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Abstract Polyoxometalates (POMs) are unconventional electro-active molecules with a great potential for applications in molecular 

memories, providing efficient processing steps onto electrodes are available. The synthesis of the organic-inorganic polyoxometalate 

hybrids [PM11O39{Sn(C6H4)C≡C(C6H4)N2}]3- (M = Mo, W) endowed with a remote diazonium function is reported together with their 

covalent immobilization onto hydrogenated n- Si(100) substrates. Electron transport measurements through the resulting densely-

packed monolayers contacted with a mercury drop as a top electrode confirms their homogeneity. Adjustment of the current-voltage 

curves with the Simmon’s equation gives a mean tunnel energy barrier POM of 1.8 eV and 1.6 eV, for the Silicon-Molecules-Metal 

(SMM) junctions based on the polyoxotungstates (M = W) and polyoxomolybdates (M =Mo), respectively. This follows the trend 

observed in the electrochemical properties of POMs in solution, the polyoxomolybdates being easier to reduce than the 

polyoxotungstates, in agreement with lowest unoccupied molecular orbitals (LUMOs) of lower energy. The molecular signature of 

the POMs is thus clearly identifiable in the solid-state electrical properties and the unmatched diversity of POM molecular and 

electronic structures should offer a great modularity. 

Introduction 

Polyoxometalates (POMs) are nano-scaled transition metal oxides displaying discrete and reversible multi-

reduction processes with minimal structural rearrangement.1-5 This makes them promising candidates to be 

integrated into multi-level non-volatile molecular memories.6 7 8, 9 The transport properties of self-assembled 

monolayers or mutilayer films of H3[PW12O40] electrostatically deposited onto 3-aminopropyl-triethoxysilane 

(APTES)-modified SiO2/Si surfaces have been characterized in lateral or vertical molecular junctions.6, 10, 11 

Recently the Dawson type [W18O54(SeO3)2]4- POM was incorporated into a flash memory transistor by drop 

casting around the Si nanowire channel covered with SiO2.12, 13 Surprisingly, theoretical calculations 

concluded that the intimate nature of the POMs is not so important since devices integrating the parent 

[W18O56(WO6)2]10- were expected to behave similarly, despite the increase of the total charge of the 

polyanion. In the reported examples the ultimate electrical properties depend upon the number of POM 

layers or the POM packing density. To improve the performances a better control of the POM/electrode 

interface is required. This includes controlling the POM packing density and the homogeneity of the 

monolayer, the POM ordering and the POM deposition mode onto the electrode (electrostatic versus covalent 

anchoring). 

 Ideally, a weak electronic coupling between the molecules and electrodes is required to favor a long 

data retention time of the memory (low electron transfer rate). In case of weak molecule/electrode coupling, 

the electronic structure of the molecules in the solid-state molecular junction is not strongly perturbed 

compared to the one known in solution and the electron transport properties in the junctions is mainly 

governed by the properties of the molecules. 14 15 A relationship can then be established between the 

energetics of the molecules in the solid-sate devices and in solution.16, 17 Similarly, the asymmetries in 

voltage-dependent electron transport properties (i.e. more efficient for one of two voltage polarities) can be 

related to the spatial and energy position of the molecular orbital involved in the electron transport.18-20 By 

contrast, a strong molecule/electrode coupling results in severe modification of the electronic structure 

(molecule orbital energy shift and broadening),21 up to the extreme case of electrode Fermi energy pinning,22, 

23 for which the electron transport in the molecular junction is no longer dependent on the nature of the 

molecules.24  

 Owing to their great structural diversity POMs are well-suited to address the issue of the 

relationship between transport properties and chemical and electronic molecular structures. In this 

contribution, we have thus chosen two Keggin-type POMs differing only in the nature of their constitutive 

metals, molybdenum versus tungsten. Both have been functionalized by the same organic tether with a 
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remote diazonium function for covalent anchoring onto silicon substrates, yielding isostructural and 

isocharged hybrids. In solution molybdates are known to be reduced more easily than their tungstates 

analogues, which corresponds to lowest unoccupied molecular orbitals (LUMOs) of lower energy. To which 

extend is this trend transposable and identifiable in solid-state molecular junctions? Can we control the 

energetics of the interface and the charge transport by substituting Mo for W? To study these issues, we 

describe the covalent grafting of two POM hybrids TBA3[PM11O39{Sn(C6H4)C≡C(C6H4)N2}] ( M = W, named 

KWSn[N2+] and M = Mo, named KMoSn[N2+]) onto hydrogenated n-Si(100). Integration of monolayers of 

electroactive molecules in electronic memory devices has been a topic of increasing interest 25 26 27, 28 and 

studies that have made use of oxide-free silicon as bottom electrode are particularly relevant to the CMOS 

approach. 29 30-32 33 34 Different procedures have been considered to immobilize molecules onto the 

hydrogenated Si-substrate obtained after etching of the native oxide, among which hydrosilylation,35-37 and, 

to a lesser extent, spontaneous grafting from aromatic diazonium.38-40 Dediazonation results in the formation 

of robust Si-C covalent bonds and densely packed monolayers of POMs connected to the substrate by 

conjugated tethers. These POM monolayers onto Si have been contacted by a Hg drop to form Silicon-

Molecules-Metal (SMM) junctions and the current-voltage (I-V) curves have been recorded, from which we 

have deduced the electronic structure (molecular energy level) of the SMM junctions. We have found that the 

trend on the extracted LUMO energy level in the solid-state SMM is following the trend of the POM reduction 

potentials as determined electrochemically in solution.  

Results and discussion 

Synthesis of TBA3[PW11O39{Sn(C6H4)C≡C(C6H4)N2}] (KWSn[N2+])  

Applications of POM-based materials in molecular nanosciences are still limited by their processing steps. 

Indeed, POMs are polyanions with counter cations, so that most examples of POM deposition onto electrodes 

rely on cation exchange11, 41-45 or entrapment into polymeric matrices.46, 47 Materials prepared by drop-

casting or spin-coating have also been reported.48-50 Another strategy is to prepare organic-inorganic POM 

hybrids with a remote anchor able to react either with complementary functions on a pre-assembled SAM 

(two-step approach) or directly onto the electrode.51 52 53 The two-step approach has been exemplified by the 

formation of metal-alkoxide bonds or the more common peptide bonds.54, 55 56, 57 Some of us have 

investigated the direct grafting and have reported on the grafting of POM hybrids terminated with protected 

thiols or disulfide onto Au.58, 59 Among the possible anchors the diazonium function has especially retained 

our attention because it (i) allows grafting onto various substrates, Au, carbonaceous materials and Si 21, 60 

and (ii) because dediazonation results in the formation of strong covalent bonds with the substrates, 

resistant to the application of wide range of external bias.61-63 Yet formation of the diazonium function will 

introduce an aromatic ring in the organic tether. In previous work, we have thus described the grafting of the 

diazonium functionalized polyoxotungstate TBA3[PW11O39{Ge(C6H4)C≡C(C6H4)N2}] (KWGe[N2+], TBA stands 

for tetra-butylammonium cations) onto glassy carbon and hydrogenated silicon and studied the kinetics of 

electron transfer at the modified electrode in solution.64 65 As charge storage nodes, polyoxomolybdates offer 

more perspectives than their tungsten counterparts because the cost of their reduction processes is lower 

(higher redox potentials).47, 66-69 This prompted us to prepare TBA3[PMo11O39{Sn(C6H4)C≡C(C6H4)N2}] 

(KMoSn[N2+]), to study its electro-grafting onto glassy carbon and discuss the electrochemical behavior of the 

corresponding modified electrodes. However KWGe[N2+]  and KMoSn[N2+] are differing not only in the nature 

of the constitutive metal W/Mo but also in the nature of the metalloid substituent Ge/Sn. For synthetic 

reasons, we failed to prepare the exact analog KMoGe[N2+]. Although the redox properties of KWSn derivatives 

are expected to be almost indistinguishable from those of KWGe (as verified for example for 

TBA4[PW11O39{GeC6H4I}] KWGe[I] and TBA4[PW11O39{SnC6H4I}] KWSn[I]) direct comparison of the properties 

of modified electrodes obtained from KWGe[N2+] on one hand, and KMoSn[N2+] on the other hand is not 

completely satisfactory. In this contribution we thus describe the synthesis of the missing member of the 

diazonium-terminated POM family TBA3[PW11O39{Sn(C6H4)C≡C(C6H4)N2}] (KWSn[N2+]). As silicon is 

technologically relevant to the field of molecular electronics, in an hybrid molecular semi-conductor 

approach compatible with CMOS (Complementary metal oxide semi-conductor) technology,70 71 72 KWSn[N2+] 

and KMoSn[N2+] have been covalently immobilized onto n-Si(100). Probing the charge transport across the 

POM layer onto silicon by contacting it with a metal electrode to form a SMM junction is the next step on the 

road to nanoelectronic devices involving POMs. Furthermore, comparison of the electrical behavior of the 

W/Mo POM junctions will contribute to the understanding of the POM role in the charge transport process.  

 The iodo-aryl terminated hybrids KM[I] (M = W, Mo) are valuable platforms providing a large range 

of available POM building blocks for subsequent integration in complex architectures and assemblies.73 



Synthetic paths exploit the common Sonogashira cross-coupling reaction that has been adapted to the POM 

hybrids chemistry.73-76 As depicted on Scheme 1, TBA4[PW11O39{Sn(C6H4)C≡C(C6H4)N3Et2}] (KWSn[N3Et2]) 

was first prepared in 55 % yield by reaction between KWSn[I] and an excess of 3,3-diethyl-1-(4-

ethynylphenyl)triaz-1-ene acting as a protected diazonium group  in DMF and subsequent work-up. It was 

characterized by IR, 1H and 31P NMR, ESI-MS and elemental analysis (see experimental part and ESI). The 

second step consisted in the deprotection of the triazene group to release the diazonium function, achieved 

by adding an excess of trifluoroactic acid (TFA) to a solution of KWSn[N3Et2] in acetonitrile. Addition of 

diethylether was carried out in the presence of tetrabutylammonium hexafluorophosphate to recover the 

desired product as a tetrabutylammonium salt and limit its protonation. The diazonium-terminated hybrid 

KWSn[N2+] was thus obtained as a yellow powder in 79% yield and characterized by IR, 31P and 1H NMR, with 

integration of the signals of the 1H NMR spectrum consistent with 8 protons of the aromatic tether for 3 TBA 

cations. Unfortunately, no reliable ESI-MS spectrum or elemental analysis could be obtained because of the 

instability of the diazonium function. For this reason it is also recommended to use a freshly prepared 

sample. Besides the characteristic fingerprint of the [PW11O39{SnAr}]4- core, the IR spectrum of KWSn[N2+]  

displays a weak band at 2255 cm-1 that we assigned to the N≡N stretch of the diazonium function (a weak 

band at  2208 cm-1 was attributed to the C≡C bond). 

 

 
Scheme 1. Synthetic route to the POM hybrid KWSn[N2+]. In this polyhedral representation, the WO6 
octahedra are depicted with oxygen atoms at the vertices and metal cations buried inside. Color code: WO6 

octahedra, blue; PO4 tetrahedra, green. i) [Pd(PPh3)2Cl2], CuI, Et3N, DMF overnight ii) TFA 10 min in MeCN 

 

Grafting of KWSn[N2+] and KMoSn[N2+] onto hydrogenated n-Si(100) 

The just-etched Si-H substrate was thus dip-coated into a fresh solution of the diazonium-terminated POM 

KWSn[N2+] or KMoSn[N2+], without any supplied external bias. We have previously shown that the immersion 

time and rinsing procedure were critical to get a uniform monolayer with a high packing density and to avoid 

the formation of multilayer by competitive electrostatic deposition of extra POMs.65 Because the diazonium 

route yields strong Si-C bonds, thorough rinsing and sonication is feasible without degradation of the POM 

monolayer, which would not be possible in the case of an electrostatic deposition of the POMs. This is an 

important asset of the covalent immobilization of POMs. Formation of multilayers by radical attack on the 

already bound aromatics is a limitation of diazonium route, albeit strategies to control the layer growth have 

been devised, based on bulky substituents or the presence of radical scavengers.77, 78 Steric hindrance is 

probably provided here by the POM itself. Indeed, ellipsometry measurements confirm the formation of a 

monolayer with a mean thickness of 2.7 and 3.2 nm for the KWSn and KMoSn derivatized monolayers 

respectively. This is in good agreement with a total thickness expected between 2.5 and 3.4 nm given that the 

diameter of the POM is 1 nm, the length of the organic tether is around 1.4 nm and that the TBA cations 

should contribute for 0.5 nm to 1 nm, depending on the conformation of the butyl chains, and tacking into 

account the possible 30° bending of the layer. Ellipsometry measurements were reproducible on several 

samples and the homogeneity of the layer was further probed by AFM in tapping mode (Fig. 1), which gave 

smooth images with a root-mean-square (RMS) roughness of 0.15 nm and 0.19 nm for the KWSn and KMoSn 

samples respectively, similar  to the n-Si substrate with a RMS roughness measured at ~ 0.25 nm and in good 

accordance with our previous work (see ESI).65 

 

 

 



 
Fig. 1 Tapping-mode AFM images (up) (the scale bar corresponds to 100 nm) and height profile following the 

line in the AFM image (bottom) of KWSn  (left) and KMoSn  (right) modified n-Si(100) substrates. 

 

Both samples were also studied by XPS and all constitutive elements of the POMs were detected: Sn, P, C, N, O 

and the metals, W for KWSn and Mo for KMoSn modified substrates. A part of the high resolution spectra are 

presented in Figure 2. For the KWSn compound, the spectrum for the 4f level of the element shows the typical 

spin orbit doublet at 36.1 (W4f7/2) and 38.2 eV (W4f5/2) corresponding to oxidized W(VI) atoms, as reported 

before.56, 65 This is confirmed by the presence of oxygen atoms bonded to metallic species, as attested by the 

contribution at 531.0 eV on the O1s deconvoluted peak (see - S11). The Sn3d5/2 peak at 487.1 eV is in good 

agreement with oxidized Sn(IV) species as previously reported on tin oxide solids or tin derivative POM 

hybrid films 79, 80 (the Sn3d3/2 peak, not presented here for the sake of clarity, is usually spoiled by satellite 

peaks related to alkaline ions). The N1s and C1s photopeaks are quite similar to the ones of a diazonium 

terminated POM reference powder drop-casted on a silicon substrate (see Figure S12). 
 

 

 
 

Fig. 2. High resolution X-ray photoelectron spectra for (a) W4f (b) Sn3d5/2 (c) N1s (d) C1s in a KWSn monolayer and 

for (e) Mo3d in a KMoSn monolayer. The peak marked with an asterisk corresponds to a contamination by carbon 

atoms in an oxidized state. 



On the N1s spectrum, one more contribution appears at 400.3 eV that is attributed to confined TBA counter-cations 

surrounding the grafted POMs. For the KMoSn sample, the P2p, Sn3d, O1s, N1s and C1s spectra exhibit the same 

features as for the KWSn sample (see Figure S13). However, on the Mo3d spectrum, in addition to the expected Mo(VI) 

spin orbit doublet at 233.0 eV (3d5/2) and 236.1 eV (3d3/2), a new doublet at 231.5 (3d5/2)  and 234.7 eV (3d3/2) was 

observed and attributed to Mo(V) atoms.80 This means that around 40% of the grafted POMs are reduced. To 

understand the origin of this reduction, we compare the Mo3d spectra of a same batch of a KMoSn[N2+] powder, drop-

casted on a Si/SiO2 substrate, and used to covalently graft the KMoSn species on hydrogenated silicon (see Figure S14). 

We observe that the amount of Mo(V) is far lower (10%) in the powder reference than in the KMoSn layer. This means 

that the main contribution for the Mo reduction does come neither from the chemical synthesis, nor from the X-ray 

irradiation during XPS measurement. The Mo reduction may occur during the grafting on silicon. Indeed, the 

reduction potential of the polyoxomolybdate at -0.5 V vs SCE is close to the reduction potential of the diazonium 

group. Thus the hydrogenated silicon substrate, reducing agent for the diazonium function of the KMoSn[N2+] is also 

able to partially reduce the Mo(VI) atoms of the inorganic core. 
 
Current-voltage (I-V) curves 

Current-voltage (I-V) curves were measured by contacting the POM monolayer by a Hg drop acting as the top 

electrode in a glove box filled under a nitrogen flow. The drop was gently brought into contact with the sample 

surface thanks to a camera. The voltage V was applied on the Hg drop and the highly doped (degenerated, resistivity 

of 1-5 x 10-3 Ω.cm) n-type ⟨100⟩ silicon substrate is grounded through the ammeter to measure the current (Fig. 3a). 

 Figures 3-b and 3-c show 2D histograms of the 75 I-V curves measured on the SMM junctions with the 

mercury drop technique for the KMoSn and KWSn derivatized monolayers, respectively. The 75 I-V traces were acquired 

at different location on the POM monolayer surface, with 1 to 5 traces per location, and they were not averaged. The 

two curves are quite similar with a low dispersion, inferior to one decade reflecting the homogeneity of the monolayer 

grafting on the substrate. However, we notice a slight difference between these two curves. The I−V curves obtained 

on the KWSn monolayer are symmetric with respect to the voltage polarity, while the KMoSn monolayer present an 

absolute current value slightly higher at +1V than at -1V. However, the asymmetry is weak (rectification ratio I+1V/I-1V 

is around 2.5, see Figure S15) and is not significant.19, 20 

 

 
Fig. 3. a): Scheme of the molecular layer grafted on a Si substrate and the SMM junction Si-KWSn//Hg. (b) 2D 

current histogram of 75 I−V curves measured for KMoSn and (c) KWSn monolayers chemically grafted on a 

highly doped (degenerated) n-type ⟨100⟩ silicon substrates (resistivity of ∼1-5 x 10-3 Ω.cm). Voltages was 

applied on the mercury and Si substrate was grounded. 

 

 We analyzed the I-V curves using the Simmons model to extract the tunnel energy barrier of the monolayer 
81-84 85 86 For highly doped Si, there is no Schottky barrier related to the semi-

conductor and only tunneling through t POM. 

 We extracted the barrier height and the effective mass of the monolayer directly by adjusting the I-V 

curve with the Simmon’s equation82 (See Supporting Information for more details on this adjustment) since 

the other parameters are known: the thickness of the tunnel barrier corresponds to the monolayer thickness 

measured by ellipsometry and the surface contact area is estimated to ~ 3x10-4cm² for the mercury drop 

technique used (see details in ESI). 

 A representative I-V curve and the corresponding adjustment with the Simmon’s equation are 

presented on Figure 4 for the KMoSn and KWSn derivatized monolayers respectively. Histograms of the POM 

values extracted from these adjustments for the whole set of 75 I-V curves are shown on Figure 5a 

(histograms of the fitted effective mass are given in ESI, Figure S16). The histograms of POM are fitted by a 

Gaussian law, and there is a clear offset towards higher values for the KWSn monolayers compared to the 

KMoSn ones, with mean values of POM = 1.8 eV (standard deviation 0.26 eV) and POM = 1.6 eV (standard 

deviation 0.35 eV), respectively. We note that these distributions include the raw current data distribution 



(Fig. S15 in ESI) and the uncertainty of the measured thicknesses and contact area. From these average 

barrier height values for the both monolayers, we deduced the energy diagram of the junction (Fig. 5b), 

where the LUMO is localized at POM above the silicon Fermi energy (at 4.2 eV below the vacuum level). This 

value is an average between the LUMO of the POM unit itself and the one of the -conjugated tether However, 

since the tether is the same, the observed shift of POM is ascribed to the different chemical nature of the 

POM. These average values POM for both monolayers are, in the following, compared with the redox 

potentials determined by cyclic-voltammetry. 

 

 
Fig. 4. Typical I-V adjustment between 0 and 1 V with the Simmon’s equation for the KMoSn (red curve) and 

KWSn (blue curve) derivatized monolayers. Adjustments of the Simmons equation with the experimental 

data for positive bias are good (R > 0.98). The other known parameters are: thickness 2.7 nm and 3.2 nm (W 

and Mo derivatives, respectively), contact area 3x10-4 cm2. 

 

 
Fig. 5. (a) Barrier height (POM  histograms obtained by Simmon’s adjustments on the different I-V curves, 

and adjusted by a Gaussian distribution for the KMoSn and KWSn derivatized monolayers. (b) Schematic energy 

diagram of the Si-POM//Hg drop as deduced from the I−V measurements. 

 

Effect of the molecular structure of the POM 

Significantly different mean values of the energy barrier POM have been inferred from the I-V measurements 

for the KWSn derivatized layers compared to the KMoSn ones, which indicates that the POMs are indeed 

involved in the charge transport mechanism. Furthermore, in solution the reduction processes associated to 

the polyoxomolybdates are shifted to higher potentials compared to those of the analogous 

polyoxotungstates.87-89 The cyclic-voltammetry of KMoSn[I] versus KWSn[I] and KMoSn[N3Et2] versus 

KWSn[N3Et2] is presented in ESI as an illustration, together with the cyclic-voltammetry of the KWSn-

derivatized layer and the relevant data gathered in Table S1. They show that (i) the redox mid-point 

potentials E1/2 of molybdates are indeed about 500 mV higher than those of the corresponding tungstates, at 

about -0.5 V/SCE compared to -1.0 V/SCE; (ii) the nature of the tether has almost no influence on the E1/2 

values as we have already noticed on other POM hybrids;90-92 (iii) the E1/2 values for the POMs confined at the 

electrode are similar to those determined for the POMs in solution.58, 64, 65 An empirical linear correlation 



between the  1/2 values has been proposed in the literature.20, 93 However, at variance with ferrocene, 

for example, the E potentials of POMs are dependent upon several parameters such as the solvent94 and the 

counter-cations,95, 96 which might introduce some deviation. On a qualitative point of view, the matching 

between the relative POM KWSn and KMoSn and their redox potential scale is however satisfying, the 

higher POM the more negative E1/2. Note that in the case of the KMoSn SMM, the value of POM is an average 

between the two oxidation states, Mo(V) and Mo(VI) observed by XPS. 

Conclusions 

Two diazonium-terminated POM hybrids TBA3[PW11O39{Sn(C6H4)C≡C(C6H4)N2}] (KWSn[N2+])  and 

TBA3[PMo11O39{Sn(C6H4)C≡C(C6H4)N2}] (KMoSn[N2+]) differing only by the nature of their constitutive metals 

(W/Mo) have been prepared and covalently immobilized onto hydrogenated n-Si(100) by dediazonation to 

prepare KWSn- and KMoSn- modified electrodes respectively. Solid-state molecular junctions have been closed 

by a Hg-top electrode and I-V curves have been recorded for the resulting SMM junctions. The I-V curves have 

been analyzed using the Simmons model to extract the tunneling barrier heights POM, which correspond to 

the position of the LUMOs relative to the silicon Fermi energy. The clear difference between the mean values 

of POM for the KWSn- and KMoSn- modified electrodes, 1.8 eV and 1.6 eV respectively, follows the trend of the 

POM reduction potentials E as determined electrochemically in solution, with a higher energy barrier POM 

related to lower (more negative) redox potential E. We were thus able to detect the molecular signature of 

the POMs in the SMM junctions and this gives some insights into the energetics of the interface. Indeed, these 

results demonstrate a weak electronic coupling between the POMs and the Si substrate, making these 

electro-active molecules prone for molecular memory applications.  

Experimental section 

Chemicals and solvents were supplied from Aldrich or Acros and used as received, except triethylamine and 

acetonitrile that were distilled from CaH2. TBA4[PW11O39{SnC6H4I}] (KWSn[I])97 and 

TBA3[PMo11O39{Sn(C6H4)C≡C(C6H4)N2}] (KMoSn[N2+])98 were prepared as previously reported (TBA stands 

for the tetrabutylammonium cation).  

NMR spectra were recorded on a Bruker AvanceIII Nanobay 400 MHz spectrometer equipped with a BBFO 

probehead. 1H 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, sex: sextet, m: multiplet) and coupling 

constants (J) are quoted in Hertz (Hz). 31P chemical shifts are quoted relative to 85% H3PO4. IR spectrum of 

the powder was recorded from a KBr pellet on a Jasco FT/IR 4100 spectrometer. High-resolution 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 in acetonitrile (10 pmol.μL-1) were infused into the ESI 

source by using a syringe pump at a flow rate of 180 μL.h-1. Mass spectra were acquired in the Orbitrap 

analyzer with a theoretical mass resolving power (Rp) of 100 000 at m/z 400, after ion accumulation to a 

target value of 105 and a m/z range detection from m/z 300 to 2000. All data were acquired using external 

calibration with a mixture of caffeine, MRFA peptide and Ultramark 1600 dissolved in Milli-Q water/ HPLC 

grade acetonitrile (50/50, v/v). Elemental analyses were performed at the Institut de Chimie des Substances 

Naturelles, Gif sur Yvette, France.  

Synthesis of TBA4[PW11O39{Sn(C6H4)C≡C(C6H4)N3(C2H5)2}] KWSn[N3Et2] 

KWSn[I] (199 mg, 0.050 mmol), 3,3-diethyl-1-(4-ethynylphenyl)triaz-1-ene ((33.5 mg, 0.166 mmol)), bis-

(triphenylphosphine)palladium(II) dichloride (5.4 mg, 0.008 mmol) and copper iodide (1.4 mg, 0.007 mmol) 

were dissolved in dried and purged DMF (5 mL). The mixture was purged 5 min and freshly distilled 

triethylamine (150 µL, 1.133 mmol) was added. After stirring 24 hrs at room temperature, diethylether (40 

mL) was added to precipitate the desired product. The recovered precipitate was dissolved in a minimum of 

TBABr solution (173.1 mg, 0.54 mmol in 10 mL acetonitrile). Finally, the pure product was obtained after 

precipitation by absolute ethanol (30 mL) and diethyl ether (2x30 mL) as beige powder (114.2 mg 55 %). 
1H NMR (400 MHz, CD3CN): δ(ppm) 7,71 (d, 3JH-H=8,12Hz, 3JSn-H= 96,42Hz,  2H, Ar-H), 7,61 (d, 3JH-H=8,12Hz, 

4JSn-H= 32,72Hz, 2H, Ar-H), 7,52 (d, 3JH-H=8,68Hz, 2H, Ar-H), 7,38 (d, 3JH-H=8,68Hz, 2H, Ar-H), 3,79 (q, 3JH-

H=7.12Hz, 4H, N-CH2-CH3), 3,12 (m, 32H, N-CH2-CH2-CH2-CH3), 1,63 (m, 32H, N-CH2-CH2-CH2-CH3), 1,39 (sex, 
3JH-H=7,36Hz, 32H, N-CH2-CH2-CH2-CH3), 1,26 (m, 6H, N-CH2-CH3), 0,98 (t, 3JH-H=7,36Hz, 48H, N-CH2-CH2-CH2-

CH3); 31P NMR (121 MHz, CD3CN): δ (ppm) - 10,97 (s+d, 2JSn-P=23,49Hz); IR (KBr pellet, cm-1):  2962 (m), 



2931 (m), 2866 (m), 1482 (m), 1379 (w), 1334 (w), 1239 (w), 1071 (m), 968 (s), 884 (m), 806 (vs), 512 (w), 

384 (m). HRMS (ESI-): m/z: [M]4- calcd 768.07 found 768.07 ; [M+TBA]3- calcd 1104.86 found 1104.86; 

[M+2TBA]2- calcd 1778.48 found 1778.93 for C18H19SnN3O39PW11.Anal. calcd for PSnW11O39C82H162N7 (%): C 

24.36, H 4.04, N 2.44; found : C 24.05, H 3.98, N 2.33.  

Synthesis of TBA3[PW11O39{Sn(C6H4)C≡C(C6H4)N2}] KWSn[N2+] 

Trifluoroacetic acid (TFA, 3.8µL, 0.050 mmol) was slowly added to a solution of KWSn[N3Et2] (40.9 mg, 0.010 

mmol) in dried acetonitrile (2 mL) and the solution was stirred at room temperature for 10 minutes. A brown 

unidentified solid was filtered off the yellow solution and and tetrabutylammonium hexafluorophosphate 

(TBAPF6, 77.5 mg, 0.200 mmol) was added to the filtrate. The desired product was precipitated by dropping 

the filtrate into diethylether (20 mL). The yellow powder was dried at air for 30 minutes (31.1 mg, 79%). 

KWSn[N2+]is stored in a sealed flask at -30°C.  
1H NMR (400 MHz, CD3CN, 298°K): δ(ppm): 8.51 (d, 3JH-H=9.10Hz, 2H, Ar-H), 7.93 (d, 3JH-H=9.10Hz, 2H, Ar-H), 

7.75 (d, 3JH-H=8.23Hz, 2H, Ar-H), 7.71 (d, 3JH-H=8.23, 2H, Ar-H), 3.13 (m, 24H, N-CH2-CH2-CH2-CH3), 1.62 (m, 

24H, N-CH2-CH2-CH2-CH3), 1.37 (sex, 3JH-H=7.33Hz, 24H, N-CH2-CH2-CH2-CH3), 0.99 (t, 3JH-H=7.33Hz, 36H, N-

CH2-CH2-CH2-CH3); 31P NMR (121,5 MHz, CD3CN, 298°K): δ(ppm) -10.96 (s+d, 2JSn-P=23,90Hz); IR (KBr pellet, 

cm-1):  2960 (m), 2933 (m), 2872 (m), 2255 (w), 2208 (w), 1571  (m), 1482 (m), 1380 (w), 1070 (m), 

963 (s), 886 (m), 795 (vs), 515 (w), 380 (m), 332 (w). 

Surface covalent grafting 

Pieces of silicon wafer (Highly phosphorous-doped n-Si(100) wafers purchased from Siltronix resistivity 1-

5x10-3 Ω.cm) were sonicated for 5 min in dichloromethane and rinsed with absolute ethanol. They were then 

dipped two times in baths with the following compositions (i) 15 min piranha solution (mixture 2:1 of 

concentrated sulphuric acid and 30 wt% hydrogen peroxide solution) and (ii) 2 minutes in 5 % hydrofluoric 

acid (HF). After the last bath of HF, the hydrophobic dried substrate was directly dipped into a fresh 10 -3 M 

solution of KMSn[N2+] (M = W or Mo) in distilled and degased acetonitrile. The system was left under inert 

atmosphere at room temperature for about 1 hour (the dipping time was adjusted depending on the 

ellipsometry results), upon which the substrate was thoroughly rinsed with a flux of acetonitrile and 

sonicated for 1 minute in a bath of acetonitrile. Finally the substrate was dried under nitrogen flow and 

preserved from oxidation under inert atmosphere.  

Caution: Piranha solution can be explosive in presence of organic compounds and HF is extremely toxic and 

corrosive. Manipulate with appropriate care. 

 

Ellipsometry Ellipsometry measurements were performed on a 1*1 cm2 sample and obtained using a 

monowavelength ellipsometer SENTECH SE 400 equipped with a He-Ne laser at λ = 632.8 nm. The incident 

angle was 70°. The values ns = 3.875 and ks = 0.018 were taken for the silicon wafer,99 and ns = 1.48 and ks = 

0 for the layer of POMs.100 At least 6 measurements were performed on a same sample in different zones, to 

check the homogeneity of the layer. A mean value for the thickness was calculated when the standard 

deviation was lower than 0.2 nm.  

AFM 

The surface morphology of the POM monolayer was determined by imaging with a Dimension Icon atomic 

force microscope (AFM) from Bruker in tapping mode. Silicon cantilevers (ArrowTM NC from Nanoworld; k = 

42 N.m-1, radius < 10 nm) were used to acquire AFM images of 1 x 1 µm2 at 1 Hz with a resolution of 512 x 

512 pixels. 

XPS 

XPS analyses were performed using an Omicron Argus X-ray photoelectron spectrometer. The 

monochromated AlKα radiation source (hν = 1486.6 eV) had a 300 W electron beam power. The emission of 

photoelectrons from the sample was analyzed at a takeoff angle of 90° under ultra-high vacuum conditions (≤ 

10-10 Torr). Spectra were carried out with a 100 eV pass energy for the survey scan and 20 eV pass energy for 

the C1s, O1s, N1s regions. Binding energies were calibrated against the Si2p binding energy at 99.4 eV and 

element peak intensities were corrected by Scofield factors. The spectra were fitted using Casa XPS v.2.3.15 

software (Casa Software Ltd., U.K.) and applying a Gaussian/Lorentzian ratio G/L equal to 70/30.  

I-V measurements 

We used a hanging mercury drop as top electrode, to contact electrically the POM monolayer grafted on a 

highly doped n-Si substrate. Calibrated mercury drops (99.9999%, purchased from Fluka) were generated by 



a controlled growth mercury electrode system (CGME model from BASi) placed inside a glove box purged 

with a nitrogen flow. The mechanical contact between the sample and the hanging mercury drop was formed 

by moving up a precision lab-lift (supporting the sample) under the control of a digital video camera. The 

electrical contact area estimated by capacitance measurement on calibrated samples (Si/SiO2 structure with 

a precisely known SiO2 thickness of 10 nm and permittivity of 3.9 as measured by spectroscopic 

ellipsometry) is around 3 x 10−4 cm2 (+/- 10%). The current−voltage measurements were done with an 

Agilent (Keysight) 4156C parameter analyzer. The voltage was always applied on the Hg top electrode, and 

the current measured at the grounded Si substrate. 

Conflicts of interest 
There are no conflicts to declare. 

Acknowledgements 

KDF thanks Sorbonne Universities and the program PER-SU for financial support.  

References 
1 M. T. Pope, Heteropoly and Isopoly Oxometalates, Springler, New-York, 1983. 
2 M. Sadakane and E. Steckhan, Chem. Rev., 1998, 98, 219-237. 
3 J. M. Maestre, X. Lopez, C. Bo, J. M. Poblet and N. Casan-Pastor, J. Am. Chem. Soc., 2001, 123, 3749-3758. 
4 J. M. Poblet, X. Lopez and C. Bo, Chem. Soc. Rev., 2003, 32, 297-308. 
5 M. T. Pope, in Polyoxometalate Molecular Science, Eds J. J. Borras-Almenar, E. Coronado, A. Müller, M. T. Pope, 

Kluwer Academic Publishers, Dortrecht, pp. 3-31., 2003. 
6 A. M. Douvas, E. Makarona, N. Glezos, P. Argitis, J. A. Mielczarski and E. Mielczarski, ACS Nano, 2008, 2, 733-

742. 
7 N. Joo, S. Renaudineau, G. Delapierre, G. Bidan, L. M. Chamoreau, R. Thouvenot, P. Gouzerh and A. Proust, 

Chem. Eur. J., 2010, 16, 5043-5051. 
8 B. L. Hu, C. Y. Wang, J. X. Wang, J. K. Gao, K. Wang, J. S. Wu, G. D. Zhang, W. Q. Cheng, B. Venkateswarlu, M. F. 

Wang, P. S. Lee and Q. C. Zhang, Chem. Sci., 2014, 5, 3404-3408. 
9 X. L. Chen, Y. Zhou, V. A. L. Roy and S. T. Han, Adv. Mater., 2018, 30. 
10 D. Velessiotis, A. M. Douvas, S. Athanasiou, B. Nilsson, G. Petersson, U. Sodervall, G. Alestig, P. Argitis and N. 

Glezos, Microelectron. Eng., 2011, 88, 2775-2777. 
11 A. Balliou, A. M. Douvas, P. Normand, D. Tsikritzis, S. Kennou, P. Argitis and N. Glezos, J. Appl. Phys., 2014, 116, 

143703. 
12 L. Vila-Nadal, S. G. Mitchell, S. Markov, C. Busche, V. Georgiev, A. Asenov and L. Cronin, Chem. Eur. J., 2013, 19, 

16502-16511. 
13 C. Busche, L. Vila-Nadal, J. Yan, H. N. Miras, D. L. Long, V. P. Georgiev, A. Asenov, R. H. Pedersen, N. Gadegaard, 

M. M. Mirza, D. J. Paul, J. M. Poblet and L. Cronin, Nature, 2014, 515, 545-549. 
14 J.-P. Bourgoin, D. Vuillaume, M. Goffman and A. Filorama, Molecular Electronics, in "Nanosciences, 

Nanotechnologies and Nanophysics", Eds C. Dupas, P. Houdy, M. Lahmani, Springer 2007, pp. 447-501., 2007. 
15 C. C. Jia and X. F. Guo, Chem. Soc. Rev., 2013, 42, 5642-5660. 
16 J. M. Beebe, B. Kim, J. W. Gadzuk, C. D. Frisbie and J. G. Kushmerick, Phys. Rev. Lett., 2006, 97, 4. 
17 J. M. Beebe, B. Kim, C. D. Frisbie and J. G. Kushmerick, ACS Nano, 2008, 2, 827-832. 
18 1S. Lenfant, C. Krzeminski, C. Delerue, G. Allan and D. Vuillaume, Nano Lett., 2003, 3, 741-746. 
19 C. A. Nijhuis, W. F. Reus and G. M. Whitesides, J. Am. Chem. Soc., 2010, 132, 18386-18401. 
20 W. F. Reus, M. M. Thuo, N. D. Shapiro, C. A. Nijhuis and G. M. Whitesides, ACS Nano, 2012, 6, 4806-4822. 
21 S. Y. Sayed, J. A. Fereiro, H. J. Yan, R. L. McCreery and A. J. Bergren, P. Natl. Acad. Sci. USA, 2012, 109, 11498-

11503. 
22 2S. Lenfant, D. Guerin, F. T. Van, C. Chevrot, S. Palacin, J. P. Bourgoin, O. Bouloussa, F. Rondelez and D. 

Vuillaume, J. Phys. Chem. B, 2006, 110, 13947-13958. 
23 S. Rodriguez-Gonzalez, Z. Xie, O. Galangau, P. Selvanathan, L. Norel, C. Van Dyck, K. Costuas, C. D. Frisbie, S. 

Rigaut and J. Cornil, J. Phys. Chem. Lett., 2018, 9, 2394-2403. 
24 H. J. Yoon, C. M. Bowers, M. Baghbanzadeh and G. M. Whitesides, J. Am. Chem. Soc., 2014, 136, 16-19. 
25 M. Mas-Torrent, C. Rovira and J. Veciana, Adv. Mater., 2013, 25, 462-468. 
26 C. T. Poon, D. Wu, W. H. Lam and V. W. W. Yam, Angew. Chem. Int. Ed., 2015, 54, 10569-10573. 
27 H. Zhu, S. J. Pookpanratana, J. Y. Bonevich, S. N. Natoli, C. A. Hacker, T. Ren, J. S. Suehle, C. A. Richter and Q. L. 

Li, ACS Appl. Mater. Interfaces, 2015, 7, 27306-27313. 
28 H. Zhu and Q. L. Li, Applied Sciences-Basel, 2016, 6. 
29 J. E. Green, J. W. Choi, A. Boukai, Y. Bunimovich, E. Johnston-Halperin, E. DeIonno, Y. Luo, B. A. Sheriff, K. Xu, Y. 

S. Shin, H. R. Tseng, J. F. Stoddart and J. R. Heath, Nature, 2007, 445, 414-417. 
30 Z. M. Liu, A. A. Yasseri, J. S. Lindsey and D. F. Bocian, Science, 2003, 302, 1543-1545. 
31 K. M. Roth, A. A. Yasseri, Z. M. Liu, R. B. Dabke, V. Malinovskii, K. H. Schweikart, L. H. Yu, H. Tiznado, F. Zaera, J. 

S. Lindsey, W. G. Kuhr and D. F. Bocian, J. Am. Chem. Soc., 2003, 125, 505-517. 



32 J. S. Lindsey and D. F. Bocian, Acc. Chem. Res., 2011, 44, 638-650. 
33 B. Fabre, Acc. Chem. Res., 2010, 43, 1509-1518. 
34 D. A. Corley, T. He and J. M. Tour, ACS Nano, 2010, 4, 1879-1888. 
35 Y. Li, S. Calder, O. Yaffe, D. Cahen, H. Haick, L. Kronik and H. Zuilhof, Langmuir, 2012, 28, 9920-9929. 
36 W. J. I. DeBenedetti and Y. J. Chabal, J. Vac. Sci. Technol. A, 2013, 31. 
37 J. M. Buriak, Chem. Mater., 2014, 26, 763-772. 
38 M. P. Stewart, F. Maya, D. V. Kosynkin, S. M. Dirk, J. J. Stapleton, C. L. McGuiness, D. L. Allara and J. M. Tour, J. 

Am. Chem. Soc., 2004, 126, 370-378. 
39 M. Lu, W. A. Nolte, T. He, D. A. Corley and J. M. Tour, Chem. Mater., 2009, 21, 442-446. 
40 C. H. deVilleneuve, J. Pinson, M. C. Bernard and P. Allongue, J. Phys. Chem. B, 1997, 101, 2415-2420. 
41 S. Q. Liu, H. Mohwald, D. Volkmer and D. G. Kurth, Langmuir, 2006, 22, 1949-1951. 
42 B. Fleury, M. Billon, F. Duclairoir, L. Dubois, A. Fanton and G. Bidan, Thin Solid Films, 2011, 519, 3732-3738. 
43 H. L. Li, S. P. Pang, S. Wu, X. L. Feng, K. Mullen and C. Bubeck, J. Am. Chem. Soc., 2011, 133, 9423-9429. 
44 Y. C. Ji, L. J. Huang, J. Hu, C. Streb and Y. F. Song, Energy Environ. Sci., 2015, 8, 776-789. 
45 S. M. Lauinger, J. M. Sumliner, Q. S. Yin, Z. H. Xu, G. J. Liang, E. N. Glass, T. Q. Lian and C. L. Hill, Chem. Mater., 

2015, 27, 5886-5891. 
46 Q. Liu and Z. Y. Tang, Nano Today, 2010, 5, 267-281. 
47 H. X. Yang, T. Song, L. Liu, A. Devadoss, F. Xia, H. Han, H. Park, W. Sigmund, K. Kwon and U. Paik, J. Phys. Chem. 

C, 2013, 117, 17376-17381. 
48 C. Musumeci, A. Luzio, C. P. Pradeep, H. N. Miras, M. H. Rosnes, Y. F. Song, D. L. Long, L. Cronin and B. 

Pignataro, J. Phys. Chem. C, 2011, 115, 4446-4455. 
49 M. Hutin, C. Yvon, J. Yan, A. Macdonell, D. L. Long and L. Cronin, Crystengcomm, 2013, 15, 4422-4430. 
50 L. C. Palilis, M. Vasilopoulou, A. M. Douvas, D. G. Georgiadou, S. Kennou, N. A. Stathopoulos, V. Constantoudis 

and P. Argitis, Sol. Energy Mater. Sol. Cells, 2013, 114, 205-213. 
51 A. Proust, B. Matt, R. Villanneau, G. Guillemot, P. Gouzerh and G. Izzet, Chem. Soc. Rev., 2012, 41, 7605-7622. 
52 T. He, J. L. He, M. Lu, B. Chen, H. Pang, W. F. Reus, W. M. Nolte, D. P. Nackashi, P. D. Franzon and J. M. Tour, J. 

Am. Chem. Soc., 2006, 128, 14537-14541. 
53 Y. C. Ji, J. Hu, L. J. Huang, W. Chen, C. Streb and Y. F. Song, Chem. Eur. J., 2015, 21, 6469-6474. 
54 R. J. Errington, S. S. Petkar, B. R. Horrocks, A. Houlton, L. H. Lie and S. N. Patole, Angew. Chem. Int. Ed., 2005, 

44, 1254-1257. 
55 Y. F. Song, N. McMillan, D. L. Long, S. Kane, J. Malm, M. O. Riehle, C. P. Pradeep, N. Gadegaard and L. Cronin, J. 

Am. Chem. Soc., 2009, 131, 1340-1341. 
56 D. Mercier, S. Boujday, C. Annabi, R. Villanneau, C. M. Pradier and A. Proust, J. Phys. Chem. C, 2012, 116, 

13217-13224. 
57 D. Mercier, M. Ben Haddada, M. Huebner, D. Knopp, R. Niessner, M. Salmain, A. Proust and S. Boujday, Sensors 

and Actuators B-Chemical, 2015, 209, 770-774. 
58 M. Yaqub, J. J. Walsh, T. E. Keyes, A. Proust, C. Rinfray, G. Izzet, T. McCormac and R. J. Forster, Langmuir, 2014, 

30, 4509-4516. 
59 A. Lombana, C. Rinfray, F. Volatron, G. Izzet, N. Battaglini, S. Alves, P. Decorse, P. Lang and A. Proust, J. Phys. 

Chem. C, 2016, 120, 2837-2845. 
60 J. Pinson and F. Podvorica, Chem. Soc. Rev., 2005, 34, 429-439. 
61 M. D'amours and D. Belanger, J. Phys. Chem. B, 2003, 107, 4811-4817. 
62 D. E. Jiang, B. G. Sumpter and S. Dai, J. Am. Chem. Soc., 2006, 128, 6030-6031. 
63 D. Belanger and J. Pinson, Chem. Soc. Rev., 2011, 40, 3995-4048. 
64 C. Rinfray, G. Izzet, J. Pinson, S. G. Derouich, J. J. Ganem, C. Combellas, F. Kanoufi and A. Proust, Chem. Eur. J., 

2013, 19, 13838-13846. 
65 F. Volatron, J. M. Noel, C. Rinfray, P. Decorse, C. Combellas, F. Kanoufi and A. Proust, J. Mater. Chem. C, 2015, 3, 

6266-6275. 
66 A. Cuentas-Gallegos, R. Martinez-Rosales, M. Baibarac, P. Gomez-Romero and M. E. Rincon, Electrochem. 

Commun., 2007, 9, 2088-2092. 
67 S. H. H. Wang, Y. Nishimoto, S. Irle, T. Yokoyama, H. Yoshikawa, K. Awaga, J. Am. Chem. Soc., 2012, 134, 4918-

4924. 
68 M. Yang, B. G. Choi, S. C. Jung, Y. K. Han, Y. S. Huh and S. B. Lee, Adv. Funct. Mater., 2014, 24, 7301-7309. 
69 J. Hu, H. L. Diao, W. J. Luo and Y. F. Song, Chem. Eur. J., 2017, 23, 8729-8735. 
70 S. P. Cummings, J. Savchenko and T. Ren, Coord. Chem. Rev., 2011, 255, 1587-1602. 
71 B. Fabre, Chem. Rev., 2016, 116, 4808-4849. 
72 A. Vilan and D. Cahen, Chem. Rev., 2017, 117, 4624-4666. 
73 G. Izzet, F. Volatron and A. Proust, Chem. Rec., 2017, 17, 250-266. 
74 B. B. Xu, Y. G. Wei, C. L. Barnes and Z. H. Peng, Angew. Chem. Int. Ed., 2001, 40, 2290-2292. 
75 J. Kang, B. B. Xu, Z. H. Peng, X. D. Zhu, Y. G. Wei and D. R. Powell, Angew. Chem. Int. Ed., 2005, 44, 6902-6905. 
76 V. Duffort, R. Thouvenot, C. Afonso, G. Izzet and A. Proust, Chem. Commun., 2009, 6062-6064. 
77 Y. R. Leroux, H. Fei, J. M. Noel, C. Roux and P. Hapiot, J. Am. Chem. Soc., 2010, 132, 14039-14041. 
78 T. Menanteau, E. Levillain and T. Breton, Chem. Mater., 2013, 25, 2905-2909. 
79 Y. Okazaki, T. Tateishi and Y. Ito, Materials Transactions Jim, 1997, 38, 78-84. 
80 L. Huder, C. Rinfray, D. Rouchon, A. Benayad, M. Baraket, G. Izzet, F. Lipp-Bregolin, G. Lapertot, L. Dubois, A. 

Proust, L. Jansen and F. Duclairoir, Langmuir, 2016, 32, 4774-4783. 
81 J. G. Simmons, J. Appl. Phys., 1963, 34, 1793. 
82 J. G. Simmons, J. Appl. Phys., 1963, 34, 2581. 
83 J. G. Simmons, J. Appl. Phys., 1964, 35, 2655. 



84 A. Salomon, T. Boecking, O. Seitz, T. Markus, F. Amy, C. Chan, W. Zhao, D. Cahen and A. Kahn, Adv. Mater., 
2007, 19, 445-450. 

85 H. B. Akkerman, R. C. G. Naber, B. Jongbloed, P. A. van Hal, P. W. M. Blom, D. M. de Leeuw and B. de Boer, P. 
Natl. Acad. Sci. USA, 2007, 104, 11161-11166. 

86 A. J. Bergren, R. L. McCreery, S. R. Stoyanov, S. Gusarov and A. Kovalenko, J. Phys. Chem. C, 2010, 114, 15806-
15815. 

87 S. Himeno and M. Takamoto, J. Electroanal. Chem., 2002, 528, 170-174. 
88 S. Himeno, M. Takamoto, R. Santo and A. Ichimura, Bull. Chem. Soc. Jpn., 2005, 78, 95-100. 
89 J. I. Nambu, T. Ueda, S. X. Guo, J. F. Boas and A. M. Bond, Dalton Trans., 2010, 39, 7364-7373. 
90 B. Matt, C. Coudret, C. Viala, D. Jouvenot, F. Loiseau, G. Izzet and A. Proust, Inorg. Chem., 2011, 50, 7761-7768. 
91 B. Matt, X. Xiang, A. L. Kaledin, N. N. Han, J. Moussa, H. Amouri, S. Alves, C. L. Hill, T. Q. Lian, D. G. Musaev, G. 

Izzet and A. Proust, Chem. Sci., 2013, 4, 1737-1745. 
92 C. Rinfray, S. Renaudineau, G. Izzet and A. Proust, Chem. Commun., 2014, 50, 8575-8577. 
93 X. Lefevre, F. Moggia, O. Segut, Y. P. Lin, Y. Ksari, G. Delafosse, K. Smaali, D. Guerin, V. Derycke, D. Vuillaume, S. 

Lenfant, L. Patrone and B. Jousselme, J. Phys. Chem. C, 2015, 119, 5703-5713. 
94 B. Keita, D. Bouaziz and L. Nadjo, J. Electrochem. Soc., 1988, 135, 87-91. 
95 V. A. Grigoriev, C. L. Hill and I. A. Weinstock, J. Am. Chem. Soc., 2000, 122, 3544-3545. 
96 B. Chen and R. Neumann, PCCP, 2016, 18, 22487-22493. 
97 B. Matt, J. Moussa, L. M. Chamoreau, C. Afonso, A. Proust, H. Amouri and G. Izzet, Organometallics, 2012, 31, 

35-38. 
98 C. Rinfray, V. Brasiliense, G. Izzet, F. Volatron, S. Alves, C. Combellas, F. Kanoufi and A. Proust, Inorg. Chem., 

2016, 55, 6929-6937. 
99 B. V. Zeghbroek, Principle of conductor devices, http://ecee.colorado.edu/~bart/book/contents.htm. 
100 S. G. Derouich, C. Rinfray, G. Izzet, J. Pinson, J. J. Gallet, F. Kanoufi, A. Proust and C. Combellas, Langmuir, 

2014, 30, 2287-2296. 

 

 

http://ecee.colorado.edu/~bart/book/contents.htm

