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Introduction

Many solid-state compounds, hybrid assemblies, and nanomaterials are based on octahedral metal atom clusters (M 6 , with M = Mo, W, and Re) characterized by metal-metal bonds. 1,2 The M 6 cluster is surrounded by eight face-capping ligands (L i , i = inner) to form a rigid M 6 Y i 8 core that is coordinated to six terminal ligands (L a , a = apical) leading to an M 6 Y i 8 X a 6 neutral or anionic unit (Y = chalocogen and/or halogen; X = halogen).

Solid-state materials based on such M 6 Y i 8 X a 6 units are easily synthesized at high temperature. They have been studied for many years for their interesting transport, catalytic, and electronic properties. [3][4][5][6][7] Many routes now afford soluble inorganic cluster precursors for soft chemistry synthesis. 8,9 Indeed, owing to their nanosized shape and their structural, redox, and photoluminescence properties, M 6 Y i 8 X a 6 anionic units constitute relevant building 38 blocks for the elaboration of supramolecular assemblies, nano-39 materials, and functionalized surfaces. [10][11][12][13][14][15][16][17][18][19][20][21] In solution or in inorganic 40 (or organic) melts, apical ligands can be replaced by other ligands 41 that are not stable under the synthesis conditions of the cluster. 42 For instance, the reaction between Cs 3 [Re 6 Q 7 Br 7 ] 3 H 2 O (Q = S 43 or Se) and melted pyrazine (pyz) leads to the formation of fac-

44

[Re 6 Q i 7 Br i (pyz) a 3 Br a 3 ] 3 xH 2 O units that self-assembly via supra-In addition to applications in biotechnology, functional silica 75 particles can also find numerous applications in a wide range of 76 fields such as photonics, 40 catalysis, 41 data storage devices, 42 cos-77 metics, 43 and so forth. In this article, we report the preparation of . The whole cluster unit is roughly 1 nm in size, depending on the nature of the apical ligands, and is negatively charged; it therefore needs to be charge balanced by counter cations in the solid state (here Cs or K). Most of the clusters are prepared by gas-solid or solid-solid synthesis and generally at high temperature. The cluster precursors used in this study were prepared according to well-known procedures reported in the literature. [45][46][47] They are briefly described in this section and summarized in Scheme 1

S1

. 48,49 144 or hexamolybdenum clusters in silica nanoparticles, 30 and this is 145 illustrated in Figure 2 F2 . For all of the syntheses described here, the 146 quantities of precursors used to form the final mixture were the 147 following: 47 mL of heptane, 15 mL of Brij30, 1.6 mL of an aqueous cluster sol, 1.3 mL of ammonia, and 2 mL of TEOS. To create the microemulsion, heptane (oil phase) was first mixed with Brij30 (surfactant), and then an aqueous ammonia solution and an aqueous cluster sol were slowly added to the mixture. The aqueous cluster sol was obtained simply by solubilization of the cluster precursor in water. Depending on the solubility, the cluster concentration in the final aqueous phase could be adjusted. For 

Characterization of Materials.

The external morphology of the nanoparticles was studied by field emission scanning electron microscopy (FE-SEM) with a Hitachi SU8000 working at an acceleration voltage of 10 kV. For FE-SEM observations, the nanoparticles were deposited on a silicon wafer and coated with a 3 nm layer of platinum using a JEOL JFC-1600 auto fine coater to enhance the conductivity of the sample. The microstructure of the nanoparticles and the distribution of the cluster units were observed using a scanning transmission electron microscope (Hitachi High-Technologies, HD-2300C) equipped with a spherical aberration corrector (CEOS GmbH, CESCOR) and working in annular dark-field mode (ADF-STEM). 50,51 The acceleration voltage was 200 kV, the convergent semiangle was 27.5 mrad, and the inner angle of the annular dark-field detector was 80 mrad. The spatial resolution of the instrument was about 0.1 nm. For ADF-STEM observation, the nanoparticles were dispersed on a thin carbon film whose thickness was about 6 nm.

Investigations of the photoluminescence properties were performed in the solid state with a Jobin Yvon Fluorolog-3 fluorescence spectrometer (FL3-22, Horiba Jobin Yvon). The vibrational spectra were recorded with a Raman Bruker IFS 28 spectrometer equipped with a FRA 106 module. The excitation source was provided by a Nd:YAG laser working at 1064 nm. The power of the 44 For the preparation of A 4 [Re 6 Q 8 L 6 ]@SiO 2 nanoparticles, the cluster precursors were initially dissolved in water. Then, to prevent any change in the luminescence properties and to avoid precipitation of the clusters due to low pH, the microemulsions were prepared by adding ammonia to the heptane/Brij30 mixture prior to the aqueous cluster sol and prior to TEOS, so both the hydrolysis and condensation steps in the silica synthesis were base-catalyzed. The nanoparticles were then prepared according to the procedure described in section 2.3.

Nanoparticle Morphology and Microstructure.

The as-prepared nanoparticles were observed by FE-SEM. The image analyses of A 4 [Re 6 Q 8 L 6 ]@SiO 2 nanoparticles (Figure 3 F3 ) showed that they all exhibit a perfectly spherical, monodisperse morphology with an average diameter of 30 nm for the synthesis conditions described in section 2.3. Supplementary experiments showed that the size of the nanoparticles does not depend on the cluster concentration in the aqueous phase. To study the microstructure of the nanoparticles and confirm the encapsulation of the cluster units, the ADF-STEM technique is the only suitable tool because of the size of the cluster units (1 nm). Indeed, by detecting electrons scattered at high angles this technique provides what is known as Z-contrast images because atoms with high atomic numbers will be more scattered at high angle than atoms with lower atomic numbers. Thus, thanks to the large difference in electron numbers between the Re cluster core and Si or O from the silica matrix and the high spatial resolution of the STEM, it was possible to visualize the cluster units inside the nanoparticles. For example, Figure 4 F4 shows an ADF-STEM image of K 4 [Re 6 S 8 -(OH) 6 ]@SiO 2 nanoparticles where cluster units are visible as bright spots of about 1 nm in size. This image confirms that precursor to 700 nm after embedding in the silica matrix (Figure 5d).

A closer look at the emission spectra shows that the shape of the emission spectrum of Cs 4 [Re 6 S 8 Br 6 ]@SiO 2 nanoparticles (Figure 5d)

and that of K 4 [Re 6 S 8 (OH) 6 ]@SiO 2 nanoparticles (Figure 5b) SiO 2 (Figure 5b). This finding again indicates that -Br apical ligands of [Re 6 S 8 Br 6 ] 4-cluster units might be substituted for -OH groups during the microemulsion process.

The luminescence of clusters is usually quenched in solution because of the presence of solubilized oxygen. Indeed, it has been known for many years that excited octahedral clusters can be relaxed through the creation of singlet oxygen. [START_REF] Chevrel | Chemistry and Structure of Ternary Molybdenum Chalcogenides[END_REF] This quenching effect was successfully prevented by embedding the cluster units in silica nanoparticles. For illustration, Figure 6 F6 shows a comparison between the luminescence properties of [Re 6 S 8 (OH) 6 ] 

  78 novel NIR-emitting nanoparticles obtained by the encapsulation 79 of [Re 6 Q 8 L 6 ] 4-cluster units (Q = S or Se and L = OH or CN) in 80 silica nanoparticles by an adapted microemulsion process. Several 81 kinds of clusters have been used to study the influence of the 82 nature of inner and apical ligands on the cluster-embedding 83 process as well as on the luminescence properties of embedded 84 clusters. The Re 6 cluster precursors involved in this work were K 4 [Re 6 Q 8 (OH) 6 ] (Q = S or Se), Cs 4 [Re 6 S 8 Br 6 ], and Cs 1.68 K 2.32 -[Re 6 S 8 (CN) 4 (OH) 2 ]. These Re 6 clusters are all luminescent in the red and NIR fields, with luminescence lifetimes of a few microseconds depending on the ligands.
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Figure 1 .

 1 Figure 1. Schematic representation of a Re 6 Q i 8 L a 6 cluster unit. The Re 6 cluster core is represented as a gray octahedron. Inner ligands (Q i = S or Se) are in the face-capping position, and apical ligands (L a = OH, CN or Br) are in terminal positions.

K 4 [

 4 Re 6 S 8 (OH) 6 ] and K 4 [Re 6 Se 8 (OH) 6 ], this concentration was limited to 5 mM whereas it could reach 16 mM for Cs 4 [Re 6 S 8 Br 6 ] and 25 mM for Cs 1.68 K 2.32 [Re 6 (CN) 4 (OH) 2 ]. Once the microemulsion became a clear, stable solution, the silica precursor (TEOS) was added for the synthesis of the silica shell that occurred directly inside the aqueous nanodroplets already containing the cluster units. After the addition of TEOS, the reaction was stirred for 3 days and then the microemulsion was destabilized with ethanol and the nanoparticles were washed twice with an ethanol/heptane mixture (3:1 volume ratio) by centrifuging at 5000 rpm. Note that before destabilization of the microemulsion, the nanoparticle surface can be easily functionalized by the addition of a functional organosilane precursor. Finally, the nanoparticles could be either redispersed in solution (water or ethanol) or dried in ambient air.

Scheme 1 .

 1 Scheme 1. Summary of the Synthesis of Re 6 Inorganic Cluster Precursors a

Figure 2 .A 4 [ 3 .Cs 2 [

 2432 Figure 2. Schematic representation of the microemulsion process for the encapsulation of rhenium clusters inside a silica nanoparticle.

Figure 3 .

 3 Figure 3. FE-SEM pictures of (a) K 4 [Re 6 S 8 (OH) 6 ]@SiO 2 and (b) Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ]@SiO 2 nanoparticles.

Figure 4 .

 4 Figure 4. ADF-STEM pictures of K 4 [Re 6 S 8 (OH) 6 ]@SiO 2 nanoparticles with discrete cluster units (bright spots).

3. 3 .

 3 Luminescence Properties. The successful encapsulation of the cluster units in the silica nanoparticles was also evidenced by studying the luminescence properties of A 4 [Re 6 Q 8 L 6 ]@SiO 2 nanoparticles. The luminescence properties were investigated in the solid state for both the A 4 [Re 6 Q i 8 L a 6 ] cluster precursors and the corresponding A 4 [Re 6 Q 8 L 6 ]@SiO 2 nanoparticles. In Figure5F5 , the excitation and emission spectra for each type of cluster are plotted, and in Table1

T1,

  the wavelength values at the emission maximum (λ em ) are summarized. The encapsulation of the [Re 6 Q i 8 (OH) a 6 ] 4-(Q = Se or S) and [Re 6 S i 8 (CN) a 4 (OH) a 2 ] 4-cluster units in the silica matrix resulted in a slight shift of the emission maxima after embedding, but the shape of the emission spectrum remained unchanged (Figure 5a-c). The emission maxima shifts, ranging from 10 to 20 nm, to higher wavelengths between solid-state precursors and the nanoparticles must be due to some perturbations of the molecular orbital diagram of [Re 6 Q i 8 L a 6 ] 4-units after embedding. One could suspect a slight decrease in the energy gap between excited and fundamental states. Some questions arose concerning the embedding of [Re 6 S i 8 Br a 6 ]4- units in silica nanoparticles. Indeed, the emission maxima for [Re 6 S i 8 Br a 6 ] 4-units decreased from 800 nm in the Cs 4 [Re 6 S 8 Br 6 ]

  292 match perfectly. This drastic change between the luminescence 293 properties of the starting and embedded clusters can then be 294 explained by an exchange of -Br apical ligands for -OH groups 295 during the microemulsion process. In an attempt to avoid this 296 structural modification, another synthesis of Cs 4 [Re 6 S 8 Br 6 ]@ 297 SiO 2 nanoparticles was performed using acidic cluster sols (in which 298 the pH was adjusted to 2 with HBr) either in a pure water solution 299 or in a water/ethanol mixture (1:1 v/v). In both cases, the micro-300 emulsion stability was not affected but the resulting nanoparticles 301 still show a luminescence shift to lower wavelengths, probably as a

Figure 5 .

 5 Figure 5. Normalized excitation and emission spectra (corrected signals) for both A 4 [Re 6 Q 8 L 6 ] cluster precursors (---) and A 4 [Re 6 Q 8 L 6 ]@ SiO 2 nanoparticles (-) for (a) K 4 [Re 6 Se 8 (OH) 6 ], (b) K 4 [Re 6 S 8 (OH) 6 ], (c) Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ], and (d) Cs 4 [Re 6 S 8 Br 6 ].

Figure 6 .

 6 Figure 6. Aqueous solution of [Re 6 S 8 (OH) 6 ] 4-clusters (a) before and (b) after embedding in silica nanoparticles, under daylight (left picture) and under UV irradiation at 365 nm (right picture).

Figure 7 .

 7 Figure 7. Raman spectra for both A 4 [Re 6 Q 8 L 6 ] cluster precursors (---) and A 4 [Re 6 Q 8 L 6 ]@SiO 2 nanoparticles (-) for (a) K 4 [Re 6 Se 8 (OH) 6 ], (b) K 4 [Re 6 S 8 (OH) 6 ], (c) Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ], and (d) Cs 4 [Re 6 S 8 Br 6 ].

Cs 4 [Re 6 S 8 Br 6 ]. 47 Cs 4 [Re 6 S 8 Br 6 ] was prepared by the 131 reaction of K 4 [Re 6 S 8 (OH) 6 ] with CsBr in a water solution and 132 with the pH adjusted to 2 with HBr. 133 2.2.3. Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ]. 46 ReS 2 was prepared 134 by the reaction of Re with S under vacuum at 450 °C for 2 days.

  ). This binary compound was then mixed with KOH Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ] was obtained by the reac-138 tion of Cs 4 [Re 6 S 9 (CN) 4 ] with KOH in water, which had been Synthesis of A 4 [Re 6 Q 8 L 6 ]@SiO 2 Nanoparticles.

	128	and held at 200 °C (or 280 °C, respectively) in ambient air to
	129	obtain K 4 [Re 6 Se 8 (OH) 6 ] (or K 4 [Re 6 S 8 (OH) 6 ], respectively).
	130 2.2.2. 135 Cs 4 [Re 6 S 9 (CN) 4 ] was then synthesized by the reaction of ReS 2 136 with KCN in the presence of excess CsCl at 650 °C for 48 h. 45
	137 Finally, 139 boiled for 24 h.
	141	The A 4 [Re 6 Q 8 L 6 ]@SiO 2 nanoparticles were prepared through a
	142	microemulsion process adapted from a previously reported synthe-
	143	sis for the encapsulation of nanocrystals (CeO 2 or ZnFe 2 O 4 )

140 2.3.

Table 1 .

 1 Emission Maximum Wavelengths (λ em ) for A 4 [Re 6 Q 8 L 6 ] Cluster Precursors and A 4 [Re 6 Q 8 L 6 ]@SiO 2 Nanoparticles A 4 [Re 6 Q 8 L 6 ] cluster precursor λ em (nm) A 4 [Re 6 Q 8 L 6 ]@SiO 2 nanoparticles λ em (nm)

	K 4 [Re 6 S 8 (OH) 6 ]	680	K 4 [Re 6 S 8 (OH) 6 ]@SiO 2	700
	K 4 [Re 6 Se 8 (OH) 6 ]	675	K 4 [Re 6 Se 8 (OH) 6 ]@SiO 2	690
	Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ]	750	Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ]@SiO 2	760
	Cs 4 [Re 6 S 8 Br 6 ]	800	Cs 4 [Re 6 S 8 Br 6 ]@SiO 2	700

  Re 6 Q 8 L 6 ]@SiO 2 nanoparticles and are 348 respectively attributed to the T 2g vibrational mode and the A 1g -349 symmetric S 8 breathing mode of the clusters. For Cs 1.68 K 2.32 -350 [Re 6 S 8 (CN) 4 (OH) 2 ]@SiO 2 , another strong peak is easily identifi-351 able at 2120 cm -1 (data not shown here), which is due to the A 1g 352 vibrational mode of the CN groups. Concerning K 4 [Re 6 Se 8 -353 (OH) 6 ]@SiO 2 nanoparticles (Figure 7a), the two intense peaks 354 at 200 and 260 cm -1 can be observed and attributed to the T 2g and 355 Se 8 -A 1g vibrational modes, respectively, although they are slightly 356 shifted (about 10 cm -1 ) compared to the corresponding peaks in 357 the starting cluster precursor. The spectra of K 4 Re 6 Se 8 (OH) 6 @ 358 SiO 2 , K 4 Re 6 S 8 (OH) 6 @SiO 2 , and Cs 1.68 K 2.32 [Re 6 S 8 (CN) 4 (OH) 2 ]@ Br 6 ]@SiO 2 nanoparticles does not fully agree with the 364 Raman signature of the Cs 4 [Re 6 S 8 Br 6 ] cluster precursor. Actu-365 ally, the shape of the Raman spectrum for Cs 4 [Re 6 S 8 Br 6 ]@SiO 2 366 nanoparticles (Figure7d) is similar to the spectrum of the 367 K 4 [Re 6 S 8 (OH) 6 ]@SiO 2 nanoparticles (Figure7b). Moreover, in

		modes.	342
		The Raman spectra of the cluster precursors and of the	343
		corresponding cluster-based silica nanoparticles are represented	344
		in Figure 7 . For all of the sulfide derivates (Figure 7b-d), the	345	F7
		strong peaks at 280 and 430 cm -1 are easily identifiable in spectra	346
	4-	347 of corresponding A 4 [359 SiO 2 nanoparticles exhibit all of the typical Raman signatures of 360 the corresponding cluster precursor. This consequently confirms
	cluster units in a water solution and after being embedded in	the successful encapsulation of the cluster units without signifi-	361
	silica nanoparticles under normal light and under UV irradiation at 365 nm. The [Re 6 S 8 (OH) 6 ] 4-clusters show luminescence only	cant structural modification. In contrast, the spectrum of Cs 4 -[Re 6 S 8	362 363
	when they are embedded in the silica matrix because they are then		
	protected from the presence of solubilized oxygen and their		
	luminescence is no longer quenched.		
	3.4. Raman Study. The vibrational properties of the A 4 -		
	[Re 6 Q 8 L 6 ] cluster precursors and those of A 4 [Re 6 Q 8 L 6 ]@SiO 2		
	nanoparticles were investigated by Raman spectroscopy. The		
	characterization of M 6 Q i 8 L a 6 units by Raman spectroscopy is		

not usual. The few published results show typical vibrations in the 50 to 400 cm -1 region. Their assignment is particularly tricky when the symmetry of the M 6 Q i 8 L a 6 units deviates from O h 338 symmetry. On the basis of the experimental and theoretical 339 Raman investigations performed on Re 6 Q i 8 L a 6 -cluster-unit-340 based compounds by Gray et al., 57 it turns out that the Raman 341 bands correspond to different kinds of L a 6 , Q i 8 , and Re 6 breathing 368 Figure 7d the two intense peaks at 140 and 160 cm -1 , which were 369 attributed to Re-Br a vibrational modes by Gray et al., are clearly
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nm in size with good monodispersity and exhibit a perfectly 387 spherical shape. The cluster units are homogeneously dispersed inside the nanoparticles. A very important feature is that when embedded in silica the luminescence of the clusters is not quenched by oxygen in solution.

Toxicological studies are currently performed to evaluate the toxicological potential of such nanoparticles. If the silica shell efficiently proves to prevent any toxic effect from the metal atom clusters, then such material will have numerous potential applications in the field of biotechnology.