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INTRODUCTION

In the course of the unceasing downscaling of microelectronic components, a midterm hybrid approach, mixing complementary metal oxide semiconductor (CMOS) technology and molecules, is emerging, especially for the development of dynamic random access memories (DRAM) or modified transistors. 1,2 Main issues associated with component size decrease, such as excessive current leakage and device-to-device variation due for example to inhomogeneous silicon doping, are expected to be addressed with the incorporation of molecules having intrinsic non size-dependent properties and discrete electronic states. This hybrid CMOS / molecular approach is an intermediate step towards allmolecular electronics, which is indeed appealing but still far from practical applications. 3,4 The potential of porphyrins as charge storage molecules has been thoroughly investigated. [5][6][7] Like porphyrins, polyoxometalates (POMs) have intrinsic features that could prove valuable in this context. POMs form a unique class of soluble molecular oxides with a great diversity in terms of structure, size, redox behaviour and they display a wide range of applications making them promising building blocks for molecular materials chemistry. 8 They are often viewed as the missing link between extended metal oxides and molecular oxides. 9 Many POMs display several discrete redox states in a narrow range of potentials, 10 which should give access to multi-level memories. The limited structural reorganization accompanying POM reduction processes and the delocalization of the added electrons over part or whole of the POM skeleton account for the reversibility of these processes and are strong assets for a long term stability upon writing/reading cycles. While porphyrins have been assembled in ptype components, POMs could provide n-type counterparts. The remarkable diversity of their molecular structures allows for a fine-tuning of their redox properties and more than two successive reduction states are often accessible with no need to elaborate complex architectures. Furthermore, as soluble species, POMs are relatively easy to handle and process and their robustness is compatible with high temperature and low pressure preparation methods used in microelectronics technology and would also ensure their longevity under operating conditions. POMs could thus provide a new class of robust electronic materials with a size downscaled to a few nanometres and multi-level redox states accessible in a unique component, both features attracting considerable attention.

In this context, and since the control of the orientation of the molecules and their density on the surface together with the longevity of the materials are key criteria, we favor the covalent immobilization of POMs rather than the self-assembly method although charge transport phenomena in Layer-by-Layer POM-based molecular junctions has been reported in the literature. 11,12 Examples of covalent immobilization of POMs on surfaces are still scarce and often limited to Anderson and Lindqvist type POMs. 1,13,14 While the redox properties of the Anderson anions are limited to those of the central hetero-metal, drain current and threshold voltage were found to be modulated in a pseudo metal-oxide-semiconductor fieldeffect transistor (MOSFET) modified by organo-imido functionalized Lindqvist anions. 1 However, more redox versatility is expected by using the Keggin-and Dawson-series.

Our long-standing interest in the functionalization of POMs 8 allows us to propose a variety of hybrid POM platforms in the Keggin-or Dawson-series, with tunable redox properties and adjustable reactive pending groups for surface anchorage. 15,16 In a preliminary study, we have described the covalent grafting of a POM hybrid onto silicon wafers toward capacitive memories. 15 In the herein contribution, we describe i) the efficient synthetic procedure of the new functionalized Keggin-type POM [PW 11 O 39 

{Ge(p-C 6 H 4 -CC-C 6 H 4 - N 2 + )}] 3-(K Ge [N 2 + ]
) [START_REF]Acronyms used for the POM hybrids: K refers to the Keggin-type anion, Ge as subscript indicates the primary functionalization and the term in brackets corresponds to the pending reactive function[END_REF] bearing a much simpler organic tether than the one of the previously described hybrid, 15 ii) its covalent immobilization onto a glassy carbon electrode and, iii) its thorough electrochemical characterization once confined at the surface. The diazonium function was chosen because of its ability to graft to various substrates: 18 i) by electrochemical 19 or chemical reduction of the diazonium salt, 20 ii) spontaneously on some reducing or non reducing materials, iii) photochemically in the presence of a photosensitizer, 21 or iv) by irradiation of a charge transfer complex. 22 Although the reaction generally leads to disordered multilayers, it is possible to obtain bonded monolayers, for example by i) control of the grafting conditions, 23,24 ii) cleavage of multilayers, 25,26 or iii) steric effects. [27][28][29] Here, owing to the POM bulkiness, a grafted monolayer is expected.

MATERIALS AND METHODS

Materials and Characterization Techniques. Manipulation of all air sensitive

compounds was carried out using standard high vacuum techniques. Tetrahydrofuran was distilled from sodium/benzophenone. Triethylamine was distilled from CaH 2 .

Dimethylformamide was purchased stored under argon over molecular sieve. 30 [Pd(PPh 3 ) 2 Cl 2 ] 31 and 3,3-diethyl-1-(4-ethynylphenyl)triaz-1-ene 32 were prepared according to published procedures. All other reagents were used as supplied.

K 7 [PW 11 O 39 ]•14H 2 O,
NMR spectra were recorded on a Bruker AvanceII 300 spectrometer equipped with a QNP probehead. with respect to the incident beam direction. RBS spectra from consecutive measurements for 1 µC of incident beam charge confirmed that the W signal was stable under the beam. ] are ill-defined. This is attributed to the presence of protons that, in a large extent, affect the redox properties of the POM, by shifting the electrochemical waves to higher potentials. 10,[START_REF] Himeno | [END_REF] As a consequence, grafting from the isolated diazonium-terminated product was preferred. 

Synthesis of

Kinetics studies in solution.

A key parameter for the use of POMs as components of fast communicating molecular electronic devices for information storage is the writing/reading response time. A first insight into the kinetics of charge transfer processes to the POM can be obtained from the variation of the voltammetric features (∆E p or equivalently E p,red ) with the potential scan rate (Figure 2b). For v < 3 V.s -1 , ∆E p is constant, in agreement with a fast and reversible charge injection. For higher scan rates, the peak-to-peak separation increases and for v > 30 V.s -1 , E p,red decreases by 60 mV per decade of v in agreement with a limitation by the slow kinetics of the quasi-reversible electron transfer (ET) process. Under such kinetic limitation E p,red is given by: 38

E p,red = E 0 -RT/αF [0.78 -ln (k ET,sol (RT/αD sol Fv) 1/2 )] (1) 
with α the electron transfer coefficient (α=0.5), k ET,sol the ET rate constant for the dissolved species and D sol its diffusion coefficient. Knowing E 0 and D sol , k ET,sol = 0.064 cm.s -1 ensues from the E p,red variations. The kinetic of the second electron transfer is more difficult to evaluate at high scan rates as it is close to the first one; however, the asymptotic decrease of For immobilized species, ∆E p = 0 is expected for a reversible one-electron process, it is ca.

30 mV and 60 mV respectively for the first and second processus in immobilized POMs.

However, at low scan rates, the peak-to-peak separation, ∆E p , or the reduction peak potential, E p,red , are unchanged when increasing the scan rate, in agreement with a fast electron transfer process. The non-ideal values of ∆E p are then not related to kinetic limitations. These deviations from ideality have already been observed for different immobilized systems. [START_REF] Feldberg | [END_REF][40][41][42] Such manifestation of hysteretic behaviour is indicative of non-equilibrium phenomena arising from slow dissipative structural changes at the time scale of the experiment, associated to the redox process. [START_REF] Feldberg | [END_REF] In the case of redox transformations of highly charged systems, 43 such as immobilized POMs, and more particularly in conducting polymers, 44 it is also indicative of limitation from the ion intercalation process, Such interpretation is comforted by the increase of the ∆E p value with the number of injected electrons (2 nd ET vs 1 st ET).

The wave current was integrated to estimate the layer grafting density. The amount of charge transferred in a single step is about 0.25 µC, giving a POM grafting density: Γ = Q/FA = 8.2 × 10 -11 mol.cm -2 . With respect to design of POM-based molecular memory devices, this corresponds to the possible injection of 8 µC/cm 2 , a value which compares well with the capacity of the classical devices using Si/SiO 2 technology. Based on the crystal structure of the reduced TBA 4 [PW 12 O 40 ], the distance between two POMs is 1.44 nm. 45 Assuming that a POM occupies 1.8 nm 2 , 46 a closely packed POM layer would have a density of Γ = 9.2 × 10 -11 mol.cm -2 . The grafting density deduced from electrochemical measurements, although slightly approximate, is in agreement with the formation of a compact monolayer. 29 It should be noted that these films are indeed very compact: for example with simple organic groups such as nitrophenyl the highest experimental value reached is only 21 ± 3 % of the theoretical maximum surface concentration for a close packed monolayer. 47 An independent estimate of the grafting density was obtained by Rutherford Back Scattering (RBS, details in SI) analysis on a 1 cm 2 grafted GC electrode, using the same procedure as for inspection of the E p,red variations shows that at v > 50 V.s -1 , the predicted E p,red are more negative than the experimentally observed ones. Indeed, under pure kinetic control by the ET at surface confined systems, E p,red is predicted to decrease by 120 mV per decade of v.

Actually, E p,red rather decreases by 60 mV per decade of v, as expected for a kinetic limitation by a diffusion process which confirms the observations and conclusions made on the i p,red variations in the same range of scan rates.

Diffusion-limitation, typically observed in redox immobilized architectures, [START_REF] Savéant | Elements of Molecular and Biomolecular Electrochemistry[END_REF] is generally attributed to electron hopping between adjacent fixed redox centers accompanied by a movement of electroinactive counter ions that maintain the electroneutrality. Formally, this propagation of electron (associated to a counter-ion transport) in a thin layer was shown to be equivalent to the diffusion of the immobile redox center. [START_REF] Andrieux | [END_REF][51][52] Hopping is then depicted by an apparent diffusion coefficient, D ap , which characterizes the electron transfer rate constant between the immobile redox centers. For highly charged systems, D ap , may also contain the contribution of the physical diffusion of counter-ions during their relocating between redox sites upon electron hopping. 53,54 Electron hopping is classically observed in multilayered systems, such as redox polymers deposited on electrodes. [START_REF] Savéant | Elements of Molecular and Biomolecular Electrochemistry[END_REF] It has also been observed, to a lesser extent, in monolayer systems. [55][56][57] Different hopping situations have been encountered.

It is responsible for fast lateral communication between adjacent redox centers in functionnalized dendrimers, 55 mesoscopic films of oxide nanoparticles, 58 or at functionnalized insulating substrates. 57 At monolayer-bound electrodes, electron hopping also explains ET through long distances, > 1 nm, from the electrode, such as for redox centers anchored by long tethering chains or assemblies of NPs. 59,60 A dense monolayer of POM has a characteristic thickness of ca. 2.1 nm with inter-POM distance of about 1.5 nm which compares well with the monoelectronic injection of electrons in layers of 2 nm diameter NPs, 59,60 and supports possible hopping limitation.

The impact of the electrode scan rate on both i p,red and E p,red for the reduction of a confined electroactive species with intervention of diffusion (hopping or true diffusion of electroinactive ions) has been described theoretically. [START_REF] Andrieux | [END_REF]51,61,62 Analytical expressions of i p,red and E p,red with the scan rate have been proposed by Aoki et al. and confronted here to depict the experimental variations (see curve in Figure 3d). Diffusion characteristics can also be obtained from the electrochemical behaviour at high v. In this regime, the CV response corresponds to a slow electron transfer, of apparent ET rate constant k ET,surf , limited by a diffusion process (electron hopping) of apparent diffusion coefficient, D ap . The variation of E p with v is then given by an equation identical with (1), while i p,red is proportional to v 1/2 , according to: [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF] i p,red = 0.496 FAC 0 POM (αD ap Fv/RT) 1/2 (2) with C 0 POM the volumetric concentration of the POM in the layer of thickness th POM , C 0 POM =Γ/th POM , and A the electrode surface area. For th POM = 2.1 nm, the apparent diffusion coefficient characteristic of the charge transfer within the POM layer is D ap = 8x10 -11 cm 2 s -1 .

The order of magnitude compares well with that observed for systems of Au nanoclusters which have similar dimensions. 60 It is also comparable to the charge transport limitation in porphyrin layers, 63 suggesting the pertinent use of POM layers for molecular electronic devices. If assigned to electron hopping between adjacent immobilized POM centers, then a self-exchange rate constant k EX ~ 5x10 4 M -1 s -1 is obtained from D ap = k EX C 0 POM δ 2 /6, 50 and assuming a redox center distance separation of the order of δ ~ 1.5 nm. Meanwhile, E p,red allows the extraction of k ET,surf = 2x10 -4 cm s -1 . As for other immobilized systems, the apparent kinetics is much slower than with a dissolved free species (k ET,sol = 0.064 cm s -1 as determined above).

Finally, if kinetic limitations are manifested when the voltammetric features depart from the fast ET characteristic (E p,red invariant with v), both immobilized and dissolved POMs at glassy carbon electrodes show kinetic limitations for scan rates above v ~ 10-30 V.s -1 . It indicates that molecular systems using POM as information storage will respond without delay for frequencies lower than Fv/RT ~ 1000 s -1 . At higher frequencies, different sources of kinetic limitations (electron transfer kinetics, electron hopping and/or counter-ion diffusion) require the injection of more energy in the system for optimized operation. Such kinetic limitation is a drawback when it prevents the selective and sequential injection of electrons in immobilized POM. The selective injection of a single electron in POM requires the application of an electrode potential higher than the onset potential of the second ET system, E>-1.3 V vs SCE. Based on the observed kinetic limitation at immobilized POM, this condition can be met, from (1) for v < 10 6 V.s -1 or frequencies lower than 4x10 7 Hz, providing a range of operating frequencies more comfortable for the fast molecular memories based on immobilized POMs.

CONCLUSION

The successful integration of POMs in functional materials for microelectronics or other purposes taking benefit of their remarkable redox properties is dependent on several crucial steps, the first two being obviously the choice of the POMs to be assembled and the related method of assembling. Based on our expertise of the functionalization of POMs, we have investigated their covalent anchorage onto surfaces. Starting from the new POM platform K Ge [I], which is readily accessible in high yield and purity, K Ge [N 2 + ] and K Ge [NH 2 ] were prepared. The latter is not only an intermediate in the synthesis of the former but also an interesting precursor to immobilize POMs onto surfaces via peptide-bond formation, as will be reported in a following paper. Post-functionalization of suitable POM-based platforms, such as K Ge [I] is a powerful tool to access tailor-made functionalized POMs, in a straightforward way and will deserve further attention. Direct modulation of the organic tether, regarding its nature, length or rigidity is easily achievable and will finally impact the materials properties.

Once prepared, the POM building blocks have to be processed and we have herein described the efficient electrochemical grafting of K Ge [N 2 + ] on a glassy carbon electrode. The grafting yields a platform of POM consisting of a dense monolayer, confirmed by RBS, whose charge transfer abilities have been thoroughly characterized.

To our knowledge, the investigation of the degree of communication between the electrode and immobilized POMs is almost absent from literature reports. We have assessed it through the kinetics of electron transfer. The charge transfer process is limited by both the ET kinetic and at higher scan rate by a diffusion process assigned to a hopping mechanism. The kinetic limitation of the overall charge transport has a characteristic rate of the order of 800 s -1 . It is difficult to compare to the only other value we have found (25 s -1 ), since it dealt with another POM structural type and another substrate, namely Linqvist type POM and silicon. 23 These results on glassy carbon validate our general approach, both from a synthetic and electrochemical point of view, and make us confident to be able to tackle substrates like silicon wafers. Complementary characterization at the solid state is also under current investigation as a step further toward device configuration. 

  palladium(II) dichloride (16.0 mg, 23.0 μmol), copper iodide (4.4 mg, 23.0 μmol) were introduced in a dry shlenk under argon. Dry dimethylformamide (16.0 mL) was added, and the solution was degassed with argon bubbling for 10 minutes. Freshly distilled triethylamine (0.42 mL) was then added, and the solution degassed for another minute. The solution was stirred at room temperature for 24 hrs. TBABr (0.5 g, 1.5 mmol) was added, and the product was precipitated by addition of excess diethylether. After centrifugation the solid was dissolved in minimum acetonitrile and precipitated by addition of excess ethanol. The resulting suspension was centrifugated and the solid washed with ethanol and diethylether to afford 0.52 g of a light-brown solid (85 %). δ H (300 MHz, CD 3 CN) 7.84 (d, 3 J = 8.5 Hz, 2H, Ar-H), 7.60 (d, 3 J = 8.5 Hz, 2H, Ar-H), 7.54 (d, 3 J = 8.5 Hz, 2H, Ar-H), 7.40 (d, 3 J = 8.5 Hz, 2H, Ar-H), 3.82 (q, 3 J = 8.5 Hz, 4H, N-CH 2 -CH 3 ), 3.14 (m, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.65 (m, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.41 (sex, 3 J = 7.5 Hz, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.28 (bs, 6H, N-CH 2 -CH 3 ), 1.00 (t, 3 J = 7.5 Hz, 48H, N-CH 2 -CH 2 -CH 2 -CH 3 ); δ P (121 MHz, CD 3 CN) -13.34; m/z (ESI-), most intense peaks (%): 756.6 (100) [M] 4-requires 756.5, 922.4 (25) [PW 11 O 39 GeOH+H] 3-requires 922.0, 1009.1 (79) [M+H] 3-requires 1009.0, 1089.5 (40) [M+TBA] 3-requires 1089.5, 1505.1 (11) [M-O]
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 113222 Figure 1. 1 H NMR monitoring of the formation of the diazonium-derived hybrid K Ge [N 2 + ] from K Ge [N 3 Et 2 ]
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 3 Electrochemical characterization and kinetic studiesVoltammetry of K Ge [I] in solution. K Ge [I] was taken as a reference compound to describe the electrochemical behavior of the POM in solution. The cyclic voltammetry of K Ge [I] in a 0.1 M TBAPF 6 acetonitrile solution is characterized by two successive reversible reduction waves (Figure2a). Their respective reversible potentials E 0 = (E p,red + E p,ox )/2 are -0.99 and -1.46 V/SCE. At low scan rates (v = 0.1 to 1 V.s -1 ) and with appropriate compensation of the electrolyte solution resistance, the peak-to-peak separation, ∆E p =E p,ox -E p,red , is 65(+/-5mV) for both systems. Since ∆E p is close to the predicted value of 59 mV, both processes correspond to a reversible one-electron transfer at this timescale. The peak current, i p,red , associated to the first reduction process is proportional to the square root of the scan rate in agreement with a diffusion-limited process (not shown). A diffusion coefficient D sol = 0.93x10 -5 cm 2 .s -1 for K Ge [I] can be deduced from the peak current intensity, i p,red in agreement with values reported for other POM structures.37 

Figure 2 .

 2 Figure 2. a) Cyclic voltammetry at a glassy carbon electrode (2 mm diameter) of K Ge [I] (1 mM) in a 0.1 M TBAPF 6 MeCN solution at the scan rate v = 0.1 V.s -1 ; b) 1 st reduction peak potential variation with v. Symbols: experimental values, lines: predicted variations, see text.

  E p,red by 60 mV per decade of v occurs at similar scan rates for both reduction processes, indicating that both injections of electrons in the dissolved POM are performed at similar rates (K Ge [I]-1e and K Ge [I]-2e). Voltammetry of K Ge immobilized at a GC surface. The voltammetry of the GC electrode grafted with the POM by reduction of the corresponding diazonium group of K Ge [grafted, the modified electrodes were thoroughly sonicated in acetonitrile and dimethylformamide, and a CV (Figure 3a,b) was recorded in a 0.1 M TBAPF 6 solution in acetonitrile. As no electrochemically active species is present in solution, redox signals arise from surface immobilized products. Two reversible reduction waves at E 0 = -1.01 and -1.50 V/SCE are present, corresponding to the first and second one-electron reductions of the POM framework. The reduction potentials of the immobilized POM are similar to those in solution.

Figure 3 .

 3 Figure 3. a-d) Cyclic voltammetry of the K Ge -grafted glassy carbon electrode (2 mm diameter) in a 0.1 M TBAPF 6 MeCN solution ; a) scan rate, v = 0.1 V.s -1 ; b) v = 1, 5, 20, 50, 100, 250 and 500 V.s -1 ; 1 st peak c) current and d) potential variation with v. Symbols: experimental values, lines: predicted variations, see text.
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Figure 3 .

 3 Figure 3. a-d) Cyclic voltammetry of the K Ge -grafted glassy carbon electrode (2 mm diameter) in a 0.1 M TBAPF 6 MeCN solution ; a) scan rate, v = 0.1 V.s -1 ; b) v = 1, 5, 20, 50, 100, 250 and 500 V.s -1 ; 1 st peak c) current and d) potential variation with v. Symbols: experimental values, lines: predicted variations, see text.

  Hz).31 P chemical shifts are quoted relative to 85% H 3 PO 4 .IR spectra were recorded from KBr pellets on a Biorad FT 165 spectrometer.

	ESI mass spectra were recorded using an LTQ Orbitrap hybrid mass spectrometer
	(Thermofisher Scientific, Bremen, Germany) equipped with an external ESI source operated
	in the negative ion mode. Spray conditions included a spray voltage of 3 kV, a capillary
	temperature maintained at 280°C, a capillary voltage of -30 V and a tube lens offset of -90 V.
	Sample solutions (10 pmol.μL -1 ) were infused into the ESI source by using a syringe pump at
	a flow rate of 180 μL.h -1 .
	Elemental analyses were performed at the Institut de Chimie des Substances Naturelles, Gif
	sur Yvette, France.
	Electrochemical studies were performed on an Autolab PGSTAT 100 work station (Metrohm)
	or a CH660 potentiostat (CH Instruments) using a standard 3-electrode setup. Working glassy
	carbon electrodes (2 and 3 mm diameter) were polished with 6 µm diamond paste, sonicated
	in ethanol for 5 min and dried with an argon flow. Platinum wire and saturated calomel
	electrode (SCE) equipped with a double junction were used as auxiliary and reference
	electrodes respectively.
	Rutherford Backscattering Spectrometry (RBS) was performed on the SAFIR beamline of
	ALTAÏS at the Laboratoire pour Analyses par Réactions Nucléaires. A 1.8 MeV 4He + beam
	was collimated to give a current of 10 nA in a 1x1 mm 2 beam spot at the sample surface, and
	scattered particles were detected with a conventional semiconductor detector placed at 165°

1 

H chemical shifts are quoted as parts per million (ppm) relative to tetramethylsilane using the solvent signals as secondary standard (s: singlet, d: doublet, t: triplet, q: quartet, sex: sextet, dt: doublet of triplets, m: multiplet) and coupling constants (J) are quoted in Hertz (

Trichloro(4-iodophenyl)germane.

  

	= 8.5 Hz, 4 J = 2.0 Hz, 2H, Ar-H), 7.48 (dt, 3 J = 8.5 Hz, 4 J = 2.0 Hz, 2H, Ar-H); elemental
	analysis for C 6 H 4 GeCl 3 I (%): calcd C 18.87, H 1.06; found C 19.12, H 1.06.
	1,4-diiodobenzene (5 g, 15.2 mmol)
	was dissolved in distilled THF (30 mL) under argon. The solution was cooled down to -30 °C,
	and isopropylmagnesium chloride 2.0 mol.L -1 solution in THF (9.1 mL, 18.2 mmol) was
	added. After 3 hours at -30 °C under stirring, the solution was cannulated to a -30 °C solution
	of germanium(IV) chloride (3.47 mL, 6.5 g, 30.4 mmol) in distilled THF (20 mL), and the
	mixture was allowed to warm to room temperature and stirred for another 24 hours. After
	evaporation of THF, the resulting product was distilled under reduced pressure with a
	Kugelrohr (130 °C) to afford 1.5 g of colourless oil (26 %). δ H (300 MHz, CDCl 3 ) 7.95 (dt, 3 J

2.3. Synthesis of TBA 4 [PW 11 O 39 {Ge(C 6 H 4 )I}] K Ge [I]. K

  

	7 [PW 11 O 39 ]•14H 2 O (1,0 g,
	0.3 mmol) was dissolved in water (10 mL). A solution of trichloro(4-iodophenyl)germane
	(0.18 g, 0.47 mmol) in DMF (10 mL) was added, and the cloudy mixture was stirred until
	clearness (ca 1 hour). The solution was filtered, and tetrabutylammonium bromide (TBABr,
	0.5 g, 1.6 mmol) was added. The white precipitate was filtered and washed with ethanol (2 x
	20 mL) and diethylether (2 x 20 mL) to afford 1.1 g of a white powder (92 %). δ H (300 MHz,
	CD 3 CN) 7.85 (d, 3 J = 8.0 Hz, 2H, Ar-H), 7.61 (d, 3 J = 8.0 Hz, 2H, Ar-H), 3.17 (m, 32H, N-
	CH 2 -CH 2 -CH 2 -CH 3 ), 1.67 (m, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.43 (sex, 3 J = 7.5 Hz, 32H, N-
	CH 2 -CH 2 -CH 2 -CH 3 ) 1.02 (t, 3 J = 7.5 Hz, 48H, N-CH 2 -CH 2 -CH 2 -CH 3 ); δ P (121 MHz, CD 3 CN)

-13.33; m/z (ESI-), most intense peaks (%): 738.3 (42) [M] 4-requires 738.8, 984.7 (100) [M+H] 3-requires 985.0, 1468.5 (13) [M-O] 2-requires 1469.0, 1597.7 (13) [M+TBA+H] 2- requires 1598.6; IR (KBr pellet, cm -1 ) 2962 (m), 2935 (m), 2874 (m), 1483 (m), 1380 (w), 1095 (m), 1074 (m), 964 (s), 887 (m), 811 (vs), 390 (m); elemental analysis for C 70 H 148 GeIN 4 O 39 PW 11 (%): calcd C 21.43, H 3.80, N 1.43; found: C 21.13, H 3.79, N 1.46 .

Synthesis of TBA 4 [PW 11 O 39 {Ge(C 6 H 4 )C≡C(C 6 H 4 )NH 2 }] K Ge [NH 2 ]. K Ge

  

	(m), 964 (s), 887 (m), 809 (vs), 391 (m); elemental analysis for C 82 H 162 GeN 7 O 39 PW 11 (%):
	calcd C 24.65, H 4.09, N 2.45; found C 24.50, H 3.96, N 2.54.	
	2.5. 2962 (m), 2934
	(m), 2874 (w), 2206 (w), 1623 (w), 1607 (w), 1590 (w), 1518 (w), 1483 (m), 1380 (w), 1094
	(m), 1073 (m), 964 (s), 887 (m), 807 (vs), 390 (m); elemental analysis for
	C 78 H 154 GeN 5 O 39 PW 11 (%): calcd C 23.95, H 3.97, N 1.79; found C 24.34, H 3.93, N 1.95.
	2.6. Synthesis of TBA 3 [PW 11 O 39 {Ge(C 6 H 4 )C≡C(C 6 H 4 )N 2 }] K Ge [N 2	+ ]. From K Ge [N 3 Et 2 ]:
	K Ge [N 3 Et 2 ] (40.0 mg, 10.0 μmol), was dissolved in acetonitrile (2.0 mL). Hydrochloric acid
	0.1 M in acetonitrile (0.5 mL, 0.05 mmol) was added and the solution was stirred for five
	minutes. TBAPF	

2-requires 1505.

1, 1634.8 (20) 

[M+TBA+H] 2-requires 1634.3, 1755.9

(8) 

[M+2TBA] 2-requires 1755.4; IR (KBr pellet, cm - 1 ) 2962 (m), 2936 (m), 2874 (m), 1483 (m), 1382 (w), 1339 (w), 1240 (w), 1093 (m), 1074 [I] (0.2 g, 51.0 μmol), 4-ethynylaniline (12.0 mg, 0.10 mmol), bis-(triphenylphosphine) palladium(II) dichloride (5.4 mg, 7.64 μmol), copper iodide (1.4 mg, 7.64 μmol) were introduced in a dry shlenk under argon. Dry dimethylformamide (5.0 mL) was added, and the solution was degassed with argon bubbling for 10 minutes. Freshly distilled triethylamine (0.14 mL) was then added, and the solution degassed for another minute. The solution was stirred at room temperature for 24 hrs. TBABr (0.2 g, 0.6 mmol) was added and the product was precipitated by addition of excess diethylether. After centrifugation the solid was dissolved in minimum acetonitrile and precipitated by addition of excess ethanol. The resulting suspension was centrifugated and the solid washed with ethanol and diethylether to afford 0.19 g of a lightbrown solid (95 %). δ H (300 MHz, CD 3 CN) 7.81 (d,

3 

J = 8.5 Hz, 2H, Ar-H), 7.54 (d, 3 J = 8.5 Hz, 2H, Ar-H), 7.31 (d, 3 J = 8.5 Hz, 2H, Ar-H), 6.67 (d, 3 J = 8.5 Hz, 2H, Ar-H), 4.47 (s, 2H, NH 2 ), 3.14 (m, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.65 (m, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.41 (sex, 3 J = 7.5 Hz, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.00 (t, 3 J = 7.5 Hz, 48H, N-CH 2 -CH 2 -CH 2 -CH 3 ); δ P (121 MHz, CD 3 CN) -13.35; m/z (ESI-), most intense peaks (%): 735.3 (34) [M] 4- requires 735.5, 980.7 (100) [M+H] 3-requires 981.0, 1462.6 (58) [M-O] 2-requires 1463.0, 1592.2

(21) 

[M+TBA+H] 2-requires 1592.2; IR (KBr pellet, cm -1 ) 3365 (w), 6 (80.0 mg, 0.2 mmol) was added and the product was precipitated with excess diethylether to afford 120 mg of a light yellow powder (99 %, excess mass is due to TBAPF 6 impossible to remove without degrading the product).

From K

Ge [NH 2 ]: K Ge [NH 2 ]

  (60.0 mg, 15.3 μmol), was dissolved in dimethylformamide (3.0 mL). Nitrosonium tetrafluoroborate (16.1 mg, 0.14 mmol) was added and the solution was stirred for 15 minutes. TBABr (80.0 mg, 0.2 mmol) was added and the product was precipitated with excess ethanol. The resulting suspension was centrifugated and the solid washed with ethanol and diethylether to afford 40.0 mg of a yellow powder (67 %).

	δ H (300 MHz, CD 3 CN) 8.62 (d, 3 J = 8.5 Hz, 2H, Ar-H), 7.83 (d, 3 J = 8.5 Hz, 2H, Ar-H), 7.79
	(d, 3 J = 8.5 Hz, 2H, Ar-H), 7.69 (d, 3 J = 8.5 Hz, 2H, Ar-H), 3.14 (m, 32H, N-CH 2 -CH 2 -CH 2 -
	CH 3 ), 1.65 (m, 32H, N-CH 2 -CH 2 -CH 2 -CH 3 ), 1.41 (sex, 3 J = 7.5 Hz, 32H, N-CH 2 -CH 2 -CH 2 -
	CH 3 ), 1.00 (t, 3 J = 7.5 Hz, 48H, N-CH 2 -CH 2 -CH 2 -CH 3 ); IR (KBr pellet, cm -1 ) 2962 (m), 2934
	(m), 2874 (w), 2256 (w), 2208 (w), 1573 (m), 1483 (m), 1381 (w), 1093 (m), 1074 (s), 965
	(s), 887 (s), 806 (vs), 390 (s).

the grafting on the glassy carbon millimetre electrodes. The recorded signal allows to estimate the density of immobilized tungsten atoms at 8.3×10 14 ± 0.3 W.cm -2 and thus a POM grafting density of 1.25 × 10 -10 mol.cm -2 . The calculations of the grafting density do not take into account the specific area of the macroscopic GC electrode, which may explain that the density estimated by RBS is 45% higher than by integration of the charge. However, both values obtained by RBS and electrochemistry suggest that the electrografting procedure leads to the formation of a monolayer.

Grafting of aryl diazonium salts often leads to multilayer formation. 18 Indeed, aryl radicals can readily react with already grafted aryls leading to multilayer structures. However, the use of bulky groups atop the aryl group prevents the attack of a second radical, allowing for the controlled formation of monolayers. 29 Here, the presence of the bulky POM on top of the aryl group probably has a similar effect.

Kinetics studies for the immobilized POM. Again, estimate of the ET kinetic performances of POM-anchored surfaces is essential to assess their potentialities in molecular memories. As for dissolved species, such information is obtained from the variation of the features of the CVs of the modified electrode with the potential scan rate, as displayed in Figure 3b-d for v ranging from 0.1 to 500 V.s -1 . First, the cathodic peak current intensity, i p,red , evolution with v is displayed in the form of i p,red /v 1/2 variation with v 1/2 in Figure 3c. For v < 30 V.s -1 , a linear dependence of i p,red with v is observed in agreement with a surface confined redox process (see left part of Fig 3c). The grafting layer density obtained from such linear variation, 38 Γ = 4i p,red RT/AF 2 v = 8.3x10 -11 mol.cm -2 , agrees with that obtained from direct integration of the voltammograms. At higher rates, v > 50 V.s -1 , i p,red tends toward a linear variation with the square root of the scan rate, indicating the occurrence of a diffusion-limited process (see right

The variation of the peak potential, E p,red , with the scan rate is displayed in Figure 3d. For v < 10 V.s -1 , the ET to the immobilized species is fast as E p,red is unchanged with v. For higher values of v, E p,red decreases with v indicating kinetic limitations by the heterogeneous ET. The ET rate constant can be obtained from comparison of E p,red with theoretical values according to Laviron's procedure. [START_REF] Laviron | [END_REF] The theoretical variations of E p,red with v are presented as the blue curve in Figure 3d: the fit is obtained for an ET rate constant to the immobilised POM k ET,imm equal to 800 s -1 . At first sight, the agreement with the experimental values of E p,red is good (for v < 100 V.s -1 ) and indicates that 800 s -1 corresponds to a characteristic rate of the kinetic limitation at play in the charge transfer process to the immobilized POM. A more careful