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Surface immobilization of Mo 6 I 8 octahedral cluster cores on functionalized amorphous carbon using a pyridine complexation strategy
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from the binding energy of Mo core levels, is also compared to that of the precursor (polycrystalline powder). The number of surface anchoring sites is also deduced from XPS analysis to estimate the efficiency of the immobilization process. Electrical transport properties of metal-insulator-semiconductor (MIS) diodes obtained from functionalized a-C films were also investigated using a mercury drop as the soft electrical top contact to check possible changes in the electronic properties of a-C after the alkyl monolayer grafting and whether some signature of the monolayer of electroactive [Mo 6 I 8 ] 4+ clusters can be detected after immobilization.

Experimental

The ). Before deposition, the target was pre-cleaned for 5 minutes at 2 Hz with a shutter in front of the substrate. After deposition, nitrogen gas was introduced in the chamber and the carbon films were quickly transferred to the XPS setup or to the grafting setup under a dry nitrogen atmosphere. The cluster chemistry includes three major preparation steps, as summarized in Scheme 2.

Preparation of the

Step I: the reaction of 

XPS analysis.

After exposure to ambient atmosphere for a few minutes, the grafted carbon surfaces were introduced in the UHV chamber and kept at 1×10 -9 mbar for several hours before XPS analysis.

XPS measurements were performed with Mg K (h = 1254 eV) X-ray source, at an emission angle , using a VSW HA100 photoelectron spectrometer with a hemispherical photoelectron analyzer, at 22 eV pass energy, providing an experimental resolution of 1.0 eV. Spectral analysis included a Shirley background subtraction and peak separation using mixed Gaussian-Lorentzian functions. Peak area ratios quoted in this work have been corrected for the photoemission cross section of each chemical element. Additional measurements were performed using a monochromatized Al K (h = 1486.6 eV) X-ray source to obtain a better peak separation for specific core levels.

In addition to the XPS analysis of metal (Mo 

Electrical Transport Measurements.

Electrical transport measurements were performed on Hg // Mo 6 I 8 / pyridinealkyl / a-C / p-Si junctions, using a mercury drop as a top electrode because its large surface tension (480 mJ m - -voltage (V) characteristics were obtained at room temperature using a Keithley 6487 picoammeter and a home-made setup with hanging Hg drop and a micromanipulator to adjust the contact area at ~ 0.3 mm2 . A fresh Hg drop (99.999%, Fluka) was used for each measurement, at several locations on the sample surface. An ohmic contact was made on the scratched rear side of the p-type Si substrate (resistivity 1-5 .cm) by applying a silver paste electrode. In this work, the direct current transport characteristics were measured in a glove box with a humidity level of 22-25 % of the water saturation pressure, after XPS measurements (under UHV) and a brief exposure to the ambient.

Results

Amorphous carbon

The a-C film thickness, d a-C = 30 nm, and optical properties were determined from spectroscopic ellipsometry. The refractive index n (2 eV) = 2.63 is characteristic of a high density material [43], as confirmed by previous X-ray reflectivity measurements (= 2.84 g.cm -3 ) [START_REF] Zebda | Surface energy and photoelectron spectroscopy studies of amorphous carbon surfaces[END_REF] and bulk plasmon energy (E P = 29.5±0.2 eV) given by photoelectron energy loss spectroscopy; the surface hybridization of the as-grown a-C film (sp 3 / sp 2 + sp 3 ) was found to be 0.5-0.6 from XPS measurements using a monochromatic X-ray source [37, 44].

Under optimized PLD conditions including the pre-cleaning of the target, amorphous carbon films suitable for monolayer grafting experiments are obtained, with a very smooth surface (rootmean-square roughness ~ 0.3 nm) as shown by Atomic Force Microscopy (AFM).

Pyridine-functionalized a-C

A C C E P T E D M A N U S C R I P T

The XPS survey spectrum of the pyridine-modified carbon surface reveals characteristic peaks from the carbon substrate itself and from the C 1s, O 1s and N 1s core levels of the attached organic molecule (Fig. 1a). The shape and the intensity of these spectra as well as their relative positions in energy are consistent with the monolayer composition, with some additional O 1s contribution due to some adventitious adsorbed oxygen or water molecules.

The N 1s core level is characterized by a main peak at 400. The ratio between the total Mo 3d 5/2 area and the main I i 4d peak area is estimated at 0.77±0.05 which is close to the expected value for a [Mo 6 I 8 ] 4+ cluster core (0.75). However, the ratio between the Mo II (main peak) area and the I i 4d peak area is estimated at 0.66±0.05, indicating that the Mo * component must be included in the cluster composition. The cluster coverage,  = 9.210 12 cm -2 , deduced from the Mo 3d intensity using Equation 1, is consistent with a monolayer of bound [Mo 6 I 8 ] 4+ cluster cores.

Besides the Mo 3d, the Br 3d core level clearly shows two components with different binding energies, in contrast with the iodine core atom and the counter anion elements (S and F). Let us consider first the bromine labelling element core levels. Both the weaker (Br 3d 3/2 , Br 3d 5/2 ) doublet near 70 eV (Fig. 5) and the stronger (Br 3p 1/2 , Br 3p 3/2 ) doublet near 183 eV (Fig. . The peak area ratio (S 2p / I 4d) is 0.21, which means that, on average, each bound metallic cluster is surrounded by 1.8 triflate units. This ratio is obtained with a good precision; however, this value might be underestimated because some triflate moieties may be lost during XPS measurements, as reported previously [START_REF] Fabre | Electrochemical and charge transport behavior of molybdenum-based metallic cluster layers immobilized on modified n-and p-Type Si(111) surfaces[END_REF].

In summary, the Br 3d intensity provides (x -y) = 1.5±0.3 bromopyridine unit per bound metallic cluster and I 4d decomposition gives (6 -x) = 1±0.1 apical iodine per cluster, on average.

It can be concluded that each metallic cluster is bound to the organic monolayer surface through either three or four pyridine anchoring groups, corresponding respectively to (CF 3 SO 3 ) 3 [Mo 6 I i 8 I a 1 (Py S ) a 3 (Py-Br) a 2 ] and (CF 3 SO 3 ) 3 [Mo 6 I i 8 I a 1 (Py S ) a 4 (Py-Br) a 1 ]. Considering that one apical I a is attached to the cluster core, a (-3) charge must be carried by three triflate moieties in order to maintain the total charge balance.

Electrical transport

The I-V characteristics were measured at room temperature on the bare Hg // a-Cp Si(111) junction, after grafting of the pyridine-terminated monolayer and further immobilization of In the reverse bias regime, the current density increases after thermal grafting of pyridineterminated alkyl monolayer, but no further effect can be detected after the cluster immobilization step. This regime corresponds to injection of minority carriers (electrons) from p-type Si and transport through the a-C film.

Discussion

A monolayer of octahedral [Mo 6 I 8 ] 4+ cluster cores has been immobilized through complexation with a pyridine functionalized amorphous carbon surface. Each metallic cluster is bound to the organic monolayer surface through either three or four pyridine anchoring groups, From crystallographic data, the footprint of the [Mo 6 I 8 ] 4+ cluster core with bromopyridine complexation can be estimated at 2.2 nm 2 , i.e. the densely packed monolayer ideally represents 4.510 13 clusters / cm 2 . Experimentally, the Mo 6 I 8pyridinealkyla-C system shows a moderately large density of clusters ( Mo6I8 = 9.210 12 cm -2 ) providing a specific area of A mol = 10.9 nm 2 per bound cluster.

The binding energy of the main (Mo 3d 3/2 , Mo 3d 5/2 ) doublet is identical to that observed for 

2 ABSTRACT

 2 Tetrahedral amorphous carbon (a-C) films have been grown by pulsed laser deposition to investigate a liquid phase process for surface immobilization of electroactive [Mo 6 I i 8 ] 4+ transition metal clusters cores using a complexation reaction with a pyridine-terminated alkyl monolayer covalently bonded to the a-C surface (Py S -alkyl / a-C). These films are stable against thermallyassisted grafting of alkene molecules and the covalent C-C interface provides a robust monolayer / a-C assembly. Octahedral [Mo 6 I i 8 ] 4+ cluster cores with iodine inner ligands and labile triflate apical ligands [Mo 6 I i 8 (CF 3 SO 3 ) a 6 ] 2-have been immobilized through partial complexation in apical position by surface pyridine groups (Py S ). Remaining CF 3 SO 3 -apical ligands of [Mo 6 I i 8 (Py S ) a y (CF 3 SO 3 ) a 6-y ] cluster units were further substituted with bromopyridine (Py-Br) to obtain air stable surface with expected final composition [Mo 6 I i 8 (Py S ) a y (Py-Br) a 6-y ]. The yield of the different reaction steps is followed by X-ray photoelectron spectroscopy, providing cluster coverage  Mo6I8 =910 12 cm -2 . Each [Mo 6 I 8 ] 4+ cluster is bound to the carbon surface through multiple anchoring metal sites (N PYR = 3 or 4), indicating that pyridine-terminated alkyl chains are flexible enough to accommodate four bonds. Electrical transport through Hg // Mo 6 I 8 -Py S -alkyl / a-C / p-Si(111) junctions show rectifying current-voltage characteristics but do not reveal any signature of cluster immobilization.
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 126 Scheme 1. Surface immobilization of a [Mo 6 I 8 ] 4+ metallic cluster core on amorphous carbon through complexation with a pyridine-terminated alkyl monolayer. For clarity, a single anchoring site is shown, however complexation with more than one anchoring site is also possible. In the final reaction step (Scheme 2), the remaining apical sites are substituted with bromopyridine.
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 81 cluster immobilization strategy (Scheme 1 and 2) is based on a complexation reaction of the electrically neutral precursor [(n-C 4 H 9 ) 4 N] 2 [Mo 6 I i 8 I a 6-x (CF 3 SO 3 ) a x ] in which a number N PYR of the labile triflate groups in apical position are displaced by the surface pyridine groups to form Mo-Py S bonding. To obtain derivatized surfaces sufficiently stable for subsequent characterizations, in a final step III, the (6-N PYR ) remaining triflate groups (CF 3 SO 3 ) are displaced by reaction with a more stable complexation moiety. Bromopyridine has been chosen because Br atoms are useful as labelling moieties to improve the XPS analysis accuracy. Electrical neutrality of the cluster monolayer requires the presence of counter ions, e.g tetrabutylammonium TBA + ((n-C 4 H 9 ) 4 N + ) (step I) or triflate CF 3 SO 3 -(step III). Owing to the octahedral geometry of the cluster and the steric hindrance of the pyridinealkyl chains bonded to the semiconductor surface, all six Mo atoms cannot be simultaneously attached to surface pyridine groups. Scheme 1 shows the minimal anchoring configuration where each cluster is linked to the surface through a single pyridine (Py S ) moiety. A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT Pulsed laser deposition of amorphous carbon Carbon films (30 nm thick) were grown at room-temperature by pulsed laser deposition using a KrF laser (Tuilaser Excistar E20, = 248 nm, 2 Hz, 40 ns pulse width) in a turbo-pumped high vacuum chamber (base pressure ~ 10 -4 Pa). Crystalline silicon (c-Si (111), p-type) substrates were cleaned in ultrasonic bath (acetone, isopropanol, water) and dropped in NH 4 F (40%) to remove their native oxide before a-C film growth. They were placed at 60 mm from the rotating glassy carbon target (Sigradur G, HTW). The deposited carbon thickness is 0.03 nm / pulse for a pulse energy of 150 mJ (fluence 7.3 J.cm -2

  Molybdenum cluster-terminated carbon surfaces. Similar to our previous work with Si(111):H surfaces [35], our strategy for anchoring [Mo 6 I 8 ] 4+ cluster cores is based on the covalent derivatization of amorphous carbon surfaces by a complexing pyridine-terminated alkyl monolayer. Linear -functionalized alkenes are used to obtain densely packed monolayers with a robust covalent bonding to the a-C substrate [38]. The first part of this thermally-induced grafting process includes successive surface reactions [39]: (i) covalent grafting of C10 linear alkenes, -functionalized with ester moieties, (ii) conversion of terminal ester to reactive acid functionalities, (iii) amidation reaction with the amino-substituted pyridine. Briefly, ethyl undecylenate CH 2 =CH(CH 2 ) 8 -COOC 2 H 5 (Aldrich, 97%) was passed through a neutral, activated alumina column to remove residual water and peroxides, before liquid-phase reaction at 160 °C for at least 2 hours. Using a protected ester (rather than an acid) functionality offers the advantage of limiting the possible reactivity of acid functions with the A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 9 carbon surface. The terminal ester groups were further converted to acidic groups using dimethylformamide (DMF) + 0.25 M potassium tert-butoxyde (t-BuOK) for 10 min, followed by HCl 1M [40]. The acid-terminated surface was rinsed with ultrapure water and activated with Nhydroxysuccinimide (NHS) (Acros, 98+%) by immersion in a freshly prepared mixture of 1-(3dimethylaminopropyl)-3-ethylcarbodiimide (EDC) (Acros, 98+%) and NHS in DMF. The covalent attachment of the functional units was performed by immersing the NHS-activated molecular layer / a-C film in a deaerated acetonitrile solution containing 0.1 M of 4aminomethylpyridine (Aldrich, 98%) at room temperature for 3.5 hours.

  A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 10 Step III: to obtain derivatized surfaces sufficiently stable for subsequent characterization, the triflate anions remaining in apical position of the cluster after the immobilization step were substituted by 3-bromopyridine (Py-Br) by dipping the modified surface in neat 3-bromopyridine (99%, from Aldrich) for 30-40 min. Assuming that all apical triflates have been substituted and that electrically neutrality is provided by triflate counter anions, the expected final composition is (CF 3 SO 3 ) x-2 [Mo 6 I i 8 I a 6-x (Py S ) a y (Py-Br) a x-y ]. After this step III, in order to remove physisorbed metallic aggregates, a thorough rinsing of the Mo 6 cluster-modified surface with HPLC grade CH 2 Cl 2 (previously distilled over P 2 O 5 ) was performed [35].

1 )

 1 ) and inner ligands (I) to obtain their oxidation state, determination of the nature and number of ligands of the immobilized cluster [Mo 6 S ) a y (Py-Br) a x-y ] requires an accurate value of the bromine relative intensity. Once x has been determined using some iodine core level, the Br 3p or Br 3d core levels provide x-y, and hence the number of anchoring sites y = N PYR .Molybdenum Mo 3d (rather than Mo 3p) and sulphur S 2p (rather than S 2s) photoelectron emission lines were chosen for their larger photoemission cross section; in contrast, the iodine I 4d (rather than I 3d) line was used to avoid corrections for the dependence of the analyser sensitivity at small photoelectron kinetic energies. The bromine Br 3d intensity can be compared with the stronger Br 3p, although the latter are partially overlapped by the stronger I 4s band. The [Mo 6 I 8 ] 4+ cluster core coverage,  Mo6I8 (cm -2 ), was derived from the Mo 3d intensity through a normalization to the C1s intensity of a clean HOPG (highly oriented pyrolytic graphite, Neyco) substrate. Assuming that self-attenuation of the Mo signal by the cluster itself can be neglected, the density  Mo6I8 of [Mo 6 I 8 ] 4+ cluster cores (m = 6 Mo atoms) per unit surface: is derived from the measured peak areas A Mo and A HOPG (eV×counts.s -1 ), taking into account their relative photoemission cross sections (Mo 3d 5/2 ) / (C 1s) = 5.62, the C atom density (N HOPG = 11.4×10 22 at.cm -3 ) and the inelastic mean free path, HOPG s C1  = 1.78 nm, of C 1s photoelectrons (with 970 eV kinetic energy) in graphite [42]. A similar relationship applies for the coverage ( PYR ) of the pyridine-functionalized a-C surface, using the N 1s signal with (N 1s) / (C 1s) = 1.80, and m = 2 (pyridine and amide functions) if self-attenuation is neglected.

Fig. 1 .

 1 Fig. 1. XPS survey spectra ( = 0°) before (a) and after (b) immobilization of [Mo 6 I 8 ] 4+ cluster

14 3. 3 .

 143 Mo 6 I 8 -Pyridinealkyla-C assembly After attachment of molybdenum clusters and treatment with 3-bromopyridine, as expected the survey spectrum (Fig. 1b) shows the presence of iodine and molybdenum atoms characterized by their respective d levels (I 3d 3/2 , I 3d 5/2 , Mo 3d 3/2 , Mo 3d 5/2 and I 4d 5/2 at 632.5, 621.1, 232.8, 229.6 and 51.0 eV respectively) and 3p components (Mo 3p 3/2 at 395.4 eV).

Fig. 2 .Figure 2 Fig. 3 .

 223 Fig.2. XPS data ( = 0°, monochromatized X-ray source) showing the (I 3d 3/2 , I 3d 5/2 ) core level after [Mo 6 I 8 ] 4+ cluster immobilization. Some unreacted apical ligands are observed at smaller binding energy than the inner iodine ligands with an intensity ratio (I a / I i ) = 0.12.

In Figure 3 ,

 3 the strong (Mo 3d 3/2 , Mo 3d 5/2 ) doublet is observed with the expected 3.2 eV spin orbit splitting. The positions of the main Mo 3d 5/2 and 3d 3/2 peaks are identical to that observed for the starting product [(n-C 4 H 9 ) 4 N) 2 Mo 6 I 14 and are perfectly consistent with a Mo II oxidation state. In addition, a smaller component (indicated as Mo*, red arrows) is observed at larger binding energy (E ≈ 2.75 eV) with an intensity ratio (Mo * / Mo II ) = 0.23±0.05. Similarly,the broad Mo 3p level shows a peak tailing towards higher binding energies; as a consequence of the overlap between the N 1s and Mo 3p core levels (Fig.4), the fitted ratio (N1s / Mo 3p) = 1.7 is likely overestimated.

Fig. 4 .

 4 Fig. 4. XPS data ( = 45°) after [Mo 6 I 8 ] 4+ cluster core immobilization showing the (Mo 3p 1/2 , Mo

Fig. 5 .

 5 Fig. 5. XPS data ( = 45°) after [Mo 6 I 8 ] 4+ cluster immobilization showing the (Br 3d 3/2 , Br 3d 5/2 ) doublet. Besides the main peak (black line), a second component (red line) is observed at larger binding energy (E = 2.0 eV).

Fig. 6 .

 6 Fig. 6. XPS data ( = 45°) after [Mo 6 I 8 ] 4+ cluster core immobilization with fitted peaks which

6 )

 6 were used to estimate the average number of triflate anions which were not exchanged by surface pyridine (Py S ). (i) The Br 3d signal at 70 eV being broader than expected from the doublet separation (≈ 1 eV), data decomposition reveals the presence of two doublets separated by E ≈ 2.0 eV with an intensity ratio of ≈ 0.6±0.1. The ratio (Br 3d / I 4d) = 0.17 provides an average number of 1.5 bromopyridine units per bound metallic cluster. (ii) Decomposition of the near 183 eV also requires two (Br 3p 1/2 , Br 3p 3/2 ) doublets (Fig.6) with a total intensity consistent with the Br 3d fitting.As far as the counter anions are concerned, the C 1s spectrum shows a high binding energy (292.7 eV) component (not shown) assigned to CF 3 moieties pertaining to triflate anions (CF 3 SO 3 -) which remain on the surface after treatment with 3-bromopyridine. This result consistent with step III (Scheme 2) is confirmed by the presence of F 1s and S 2p signals at 684.2 eV and 169.0 eV, respectively.

Figure 6

 6 shows the (S 2p 1/2 , S 2p 3/2 ) doublet with the expected spin orbit separation of 1.37 eV and an intensity ratio of 0.58. Its position is consistent with triflate moieties[START_REF] Lindberg | Molecular Spectroscopy by Means of ESCA II. Sulfur compounds. Correlation of electron binding energy with structure[END_REF]

[Mo 6 I 8 ]

 68 4+ cluster core monolayer. Current density J(V) and numerically derived conductance 20 G(V) = (dJ/dV) characteristics were reproducible at several points of the sample, measured over several days.

Fig. 7 .

 7 Fig. 7. Current density (a) and conductance (b) characteristics of Hg // molecular layer / a-C / p-type Si junctions (T = 296 K): before (blue line) and after (green circles) grafting of a pyridineterminated alkyl monolayer to a-C ; after complexation of a monolayer of cluster cores (red triangles).

Figure 7

 7 Figure7shows strong rectification for all junctions with a rectification factor, J(+2V) / J(-

  where three triflate moieties are required to maintain the total charge balance.This work shows that [Mo 6 I 8 ] 4+ cluster cores are strongly bound to the pyridine functionalized carbon surface through multiple pyridine anchoring sites. Conversely, it might also indicate that clusters with fewer binding sites (being less stable) have been untied from the surface during the grafting process and that the complexation reaction is thus partly reversible. On the other hand, it cannot be excluded that the less stable cluster core configurations, e.g. with a low number of anchoring sites, have been removed during step III of the process.A large fraction (more than 60%) of available pyridine sites at the functionalized carbon surface ( PYR = 2.910 13 cm -2 ) are participating in cluster complexation, as derived from the average number of anchoring sites per cluster (N PYR = 3.5±0.4). Considering the topological constraints related to the octahedral cluster geometry, cluster attachment to the alkyl monolayer surface through 3 or 4 pyridine anchoring sites indicates that the pyridine-terminated alkyl chains are flexible enough to accommodate up to four bonds. This work confirms previous results for Mo 6 clusters immobilization on Si(111) where the number of anchoring groups was closer to 4 [35].
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 321 photo-hole generation.

  6 on the surface. However, in the case of Si substrates, it has been shown that

	quantitative XPS data analysis is hampered by the intense Si 2s plasmon losses (168 eV, 185 eV)
	overlapping both the S 2p (sulphur from triflate moieties), the I 4s (inner and apical ligands) and
	the Br 3p (bromine from the labelling bromopyridine groups) core level peaks [35]. Hence, the
	Mo 6 I 8 -pyridine -alkyl -a-C system provides better opportunity for a quantitative XPS analysis
	of the above chemical elements. In addition, the very low surface roughness (0.3-0.6 nm) of
	amorphous carbon [36] is also interesting for quantitative XPS analysis of the cluster coverage.
	Pulsed Laser Deposition (PLD) has been chosen to produce dense and smooth tetrahedral a-C
	films with a high sp 3 hybridization; since this sp 3 fraction does not exceed 60 % in the few nm
	from the surface, the main reactive chemical groups are probably C-H terminations and C=C
	double bonds [37]. a-C films can be reproducibly grafted with alkene molecules with no previous
	surface preparation, using the same thermally assisted process as used with hydrogenated
	crystalline Si(111):H surfaces [36], leading to the covalent immobilization of a dense alkyl
	monolayer (with ester or pyridine end-capping).
	The coverage and the composition of the grafted molecular layers are estimated from
	quantitative XPS analysis at different steps of the grafting process. The oxidation state, derived

) limits the occurrence of mercury diffusion through pinholes in the molecular layer. Current (I)
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