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Patterning Surfaces through Photografting of Iodonium Salts

A gold surface immersed in an aprotic iodonium salt solution containing a photosensitizer is patterned by irradiation with a blue light through a mask. The photochemical behavior of three photosensitizers in the presence of (4-nitrophenyl)(2,4,6-trimethylphenyl)iodonium triflate I is fully characterized [luminescence quantum yield Φ L and lifetime τ L , quenching rate constant (k q ), ΔG° and quantum yield (Φ R )]. The key species for the surface modification are aryl radicals formed under irradiation through reduction of the iodonium salt by the excited state of the photosensitizer. The pattern consists of a polyaryl film obtained from aryl radicals that react with the surface and also with the first grafted aryl groups. The modified surface is characterized by IR, XPS, AFM and electrochemistry. The submillimetric pattern is observed by condensation and Scanning Electrochemical Microscopy. This method permits to obtain strongly bonded patterns with variable substituents on the aryl ring; it allows preparing various patterns of multifunctional surfaces that can be used for sensors and diagnostics, or to limit hydrophilic paths within hydrophobic films for surface tension confined microfluidic devices.

INTRODUCTION

Surfaces can be modified by attachment of organic groups (carbon, metals, semiconductors, polymers…). Different organic groups can be used to attach derivative films to surfaces (thiols on gold, 1 alkenes on Si, 2 silanes 3 and phosphonic acids 4 on oxides). Diazonium and iodonium cations (Ar-N≡N + , Ar-I + -Ar'), via their reduction, are also excellent candidates to perform the modification of many materials (conductive or not). [START_REF] Allongue | Covalent modification of carbon surfaces by grafting of functionalized aryl radicals produced from electrochemical reduction of diazonium salts[END_REF][START_REF] Bélanger | Electrografting: a powerful method for surface modification[END_REF][START_REF] Berisha | Electrode Surface Modification Using Diazonium Salts[END_REF][START_REF] Vase | Immobilization of Aryl and Alkynyl Groups onto Glassy Carbon Surfaces by Electrochemical Reduction of Iodonium Salts[END_REF] Moreover, patterning a surface with such chemical groups permits to prepare specifically located chemical functions (chemical patterning). [START_REF] Zhou | Chemically Functionalized Surface Patterning[END_REF][START_REF] Nie | Patterning surfaces with functional polymers[END_REF][START_REF] Downard | Patterned Molecular Layers on Surfaces in Aryl Diazonium Salts in New Coupling Reagents in Polymer and Surface Science[END_REF] In a general way, different physical and chemical methods are available for patterning surfaces with organic groups, for instance: microcontact printing, scanning probe lithography, electrografting, photografting etc. Microcontact printing involves stamps that are inked and then pressed on the surface. [START_REF] Wendeln | Surface Patterning by Microcontact Chemistry[END_REF] For example, polydimethylsiloxane (PDMS) stamps are inked by dipping in a solution of a thiol terminated molecule and pressed against an Au surface; after seconds a dense Self-Assembled Monolayer (SAM) is formed on the substrate providing micrometric patterns after removal of the stamp. [START_REF] Wendeln | Surface Patterning by Microcontact Chemistry[END_REF] Inkjet printing [START_REF] Singh | Inkjet Printing-Process and Its Applications[END_REF] uses droplets of organic ink that are propelled onto paper, plastic, or other substrates as in the printers used in offices; it permits, for example, printing on polymers for flexible electronics or on paper for microfluidic paper-based analytical devices. [START_REF] Yamada | Paper-Based Inkjet-Printed Microfluidic Analytical Devices[END_REF] Scanning probe lithography makes use of a very thin tip to modify the surface: i) in Scanning ElectroChemical Microscopy (SECM) a micrometer (and below) electrode is positioned close to a surface to modify or probe this surface; [START_REF] Amemiya | Scanning Electrochemical Microscopy[END_REF] for example, microscopic, enzymatically active spots on SAMs of alkanethiolates on gold were obtained by a combination of localized desorption induced by SECM followed by chemical derivatization. [START_REF] Wittstock | Formation and Imaging of Microscopic Enzymatically Active Spots on an Alkanethiolate-Covered Gold Electrode by Scanning Electrochemical Microscopy[END_REF] ii) Dip-pen nanolithography uses an AFM tip for the local delivery of a chemical reagent to a surface [START_REF] Ginger | The Evolution of Dip-Pen Nanolithography[END_REF] ; for example ferroelectric PbTiO 3 nanodots down to 37 nm were deposited on Nb-doped SrTiO 3 to prepare ferroelectric random access memories. [START_REF] Son | Dip-Pen Lithography of Ferroelectric PbTiO3 Nanodots[END_REF] The reduction of aryl diazonium salts has been used for patterning surfaces using different methods. [START_REF] Downard | Patterned Molecular Layers on Surfaces in Aryl Diazonium Salts in New Coupling Reagents in Polymer and Surface Science[END_REF] Some examples may be mentioned: the grafted layer obtained from a first diazonium salt was locally removed by an AFM tip (nanoshaving) [START_REF] Greenwood | Covalent Modification of Graphene and Graphite Using Diazonium Chemistry: Tunable Grafting and Nanomanipulation[END_REF] and the exposed unmodified surface grafted with a second diazonium salt; [START_REF] Brooksby | Nanoscale Patterning of Flat Carbon Surfaces by Scanning Probe Lithography and Electrochemistry[END_REF] nanospotting was achieved with an aryl diazonium cation transferred from an organic phase (diazonium ink) inside a nanopipette to an external aqueous phase and reduced on a cathodic highly ordered pyrolytic graphite (HOPG) surface to give 500 nm spots of aryl modified HOPG surfaces; [START_REF] Zhou | Surface Patterning Using Diazonium Ink Filled Nanopipette[END_REF] graphene oxide was locally reduced under a micrometric electrode by SECM to produce lines of reduced graphene oxide (~ 50 µm wide). [START_REF] Azevedo | Localized Reduction of Graphene Oxide by Electrogenerated Naphthalene Radical Anions and Subsequent Diazonium Electrografting[END_REF] Microcontact printing has been achieved by pressing a carbon surface with a PDMS stamp, filling the microchannels with a diazonium salt solution, biasing the carbon surface to reduce the salt and perform the electrografting in the channels, providing lines of aryl modified carbon. [START_REF] Downard | Microscale Patterning of Organic Films on Carbon Surfaces Using Electrochemistry and Soft Lithography[END_REF] Patterning surfaces by photolithography, which is widely used in the microelectronic industry for the fabrication of integrated circuits, [START_REF] Campbell | Fabrication Engineering at the Micro and Nano Scale[END_REF] offers the advantage of modifying the surface in a local and precise way thanks to the use of masks. Indeed, light is shined through a mask to transfer the pattern to the surface owing to a photoreaction in the irradiated regions; for example a resin (photoresist) deposited on a silicon wafer becomes soluble upon irradiation and the silicon dioxide insulating substrate can be etched in the unprotected regions. With deep UV light patterns below 20 nm are obtained. [START_REF] Totzeck | Pushing deep ultraviolet lithography to its limits[END_REF] Photosensitized grafting of diazonium salts has been demonstrated, [START_REF] Bouriga | Sensitized Photografting of Diazonium Salts by Visible Light[END_REF][START_REF] Verberne-Sutton | Application of Visible Light Photocatalysis with Particle Lithography To Generate Polynitrophenylene Nanostructures[END_REF][START_REF] Schroll | Photocatalytic surface patterning of cellulose using diazonium salts and visible light[END_REF] including local photografting. Millipipettes permit to pattern PVC surfaces with grafted nitrophenyl spots [START_REF] Bouriga | Sensitized Photografting of Diazonium Salts by Visible Light[END_REF] while nanosphere lithography on gold (the mask consists of a layer of 500 nm silica spheres deposited on the surface) provides an array of triangular spots corresponding to the unmasked surface between the spheres. [START_REF] Verberne-Sutton | Application of Visible Light Photocatalysis with Particle Lithography To Generate Polynitrophenylene Nanostructures[END_REF][START_REF] Van Gorp | Self-Assembled Polystyrene Beads for Templated Covalent Functionalization of Graphitic Substrates Using Diazonium Chemistry[END_REF] However, photografting through a mask is not possible with diazonium salts, which react spontaneously with nearly any surface, including gold, and results in a thick layer in the irradiated regions and a thinner film in the shaded regions.

Iodonium salts are also capable of producing aryl radicals by reduction. They can be electrografted on surfaces providing aryl films as thin as monolayers. [START_REF] Vase | Immobilization of Aryl and Alkynyl Groups onto Glassy Carbon Surfaces by Electrochemical Reduction of Iodonium Salts[END_REF][START_REF] Dirk | Potential-Directed Assembly of Aryl Iodonium Salts onto Silicon {100} Hydride Terminated and Platinum Surfaces[END_REF][START_REF] Vase | Covalent Grafting of Glassy Carbon Electrodes with Diaryliodonium Salts: New Aspects[END_REF][START_REF] Matrab | Scanning electrochemical microscopy for the direct patterning of a gold surface with organic moieties derived from iodonium salt[END_REF][START_REF] Weissmann | Modification of Carbon Substrates by Aryl and Alkynyl Iodonium Salt Reduction[END_REF][START_REF] Fontanesi | Dissociation Dynamics of Asymmetric Alkynyl(Aryl)Iodonium Radicals: An ab Initio DRC Approach to Predict the Surface Functionalization Selectivity[END_REF][START_REF] Florini | Electrochemically assisted grafting of asymmetric alkynyl(aryl)iodonium salts on glassy carbon with focus on the alkyl/aryl grafting ratio[END_REF][START_REF] Chan | Electrochemically Driven Covalent Functionalization of Graphene from Fluorinated Aryl Iodonium Salts[END_REF][START_REF] Stevenson | Controlled covalent modification of epitaxial single layer graphene on 6H-SiC (0001) with aryliodonium salts using electrochemical methods[END_REF][START_REF] Charlton | Electrochemical Modification of Indium Tin Oxide Using Di(4-nitrophenyl) Iodonium Tetrafluoroborate[END_REF][START_REF] He | Covalent Functionalization of Carbon Nanomaterials with Iodonium Salts[END_REF][START_REF] Gearba | Atomically Resolved Elucidation of the Electrochemical Covalent Molecular Grafting Mechanism of Single Layer Graphene[END_REF][START_REF] Van Druenen | Covalent Functionalization of Few-Layer Black Phosphorus Using Iodonium Salts and Comparison to Diazonium Modified Black Phosphorus[END_REF] The key intermediate is the aryl radical as with diazonium salts, but, in contrast to diazonium salts, iodonium salts are less reactive and the spontaneous reaction on surfaces is more difficult as a consequence of their more negative reduction potentials. [START_REF] Vase | Covalent Grafting of Glassy Carbon Electrodes with Diaryliodonium Salts: New Aspects[END_REF] This lower reactivity has permitted the direct patterning of gold surfaces by SECM. [START_REF] Matrab | Scanning electrochemical microscopy for the direct patterning of a gold surface with organic moieties derived from iodonium salt[END_REF] For these reasons, iodonium salts are good candidates for photo-patterning.

In addition the photo-induced reduction of iodonium salts with dyes has been demonstrated since the end of seventies [START_REF] Crivello | Dye-Sensitized Photoinitiated Cationic Polymerization[END_REF] . Rate constants of the quenching of the excited state of the Ru(bpy) 3 2+ (bpy: 2,2'-bipyridine) photosensitizer by some substituted diphenyliodonium salts are moderate: between 1.1 and 4.1x10 8 M -1 s -1 . [START_REF] Fouassier | Time-resolved laser spectroscopy of the sensitized photolysis of iodonium salts[END_REF] Such sensitized photochemical cleavage of iodonium salts has been used to initiate the polymerization of vinylic compounds. [START_REF] Kabatc | The Influence of a Radical Structure on the Kinetics of Photopolymerization[END_REF][START_REF] Xiao | Naphthalimide-phthalimide Derivative Based Photoinitiating Systems for Polymerization Reactions under Blue Lights[END_REF] Interestingly, in the presence of a photoinitiator with a naphthalimide-phthalimide structure, under soft blue light irradiation of diphenyliodonium the EPR spectrum of the phenyl radical was evidenced, demonstrating that the inhibition takes place by an electron transfer mechanism. [START_REF] Xiao | Naphthalimide-phthalimide Derivative Based Photoinitiating Systems for Polymerization Reactions under Blue Lights[END_REF] Finally this photo generation of aryl radicals based on iodonium salts was used in some recent examples of photoredox catalytic arylation and C-C coupling reactions. [START_REF] Ghosh | Visible Light Mediated Photoredox Catalytic Arylation Reactions Acc[END_REF] The present paper describes the successful photografting and patterning of a gold surface by nitrophenyl groups through the irradiation of ( Substrates. Gold coated silicon wafers from Sigma-Aldrich (100 nm gold) were cut into 1×1 cm 2 pieces. They were successively rinsed in a bath of sulfuric acid (95 %) for 2 s, and with distilled water and under sonication in distilled water, acetone and absolute ethanol (380 s each) and finally dried by an argon stream.

EXPERIMENTAL SECTION

Chemicals

Grafting of Gold Plate by Iodonium Salt.

A piece of a gold coated silicon wafer was placed in a test tube that was hermetically closed by a septum and purged by a stream of argon. 100

Ar 2 I +
L of a mixture of I (0.1 M), photosensitizer (12.5 mM) and DIPEA (0.2 M) in ACN were deposited with a needle on the Au surface, without opening the reactor as the reaction is very sensitive to oxygen. Irradiation was produced by a blue LED strip arranged around the tube.

During irradiation, the test tube was cooled at ~ 0 °C to limit the possible spontaneous reactions on gold. After 10 min, irradiation was stopped, the solution was evaporated and the sample was rinsed with ethanol, sonicated for 380 s in absolute ethanol to remove any adsorbed material and finally dried under an argon stream before characterization by different methods. Images of the experimental setup are given in Figure S1 (Supporting Information).

Photophysics. Absorption and emission spectra were recorded with a Varian Cary 300 spectrophotometer and a fluoromax 4 Horiba spectrofluorometer, respectively. The luminescence lifetime of the complexes was measured after irradiation at λ = 405 nm (obtained with a pulsed diode laser (LDH-PC-405) using Fluotime 200 from PicoQuant for the decay acquisition). All samples were prepared inside a glovebox in a 1 cm quartz cell containing deoxygenated ACN. The samples were maintained under anaerobic conditions with a teflon cap. Emission quantum yields,  L , were determined at 25°C with an ACN solution of [Ru II (bpy) 3 ](PF 6 ) 2 ( L ref = 0.062) as a standard and using an optically diluted methodology. [START_REF] Crosby | Measurement of photoluminescence quantum yields[END_REF] Photoreduction of I was performed under continuous irradiation using a Xe lamp (150 W, Hamamatsu L8253) and a UV-Hot filter (between 400-700 nm; 03MHG101).

The intensity reaching the sample was estimated by actinometry using the ferrioxalate salt

(K 3 [Fe(C 2 O 4 ) 3 ] with  R ref = 1)
. [START_REF] Bowman | A warning on its correct use[END_REF] The uncertainties are estimated as ± 2 nm for  max , 10% for , 20 % for and 5 % for IRRAS. Spectra of modified plates were recorded using a purged (low CO 2 , dry air) Jasco FT/IR-6100 Fourier Transform Infra Red Spectrometer equipped with MCT (mercurycadmium-telluride) detector. For each spectrum, 1000 scans were accumulated with a spectral resolution of 4 cm -1 . The background recorded before each spectrum was that of a cleaned substrate. RAS spectra were recorded with a RAS accessory (Jasco RAS PR0410-H).

XPS. X-ray photoelectron spectra were recorded using a Thermo VG Scientific ESCALAB 250 system fitted with a micro-focused, monochromatic Al Kα X-ray source (1486.6 eV) and a magnetic lens, which increases the electron acceptance angle and hence the sensitivity. The pass energy was set at 150 eV and 40 eV for the survey and the narrow regions, respectively.

The Avantage Software, version 4.67, was used for digital acquisition and data processing.

The spectra were calibrated against C1s set at 285 eV.

AFM. AFM images were recorded with a NT-MDT Solver pro equipment. AFM topography was performed in the intermittent contact mode with standard silicon cantilevers. Image analysis was achieved with the free software WSxM. 

Ellipsometry

RESULTS and DISCUSSION

Photoreduction of Iodonium Salt. I was chosen as the iodonium salt because, after electron transfer, the nitrophenyl radical, the behavior of which under electrografting conditions is well-known, should be formed. [START_REF] Vase | Covalent Grafting of Glassy Carbon Electrodes with Diaryliodonium Salts: New Aspects[END_REF] Moreover the advantage of this iodonium salt is that even if the 2,4,6-trimethylphenyl radical were formed in parallel to the nitrophenyl one, it could not react on surfaces due to steric hindrance. [START_REF] Combellas | Steric effects in the reaction of aryl radicals on surfaces[END_REF] The cyclic voltammetry of I allowed comparing its reduction potential with those of the different photosensitizers (PS) (Figure 1). It shows a first irreversible wave located at Ep c = -0.52 V/SCE assigned to the reduction of the iodonium chemical function (equation 1), which disappears on the third scan. It is followed by the reversible wave of the nitrophenyl group (Ep c = -1.07 V/SCE, by comparison with Ep c = -1.03 V/SCE for nitrobenzene under the same conditions). The voltammogram of I indicates that this iodonium salt is more difficult to reduce than the 4-nitrobenzenediazonium tetrafluoroborate salt: Ep c = +0.20 V/SCE under identical conditions. [START_REF] Bouriga | Sensitized Photografting of Diazonium Salts by Visible Light[END_REF] In both cases (I and 4-nitrobenzenediazonium) the same nitrophenyl radical is formed. The redox potentials of the three photosensitizers (Table 1) are in accordance with previously published values for both copper based PS [START_REF] Federlin | Electrochemical properties of copper(I) catenates and some of their open chain analogues; correlation with their photophysical properties[END_REF] and [Ru(bpy) 3 ] 2+ . [START_REF] Chambron | Ru(bipy) 2 (dipyridophenazine) 2+ a complex with a long range directed charge transfer excited state[END_REF] In the cathodic part, the first systems correspond to the one-electron reduction centered on the ligand, whereas in the anodic one, the systems correspond to the oxidation of the metal. All of them are reversible.

The redox potentials in Table 1 indicate that the direct thermal reduction of I by PS is prohibited since the reaction would be, in the more favorable case, endergonic by more than 1 b a eV. To evaluate the photoinduced electron transfer ability, the photophysical properties of the three complexes were recorded in ACN under argon (Table 2). quenching rate constant, g G° and h quantum yield for the photoinduced electron transfer process between PS and I.

After excitation in their maximum absorption band, the PS exhibit an emission attributed to a triplet metal to ligand charge transfer state ( 3 MLCT), they exhibit an emission, [START_REF] Armaroli | Photoactive mono-and polynuclear Cu(I)-phenanthrolines. A viable alternative to Ru(II)-polypyridines?[END_REF] with a lifetime long enough to take part to a bimolecular quenching process. The excited state oxidation potentials of the complexes can be estimated from the ground state potentials (Table 1) and emission energies (equation 2) [START_REF] Meyer | Photochemistry of metal coordination complexes: metal to ligand charge transfer excited states[END_REF] :

E 1/2 (PS + /PS*) = E 1/2 (PS + /PS) -E 00 (eq. 2)
where E 00 is approximated to the emission energy at room temperature of the photosensitizers.

The excited states, Cu-based PS* and [Ru(bpy) 3 ] 2+ *, can reduce I (Table 1). The G° of the redox quenching reaction (equation 3) is estimated to -0.51 , -0.67 and -0.23 eV respectively (Table 2).

The photoreduction process was followed by the evolution of the electronic absorption spectra of a mixture of a given PS with large excess of I upon continuous irradiation carried out between 400-800 nm. As an example Figure 2 shows the evolution of a solution of [Cu(dpp) 2 ] + with I.

During irradiation the typical absorption bands of [Cu(dpp) 2 ] + at 440 and 550 nm disappear with the emergence of two new ones at 559 and 760 nm due to [Cu(dpp) 2 ] 2+ altogether with the appearance of an isosbestic point at 615 nm. [START_REF] Huang | Highly Efficient Ultrafast Electron Injection from the Singlet MLCT Excited State of Copper(I) Diimine Complexes to TiO2 Nanoparticles[END_REF] This evolution demonstrates the 

𝜏°𝜏 = 1 + 𝜏° k q [𝐈] (eq. 4)
k q values are collected in Table 2, together with the G° of the photoinduced electron transfer and the quantum yields ( R ) of the reaction. The values for ΔG° and k q show that the kinetics follows the thermodynamics of the reaction. The faster reaction is observed with [Cu(dap) 2 ] + as the sensitizer. In that case, the quenching rate is in the same order of magnitude as the diffusion rate limit. The quantum yield of the reaction ( R ) was also calculated with the three PS (Table 2). It is much higher when the Cu-based photosensitizers are used instead of [Ru(bpy) 3 ] 2+ .

Photografting of I.

Photografting of I was performed under similar conditions for each photosensitizer in the presence of DIPEA (see experimental section for details). DIPEA is used as sacrificial agent [START_REF] Baralle | Aryl Radical Formation by Copper(I) Photocatalyzed Reduction of Diaryliodonium Salts: NMR Evidence for a Cu II /Cu I Mechanism[END_REF] to regenerate PS after the photoinduced electron transfer reaction with I (see next section). Irradiation was maintained until evaporation of ACN (~ 10 min).

After rinsing with ethanol in an ultrasonic cleaner and drying, the Au plate was examined by IR, XPS, cyclic voltammetry and water contact angles. The IRRAS spectrum of the modified gold surface Au-I presents a main band located at 1354 cm -1 assigned to the symmetric stretching of the NO 2 group (by comparison: 1522 and 1347 cm -1 of similar absorbance for neat nitrobenzene, Figure 3). The absorbance of the asymmetric stretching band (1535 cm -1 ) is much lower than that of the symmetric one, which corresponds to a nitrophenyl group standing up on the surface of gold, in agreement with the surface selection rules. The negative peaks at 1734 cm -1 correspond to some contamination during the recording of the blank sample.

The XPS survey spectrum of Au-I obtained with Cu(dpp) 2 (BF 4 ) in the presence of DIPEA presents the contributions of Au4f (28.4%), C1s (48.5%), O1s (19.8%), N1s (2.9%) and I3d (0.5%) (Figure S4, Supporting Information). The N1s peak can be deconvoluted with two contributions at 400.0 (2.3%) and 406.0 eV (0.6%) (Figure 4); the former likely corresponds to amines (by partial reduction of the nitro group) and some contamination and the latter one to the surface nitrophenyl groups. Observation of Au4f indicates that the organic film presents pinholes as it does not shield completely the gold surface. The observation of I3d likely stems either from the grafting of some iodine radical or from adsorption of iodine. The high resolution XPS spectra for N1s and the atomic % of the main XPS peaks obtained with the other two photosensitizers and for a blank experiment are reported in Figure S5 and Table S1 (Supporting Information), respectively. In the absence of photosensitizer there is no signal at 406 eV corresponding to the nitrophenyl group. The cyclic voltammetry in ACN of a small Au shard cut from a modified plate presents an irreversible peak at Ep = -1.09 V/SCE (under the same conditions, nitrobenzene is reduced reversibly at Ep = -1.03 V/SCE) and a prewave of unknown origin at less negative potentials (Figure 5A). The irreversibility observed on the modified shard is due to the very small number of nitrophenyl groups on the surface that are reduced to radical anions and then protonated by residual water. In an aqueous acidic medium, the grafted nitrophenyl groups are reduced irreversibly at Ep = -0.36 V/SCE (Figure 5B, under the same conditions nitrobenzene is reduced irreversibly by 4 to 6 electrons at Ep = -0.44 V/SCE). -d), AFM shows that the surface is quite inhomogeneous with high clumps of organic matter, as always observed after grafting radicals. [START_REF] Adenier | Grafting of Nitrophenyl Groups on Carbon and Metallic Surfaces without electrochemical Induction[END_REF] Figure 6Ab (phase image) presents lighter yellow zones that correspond to pinholes, which explains the presence of the Au signal in the XPS spectra. The dry state film thickness was estimated to 54.6 nm (mean value measured on a 10x10 µm 2 surface) that can be compared to the value of 9.2 nm obtained without DIPEA; in the latter case high aggregates separated by ungrafted zones are observed (Figure 6B). These results allow us propose a mechanism, which is basically similar to that observed with diazonium salts [START_REF] Bouriga | Sensitized Photografting of Diazonium Salts by Visible Light[END_REF] and also to the electrografting mechanism of iodonium salts (Scheme 2).8

Upon irradiation with visible light, the excited state of PS, PS*, is formed (R1, Scheme 2). It reduces the iodonium salt I to give the nitrophenyl radical (R2), [START_REF] Bouriga | Sensitized Photografting of Diazonium Salts by Visible Light[END_REF] the aryl iodide ArI and PS + .

The nitrophenyl radical can undergo three reactions with: i) the gold surface (R3), ii) a first grafted nitrophenyl group (R4) and, iii) PS* to give the nitrophenyl anion (R7) that is likely protonated by residual water. Reactions (R4 + R5 + R6) lead to the formation of a polynitrophenyl film bonded to the gold surface. Reaction (R4) produces a cyclohexadienyl radical II that gives an aromatic grafted dimer upon oxidation (R5). In the case of diazonium salts, this oxidation corresponds to the transfer of -(e -+ H + ) and can be achieved by the concomitant reduction of the diazonium salt. [59][60][61] Since iodonium salts are poorer oxidants, they cannot be involved in reaction (R5). The possible oxidants in the solution are either PS + (Table 1) or the unstable DIPEA .+ (Ep a (Irr) [DIPEA] = + 0.81V/SCE (in ACN + 0.1 M NBu 4 BF 4 , v = 0.1 Vs -1 ). DIPEA .+ is formed by reduction of PS + , allowing the regeneration of PS (R8) and the production of a stationary concentration of nitrophenyl radical sufficient to induce a modification of the gold surface. As shown by the different thicknesses observed in the presence or absence of DIPEA, (respectively 45-49 and 9.2 nm, the photografting is more efficient in the presence of DIPEA. In the absence of DIPEA a large part of the photoproduced nitrophenyl radicals are reduced to their anionic form by Cu-based PS* (R7), therefore preventing the effective grafting on the surface (as deduced from the comparison between the oxidation potential of Cu-based PS* (see Table 1) and the reduction potential of the nitrophenyl radical, Ep c (NO 2 -Ph . /NO 2 -Ph -) = -0.80 V/SCE 62 ). Blank irradiation of the different PS and DIPEA did not evidence a reaction between PS* and DIPEA. 

Scheme 1 .

 1 Scheme 1. Schematic representation of the three photosensitizers [Ru(bpy) 3 ] 2+ ,2PF 6 -; [Cu(dpp) 2 ] + ,BF 4 -; [Cu(dap) 2 ] + ,Cl -and the iodonium salt Ar 2 I + ,CF 3 SO 3 -(I).

.

  Thicknesses of the films on gold plates were measured with a mono wavelength ellipsometer Sentech SE400 with a SE400 advanced 2.20 version software. The following values were taken for gold: ns = 0.21, ks = 3.41. They were measured on cleaned surfaces before grafting. The film thicknesses were determined from the same plates after modification, taking ns = 1.46, ks = 0 for the organic layer. Electrochemistry. Electrochemical experiments were performed with an Ametek, Princeton Applied Research, VersaSTAT4 potentiostat/galvanostat and a Versa studio electrochemitery 2.44.4 version software. All experiments were carried out in ACN solutions deoxygenated with argon. All potentials are referred to the SCE electrode. Condensation Imaging. The plate was cooled on a Peltier cell with a temperature regulation. A decrease of the temperature of ~ 10 °C by reference to the room temperature permits to condensate the surrounding humidity on the sample surface. This phenomenon can be exalted by blowing a slow air stream in the direction of the plate. The condensation depends on the local affinities of the surface with water, in this way the hydrophobia differences on the surface are highlighted. The observation and the imaging are performed by means of a Zeiss 2000-c binocular loupe. SEM. The images were recorded with a MET-FEG Zeiss (Zeiss SUPRA 40).

Figure 1 .

 1 Figure 1. Cyclic voltammetry of I in ACN + 0.1M NBu 4 BF 4 on a GC electrode a) first, b) third cycle. V = 0.1 Vs -1 . The first cathodic wave disappears because of the electrografting of I onto Au.

  photoinduced electron transfer process between [Cu(dpp) 2 ] + and I leading to [Cu(dpp) 2 ] 2+ and the concomitant reduction of I. A blank experiment using a mixture of both species in dark does not show any evolution with time. Continuous irradiation of a mixture of [Cu(dap) 2 ] + and I follows a similar evolution with the disappearance of bands at 430 and 480 nm and the appearance of an absorbance at 660 nm and an isosbestic point at 617 nm (FigureS2in Supporting Information). In the case of a solution of [Ru(bpy) 3 ] 2+ and I under irradiation, the typical initial absorption band of [Ru(bpy) 3 ] 2+ is replaced by those of [Ru(bpy) 3 ] 3+ at 420 and 680 nm 56 (Figure S3 in Supporting Information). However in the latter case the reaction is much slower in accordance with the markedly less reductive power of [Ru(bpy) 3 ] 2+* compared to those of [Cu(dpp) 2 ] +* or [Cu(dap) 2 ] +* .

Figure 2 .

 2 Figure 2. Absorption spectra of a mixture of [Cu(dpp) 2 ] + (0.2 mM) and I (2 mM) in deoxygenated ACN during continuous irradiation. Inset: evolution of the absorbance at 440 nm vs irradiation time. The bands relative to [Cu(dpp) 2 ] + decrease while those of [Cu(dpp) 2 ] 2+ increase concomitantly.

Figure 3 .

 3 Figure 3. IRRAS spectrum of Au-I obtained with a) [Cu(dpp) 2 ] + , b) [Cu(dap) 2 ] + and c) [Ru(bpy) 3 ] 2+ . d) is a control sample without photosensitizer. The grafting of Au by I is attested by the signature of the NO 2 group.

Figure 4 .

 4 Figure 4. High resolution XPS spectrum of Au-I (N1s region). The grafting of Au by I is attested by the signature of the NO 2 group.

NO 2 Figure 5 .

 25 Figure 5. Cyclic voltammetry of a small shard cut in a modified Au-I plate. A) in ACN + 0.1 M NBu 4 BF 4 . a) Au-1, b) nitrobenzene. B) in EtOH/H 2 O (90/10 V/V) + 0.1 M HCl a) Au-I, b) nitrobenzene. The plates were modified through the grafting of I in the presence of Aa) Cu(dpp) 2 (BF 4 ) and Ba) [Ru(bpy) 3 ](PF 6 ) 2 . The grafted nitrophenyl groups are evidenced by the signature of the NO 2 group reduction.

  These results are confirmed by ellipsometry. In the presence of DIPEA, the thicknesses of the three Au-I films obtained from the three PS are in the 45 -49 ± 10 nm range.

Figure 6 .Figure 7 .

 67 Figure 6. AFM image of an Au-I film obtained with [Cu(dpp) 2 ] + . A) In the presence and B) in the absence of DIPEA. Aa, Ad, B) Topographic images and Ab) phase image; Ac) topographic profile along the upper limit of Aa. Images Ad and B indicate a mean thickness of 54.6nm in the presence of DIPEA (Ad), but only 9.2 nm without it (B). The phase image Ab shows the presence of pinholes in the Scale bars: 200 nm for Aa and Ab, 2 µm for Ad and B.These different characterizations indicate that I can be used to graft aryl radicals on gold using a photoinduced electron transfer process, which leads to aromatic organic films with 45-49 nm thickness.Patterning of an Au surface by I.A gold grid (~1x1 cm 2 ) was used as a mask and placed on the surface of an Au plate; a solution of I and [Cu(dpp) 2 ] + was deposited on the surface and irradiation of the setup was performed as described above. Figures7a and bcompare an image of the grid used as a mask and an image of the patterned surface obtained by condensation (same scale); it evidences a transfer of the image of the grid on the gold surface.Figures7c, d and ecompare images of the patterned surface obtained by condensation and SEM. By condensation the masked parts of the Au surface are covered with water droplets as they are more hydrophilic than the nitrophenyl modified spots. SEM also permits to observe the image of the grid. These images confirm the patterning of the surface under irradiation using a mask. The three PS gave similar results. The thickness (measured by AFM) of the grafted spots is similar to that obtained on a uniformly grafted surface.

  

Table 1 . Redox Potentials of Photosensitizers and Iodonium salt

 1 

	Compound	PS + /PS	PS + /PS*	1 st reduction process
	[Ru(bpy) 3 ] 2+	1.28 (60)	-0.75	-1.30 (60)
	[Cu(dpp) 2 ] +	0.69 (50)	-1.03	-1.67 (60)
	[Cu(dap) 2 ] +	0.61 (60)	-1.19	-1.75 (50)
	I			-0.52 b
	a in deoxygenated ACN + 0.1 M TBAP (v = 0.1 Vs -1 ); b irreversible process, the potential corresponds
	to Ep C .			

(I). a E 1/2 (V) (ΔEp/mV) vs. SCE

Table 2 . Photophysical Properties of the three Photosensitizers. a

 2 

	Photosensitizer	 abs. ( /M -1 cm -1 ) b / nm	 em. nm c /	 L	d	 L ns e /	k q M -1 s -1 f /	/eV G° g	 R	h
	[Ru(bpy) 3 ] 2+	450 (13500)	610	0.062	850	6×10 8	-0.23	0.06
	[Cu(dpp) 2 ] +	440 (3200)	720	<10 -4	115	2×10 9	-0.51	0.24
		550 (1500)sh								
	[Cu(dap) 2 ] +	430 (2400)	690	<10 -4	116	4×10 9	-0.67	0.29
		480 (1900)sh								
	a in ACN under argon; b absorption maximum; c emissionmaximum; d luminescence quantum yield; e lifetime; f

Scheme 2 .

 2 Mechanism of the photografting of iodonium salts on gold. PS stands for any of the three photosensitizers. Conducting Substrates. Existence of Azo Bonds in the Structure of Organic Layers Obtained from Diazonium Salts. Chem. Mater. 2007, 19, 4570-4575. 60 Combellas, C.; Kanoufi, F.; Pinson, J.; Podvorica, F. Time-of-Flight Secondary Ion Mass Spectroscopy Characterization of the Covalent Bonding between a Carbon Surface and Aryl Groups. Langmuir 2005, 21, 280. 61 Adenier, A.; Combellas, C.; Kanoufi, F.; Pinson, J.; Podvorica, F. I. Formation of Polyphenylene Films on Metal Electrodes by Electrochemical Reduction of Benzenediazonium Salts. Chem. Mater. 2006, 18, 2021. 62 Koefoed, L.; Vase, K. H.; Stenlid, J. H.; Brinck, T.; Yoshimura, Y.; Lund, H.; Pedersen, S. U.; Daasbjerg K. On the Kinetic and Thermodynamic Properties of Aryl Radicals Using Electrochemical and Theoretical Approaches. ChemElectroChem 2017, 3212-3221.
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CONCLUSIONS

The photografting of iodonium salts permits to pattern surfaces with aryl groups. This should not be possible using diazonium salts that react spontaneously with most surfaces. [START_REF] Matrab | Scanning electrochemical microscopy for the direct patterning of a gold surface with organic moieties derived from iodonium salt[END_REF] Herein the photopatterning has been achieved with three photosensitizers and the 4-nitrophenyl-2,4,6-trimethylphenyliodonium salt. In the presence of DIPEA as electron donor added in the solution a thicker film is obtained on a gold surface. The reaction can be extended to other substrates and used in different applications. For example a surface could be photografted with perfluoroaryl groups except in arrays of small lines; an aqueous flow should be contained in the lines between the hydrophobic surfaces to give surface-tension-confined microfluidic devices. It should also be possible to create patterns able to attach selectively proteins or other biomolecules. The advantage of photolithography over other patterning methods is that multiple patterns can be drawn from a single mask permitting to produce at the same time a large number of patterned surfaces as in the microelectronic industry.

Supporting Information available: experimental setup, photoinduced electron transfer under continuous irradiation, XPS for Au-I. This material is available free of charge via the Internet at http://pubs.acs.org.
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