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have become the predominant single-source precursors for oxide-based ceramic materials, mainly through sol-gel processing and MOCVD, respectively, because of their commercial availability, high solubility in routinely used organic solvents, and easy tunability of their hydrolytic characteristics and mass-transport properties. [START_REF] Bradley | Alkoxo and Aryloxo derivatives of Metals[END_REF][START_REF] Turova | The Chemistry of Metal Alkoxide[END_REF][START_REF] Condorelli | Engineering of molecular architectures of βdiketonate precursors toward new advanced materials[END_REF][START_REF] Tiitta | Volatile Metal β-Diketonates: ALE and CVD Precursors for Electroluminescent Device Thin Films[END_REF] Another important axis of the molecular engineering is the synthesis of bi-and higher metallic derivatives with appropriate properties. [START_REF] Gahlot | Molecules versus nanoparticles: Identifying a reactive molecular intermediate in the synthesis of ternary coinage metal chalcogenides[END_REF][START_REF] John | Synthesis of Heterometallic Compounds with Uncommon Combinations of Elements for Oxide Nanomaterials Using Organometallics[END_REF][START_REF] Chen | Direct synthesis of hexagonal NaGdF4 nanocrystals from a single-source precursor: Upconverting NaGdF4:Yb 3+ ,Tm 3+ and its composites with TiO2 for near-IR-driven photocatalysis[END_REF][START_REF] Wei | Volatile Heterometallic Precursors for the Low-Temperature Synthesis of Prospective Sodium Ion Battery Cathode Materials[END_REF][START_REF] Mishra | A single source precursor route to group 13 homo-and heterometal oxides as highly active supports for gold catalyzed aerobic epoxidation of t-stilbene[END_REF][START_REF] Mishra | Novel heterometal-organic complexes as first single source precursors for up-converting NaYF4:Yb 3+ , Er 3+ /Tm 3+ nanomaterials[END_REF][START_REF] Mishra | Aminoalkoxo-supported heteroleptic hexanuclear gallium(III) wheel as a synthon for group 13 heterometallics: A rare sol-gel precursor for mixed Al-Ga oxide as a support for gold catalysts[END_REF][START_REF] Mishra | Heterometallic Na-Y(Ln) trifluoroacetate diglyme complexes as novel single source precursors for upconverting NaYF4 nanocrystals co-doped with Yb and Er/Tm ions[END_REF] These single-source precursors simultaneously provide two or more metals in an accurate stoichiometry, allowing complex ceramic materials to be generated in one step by eliminating the prerequisite of matching the reaction rates in a multicomponent precursor mixture. [START_REF] Lu | The use of mixed-metal single source precursors for the synthesis of complex metal oxides[END_REF][START_REF] Schubert | Heterobimetallic sol-gel precursors and intermediates[END_REF][START_REF] John | Synthesis of Heterometallic Compounds with Uncommon Combinations of Elements for Oxide Nanomaterials Using Organometallics[END_REF][START_REF] Matthews | Structure, photochemistry and applications of metal-doped polyoxotitanium alkoxide cages[END_REF][START_REF] Szafert | Well-defined polynuclear heterobimetallic complexes as precursors for ceramic and magnetic materials[END_REF] Among the various properties desired in MOCVD precursors, the most important ones are the high volatility and good thermal stability for efficient transport, as well as high reactivity to easily obtain the desired material. [START_REF] Hatanpää | Precursors as enablers of ALD technology: Contributions from University of Helsinki[END_REF][START_REF] Emslie | Metal ALD and pulsed CVD: Fundamental reactions and links with solution chemistry[END_REF][START_REF] Potts | Bis(cyclopentadienyl) zirconium(IV) amides as possible precursors for low pressure CVD and plasma-enhanced ALD[END_REF] One of the important tactics to enhance volatility is to introduce heterolepticity in the molecules, which usually makes them loosely packed in the lattice and hence more volatile. However, the impact of the asymmetric structure of a bi-metallic precursor on its volatility as well as the composition and the quality of the deposited material is poorly studied.

Previously, we have reported synthesis of a heterometallic derivative [SnCl4(µ-OEt)2Ti(OEt)2(HOEt)2] (A) in quantitative yield by a convenient reaction between commercially available reagents SnCl4 and Ti(OEt)4. [START_REF] Mishra | A convenient and quantitative route to Sn(IV)-M [M = Ti(IV), Nb(V), Ta(V)] heterobimetallic precursors for dense mixed-metal oxide ceramics[END_REF][START_REF] Mishra | Novel heteroleptic heterobimetallic alkoxide complexes as facile single source precursors for Ta 5+ -doped TiO2-SnO2 nanoparticles[END_REF] This work was motivated by the potential usefulness of the TiO2-SnO2 system as eco-friendly oxide-based thermoelectric materials. [START_REF] Dynys | Thermoelectric Properties of Undoped and Doped (Ti0.75Sn0.25)O2[END_REF][START_REF] Hochepied | Aqueous Coprecipitated Ti0.5Sn0.5O2 Nanopowders as Precursors for Dense Spinodally Decomposed Ceramics[END_REF] Besides, the mixed tin-titanium oxides are also promising materials for the photovoltaic and photocatalytic applications. [START_REF] Xu | Fabrication of one-dimensional heterostructured TiO2@SnO2 with enhanced photocatalytic activity[END_REF][START_REF] Ponja | Aerosol assisted chemical vapour deposition of hydrophobic TiO2-SnO2 composite film with novel microstructure and enhanced photocatalytic activity[END_REF][START_REF] Shinde | 2 nanowall-arrays coated with rutile-TiO2 nanoneedles for high performance dye-sensitized solar cells[END_REF] While the use of above single-source single molecular precursors in sol-gel process ensured the synthesis of mixed nanoparticles of rutile Ti0.5Sn0.5O2 without the generation of pure SnO2 grains (which are hard to be sintered to high density) and thus allowing complete densification at low temperature by the spark plasma sintering (SPS) process, the spinodal decomposition in the TiO2-SnO2 system produced nanoscale TiO2/SnO2-rich lamellae, where the high density of the well-organized interfaces reduced the thermal conductivity of the ceramic. To make above Sn-Ti heterometallic complexes more suitable for deposition by MOCVD method, we have now modified it with a sterically hindered β-diketonate (2,2,6,6-heptane-3,5-dione, abbreviated as thdH) to obtain a couple of novel molecular precursors and studied their thermal and vapor pressure behavior to assess the suitability of these complexes as precursors for the vapor phase production of TiO2-SnO2, Ti-doped SnO2 or Sn-doped TiO2 thin films.

The reaction of SnCl4 with Ti(OEt)4 provides a practical and quantitative approach to a heterobimetallic Sn(IV)-Ti(IV) derivative with the simple addition formula [SnCl4(µ-OEt)2Ti(OEt)2(HOEt)2] (A), [START_REF] Mishra | A convenient and quantitative route to Sn(IV)-M [M = Ti(IV), Nb(V), Ta(V)] heterobimetallic precursors for dense mixed-metal oxide ceramics[END_REF] which in subsequent reactions in toluene with 2,2,6,6-heptane-3,5dione (thdH) in 1:1 and 1:2, stoichiometry gives access to heteroleptic mixed species of alkoxo-βdiketonato, [SnCl4(µ-OEt)2Ti(thd)(OEt)(HOEt)] (1) and [SnCl4(µ-OEt)2Ti(thd)2] (2), respectively (Scheme 1). Both compounds are highly soluble in chloroform, dichloromethane and ethanol, but show slightly less or poor solubility in toluene and n-pentane, respectively. Given the simple addition nature of the obtained products and excellent yield (typically above 90%), these reactions are easily scalable to the multigram scale. It assumes importance in view of large amounts (typically 5-10 g) of precursors needed for optimizing vapor pressure measurements and film deposition processes. These compounds are also more stable to moisture than the precursor compound A. At higher temperatures, however, compound 1 rearranges to produce a mixture of A and 2, as shown by the isolation and structural characterization of the solvated dichloromethane species [SnCl4(µ-OEt)2Ti(thd)2]•CH2Cl2 (2a) from the products obtained after 1 was maintained at 80°C for a few hours, followed by crystallization from dichloromethane. The new compounds were thoroughly characterized by elemental analysis, spectroscopic (FT-IR, [START_REF] Brune | Influence of the Choice of Precursors in the Synthesis of Two Dimensional Transition Metal Dichalcogenides[END_REF] H and 119 Sn NMR) and single crystal X-ray diffraction (XRD) studies. While solvated species 1 showed broad absorption and weak shoulder in the region 3200-3400 cm -1 and 1660 cm -1 for ν O-H and δ O-H, respectively, the absence of such absorption bands in the FT-IR spectra of 2 and 2a confirmed the formation of non-solvated species. The FT-IR spectra of 1, 2 and 2a exhibited characteristic bands of the alkoxy and β-diketonate groups attached to the metal in the 1200-400 cm -1 region (Figure S1). Although the room temperature 1 H NMR spectra of these complexes were deceptively simple due to their fluxional behaviour, they confirmed the integration ratio between the ethoxide and heptanedionate ligands. The 119 Sn NMR of 1, 2 and 2a showed only a sharp peak at δ -548 to -600 ppm, which was consistent with values in the literature for the 6-coordinate Sn(IV) centre. [START_REF] Verchère | Heteroleptic Tin(IV) Aminoalkoxides and Aminofluoroalkoxides as MOCVD Precursors for Undoped and F-Doped SnO2 Thin Films[END_REF][START_REF] Mishra | Synthesis and spectroscopic (IR, 1 H, 13 C, and 119 Sn NMR) characterization of mono-and diorganotin(IV) complexes containing sterically hindered Narylsalicylaldiminate groups[END_REF] The molecular structures of [SnCl4(µ-OEt)2Ti(thd)(OEt)(HOEt)] ( 1) and [SnCl4(µ-OEt)2Ti(thd)2] (2) consist of Sn(IV) and Ti(IV) six-coordinated centres bridged by two ethoxo groups (Figure 1). Except for the fact that the complex 2a crystallizes with a solvated dicloromethane molecule, the molecular structure of the 2 and 2a are quite similar. Therefore, structure of 2a is presented in Supporting Information only (Figure S2). The overall molecular geometry of all these structures can be described as a fusion of two octahedra built about Sn(IV) and Ti(IV) via a common edge (O1 and O2). The six-coordination sphere around the titanium atom consists of all oxygen atoms, whereas the tin atom has a O2Cl4 environment. The Ti-O distances in 1, 2 and 2a vary from 1.742 (4) to 2.075(4) Å, the bond involving terminal OEt groups in 1 Thermogravimetric analysis was used to estimate the thermal stability and volatility of the new precursors and to provide a first validation of the potential use of these metal-organic precursors for MOCVD (Figure 2a). The curves for compounds A and 1 had common characteristics with an onset of weight loss at low temperature (around 100°C) and residues of 40% and 25%, respectively (as compared to theoretical residues of 40 and 34% for SnTiO4). These data demonstrated very low thermal stability and non-volatility of these two compounds. Compound 2 exhibited higher thermal stability (up to 200 °C), which is usually the case when β-diketonate ligand is added in the metal coordination sphere. Nevertheless, with a 40% final residue, it did not appear that the volatility of the modified precursor improved a lot. These studies indicated that the thermal characteristics of the new precursors at atmospheric pressure are not very favorable for their use in the conventional MOCVD. In order to more accurately assess the volatility of the compounds, vapor pressure studies were conducted on compounds A, 1 and 2. The vapor pressure values are given in the Supporting Information. Their temperature dependence (Figure 2b) is obtained by linear least-squares treatment of the data and fitted using the equation log (p/Pa) = A/(T/K) + B (Table 1). The results obtained show that the progressive addition of the thd ligand makes it possible to obtain increasingly volatile compounds 1 and 2. For [SnCl4(µ-OEt)2Ti(thd)(OEt)(HOEt)] ( 1), the change of the slope trend at about 373 K shows that it must be thermally unstable. Indeed, the difference in slope in Figure 2b for the temperature range 357-370 K suggested that it underwent a redistribution of ligands to transform into compound [SnCl4(µ-OEt)2Ti(thd)2] (2). Subsequent crystallization of the products from dichloromethane obtained after 1 was maintained at 80°C for a few hours and structural determination by single crystal X-ray studies, which showed the isolated species as the solvated dichloromethane species [SnCl4(µ-OEt)2Ti(thd)2]•CH2Cl2 (2a), further confirmed the above redistribution of 1 into A and 2 (Figure S3). Using van't Hoff equation, it was obtained the enthalpy of sublimation and the entropy of the studied precursors (Tables S2 andS3). The DFT calculations on the precursors provided further confirmation on above redistribution of 1 into A and 2. The optimized structures of these compounds showed geometrical parameters which were largely consistent with their single crystal X-ray data (see supplementary information, Table S1). The cohesive energy of reactant 1, calculated from the ab initio molecular dynamics (AIMD) simulations at 353 K, was found to be -4.33 eV/ atom, which is slightly less than the cohesive energy of the products of above redistribution (-4.37 eV/atom), indicating that the products were more stable than the reactant at 353 K. Although the vapour pressures obtained (around 0.1 Pa at 323 K) were slightly lower than the typical values used in MOCVD or ALD processes, [START_REF] Ritala | Handbook of Thin Film Materials[END_REF] the most volatile and stable compound 2 was tested in mixed TiO2-SnO2 thin-film deposition by CVD. Film deposition was performed at 330 °C on Si wafer or Si/SiO2 substrates under low pressure conditions with the precursor container maintained at 150 °C. The Scanning Electron Microscopy (SEM) images of the deposited films exhibited a nano-structured granular layer that was not dense but uniformly covered and continuous (Figure 3). Depending upon substrate's position in the reactor and deposition time, the film thickness varied in the range 10-170 nm, as indicated by the ellipsometry measurements (please see Supporting Information for more details). However, XRD and Energy-Dispersive Xray spectroscopy (EDX) studies at different points in the film showed varying Ti and Sn ratio with the compositions changing in the range Ti0.33Sn0.66O2 to SnO2 (one particular XRD is displayed as Fig. 3c). For gaining a deeper knowledge of the composition and chemical state of the elements present, X-ray photoelectron spectroscopy (XPS) studies were conducted on a representative sample (Fig. 3d-f). The survey spectra revealed that besides containing tin, titanium and oxygen, these films also had a high carbon content upto 28% because of incomplete decomposition of the precursor. Quantitative analysis of the sample revealed an Sn/Ti stoichiometry close to 2. In the core level spectra, the presence of Ti 4+ is indicated by the binding energies at 458.4 eV and 464.2 eV, due to Ti 2p3/2 and Ti 2p1/2, respectively, [START_REF] Gahlot | Room-temperature conversion of Cu2-xSe to CuAgSe nanoparticles to enhance the photocatalytic performance of their composites with TiO2[END_REF][START_REF] Gahlot | Precursor-mediated synthesis of Cu2-xSe nanoparticles and their composites with TiO2 for improved photocatalysis[END_REF] whereas the electron binding energy (BE) value for Sn 3d5/2 appears at 486.6 eV, indicating the presence of an oxygen-deficient SnOx (with 2 ≥ x ≥ 1). These results suggest that the asymmetric structure of the bi-metallic compound led to a fragmentation of the molecule under CVD conditions (eq. 1), thus resulting in an asymmetry of reactivity with a multi-halogenated fragment being much more reactive than the fragment containing the β-diketonate ligands. Indeed, both Ti and Sn fragments have been employed

separately in CVD experiments for the deposition of TiO2 and SnO2, respectively. While the closely related compound [Ti(OPr i )2(thd)2] is commercially available and bench-mark precursor for the CVD deposition of TiO2, [START_REF] Bhakta | MOCVD of TiO2 thin films and studies on the nature of molecular mechanisms involved in the decomposition of [Ti(OPr i )2(tbaoac)2[END_REF] the tin fragment SnCl4 has also been employed frequently for the deposition of SnO2. [START_REF] Molloy | Precursors for the formation of tin(IV) oxide and related materials[END_REF] As the above Ti precursor requires higher temperature (~500 °C) than SnCl4, it is no surprise that under our CVD conditions (substrate temperature 330 °C) a majority of Ti-species is pumped off leaving behind Sn-rich films.

The AIMD calculations on 2 at 623 K further confirmed its dissociation into two homometallic components i.e. Ti(thd)2(OEt)2 and SnCl4, as indicated by high energy fluctuation for 2 below 4 ps in the Figure 4, which smoothens gradually after the dissociation (the dissociated SnCl4 shown in dotted red circle in Fig. 4). The associated negative dissociation energy (-0.83 eV) indicates exothermic nature of the reaction and, therefore, an energetically favorable transformation. 41 In conclusion, the thermal behavior of a series of bi-metallic Ti-Sn precursors was evaluated in terms of their molecular structure resulting from the progressive addition of the thd ligand. The thd ligand improved the volatility of the precursors but also generated a strong asymmetry in the structure, which is consisted of SnCl4 and Ti(thd)(OEt)(EtOH) or Ti(thd)2 fragments bridged through two ethoxo groups. During gas phase deposition, this structural asymmetry led to different reactivities of the two metallic fragments and the deposition of a tin-rich layer. These results show that having a volatile bimetallic precursor is not a guarantee of film homogeneity by MOCVD, as it is equally important to ensure that the reactivity of each metal center is not too different. 
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Scheme 1 .

 1 Scheme 1. Synthesis of heteroleptic alkoxo-β-diketonato bimetallic Sn-Ti species and redistribution of 1 into A and 2.

[ 1 .Figure 1 .

 11 Figure 1. Perspective views of (a) [SnCl4(µ-OEt)2Ti(thd)(OEt)(HOEt)] (1) and (b) [SnCl4(µ-OEt)2Ti(thd)2] (2) with displacement ellipsoids drawn at the 30% probability level. H atoms are

Figure 2 .

 2 Figure 2. (a) TGA curves and (b) temperature variation of vapor pressure of [SnCl4(µ-OEt)2Ti(OEt)2(HOEt)2] (A) ( ), [SnCl4(µ-OEt)2Ti(thd)(OEt)(HOEt)] (1) ( ) and [SnCl4(µ-OEt)2Ti(thd)2] (2) ( ). The fit parameters of the linear trends are given in theTable 1. Erreur !

Figure 3 .

 3 Figure 3. Characterization of thin films deposited on Si wafers using the precursor 2: (a and b) Representative surface and cross-sectional SEM images, (c) XRD, and (d-f) XPS spectra.

Figure 4 .

 4 Figure 4. The ab initio molecular dynamics (AIMD) simulations of 2 at 623 K.
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 11 Sublimation parameters from the vaporization of A, 1 and 2.

			Log (p/Pa) = A/(T/K) + B	
	Precursor	T range /K		
			A	B
	(A)	340 to 420	-1919 ± 232	3.869 ± 0.623

spectra of new precursors, single crystal structure of 2a, digital images of precursor 1 before and after heating as well as ellipsometry parameters on selected samples. This material is available free of charge via the Internet at http://pubs.acs.org.
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Synopsis

The introduction of sterically crowded thdH ligand in the Ti-Sn heterometallic precursors improves the volatility of the precursors significantly, but also generates a strong asymmetry in the structure, leading to different reactivities of the two metallic fragments during MOCVD and the deposition of a tin-rich layer.