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Water-soluble, heterometallic chalcogenide oligomers as building blocks for functional films †

Monometallic chalcogenide aqueous complexes such as (Sn 2 S 6 ) 4-and (Sn 4 S 10 ) 4-are widely used as functional ligands with applications in nano-electronics and solar cells. We propose a general process route to the formation of all-inorganic, heterometallic chalcogenide oligomers, thus expanding the range of these functional aqueous ligands. From electrospray ionization mass spectrometry, tetramers were shown to be the most predominant oligomers synthesized in Sn(IV)-Zn(II)-S(II), Sn(IV)-Zn(II)-Se(II) and Sn(IV)-Ga(III)-S(II) systems. While tetramers possessing exclusively one Zn cation were identified in the Sn(IV)-Zn(II)-S(II) system, the full range of solid solutions was achieved for (Sn a -Ga b -S c ) t-oligomers with 1 ≤ a ≤ 4. Using in situ characterization by 119 Sn liquid NMR and Raman spectroscopy, supported by DFT calculations, we demonstrate that the various tetramers adopt a compact adamantane-like structure. The charge of the heterometallic oligomers was shown to be controlled by the doping cation valence and the chalcogenide anion deficiency in the tetramers. These water-soluble heterometallic chalcogenide oligomers can serve as ligands, residue-free dispersants or building blocks for functional film fabrication. Using these oligomers, we report here the fabrication of chalcogenide solar cells employing environmentally friendly, all-aqueous, (Sn a -Zn b -S c ) t--capped CZTS nanocrystal inks.

Introduction

Soluble metal chalcogenide complexes represent exciting building blocks largely used in various applications such as nanoelectronics, 1,2 photovoltaics 3 or thermoelectrics. [4][5][6] The use of hydrazinium soluble complexes for semiconducting films was first introduced by Mitzi et al. 1 Indeed, the clean temperature decomposition of these precursors yields ultrathin (50 Å), crystalline and continuous metal chalcogenide films for nanoelectronics. Used as electronic linkers, these soluble complexes have been proven to increase electron mobility in nanocrystal arrays, allowing semiconductors to be patterned onto large area substrates for photovoltaics or thermoelectrics. 7 More recently, the number of these hydr-azinium metal chalcogenide complexes has been increasing. A general synthetic route involving the use of an alkali metal hydride was proposed 8 for dissolving a number of metal chalcogenides previously considered to be unreactive. Availability of new complexes such as CdTe 2-, Cd 2 Se 3 2-, PbTe 2 2-, and Bi 2 Te 5 4-has allowed achieving excellent electron mobility in nanocrystal semiconductor films, widely used in photovoltaics and thermo-electrics. Another strategy is to develop hydrazinium-free, water-soluble, environmentally friendly metal chalcogenide precursors. These water-soluble metal chalcogenide oligomers can be associated with NH 4 + counterions to yield highly pure films. While many metal chalcogenide clusters were previously synthesized with an emphasis on the use of organic cations as structure-directing agents, 9,10 purely inorganic, hydrazinium-free chalcogenide systems have received less attention. Pioneering studies by Krebs 11-15 described isolated water-soluble (Sn 2 S 6 ) 4 , (Sn 4 Se 10 ) 4-, and (Ga 4 Se 10 ) 8- chalcogenide complexes with Na + as the counterion. The reported complexes, usually composed of two or four metal centers of the same metallic cation, were largely developed as ligands for improved electrostatic colloidal stabilization 16 or enhanced electronic coupling. 17 Here, we propose to expand the list of these water-soluble, all-inorganic complexes to heterometallic chalcogenide oligomers. Indeed, association of metal cations that display various valences in a single metal chalcogenide oligomer can could prove effective as building blocks for the design of an aqueous, environmentally friendly process route to the fabrication of Cu 2 ZnSnS,Se 4 (CZTS,Se) solar cells. We will show that these building blocks can serve as highly charged, all-inorganic, aqueous ligands. Preliminary results describing a solar cell fabricated from an all-aqueous, (Sn a -Zn b -S c ) t- capped CZTS nanocrystal dispersion and displaying an encouraging efficiency of 2.6% are reported.

Experimental section

Chemicals (NH 4 ) 2 S (solution, 20% d = 1.1 Sigma Aldrich), ZnCl 2 (Sigma), SnCl 4 5H 2 O (Fisher Chemicals), CH 3 NaO 3 S•xH 2 O (or hydroxymethanesulfinate hydrate or Rongalite, Aldrich) and Se metal (Acros) were used as received. GaCl 3 solution was prepared by dissolution of Ga 2 O 3 (99.99%, Rhodia) in 6 M HCl in an autogeneous reactor at 200 °C for 16 h.

Heterometallic chalcogenide oligomer synthesis

Two main process routes have been proposed 11,12 for the synthesis of water-soluble chalcogenide oligomers. The first route involves the metal sulfide dissolution in highly basic sulfide solution. In the second route, the oligomers are formed from homogeneous ionic solutions. Because the metal sulfide dissolution process involves highly basic pH, we have explored the formation of heterometallic chalcogenide oligomers from homogeneous solutions since this route allows investigation of larger [S 2-] and pH ranges. Oligomers were prepared from solutions defined by two key parameters, s and h (or oh), s = [S 2-]/∑[M], h = [H + ]/∑[M], and (oh) = [OH -]/∑[M], with M = Sn (IV) or Zn(II) or Ga(III).

Experimental procedure for the preparation of (Sn a -Zn b -S c ) t-oligomers. Typically, a solution containing Sn 4+ and Zn 2+ cations was prepared by dissolution of 4.7 g (13.33 mmol) of SnCl 4 5 H 2 O and 0.912 g (6.66 mmol) of ZnCl 2 into 100 mL 0.1 M HCL (H + /([Zn] + [Sn]) = 0.5). 100 mL of ammonium sulfide solution was prepared by dilution of 37.15 mL of 3.23 M (20% (NH 4 ) 2 S) commercial solution using deionized Preparation of (Sn a -Ga b -S c ) t-oligomers. Similarly, a solution containing Sn 4+ and Ga 3+ cations was prepared by dissolution of 1.75 g (5 mmol) of SnCl 4 5H 2 O into 6.25 mL (5 mmol) of 0.8 M GaCl 3 solution and made up to a final volume of 25 mL. This metal cation solution was added to 25 mL of ammonium sulfide solution, prepared by dilution of 18.55 mL of 3.23 M (20% (NH 4 ) 2 S) commercial solution. A limpid (Sn a -

Ga b -S c ) t-oligomer solution (x Ga = [Ga]/([Sn] + [Ga]) = 0.50, ([Sn] + [Ga]) = 0.2 M, s = [S 2-]/([Sn] + [Ga]) = 6
) was obtained by the instantaneous addition of the solution containing the improve their electronic and thermal conduction. In addition, their large-scale use in numerous applications such as thermoelectrics and photovoltaics will be facilitated if they are cheap and simple. A nice platform suited to the integration of these heterometallic chalcogenide oligomers is earth abundant copper-zinc-tin chalcogenide (Cu 2 ZnSnSSe 4 , CZTSSe) thin films. These films have recently attracted increasing attention [18][19][20][21] as absorbers for low-cost solar cells. Indeed, solution-based deposition routes 22,23 have been recently proposed to potentially provide low-cost scalable routes for the fabrication of CZTSSe solar cells. While solution-based process routes currently involve hydrazine 22 or hexane-thiol 23 as solvents, less toxic 24,25 or safer process routes involving green, stable, all-aqueous inks 26 were recently reported for the fabrication of CZTS solar cells. To produce all-aqueous inks, tin chalcogenide complexes including Sn 2 S 6 4-and Sn 2 S 7 6-were proposed as ligands to in situ cap the Cu/Zn sulfide nanoparticles, 26 resulting in homogeneous and stable dispersions for the formation of CZTS,Se films. Another environmentally friendly approach was developed in our group involving a high temperature nanocrystal synthetic route 27 producing low electronic-defect concentration Cu 2 ZnSnS 4 (CZTS) building blocks. The surfaces of these CZTS nanocrystals were further purified by S 2-exchange, yielding deagglomerated Cu 2 ZnSnS 4 nanocrystal dispersions. Hence, the design and synthesis of suitable ligands are key steps in the fabrication of high performance films. 28 In this context, expanding the range of water-soluble, all-inorganic, highly electrostatically charged metal chalcogenide oligomers represents an interesting challenge. In particular, heterometallic chalcogenide oligomers should be of great interest since they could allow both a better nanocrystal surface charge control and a homogeneous finetuning of the nanocrystal film composition. Because of the high potentiality of the CZTSSe solar cell as a low-cost solar cell, 18 we focus on the design and synthesis of (Sn a -Zn b -S c ) t- oligomers. Indeed, Sn and Zn cations over-stoichiometries are required for the fabrication of high performance CZTSSe solar cells, 22 rendering (Sn a -Zn b -S c ) t-oligomers very attractive as all-inorganic dispersants for the design of high purity CZTS dispersions. Heterometallic (Sn a -Ga b -S c ) t-oligomers including Ga(III) were also explored. We selected Ga(III) as a model trivalent dopant capable of promoting the electronic conductivity of CZTS 29 for thermoelectric applications.

A general method for the synthesis of highly water-soluble, discrete, heterometallic, chalcogenide oligomers is proposed involving a facile, low-cost process route and ammonium as the residue-free counterion. Our strategy is based on the incorporation, under mild conditions, of a high-valent cation, introducing stacking faults or symmetry loss into the chalcogenide framework, resulting in lower molecular mass, highly watersoluble oligomers. The chemical composition of the oligomers was determined by electrospray ionization mass spectrometry, demonstrating their heterometallic character. The structure of the oligomers was probed by liquid 119 Sn NMR and Raman spectroscopy and supported by quantum chemical calculations at the DFT level. These heterometallic chalcogenide oligomers Raman spectroscopy. Micro-Raman measurements were performed using a Horiba Jobin Yvon XPlora equipped with an Olympus microscope. A 40× objective with a long working distance has been used. The focus point was localized inside the solution, allowing convective mixing which prevents from sample heating. As a consequence, full laser power can be selected, i.e., at the maximum value of 15 mW for a 638 nm laser excitation. The accumulation time was adjusted to a couple of tens of seconds yielding a clear Raman signal.

DFT calculations. Calculations were carried out using the Gaussian 09 [START_REF] Frisch | Gaussian[END_REF] package at the DFT level by means of the hybrid density functional B3PW91. [START_REF] Perdew | [END_REF]32 For the Sn, 33 Zn, 34 Ga 35 and Se 33 atoms, the Stuttgart-Dresden pseudopotentials were used in combination with their extended valence basis sets. [33][34][35][36] For the sulfur atoms, the augmented and polarized all electron 6-311++G(d,p) 37 basis sets were used. Optimizations were carried out without any symmetry restriction. The nature of the optimized stationary point, minima or transition state has been verified by means of analytical frequency (IR and Raman) calculations at 298.15 K and 1 atm. Compounds have been optimized in water by means of the SMD solvation model implemented in Gaussian 09. 38 Final frequency calculations have also been computed within the SMD implicit solvation scheme.

Solution exchange and infiltration of heterometallic oligomercapped ultrafine ZnS colloids

Ligand solution-exchange. CZTS nanocrystals were synthesized using a high temperature gas-templated route in molten KSCN. Details of their synthesis and nanocrystal properties are reported in ref. 27. Carbon-containing surface species such as SCN -identified on the as-synthesized nanocrystals 27 were solution-exchanged using a (Sn a -Zn b -S c ) t-oligomer solution initially prepared at x Zn = 0.33. In a typical experiment, CZTS nanocrystals prepared as described in ref. 27 were ball-milled in EtOH and later extensively washed with H 2 O. After successive centrifugation and redispersion in H 2 O, colloidal aqueous dispersions of CZTS nanocrystals were collected and made to come into contact with a (Sn a -Zn b -S c ) t-, x Zn = 0.33, oligomer solution prepared at 0.1 M ([Sn] + [Zn]). After stirring at room temperature for about 16 h, CZTS nanocrystals were recovered by using an ultracentrifuge at 16 000 rpm and redispersed into a fresh aliquot of the (Sn a -Zn b -S c ) t-, x Zn = 0.33, oligomer solution. This operation was repeated three times. The solid nanocrystals were finally redispersed into 0.01 M (NH 4 ) 2 S yielding a nanocrystal ink of ∼35 g L -1 .

Infiltration of oligomer capped-ZnS colloids into CZTS nanocrystal films. A purified oligomer capped-ZnS colloid dispersion (x Zn = 0.66) was prepared using a similar procedure to that previously described for the x Zn = 0.33 oligomer solution. A 2.2 µm thick CZTS nanocrystal film was first prepared by the multi-coating deposition technique onto a glass/Mo electrode. Using a diluted oligomer capped-ZnS colloid dispersion (0.02 M Zn + Sn), infiltration was performed by successive dip coatings (v = 50 mm min -1 ) onto freshly prepared CZTS nanocrystal films. metal cations into the (NH 4 ) 2 S solution and then stirring overnight.

Preparation of (Sn a -Zn b -Se c ) t-oligomers. The (NH 4 ) 2 Se solution was prepared by reduction of Se metal using CH 3 NaO 3 S•xH 2 O (Rongalite) as a reducing agent under a N 2 atmosphere. Typically, 5.70 g Rongalite was dissolved into a 4 MNH 3 solution. Then 20 mmol of Se (1.58 g Se) were added into the as-prepared basic solution. Once the Se was completely dissolved, a solution containing Sn 4+ 

Oligomers characterization

While the identification of metal chalcogenide solid clusters is generally performed by single-crystal X-ray diffraction, large broad peaks were recorded by X-ray investigation on precipitated solid oligomers. Insights into the speciation of solution species and the structure of the oligomers were gained using in situ liquid techniques including electrospray ionization mass spectrometry (ESI-MS), Dynamic Light Scattering (DLS), and Raman and NMR spectroscopy.

Electrospray ionization mass spectrometry (ESI-MS). ESI-MS data were collected using a Xevo G2 Q Tof MS instrument equipped with an electrospray (ESI) source supplied by Waters. The detector is an electron multiplier and all the data were processed using the Masslynx 4.1 software. 1 µl of the sample was introduced into the MS using flow injection analysis. The electrospray source was used at a drying nitrogen gas temperature of approx. +100 °C. Because ionization processes induce fragmentation, careful optimization of the experimental conditions was performed for the speciation chemistry in solution. ESI parameters used in each data ESI-MS collection are cone voltage = 30 V and time of acquisition = 2 min. All the MS data were collected in negative ion mode on the as-synthesized solutions (0.1 M ([Sn] + [Zn]) or 0.1 M ([Sn] + [Ga])) without any dilution. The spectrometer was calibrated to give a precision of 3.0 ppm in the region 100-2000 m/z. In the following, experimentally identified species are reported in the figures. Note that these species are often protonated. Because this protonation can arise from either the gas phase protonation in the mass spectrometry chamber or the slightly basic pH of the solutions, these species will be mentioned in the text under their non-protonated form for clarity.

119 Sn Liquid NMR spectroscopy. 119 Sn Liquid NMR spectra were recorded at 112 MHz on an AVANCE 300 Bruker spectrometer equipped for double resonance including a BBFO Z-gradient Automatic Tune and a Mach probe head. The NMR pulse program is a 1D sequence using a 30-degree flip angle of 3.3 microseconds length. In all the samples, 5 drops of D 2 O have been added for locking the magnetic field and for calibration. Spectra were recorded with a 2 s relaxation time and 26 000 scans.

-60 ppm previously tentatively attributed 16 to these polymerized species (Sn 4 S 10 ) 4-was not observed in our spectrum. Note that the Raman spectrum recorded on this slightly basic solution reveals a main broad peak centered at 345 cm -1 and a secondary peak at 370 cm -1 .

the adamantane-like one has been assessed by DFT calculations. Consistent with the experimental data previously reported, 14 our calculations indicate that the adamantane T 2 structure is more stable than the linear polytetrahedron (T 1 ) 4 by 11.8 kcal mol -1 (Δ r G°value).

Ga(III)-S system. While soluble oligomers were synthesized in the Sn(IV)-S(II) system over the whole range of [OH -]/[Sn 4+ ] ratios investigated, limpid dispersions of oligomers in the Ga(III)-S(II) system ([Ga 3+ ] = 0.1 M) were achieved only in highly basic reaction mixtures (6 ≤ [OH -]/[Ga 3+ ] ≤ 10). Under less basic conditions, [OH -]/[Ga 3+ ] ≤ 6 and [H + ]/[Ga 3+ ] ≤ 1, limpid oligomer solutions were exclusively observed after (NH 4 ) 2 S and NH 4 Cl by-product removal from the solutions (Fig. S1b †). Similarly to the Sn(IV)-S(II) system, electrospray ionization mass spectrometry data indicate the formation of oligomers displaying various polycondensation degrees depending on the synthesis pH conditions. Under highly basic conditions, a high proportion of short, low molecular mass (GaS 2 ) - 

Solar cell fabrication

Crack-free Cu 2 ZnSnS 4 films were prepared by dip coating the glass/Mo electrode into a (Sn a -Zn b -S c ) t-oligomer-capped CZTS nanocrystal aqueous dispersion. Typical conditions for dip coating were v = 200 mm min -1 . Crack-free films exhibiting a final thickness of about 2.2 µm were achieved after multiple depositions (18 layers) from aqueous Cu 2 ZnSnS 4 dispersions (c =35 gL -1 ) under air atmosphere. Complete carbon purification of nanocrystal films was achieved by implementing a purification step (500 °C 30 min, 125 mg Se) in our annealing process. Densification of the CZTS films was performed under selenium partial pressure (125 mg Se) at 580 °C. The surface of the solar cells was S =2 ×2 mm 2 .

Results and discussion

Monometallic M n+ (M n+ = Sn(IV), Ga(III) or Zn(II)) chalcogenide oligomers Water-soluble monometallic chalcogenide oligomer formation domains (Fig. S1a and S1b †) were determined on reaction mixtures prepared at [M] = 0.1 M, (M = Sn(IV), Ga(III) or Zn(II)). These formation domains were explored using the two key parameters s and h (or oh),

s =[S 2-]/[M], h =[H + ]/[M], oh = [OH -]/[M].
Sn(IV)-S(II) system. Limpid, green-yellow (Sn a S b ) t-solutions were achieved in a large domain of s and h (or oh) values, 4 ≤ s ≤ 12 and 0 ≤ h ≤ 1.75, 0 ≤ oh ≤ 9.5, with the pH ranging from 8.9 to 10.7. Under high pH conditions, previous studies 16,17 describing the synthesis of chalcogenide complexes formed from solid metallic sulfide dissolution report the formation of a unique (Sn 2 S 6 ) 4-chalcogenide complex. For our sample prepared under highly basic conditions, oh = [OH -]/[Sn 4+ ] = 9.5 (Fig. S2 †), Electrospray Ionization Mass Spectrometry (ESI-MS) data reveal a distribution of short oligomers including (SnS 3 ) 2-, (Sn 2 S 5 ) 2-, and (Sn 3 S 7 ) 2-. Interestingly, while (SnS 3 ) 2-, (Sn 2 S 6 ) 4-, and (Sn 3 S 7 ) 2-oligomers were also identified in the solutions prepared at lower pH, 0 ≤ h ≤ 1.75, an intense signal arising from the (Sn 4 S 10 ) 4-oligomer was detected (Fig. 1a and S3a †). For these monometallic (Sn a -S b ) t-solutions prepared at slightly basic pH, the liquid 119 Sn NMR spectrum shows peaks at δ = 55 ppm and δ = 77 ppm. The peak at δ = 55 ppm was previously assigned to (Sn 2 S 6 ) 4-species while the peak at δ = 77 ppm was attributed to mononuclear complexes such as (SnS 4 ) 4-or (SnS 3 ) 2-. 16 Although the presence of the (Sn 4 S 10 ) 4- oligomer was clearly demonstrated by ESI-MS, the peak at The structures of these (Sn a -S b ) t-oligomers were previously reported in the literature. 14 Previous data have demonstrated that the (Sn 4 S 10 ) 4-oligomers display an adamantane scaffold. 14 Concerning these (Sn 4 S 10 ) 4-oligomers, the relative stability of a linear polytetrahedron structure with respect to dispersions synthesized by the addition of a (Zn 2+ , Sn 4+ ) solution onto the (NH 4 ) 2 S solution was determined for various x Zn values, 0.20 ≤ x Zn ≤ 0.85 (Fig. 2). Limpid dispersions to the naked eye were observed in a large range of x Zn , 0.0 ≤ x Zn ≤ 0.75. Consistently, more highly concentrated limpid solutions were achieved at compositions close to the highest soluble (Sn a -S b ) t-oligomer.

An ESI-MS investigation performed on these limpid solutions (Fig. 3a) without any dilution synthesized at different x Zn values, x Zn = 0.33, 0.50, and 0.66, revealed the presence of oligomers displaying similar compositions but in different proportions as shown by the relative intensities of the ESI-MS peaks. In these solutions, monometallic Sn chalcogenide oligomers including (SnS 3 ) 2-, (Sn 2 S 5 ) 2-, (Sn 3 S 7 ) 2-, (Sn 3 S 8 ) 4-, and (Sn 4 S 10 ) 4-were detected in association with heterometallic oligomers (Fig. 3b). Indeed, mass spectrometry data clearly reveal the presence of heterometallic oligomers including (SnZnS 4 ) 2-, (Sn 2.0 Zn 1.0 S 6 ) 2-, (Sn 2.0 Zn 1.0 S 7 ) 4-, (Sn 3.0 Zn 1.0 S 9 ) 4-, and (Sn 3.0 Zn 1.0 S 8 ) 2-with a larger proportion of the four metal center oligomers.

Interestingly, as shown by the isotope patterns reported in Fig. S3c, † two different heterometallic oligomers characterized by a different number of sulfide anions and possessing four metal centers including a sole Zn cation, (Sn 3.0 Zn 1.0 S 8 ) 2-and (Sn 3.0 Zn 1.0 S 9 ) 4-, were clearly identified. From quasi-elastic light scattering investigation, a hydrodynamic average size of 2 nm, consistent with the oligomer low molecular mass, was determined on samples prepared at x Zn ≤ 0.33. An increase of x Zn results in larger mean hydrodynamic diameter values oligomers was identified, consistently with the lower sensitivity to the ionic strength of these oligomer solutions. When synthesized in the lowest pH range, the ESI-MS spectrum (Fig. 1b) reveals a large distribution of oligomers including (GaS 2 ) -, (Ga 8 S 14 ) 4-, (Ga 9 S 14 ) -, (Ga 9 S 15 ) 3-, and (Ga 10 S 17 ) 4-. Interestingly, predominant peaks corresponding to large (Ga 8 S 14 ) 4-, (Ga 8 S 14 ) 4-, (Ga 9 S 14 ) -, (Ga 9 S 15 ) 3-, and (Ga 10 S 17 ) 4- oligomers containing up to 10 Ga atoms were identified in a small window of pH values, pH < 8.5. Note that under these pH conditions, the tetrameric (Ga 4 S 10 ) 4-oligomer was not detected in the solutions. The high molecular mass of the identified oligomers is consistent with their low solubility or their high sensitivity to the ionic strength observed for these oligomers. Consistently, size determination by dynamic light scattering (DLS) reveals a large hydrodynamic size, 30 nm < d 50 < 40 nm, for dispersions prepared at [H + ]/[Ga 3+ ] = 1.5 while dispersions prepared at [OH -]/[Ga 3+ ] = 7 displayed a hydrodynamic size of 3 nm. Concerning the oligomer dispersions synthesized under less basic conditions, the large discrepancy observed between the high value of d 50 and the low number of metal centers of the oligomer suggests the presence of aggregated entities. As revealed by ESI-MS and DLS characterization, more polymerized species are thus formed in the Ga(III)-S(II) system compared to the Sn(IV)-S(II) system. Indeed, the lower charge of Ga(III) compared with Sn(IV) makes it possible to form the tricoordinate sulfur sites needed for the formation of T 3 clusters, (Ga 10 S 20 ) 10-, containing up to 10 Ga atoms. 39 In addition, the large variety of polymerized oligomers identified by ESI-MS, namely (Ga 9 S 15 ) 3-, (Ga 10 S 17 ) 4-, (Ga 10 S 16 ) 2-and (Ga 10 S 17 ) 4-, are likely built adopting the T 3 framework. Indeed, the large sulfide anion deficiency observed in these oligomers suggests the formation of compact rather than linear structures.

Zn(II)-S(II) system. Consistent with previous reports describing the very low aqueous solubility of ZnS, 40 no soluble oligomer dispersion was achieved in the Zn(II)-S(II) system using our mild process route in spite of the large range of [S 2-]/[Zn 2+ ] and [OH -]/[Zn 2+ ] ratios investigated. This result is consistent with the higher degree and the faster kinetics of metal chalcogenide condensation gradually observed from tetravalent to bivalent metal cations. Indeed, the better control of condensation kinetics observed on the high-valent metal cation arises from the higher number of S 2-anions required to satisfy the local charge density matching. Therefore, the experimental chemical shifts observed at δ = 63 ppm and δ ∼ 82/85 ppm result from the incorporation of the Zn cation into the four metal center (Sn 3.0 Zn 1.0 S z ) t-oligomers. Raman spectra recorded on the various dispersions exhibit a main broad peak centered at 345 cm -1 and a secondary peak at 370 cm -1 (Fig. 4b). Although deconvolution of the main broad peak shows a slight increase of the frequency of this peak observed with increased x Zn (Fig. 4b), full assignment of these peaks remains inconclusive due to the overlapping of the different peaks in this region. Indeed, ν 1 (A 1 ) and ν 3 (T 2 ) Raman frequencies 13 of SnS 4 4-were reported respectively at 348 and 344 cm -1 while the Raman frequencies of 1-longitudinal-optical phonon mode of cubic ZnS 41 and quasi longitudinal mode of Wurtzite ZnS 42 were respectively reported to be 343 cm -1 and 350 cm -1 . Sn(IV)-Zn(II)-Se(II) system. The versatility of our mild process route was demonstrated by the formation of heterometallic oligomers in the Zn(II)-Sn(II)-Se(II) system. In a first stage, a procedure for the formation of (NH 4 ) 2 Se solution was developed. Se 2-solutions were obtained from the dissolution of the Se metal into NH 3 solutions using Na + SO 2 CH 2 OH (Na hydroxyl-methane-sulfinate or Rongalite) as a reducing agent. Note that the (NH 4 ) 2 Se solution synthesis was (Fig. S4 †). Indeed, dispersions prepared at x Zn ,0. 33 ≤ x Zn ≤ 0.50, show a mean size of 5 nm while dispersions synthesized at x Zn = 0.66 possess a hydrodynamic diameter of around 18.5 nm. Although all these dispersions are limpid to the naked eye, these data suggest that the (Sn a -Zn b -S c ) t-heterometallic oligomers are mainly obtained at low x Zn values, x Zn ≤ 0.33, while dispersions formed for x Zn > 0.40 probably contain predominantly ZnS colloids. Interestingly, the size monodispersity of the nano-objects observed at x Zn = 0.5 shows the formation of a monodisperse population of ZnS colloids stabilized by (Sn 4-x Zn x S z ) t-oligomers. Liquid 119 Sn NMR spectra recorded on the various dispersions show traces at δ = 55 ppm and δ = 77 ppm previously observed on the monometallic (Sn a S b ) t-oligomers and respectively attributed to (Sn 2 S 6 ) 4-and SnS 4 4-/SnS 3 2-species. 16 More importantly, additional peaks of higher intensities are clearly observed at δ = 63 ppm and δ ∼ 82/85 ppm for the entire range of x Zn investigated (Fig. 4a). Because a unique heterometallic tetramer oligomer possessing a lonely Zn cation was observed whatever the x Zn value, liquid 119 Sn NMR spectra recorded on the various dispersions display identical additional peaks. In addition, the larger intensity of these additional peaks observed on the x Zn = 0.33 dispersion is consistent with the (Sn 4 Se 10 ) 4-species. Similarly to the (Sn a S b ) t-oligomer solution, we thus clearly demonstrate the presence of (Sn 4 Se 10 ) 4- oligomers in slightly basic solutions. Similarly to the Sn-Zn-S system, investigation of the Sn-Zn-Se system at various x Zn values, x Zn = 0.33, 0.5 and 0.66, reveals the formation of heterometallic oligomers displaying similar compositions, independently of x Zn . Simultaneously with the presence of (SnSe 3 ) 2-, (Sn 2 Se 5 ) 2-, and (Sn 4 Se 10 ) 4-homometallic oligomers, (SnZnSe 4 ) 2-, (Sn 3 ZnSe 8 ) 2-, and (Sn 3 ZnSe 9 ) 4-heterometallic oligomers were identified by ESI-MS in the solutions prepared at various x Zn values, x Zn = 0.33 (Fig. 5b), 0.50 and 0.66. As illustrated by the isotope patterns, various heterometallic oligomers containing one Zn cation and different numbers of sulfide anions (Sn 1.0 Zn 1.0 Se 4.0 ) 2-, (Sn 3.0 Zn 1.0 Se 8.0 ) 2-, and (Sn 3.0 Zn 1.0 Se 9.0 ) 4-were clearly observed (Fig. 5 and S3c †). Nevertheless, in contrast to the tetramers, no stable structure was achieved from our DFT calculations for the (Sn 1.0 Zn 1.0 Se 4 ) 2-oligomer. Therefore, the (Sn 1.0 Zn 1.0 Se 4 ) 2-oligomer experimentally observed by mass spectrometry probably arises from fragmentation in the mass spectrometer. Raman spectra of (Sn a -Zn b -Se c ) t-oligomers were recorded on the solution prepared at x Zn = 0.33. Peaks were observed at 208 cm -1 , 194 cm -1 , 173 cm -1 and 162 cm -1 (Fig. 5c). Note that the adamantane structure of the monometallic tetramer (Sn 4 Se 10 ) 4-was previously and unambiguously determined. 14 In addition, experimental Raman peaks recorded on the monometallic (Sn a Se c ) t-oligomer observed in the region of 199 cm -1 (ν 1 •A 1 ) were previously assigned 43 to low molecular species such as the (SnSe 4 ) 4-monomer while peaks observed in the region of 178 cm -1 (ν 2 •A 1 ) were assigned to adamantane-like tetrameric species. 43 In contrast to SnS 4 4-and ZnS vibrations, no significant overlapping exists concerning the Raman peaks of the (Sn 3 Zn 1.0 Se 9 ) 4-heterometallic selenide oligomer. In order to better clarify the structure of the latter heterometallic tetramer, Raman spectra of these oligomers were computed at a DFT level on these selenide oligomers. We report the calculated Raman shifts and scattering activities of (Sn a Se c ) t-and (Sn a -Zn b -Se c ) t-oligomers in Table 1.

From our calculated Raman shifts, some assignments of the various experimental Raman peaks recorded on the (Sn a Zn b Se c ) t-oligomer solutions could be made:

-Main vibrations of low molecular mass species were determined from our calculations in the 205 cm -1 -215 cm -1 frequency region: (SnSe 3 ) 2-at 208 cm -1 and (Sn 2 Se 5 ) 2-at 212 cm -1 . Experimental peaks respectively observed at 194 cm -1 and 205 cm -1 were thus respectively assigned to (SnSe 3 ) 2-and (Sn 2 Se 5 ) 2-species, clearly identified on the ESI-MS spectra.

-Vibrations associated with the linear (Sn 4 Se 10 ) 4-structure were determined from our DFT calculations at 201 cm -1 while the main vibration of the (Sn 4 Se 10 ) 4-tetramer adamantanelike structure was determined in the region 170-180 cm -1 , corroborating the data previously reported in the literature. 43 From these observations, experimental peaks observed in the region 160-180 cm -1 clearly suggest the formation of tetrameric heterometallic oligomers displaying an adamantane-like conducted under N 2 to avoid the Se 2-oxidation by air. As for the sulfide oligomer heterometallic synthesis, (Sn a -Zn b -Se c ) t- oligomers were prepared by instantaneous addition of a Sn 4+ (or Sn 4+ ,Zn 2+ ) chloride solution to the as-synthesized (NH 4 ) 2 Se solution. Fine-tuning of the final pH of the oligomer solutions, in particular in the slightly basic pH range, was achieved through a pre-adjustment of the acidity (h =[H + ]/([Sn 4+ ]+ [Zn 2+ ])) of the Sn 4+ (or Sn 4+ +Zn 2+ ) chloride solution or the basicity of the (NH 4 ) 2 Se solution.

The mass spectrum of the (Sn a Se b ) t-monometallic oligomer solution prepared at [H + ]/[Sn] = 0.5, s = 3, [Sn] = 0.1 displays predominant peaks recorded at m/z = 634.4 and 1267.80 (Fig. 5a), which are respectively assigned to (Sn 2 Se 5 ) 2-and structure. Although our DFT calculations show that the incorporation of one Zn cation into the adamantane-like tetrameric structure does not result in a significant variation of the main Raman peak frequency, we tentatively assign the peaks experimentally observed at 173 and 162 cm -1 to the non-substituted (Sn 4 Se 10 ) 4-and Zn-substituted (Sn 3 ZnSe 9 ) 4- adamantane-like oligomers. The adamantane-like structures of the (Sn 3 ZnSe 8 ) 2-and (Sn 3 ZnSe 9 ) 4-oligomers as optimized by DFT calculations are reported in Fig. 6.

Heterometallic Sn(IV)-Ga(III) chalcogenide oligomers

In contrast to the formation of (Sn a -Zn b -S c ) t-oligomers, soluble (Sn a -Ga b -S c ) t-oligomer solutions were achieved in the whole range of x Ga yielding a larger oligomer formation domain (Fig. 2). Similarly to the Sn(IV)-Zn(II)-S(II) system, more highly concentrated (Sn a -Ga b -S c ) t-oligomer solutions were observed for compositions close to the most soluble (Sn a S c ) t- oligomer. Indeed, oligomer solutions with concentrations up to ([Sn] + [Ga]) > 0.4 M were prepared in the presence of NH 4 Cl by-products for x Ga values up to x Ga = 0.5 while oligomer solu-tions prepared at higher x Ga values exhibit a much lower ([Sn] + [Ga]) concentration.

An ESI-MS investigation performed on various (Sn a -Ga b -S c ) t-oligomer solutions, 0.33 ≤ x Ga ≤ 0.80, clearly indicates that these solutions contain oligomer distributions (Fig. 7). Interestingly, the composition and concentration of these oligomers depend on the x Ga molar fraction of the oligomer dispersion. In contrast to the (Sn a -Zn b -S c ) t-oligomer solutions, a very low proportion of monometallic oligomers containing exclusively Ga(III) cations, i.e. (GaS 2 ) -, (Ga 2 S 4 ) 2-or Sn(IV) cations (Sn 4 S 10 ) 4-, was determined from the relative intensities of the ESI-MS peaks. More importantly, a larger proportion of heterometallic oligomers including (Ga 3 SnS 8 ) 3-, (Ga 2 Sn 2 S 8 ) 2-, (Ga 2 Sn 2 S 9 ) 4-, (Ga 2 Sn 2 S 10 ) 6-, and (GaSn 3 S 10 ) 5-was detected by ESI-MS in these solutions (Fig. 7 and S3d †). It is worth mentioning that these (Ga a Sn b S c ) t-heterometallic oligomers are less polymerized compared to the monometallic (Ga a S c ) t- oligomers synthesized under similar conditions. Indeed, these heterometallic oligomers are shown to be mainly composed of four metal centers incorporating up to three Ga(III) cations.

We can note that the large variety of heterometallic tetrameric oligomers (Ga 3 SnS 8 ) 3-, (Sn 3 GaS 10 ) 5-, and (Sn 2 Ga 2 S 10 ) 6- possessing various Ga(III) cation and sulfide anion contents display various charges, thus allowing charge control by a fine tuning of the x Ga value. Liquid 119 Sn NMR spectra recorded on the (Sn a -Ga b -S c ) t-oligomer solutions display similar features to those observed on (Sn a -Zn b -S c ) t-oligomer solutions. Peaks at δ = 55 ppm and δ = 77 ppm and respectively assigned to the monometallic (Sn 2 S 6 ) 4-and SnS 4 4-/SnS 3 2-species were observed on the sample synthesized at x Ga = 0.33. Consistently, a significant decrease of the intensity of these peaks is observed with increased number of Ga(III) atoms in the heterometallic tetramers. More interestingly, as for (Sn a -Zn b -S c ) t- oligomer solutions, numerous additional peaks which were not observed on monometallic (Sn a -S c ) t-oligomers were clearly detected at δ = 82/85 ppm on heterometallic (Sn a -Ga b -S c ) t- oligomer solutions (Fig. 8a). Compared with the spectra recorded on (Sn a -Zn b -S c ) t-oligomer solutions, the larger the main peak values are overestimated, these calculations clearly show a lower frequency of the main peak for the (Ga 4 S 10 ) 4-adamantane tetramer compared with the (Sn 4 S 10 ) 4- tetramer. Thus, experimentally determined Raman shifts on the (Ga 4 S 10 ) 4-and (Sn 4 S 10 ) 4-adamantane tetramer solutions are consistent with the DFT results. Although more data including dynamic effective charge and intensity transfer between polar modes are needed to propose a more complete model, the continuous variation of the Raman shifts experimentally observed in the whole range of solid solutions demonstrates that the various (Sn a -Ga b -S c ) t-heterometallic oligomers preserve the adamantane structure. The structures of the (Sn 3 GaS 10 ) 5-(Sn 2 Ga 2 S 10 ) 6-and (Sn 2 Ga 2 S 9 ) 4-oligomers determined by DFT are reported in Fig. 9.

Heterometallic (Sn a -Ga b -S c ) t-oligomers were prepared by our mild process route. Incorporation of a tetravalent cation such as Sn(IV) into the Ga(III) oligomers allows the formation of a series of short, discrete, highly charged tetrameric adamantane oligomers. These heterometallic oligomers were fully characterized by ESI-MS, Raman and 119 Sn liquid NMR spectroscopy.

Discussion

Heterometallic chalcogenide oligomer formation results in poly-condensation inhibition. New concepts in synthesis and crystal structure have emerged from recent developments in porous chalcogenides. Incorporation of a lower-valent cation was previously reported to help increase the size of large trivalent metal chalcogenide solid clusters providing the required local charge matching. 39 In contrast, the incorporation of tetravalent cations tends to lower their size. In our experiments, while monometallic Sn(IV)-S and Ga(III)-S oligomers prepared using our mild poly-condensation route were shown to display various oligomer sizes consistent with local charge balance concepts (see the largest (Ga 10 S 17 ) 4- soluble monometallic oligomers), the largest soluble discrete heterometallic oligomers achieved by our mild poly-condensation route are mainly short oligomers composed of four metal centers. Thus, by a mild polycondensation process route occurring at room temperature, substitution by a higher-valent metal cation, e.g. insertion of Sn(IV) into a Ga(III) chalcogenide framework or of Sn(IV) into a Zn(II) framework, results in polycondensation inhibition. However, in a control experiment, no number of peaks appearing in the chemical shift range 82/85 ppm highlights the higher number of Sn environments observed in (Sn a -Ga b -S c ) t-oligomers. Fig. 8b shows Raman spectra recorded on various (Sn a -Ga b -S c ) t-oligomer solutions (x Ga = 0.00, 0.33, 0.5, 0.66 and 1.00) prepared under slightly basic conditions. Fine inspection of these spectra suggests a solid solution behavior involving two non-interacting vibration modes. Although the Raman behavior of solid solution is quite complicated, polar modes usually transfer their intensities 44 while both the position and intensities of transverse and longitudinal modes in solid solution are linked. 45 Fig. 8b shows a continuous variation of both the Raman intensity and the Raman shifts of the Ga-S vibration (310-320 cm -1 ) and of the Sn-S vibration (345 cm -1 ) observed for the whole range of solid solutions. Ge 4 S 10 4-,Ge Se 10 4-,Sn S 10 4-, and Sn 4 Se 10 4adamantane-like structures were previously reported as the predominant condensation structures in monometallic oligomer solutions of lower pH values. 14 To determine the structure of the heterometallic chalcogenide tetramers in the Sn(IV)-Ga(II)-S(II) system, Raman spectra of (Sn 4-x Ga x S 10 ) 4-adamantane-like species were thus computed at a DFT level. Table S5 † reports the calculated Raman frequency of the main peak for various species, 0 ≤ x Ga ≤ 1. The frequency of the main peak has been determined by convoluting Lorentzian functions whose amplitudes are proportional to computed Raman activity intensities and a half-band width of 20 cm -1 . Although ing high surface charge is highly desirable to ensure colloidal stabilization required for the preparation of highly pure metal chalcogenide nanocrystal films. S 2-, 47 (Sn 2 S 6 ) 4-molecular metal chalcogenides 17 were recently proposed to replace organic capping ligands on chalcogenide nanocrystals. The ability of a (Sn a -Zn b -S c ) t-oligomer solution (x Zn = 0.33) to efficiently strip off SCN -surface groups from our CZTS nanoparticles synthesized at a high temperature of 400 °C in molten KSCN 27 was demonstrated by infrared spectroscopy (Fig. 10). After making the as-synthesized SCN --capped CZTS nanoparticles come into contact with (Sn a -Zn b -S c ) t-oligomers, complete disappearance of absorption features in IR spectra is observed, confirming the absence of entities containing C-H and N-H bonds. Highly surface charged, perfectly deagglomerated CZTS dispersions were achieved as illustrated by the high electrophoretic mobility up to 5×10 -4 cm 2 V -1 s -1 determined on the (Sn a -Zn b -S c ) t-oligomer-capped CZTS nanocrystal dispersion as shown in Fig. 10. In spite of the large surface tension of H 2 O increasing the capillary stress during film drying, crack-free films with a final thickness of about 1.5-2.5 µm as required for high performance solar cells were successfully prepared from these aqueous nanocrystal dispersions. Fig. 10d depicts a typical 1.5 µm thickness, crack-free film displaying a high green density achieved by deposition of multiple, thin, crack-free layers.

(Sn x Zn y S z ) t-capped ZnS colloids as composition additives for high performance Cu 2 ZnSnS 4 solar cells in an all-aqueous process route. High performance CZTS films require a Cupoor composition, facilitating the formation of a self-compensated [V Cu -+ Zn Cu + ] 0 defect pair. 48 Indeed, CZTS nanocrystals displaying nonstoichiometric compositions are difficult to synthesize, usually yielding ZnS and SnS 2 secondary phases. 49 Fine-tuning of the non-stoichiometric composition of the CZTS film was achieved by infiltration of a (Sn a -Zn b -S c ) t-oligomer-capped ZnS colloid aqueous dispersion into the CZTS nanocrystal film. To minimize the chloride contamination of CZTS nanocrystal films, a procedure was developed for the preparation of low-chloride, heterometallic oligomer solutions (section S7 †). In order to avoid the formation of cracks arising during film drying, crack-free films were successfully prepared by successive infiltrations into freshly prepared CZTS nanocrystal films. Employing a diluted oligomer solution (Sn a -Zn b -S c ) t-, x Zn = 0.66 (C Zn+Sn = 0.02 M), fine-tuning of the copper non-stoichiometry with δ(Cu/Zn + Sn) variation as low as 0.02 was achieved as determined by EDS analysis after 6 successive infiltrations onto a 2.2 µm CZTS nanocrystal thick film.

CZTSSe solar cell fabricated from (Sn a -Zn b -S c ) t-capped CZTS nanocrystals. Using an all-aqueous (Sn a -Zn b -S c ) t-capped CZTS nanocrystal dispersion prepared as described previously, a crack-free CZTS nanocrystal film displaying a thickness of 2.5 µm was successfully prepared under air atmosphere by a multicoating technique onto a glass/Mo electrode. After room temperature drying, the CZTS film (Zn/Sn = 1.3, Cu/ (Zn + Sn) = 0.8) was annealed for 15 min under selenium partial pressure (125 mg Se, 15 min) at 580 °C. The sintered CZTSSe films were processed in photovoltaic devices following soluble heterometallic oligomer was achieved by substitution of Ga(III) into the Zn(II) framework, highlighting the crucial role of the high charge or the high electronegativity of the dopant cation in the chalcogenide polycondensation inhibition.

Control of phase separation. One-pot fabrication of heterometallic oligomers generally involves the use of non-aqueous synthesis methods. 46 We have shown here that chalcogenide poly-condensation from aqueous metallic soluble species can result in heterometallic oligomers. Indeed, heterometallic oligomers are detected by ESI-MS in association with monometallic oligomers, indicating phase separation during the synthetic process. Minimum phase separation yielding a solution possessing mainly heterometallic oligomers was experimentally observed in the III-IV (Ga(III)-Sn(IV)) system compared with the II-IV (Zn(II)-Sn(IV)) system. This highlights the effect of key parameters such as chalcogenide polycondensation kinetics and the local charge balance. Interestingly, a reaction mixture displaying cations in equimolar concentrations (Sn 0.5 Ga 0.5 composition) yields a minimal phase separation while producing a variety of heterometallic oligomers.

Control of oligomer charge. These heterometallic chalcogenide oligomers could serve as surface additives for chalcogenide nanocrystal colloidal stabilization or as soluble species for the post-infiltration of porous nanocrystal films. In these applications, synthesis of highly charged oligomers is desirable. A first route to manipulate the charge of heterometallic chalcogenide oligomers is to vary the valence of the substituting cation. Using a divalent cation such as Zn(II), the (Sn 3.0 Zn 1.0 S 8 ) 2-oligomer was prepared from (Sn 4.0 S 10 ) 4-. Higher charged oligomers were achieved with the substitution of Sn(IV) by a trivalent cation ((GaSn 3 S 10 ) 5-, (Sn 2 Ga 2 S 10 ) 6-). Because a variety of oligomers ((Sn 2 Ga 2 S 10 ) 6-, (Sn 2 Ga 2 S 9 ) 4-, (Sn 2 Ga 2 S 8 ) 2-) were prepared as a result of the lability of the peripheral S 2-anion, changing the sulfide concentration might represent another strategy to control oligomer charge.

Heterometallic chalcogenide oligomers as environmentallyfriendly building blocks for solar cells

Successful development 1,2 of hydrazine-based metal chalcogenide complexes relies on its easy decomposition to the parent metal chalcogenides without any impurities. Charged, water-soluble, organic-free, heterometallic chalcogenide oligomers involving a residue-free, ammonium cation described here are extremely attractive from an environmental perspective (Fig. S6 †). Indeed, the (Sn a -Zn b -S c ) t-heterometallic oligomers or (Sn a -Zn b -S c ) t--capped ZnS colloids could provide exciting opportunities as building blocks for the design of an all-aqueous process route for low-cost photovoltaic device fabrication. These all-inorganic heterometallic chalcogenide oligomers or ultrafine colloids could serve as dispersants or composition control additives.

Ligand exchange, aqueous colloidal stabilization and Cu 2 ZnSnS 4 nanocrystal film formation. The search for organic-free ligands displaying strong affinity towards metal atoms of the chalcogenide nanocrystal surfaces while generat-mentally friendly oligomers in association with a residue-free ammonium counterion can potentially be used as chalcogenide precursors in environmentally benign synthetic routes to the formation of electronic grade films. Notably, these heterometallic oligomers represent exciting building blocks for CZTS solar cell fabrication. Indeed, (Sn a -Zn b -S c ) t-oligomers, used as dispersants and composition additives, can greatly help in the design of a nontoxic, environmentally friendly, aqueous process route to the fabrication of CZTS absorbers. Using these heterometallic chalcogenide oligomers, a CZTS solar cell has been successfully fabricated with a preliminary device efficiency of 2.6%.

Extension to other systems including Sn(IV)-Ge(IV)-S(II), Sn(IV)-Sb(III)-S(II), and Sn(IV)-Fe(III)-S(II) could open up exciting opportunities for designing new complex chalcogenide materials for applications in electronic devices and thermoelectric materials. standard procedures, including chemical bath deposition of a CdS buffer layer (∼50 nm) and RF sputtering of i-ZnO/ZnO:Al. A preliminary conversion efficiency of 2.6% (Fig. S8 †)was achieved, demonstrating the efficiency of these heterometallic chalcogenide oligomers as dispersants/ligands to produce environmentally friendly all-aqueous inks for the fabrication of CZTSSe solar cells.

Conclusions

A general synthetic process route under mild conditions is proposed for the preparation of heterometallic chalcogenide oligomers in Sn(IV)-Zn(II)-S(II), Sn(IV)-Zn(II)-Se(II) and Sn(IV)-Ga(III)-S(II) systems. ESI-MS, used as an in situ characterization tool, indicates predominant formation of heterometallic oligomers composed of four metal centers in the Sn(IV)-Zn(II)-S(II) and Sn(IV)-Ga(III)-S(II) systems. 119 Sn Liquid NMR and Raman experimental data determined on these heterometallic oligomers show a full range of solid solutions achieved for (Sn a -Ga b -S c ) t- oligomers, while the incorporation of a sole Zn cation is observed for (Sn a -Zn b -S c ) t-oligomers. The heterometallic approach favors the formation of short oligomers, resulting in highly water-soluble species displaying an adamantane structure as shown by the Raman results coupled to quantum chemical calculations. Such low-cost, all-inorganic, environ-S1-h-s oligomers formation domains. average hydrodynamic diameter with x Zn . Corresponding hydrodynamic diameters of 4.25 nm, 5.5 nm and 18.5 nm were respectively determined for x Zn = 0.5 (s= 6, red curve) x Zn = 0.66 (s= 4, green curve) x Zn = 0.66 (s= 6, Blue curve).
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  H 2 O. (Sn a -Zn b -S c ) t-oligomer solution was prepared by instantaneous addition of the metal cation solution into the (NH 4 ) 2 S solution at room temperature under vigorous stirring. The oligomer solution (x Zn = [Zn]/([Sn] + [Zn]) = 0.33, ([Sn] + [Zn]) = 0.1 M, s = [S 2-]/([Sn] + [Zn]) = 6) became limpid after one hour.

  and Zn 2+ cations ([H + ]/([Sn 4+ ] + [Zn 2+ ]) = 0.5, x Zn = 0.5) was instantaneously added to the freshly prepared (NH 4 ) 2 Se solution. The final concentrations of the (NH 4 + ) (Sn a -Zn b -Se c ) t-oligomers were ([Sn] + [Zn]) = 0.1 M and [Se]/([Zn] + [Sn]) = 3. Caution: Se 2-solutions must be handled avoiding acidic pH to prevent the formation of highly toxic H 2 Se.

Fig. 1

 1 Fig. 1 Negative ion ESI MS spectra of monometallic oligomers. (A) (Sn a S b ) t oligomers prepared from a Sn 4+ solution ([H + ]/[Sn 4+ ] = 1.5), Sn(IV) = 0.1 M and s = 4. Insert: Zoom showing the presence of tetra mers. (B) (Ga a S b ) t oligomer solution, pH 8.9, showing the presence of doubly charged oligomers. The oligomer solution is synthesized from a Ga 3+ solution ([H]/[Ga 3+ ] = 0), at Ga(III) = 0.1 M and s = 6. This solution is prepared by re dispersion of the solid in 0.01 M (NH 4 ) 2 S. Insert: Zoom showing the presence of (Ga a S b ) t oligomers including up to 10 Ga(III) cations.

Fig. 2

 2 Fig. 2 Oligomer formation diagrams, ([Sn 4+ ] + [M n+ ]) = 0.1 M, M = Zn 2+ or Ga 3+ . The hatched blue area represents the soluble (Sn a Zn b S c ) t oligomers domain synthesized by the addition of (Zn 2+ , Sn 4+ ) solution (H + /(Zn + Sn) = 0.5) onto a (NH 4 ) 2 S solution at s = 6. Dark blue circles represent the formation of ZnS colloid dispersions. The hatched green area represents the domain of (Sn a Ga b S c ) t soluble oligomers pre pared from (Ga 3+ , Sn 4+ ) solutions, ([H + ]/[Sn] + [Ga] = 0) and S 2 solutions at s = 6.

  Heterometallic Sn(IV)-Zn(II) chalcogenide oligomers Sn(IV)-Zn(II)-S(II) system. Key parameters describing the formation conditions of (Sn a -Zn b -S c ) t-oligomers were s = [S 2-]/([Sn 4+ ] + [Zn 2+ ]) and h =[H + ]/[Sn 4+ ] + [Zn 2+ ]. Fig. S1c † depicts the results obtained for ([Zn] + [Sn]) = 0.1 M and x Zn = 0.33, where x Zn = [Zn]/([Zn] + [Sn]). Compared with the pure Sn(IV)-S oligomer formation domain, a smaller range of, limpid to the naked eye, heterometallic (Sn a -Zn b -S c ) t-oligomer dispersions was observed in the range of 3 ≤ s ≤ 5, h ≤ 1 and 0 ≤ oh ≤ 6.0 with the corresponding pH values varying from 8.6 to 11.6. The formation diagram of soluble oligomer largest heterometallic oligomer proportion in this dispersion.

Fig. 3

 3 Fig. 3 (A) Photograph of a (Sn a Zn b S c ) t oligomer solution. (B) Nega tive ion ESI MS spectrum of (Sn a Zn b S c ) t oligomer solutions prepared from (Sn 4+ + Zn 2+ ) solutions, ([H + ]/([Sn 4+ ] + [Zn 2+ ]) = 1.5), [S 2 ]/([Sn 4+ ] + [Zn 2+ ]) = 6 and ([Sn] + [Zn]) = 0.1 M. x Zn = 0.33. Insert: Zoom showing the presence of heterometallic tetramers.

Fig. 4 (

 4 Fig. 4 (Sn a Zn b S c ) t oligomer solutions prepared from (Sn 4+ + Zn 2+ ) solutions, ([H + ]/([Sn 4+ ] + [Zn 2+ ]) = 1.5), [S 2 ]/([Sn 4+ ] + [Zn 2+ ]) = 6 and ([Sn] + [Zn]) = 0.1 M. (A) 119 Sn Liquid NMR spectra recorded on (Sn a Zn b S c ) t oligomer dispersions synthesized at various x Zn values, x Zn = 0.00, 0.33, 0.50 and 0.66. (B) Raman spectra recorded on dispersions prepared at x Zn = 0.00, 0.33, 0.50 and 0.66.

Fig. 5 (

 5 Fig. 5 (Sn a Se c ) t and (Sn a Zn b Se c ) t oligomer solutions prepared from (Sn 4+ +Zn 2+ ) solutions, ([H + ]/([Sn 4+ ] + [Zn 2+ ]) = 0.5), [Se 2 ]/([Sn 4+ ] + [Zn 2+ ]) = 3 and ([Sn] + [Zn]) = 0.1 M. (A) Negative ion ESI MS spectrum of a (Sn a Se c ) t solution. (B) Negative ion ESI MS spectrum of (Sn a Zn b Se c ) t oligomer solutions prepared at x Zn = 0.33. (C) Raman spec trum of the (Sn a Zn b Se c ) t oligomer solution, x Zn = 0.33.

Fig. 6

 6 Fig. 6 Oligomer computed structures determined by DFT calculations. Yellow: Se, black: Sn, violet: Zn. (A) (Sn 3 ZnSe 8 ) 2 . (B) (Sn 3 ZnSe 9 ) 4 .

Fig. 7

 7 Fig. 7 Negative ion ESI MS spectrum of (Sn a Ga b S c ) t oligomer solu tions prepared from (Sn 4+ + Ga 3+ ) solutions, ([H + ]/([Sn 4+ ] + [Ga 3+ ]) = 0) at x Ga = 0.5, [S 2 ]/([Sn 4+ ] + [Ga 3+ ]) = 6 and ([Sn] + [Ga]) = 0.1 M showing the presence of heterometallic tetrameric oligomers.

Fig. 8 (

 8 Fig. 8 (Sn a Ga b S c ) t oligomer solutions at various x Ga values prepared by the addition of a (Sn 4+ + Ga 3+ ) solution ([H + ]/([Sn 4+ ] + [Ga 3+ ]) = 0) into a (NH 4 ) 2 S solution at [S 2 ]/([Sn 4+ ] + [Ga 3 + ]) = 6 and ([Sn] + [Ga]) = 0.1 M. (A) 119 Sn liquid NMR spectra. (B) Raman spectra. Spectra of (Sn a S c ) t and (Ga b S c ) t monometallic oligomer solutions are also reported.

Fig. 9

 9 Fig. 9 Computed structures. Yellow: S, black: Sn, red: Ga. (A) (Sn 3 GaS 10 ) 5 , (B) (Sn 2 Ga 2 S 10 ) 6 and (C) (Sn 2 Ga 2 S 9 ) 4 oligomers.

Fig. 10

 10 Fig. 10 (a) FTIR spectra of 30 nm, SCN capped (as synthesized) and (Sn a Zn b S c ) t oligomers capped Cu 2 ZnSnS 4 nanocrystals. (b) Electrophoretic mobility measured for an aqueous solution of 30 nm Cu 2 ZnSnS 4 nanocrystals capped with (Sn a Zn b S c ) t oligomers. (c) Cu 2 ZnSnS 4 nanoparticle film prepared from an aqueous dispersion on the Mo electrode. Left: SEM image of a single coated film reveals the presence of large cracks. Right: SEM image showing a crack free film achieved from oligomer capped CZTS nanocrystals using a multi coating procedure. (d) Typical cross section SEM image of a crack free CZTS film showing a thickness of 1.5 µm. Insert: TEM image of the Cu 2 ZnSnS 4 nanocrystal building blocks showing a nano crystal mean diameter of around 30 nm.

  Figure S1a. h-s (Sn a -S c ) t-oligomers formation domain. s denotes [S 2-]/[Sn 4+ ]) molar ratio and h = [H]/ ([Sn 4+ ]) or [OH]/([Sn 4+ ]) molar ratios. [H], [OH] being the molar concentration in the metallic solution. The h-s formation domain is determined at -[Sn 4+ ] = 0.1M. Blue area depicts the as-synthesized limpid solutions.

Figure S1b .

 S1b Figure S1b. Figure S1b: h-s (Ga a -S c ) t-oligomers formation domain. s denotes [S 2-]/[Ga 3+ ]) molar ratio and h = [H]/ ([Ga 3+ ]) or [OH]/([Ga 3+ ]) molar ratios. [H], [OH] being the molar concentration in the metallic solution. The h-s formation domain is determined at -[Ga 3+ ] = 0.1 M. The colored areas depict the domain of limpid oligomer solutions. Blue area: assynthesized limpid solutions. Grey area: limpid solutions in low ionic strength conditions

Figure

  Figure S1d. Typical (Sn a -Ga b -S c ) t-oligomer formation domain, x Ga = 0.5, showing successful preparation of limpid dispersions in a large range of [OH]/ ([Sn]+[Ga]) values, ([Sn]+[Ga]) = 0.1 M.

Figure S3b .

 S3b Figure S3b. Confirmation of chemical composition (A) for m/z= 554.45 (Ga 9 S 15 ) 3-, (B) for m/z= 622.39 (Ga 10 S 17 ) 4-, detected by ESI-MS.

  ( Sn a Zn b S c ) t-et ( Sn a Zn b Se c ) t-oligomers.

Figure S3c .

 S3c Figure S3c. Confirmation of chemical composition (A) for m/z = 678.41 (Sn 3 Zn 1 S 8 ) 2-, (B) for m/z = 714.40 (Sn 3 Zn 1 S 9 ) 4-(C) for m/z = 1053.97 (Sn 3 Zn 1 Se 8 ) 2-, (D) for m/z = 1135.9(Sn 3 Zn 1 Se 9 ) 4-detected by ESI-MS.

  Ga b S c ) t-adamantane -like structures. * denote oligomers observed by mass spectrometry. The frequency of main peak has been determined by convoluting Lorentzian functions whose amplitudes are proportional to computed Raman activity intensities and a half-band width of 20 cm -1 . Increase of the number of substituted Ga cations into the adamantane-like structure clearly results in a decrease of the frequency of the Raman main peak.

Fig

  Fig S6-b: X-ray diffractogram recorded on (Sn a Zn b S c ) t-, x Zn = 0.33 solid oligomer after calcination at 550 °C 2h under N 2 . Decomposition into the parent metal chalcogenides is observed resulting for x Zn =0.33 in the formation of a SnS 2 solid solution (Hexagonal , 00-022-0951).

Fig

  Fig S6-c: X-ray diffractogram recorded on (Sn a Ga b S c ) t-, x Ga = 0.33 and x Ga = 0.55 solid oligomers after calcination at 550 °C 2h under N 2 . Sn 1,x Ga x S 2 solid solution (SnS 2 Hexagonal, 01-089-2358) and trace of Ga 2 S 3 (Cubic, 03-065-7839) are observed for the sample prepared at x Ga = 0.33 while Ga 2 S 3 (Cubic, 00-043-0916) and SnS 2 (Hexagonal, 00-040-1467) structures are identified at x Ga = 0.50. Note the better crystallization of the sample prepared at x Ga = 0.33.

  

  

Table 1

 1 Calculated Raman shifts and scattering activities of (Sn a Se b ) t and (Sn a Zn b Se c ) t oligomers. The frequency of the main peak has been determined by convoluting Lorentzian functions whose amplitudes are proportional to computed Raman activity intensities and a half band width of 20 cm 1

	4

355) 330.3(98) 333.2(88) 341.0(138) 349.4(63) 353

  .4(57)

	Sn 4 S 10 ) 4-	70.4(22) 72.6(22) 96.7(33) 98.4(34) 99.0(32) 133.0(99) 287.2(88) 287.7(318)
		289.5(63) 301.2(29) 302.9(26) 338.8(46) 339.4(47) 340.5(47) 386.0(92) 386.5(92)
		387.0(88) 393.9(408)
		Main peak: 390
	*(Sn 3 GaS 10 ) 5-	74.3(22) 98.9(23) 99.8(29) 108.5(32) 140.6(74) 274.2(34) 287.6(315) 292.2(33)
		293.9(47) 321.5(35) 324.0(40) 350.8(375) 372.8(113) 375.4(102) 377.0(204)
		388.2(151)
		Main peak: 372
	*(Sn 2 Ga 2 S 10 ) 6-	105.2(32) 147.0(63) 272.3(52) 279.1(57) 281.9(118) 298.0(70) 303.7(32)
		327.9(27) 330.3(38) 337.8(387) 351.1(91) 359.6(120) 361.3(210) 374.3(106)
		Main peak 343
	(SnGa 3 S 10 ) 7-	100.7(22) 148.9(57) 258.9(21) 277.6(118) 294.6(45) 325.6(Main peak: 329
	(Ga 4 S 10 ) 8-	151.9(58) 267.2(27) 277.8(45) 280.7(110) 295.2(21) 310.1(55) 312.7(78)
		314.8(68) 330.0(32) 330.7(76)
		Main peak: 310

Table S5 .

 S5 Calculated Raman shift and scattering activities of (Sn a
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