and nanodevices. Nevertheless, the adsorption of dipolar molecules on highlyoriented pyrolytic graphite (HOPG) [10][11] and semi-conductive surfaces 12 prevalently leads to the formation of supramolecular networks with alignment (parallel or antiparallel) of the permanent dipole of molecules, while it is scarcely observed on metal surfaces [13][14] . Indeed, dipole-dipole interaction is often weaker than the other molecule-molecule or molecule-surface interactions that occur on metal surfaces. 15 Therefore, it is important to circumvent the weakness of on-surface dipole-dipole interaction in order to provide a convenient strategy to achieve the formation of 2D periodic network based on dipolar molecules (especially) on metallic surfaces. In addition, the fabrication of the monolayered supramolecular self-assemblies achieved under ultra-high vacuum are rarely stable under ambient conditions, 16 which strongly narrowed their appeal in terms of nanotechnologies. In this letter, we propose to investigate the development of 2D-extended supramolecular network with periodic arrangement of dipoles on an Au(111) surface by using molecules which possess functional groups which can be involved as electron donor or acceptor (for the dipole) and as donor or acceptor of Hydrogen bond (for the orientation). Thereby, we expect that dipole-dipole interaction and intermolecular interaction will be collaborative rather than competitive to achieve the formation of the expected periodic 2D-network. We report the growth of the extended supramolecular network of 1-(4"-cyanobiphenyl)-4-(4"methoxybiphenyl)-2,5-bis(decyloxy)benzene molecules by deposition at different molecular coverages on an Au(111) surface. On the basis of submolecular resolution of STM images, we have elucidated Hydrogen bond and van der Waals interactions as the driven forces for the self-assembling. In addition, we have demonstrated that supramolecular network of dipolar molecules is preserved even under exposition of one atmosphere of nitrogen pressure.

Results and discussion

Description of the molecule

1-(4''-cyanobiphenyl)-4-(4''-methoxybiphenyl)-2,5bis(decyloxy)benzene (LdipCC) molecule is constituted by a methoxy group (the electron donor) and by a cyano group (the electron withdrawing) distanced by 2.7 nm corresponding to the length of the five phenyl rings (See Fig. 1). These features will assume a strong permanent dipole. The permanent dipole moment of LdipCC is estimated to be around 4.5 D by using semi-empirical computational method (Austin Model 1) included in Gaussian package. 17 In addition, cyano group as well as methoxy group are well known as acceptor or donor/acceptor of Hydrogen bonds, respectively. 18 In consequence, we expected that these groups can play a dual collaborative role: 1) assuming a strong permanent dipole, and 2) promoting intermolecular interaction to favour alignment of these dipoles on a metal surface. Eventually, we have added two short lateral alkyl chains constituted only by three carbon atoms linked to the central aromatic ring. Indeed, by using longer alkyl chains (up to 6 carbon atoms), strong van der Waals interaction would occur, 4 which can be antagonist of the expected supramolecular orientation. However, the short alkyl chains still allow to keep the solubility of LdipCC molecule (for the purification process). We synthesized LdipCC molecule in four steps by using well-known procedures (See ESI for synthetic procedure).

Characterizations at sub-monolayer range by UHV-STM

LDipCC molecules were deposited in a low coverage (0.3 monolayer) on the Au(111) surface. These molecules formed unorganised molecular structures (Fig. 2a). By increasing the molecular coverage of LdipCC molecules to 0.5 monolayer, a "porous-like" supramolecular network is being formed (Fig. 2b), surrounded by unorganised molecules. On the basis of the highresolution STM images (Fig. 2c), where cyano group can be slightly distinguished from the methoxy group, we proposed a model for the supramolecular organization. This model, described in. Fig. 2d, is mainly governed by dominative Hydrogen bond between cyano groups and H atom of phenyl rings 18 and van der Waals interaction between interdigitated alkyl chains (highlighted by dashed white rectangle in Fig. 2d). 4,19 The distance between nitrogen atom of cyano group and H atom of phenyl ring (dashed white ellipse, inset of Fig. 2d). is 0.39 nm. In addition, the distances between nitrogen atom of cyano group and two H atoms, one being of a phenyl ring and the other one from methoxy group (double white ellipse, inset of Fig. 2d), are 0.22 nm (i. e. three centred Hydrogen bond). 18 Both distances are in agreement with the presence of Hydrogen bond. 

Characterizations at monolayer range by UHV-STM

The molecular deposition was increased in order to reach the monolayer range. resolution on each molecule (30x30 nm 2 ) VS= -1.9 V, It=10 pA, 110 K). Black lines surround the periodic domains of LdipCC/Au(111). 𝒖 ""⃗ and 𝒗 " "⃗ are the vectors that describe the unit cell of the network.

Each periodic domain is built by the repetition of an unit cell with a parallelogram shape (vectors: 𝒖 ""⃗ and 𝒗 " "⃗ with |𝒖 ""⃗|= 3.57 nm and |𝒗 " "⃗ |= 2.47 nm, corresponding to an area of 7.05 nm 2 ). In each unit cell, three bright features showing a cross-shape with a length of 2.7 nm are observed. These cross-shaped features are ended by a small elbow with an angle of 120° (Fig. 4a). On the basis of analysis of STM images, we attribute each cross-shaped feature to a LdipCC molecule (Fig. 4b). There are three LdipCC molecules per unit cell, for an area of 7.05 nm 2 . Therefore, the molecular density is 2.3 molecules per nm 2 . The intermolecular interactions originate from the interdigitation of alkyl chains (labelled 3 in Fig. 4b), Hydrogen bond between two cyanophenyl groups (labelled 4 in Fig. 4b), Hydrogen bond between C-H of aromatic groups and nitrogen atom of cyano group (labelled 4 in Fig. 4b), or oxygen atom of methoxy group (labelled 1 in Fig. 4b), respectively. The distance between nitrogen atom of cyano moieties and H atoms of phenyl rings (labelled 4 in Fig. 4b) is 0.29 nm, which is in agreement with the presence of a Hydrogen bond. Moreover, nitrogen atom of cyano moiety and H atom of phenyl ring and oxygen atom of methoxy moiety and H atom of phenyl ring (labelled 1 and 2 in Fig. 4b) are distanced from 0.2 nm. All these distances are in accordance with Hydrogen bond. In this model, the LdipCC molecules highlighted in blue in Fig. 4b could also adopt another orientation, corresponding to a rotation by 180°(see Fig. S6 in ESI), as observed in Fig 3 . In this case, supramolecular interactions are identical to those leading to model described in Fig. 4b, justifying why these two conformations are randomly observed.

Stability at 1 atmosphere

As Au (111) surface is well-known to be inert under ambient conditions, we have checked the stability of LdipCC/Au(111) interface under these conditions. The LdipCC/Au(111) interface was exposited to 1 bar of nitrogen pressure during 5 min at room temperature. Then, the sample is introduced in UHV without further treatment (thermal annealing etc.) and scanned by STM at room temperature. The corresponding STM image is shown in Fig. 5. The cross-shape of each LdipCC molecule is still visible. The comparison of the STM images in Fig. 3 and Fig. 5b shows that the area of the domains is not modified either by this exposure to nitrogen. The supramolecular arrangement observed previously is robust enough to overcome the exposition under nitrogen pressure of 1 bar. Indeed, vectors: 𝒖 ""⃗ (|𝒖 ""⃗|= 3.57 nm) and and 𝒗 " "⃗ (|𝒗 " "⃗ |= 2.47 nm), still describe the unit cell of the network (See Fig 5a). Large-scale STM image (50x50 nm 2 , VS= -1.1 V, It = 7 pA, 300K) showing that the size of the domains is not modified after nitrogen exposure. The three domains Dlabelled correspond to disordered area.

On the Au(111) surface, the dipole-dipole interaction cannot be outstandingly dominate force for the selfassembly, even if LdipCC molecules exhibit a strong permanent dipole moment. On the Au(111) surface, the main driving forces are Hydrogen bond and van der Waals interactions that dominantly influence the selfassembly even at low molecular coverage. Nevertheless, molecule-molecule interactions are strong enough to support the stability of supramolecular network while it is exposed to 1 bar of nitrogen pressure.

Conclusion

In summary, we have investigated the growth of a supramolecular network on the basis of dipolar molecules deposited on an Au(111) surface. These dipolar molecules are self-assembled into compact, twodimensional network. Hydrogen bond and van der Waals interaction are the main driven force of the formation of the supramolecular network. However, despite of their directionality and their strength, Hydrogen bonds were not efficient to promote a periodic arrangement of aligned dipoles, indicating that expected collaborative effect between intermolecular interaction and dipole-dipole interaction is not enough strong. Yet, this network is still stable under one atmosphere of nitrogen. The preservation of robustness and stability of supramolecular network under inert-atmosphere is of high interest for the integration of hybrid organic-inorganic devices in nanoelectronics.

Figure 1 .

 1 Figure 1. Representation of 1-(4''-cyanobiphenyl)-4-(4''methoxybiphenyl)-2,5-bis(decyloxy)benzene (LdipCC) molecule. Nitrogen atom: Blue, Oxygen atoms: red, Carbon atoms: yellow and Hydrogen atoms: white.
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Figure 2 .

 2 Figure 2. (a) STM image of LdipCC/Au(111) with a coverage of 0.3 monolayer (30x30 nm 2 ), VS= -1.9 V, It = 10 pA, 110 K). (b) STM image of LdipCC/Au(111) with a coverage of 0.5 monolayer (30x30 nm 2 , VS= -1.8 V, It = 10 pA, 110 K). (c) High-resolution STM image (9.3x9.7 nm 2 , VS= -1.8 V, It= 10 pA, 110 K) of LdipCC/Au(111) for a coverage of 0.5 monolayer. (d) Proposed molecular model of the LdipCC adlayer shown in (c). Vertical LdipCC molecules are highlighted in blue in the adsorption model. The white dashed rectangle highlights the van der Waals interaction between two interdigitated alkyl chains. In the insert, the white dashed ellipse surrounds the Hydrogen bonds between two consecutive molecules involved in the double rows. The double white ellipse highlights the three-centred Hydrogen bond between one nitrogen atom of a cyano group and two H atoms of two adjacent molecules.

Fig. 3 (

 3 and a larger scale image, Fig S5 in ESI) corresponds to an experimental STM image of one monolayer coverage of LdipCC deposited onto Au(111) surface at room temperature under UHV condition and scanned at 110 K. The LdipCC molecules assemble into compact two-dimensional network. This supramolecular network consists fused periodic domains, bordered by grain boundaries (black dashed lines in Fig. 3).

Figure 3 .

 3 Figure 3. STM image of a monolayer of LdipCC deposited on an Au(111) surface with submolecular

Figure 4 .

 4 Figure 4. (a) High-resolution STM image (6x6 nm 2 , VS= 1.0 V, It = 10 pA, 110 K) LdipCC/Au(111). 𝒖 ""⃗ and 𝒗 " "⃗ are the vectors that describe the unit cell of the network. (b) Proposed molecular model of the LdipCC adlayer. Vertical LdipCC molecules are highlighted in blue in the adsorption model. The white ellipses surround the Hydrogen bonds of the type CH•••O (labelled with 1) and CH•••N (labelled with 2) between molecules. The white dashed rectangle (labelled with 3) highlights the van der Waals interaction between two interdigitated alkyl chains. The white square (labelled 4) surrounds the two Hydrogen bonds between two cyanophenyl moieties of two aligned molecules.

Figure 5 .

 5 Figure 5. STM images of a monolayer of LdipCC molecules deposited on an Au(111) surface and recorded after exposition to a nitrogen pressure of 1 bar. (a) Highresolution image (15x15 nm 2 , VS= -0.6 V, It = 10 pA, 300K) showing that supramolecular organization is preserved, as highlighted by 𝒖 ""⃗ and 𝒗 " "⃗ are the vectors. (b)
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