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Metal clusters Nanoparticles are obtained by a simple 
solvent shifting procedure called the Ouzo effect. 
Remarkably, the assembly of [{Mo6Br8}L6]2- (L=Br- or NCS-) 
cluster units can be directed into nanomarbles or 
nanocapsules depnding on the cluster chemistry. Deposited 
on electrodes, the nanoparticles show good activities in 
electrochemical water splitting in mild conditions. 

With their dimensions in the nanometer range, metal atom 
clusters hold an intermediate position between molecules and 
nanoparticles. They offer a vast compositional and structural 
diversity, and among all possible structures, the octahedral 
molybdenum cluster units [{Mo6X8}L6]2- (where X are inner 
halide ligands and L are apical anionic organic or inorganic 
ligands) have been the most investigated moieties, owing to 
their photophysical properties as well as their catalytic 
performances in water splitting.1–9 Furthermore, in the broad 
context of nanoarchitectonics10–13 and in view of potential 
applications in catalysis, nanomedicine, or as building blocks to 
elaborate porous materials14,15 considerable efforts have been 
devoted to the integration of [{Mo6X8}L6]2- cluster units into 
silica or polymer particles.3,16–19 However, the elaboration of 
nanomaterials exclusively from clusters was considered only 
very recently.20  
 Nanoprecipitation by solvent shifting is the most 
straightforward strategy to obtain nanoparticles, widely used 
in pharmacy to produce nanoparticulate drugs.21 The 
elaboration of nanocapsules is more challenging although it 
provides interesting opportunities resulting from their internal 
cavity, with potential applications in catalysis, photonics, 
enzyme protection or drug carriers.22,23 Generally, inorganic 
capsules are formed by adsorption of the inorganic material on 
a solid or molecular template.11,24 Very recently, we 
demonstrated that under solvent shifting conditions, small 
(~ 5 nm) hydrophobic nanoparticles stabilize liquid/liquid 
interfaces in mixtures of water and THF, forming liquid 
droplets coated by nanoparticles.25,26 This phenomenon, 
related to the Ouzo effect27 (i.e. a spontaneous emulsification 
occurring in miscible solvent/water mixtures in presence of 

hydrophobic impurities), was used to produce nanocapsules 
with a crosslinked nanoparticle-polymer shell.25,26 Following 
this simple solvent shifting strategy, we herein elaborated 
“nanocapsules” (hollow nanoparticles) and “nanomarbles” 
(solid nanoparticles) solely composed of molybdenum clusters. 
We found that nanocapsules but also nanomarbles can be 
obtained in a well-controlled fashion, depending on the 
solubility of the initial cluster compound. The chemical 
structure of the resulting material was thoroughly investigated 
using Energy Dispersive X-ray Spectroscopy (EDS) and Raman 
spectroscopy combined with quantum chemical calculations. 
The mechanism of capsule formation is analyzed using 
dynamic light scattering (DLS) and transmission electron 
microscopy (TEM). In addition, the cluster-based nanoparticles 
show interesting electrocatalytic efficiency towards hydrogen 
evolution reaction (HER) in mild aqueous conditions. 
Based on our previous work,25 we induced the self-assembly of 
Cs2[Mo6Br14] (cluster compound 1) and (NH4)2[Mo6Br8NCS6] 
(cluster compound 2) via solvent shifting from THF to water. In 
a typical procedure, water is rapidly added to a 1mM 
suspension of cluster dispersed in THF to reach a (80:20) 
water:THF ratio. The mixture is let to mature for 24 h and then 
heated at 40°C in open vial for 15 h. Nanomarbles of ca 100nm 
are obtained from 1 (Figure 1a), whereas 2 yields 
nanocapsules (Figure 1b). Interestingly, the capsules can swell 
and eventually blow up when heated in open vials, due to the 
building of internal pressure from solvent vaporization (insert 
Figure 1b). 

High Resolution TEM (HRTEM) (Figure 2) and Selected Area 
Electron Diffraction (SAED) analyses (Figure SI-1) clearly 
evidence the amorphous state of both structures. Chemical 
mapping analysis by EDS (Figure 2) shows that Mo, Br and O 
are co-localized and uniformly distributed within the 
nanomarbles. This strongly suggests the substitution of apical 
ligands by hydroxyl groups or water molecules, as was 
previously described.28 The substitution is confirmed by some 
H2[Mo6Bri

8(OH)a
6].12H2O crystals growing in solution during 

the self-assembly of 1 (see Figure SI-2, Tables SI-1 and SI-2 for 
single crystal X-ray diffraction  analysis (XRD)).  In contrast, the 
oxygen signal is relatively weak for the nanocapsules, 
indicating  lower oxygen content compared to the 
nanomarbles, and no formation of crystal is observed. Note 
that the presence of oxygen may also be attributed to residual 
water molecules in the nanocapsules.   
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Figure 1: Elaboration of nanoassemblies via the solvent-shifting process. Definition and 
representation of the chemical structure of cluster compounds 1 and 2 and TEM 
micrographs of: (a) nanomarbles and (b) nanocapsules (Insert: nanocapsules after 
blow-up). 

The Raman analysis of the nanomarbles and nanocapsules in 
comparison with that of the pristine precursors 1 and 2 and of 
the aquahydroxo crystal H2[Mo6Bri

8(OH)a
6].12H2O (Figure 3) 

proved to be very effective in understanding the structure of 
those species (see the Supporting Information for full details). 
Indeed, in cluster compound 1, two bands (highlighted with 
symbol “o”) associated to the vibrations of the Mo-Bra bonds 
are observed at 149 cm-1 (stretching A1g) and 256 cm-1 

(stretching Eg). As expected, these bands are absent in the 
aquahydroxo crystal and in 2. Interestingly, they are also 
absent in the nanomarbles, which is a clear proof of the 
substitution of the apical Br- ligands during their synthesis. In 
the 100-400 cm-1 range, the Raman spectra of the 
aquahydroxo crystal and of the nanomarbles are otherwise  

Figure 2: HRTEM micrographs (a;b) and STEM-EDS elemental mapping (Mo, Br and O) 
(c-f) of nanomarbles prepared from 1. HRTEM micrographs (g;h), and STEM-EDS 
elemental mapping (i-l) of nanocapsules  prepared from 2. 

almost identical, highlighting the similarity of their {Mo6Bri
8}4+ 

cluster cores. Those compounds share other common features 
at higher wavenumbers. Indeed, they both display bands at 
520, 880 and 930 cm-1 (highlighted with symbol “*”) that are 
characteristic of a bonding pattern involving hydroxo ligands. 
Indeed, based on quantum chemical calculations performed on 
an isolated dimer of [Mo6Bri

8(OH)a
6]2- cluster units, the band at 

520 cm-1 can be attributed to the Mo-O stretching mode while 
the two signals at 880 and 930 cm-1 originate from the Mo-O-H 
bending modes in Mo-OH--OH-Mo motifs that are responsible 
for the binding between the two [Mo6Bri

8(OH)a
6]2- clusters 

units. This demonstrates that the bonding patterns in the 
nanomarbles and the aquahydroxo crystal are identical. The 
Raman spectra of the nanocapsules and nanomarbles are 
different, suggesting that complete hydrolysis does not occur 
during nanocapsules synthesis. In these latter, vibration modes 
of the isothiocyanate groups (highlighted with symbol “#”) are 
observed in the 470-490 cm-1 range (T2g NCS bending mode) 
and as three intense bands at 829, 839 and 848 cm-1 
(attributed to the A1g and Eg NC-S stretching modes). From 
quantum calculations, no well-defined Mo-NCS stretching 
mode exist as it is mixed with Mo-Mo vibrations within the 
two experimental bands at 301 (very strong, asym) and 
353 cm-1 (very strong, sym). Below 250 cm-1 the spectra of 2 
and of nanocapsules are similar and compare well with that of 
1, owing to similar {Mo6Bri

8}4+ cluster cores. However, a 
significant amount of mixing with the thiocyanate modes 
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Figure 3: Raman spectra of cluster compound 1 (dotted blue), nanomarbles (blue solid 
line), and H2[Mo6Bri

8(OH)a
6].12H2O crystal (black solid line), cluster compound 2 (dotted 

red) and nanocapsules (red solid line). The symbols highlight some vibrations 
associated to Mo-Bra (o); Mo-O or Mo-OH---OH-Mo (*); and -NCS (#). 

occurs, particularly at 210 cm-1. 
In the nanocapsules, the bands observed in the 250-400 cm-1 
range are much wider than for 2. The strong decay of the NC-S 
stretching modes (829-850 cm-1) is another striking feature of 
the Raman spectra of the nanocapsules. In addition, the signal 
characteristic of the Mo-O stretching calculated at 520 cm-1 in 
[Mo6Bri

8(OH)a
6]2- (the same vibration is calculated at 534 cm-1 

in a [Mo6Bri
8(NCS)a

5(OH)]2- motif) is not observed. These 
results suggest a very limited hydrolysis of the 
[Mo6Bri

8(NCS)a
6]2- motifs, if any. The spectral broadening of the 

vibrations associated to the thiocyanate groups in the 
nanocapsules most probably results from a distribution of 
chemical environments. 
The hexamolybdenum clusters typically emit phosphorescence 
in the red or NIR window due to triplet excited state, with a 
wavelength sensitive to the chemical nature of the apical 
ligands.[29] Figure SI-4 shows the blue-shift of the emission 
maximum of the cluster during the synthesis of the 
nanomarbles from 1 (water:THF (80:20), RT), which can be 
attributed to the hydrolysis of the apical ligands.19,30 The 
kinetics of the shift is nicely fitted by an exponential decay law, 
yielding a characteristic time of ca 6 h (Figure 4a, insert). In 
contrast, for compound 2 no shift of the emission maximum 
was observed over 24 hours, which suggests slow hydrolysis. In 
a previous study, the hydrolysis of the iodide analogous cluster 
unit [Mo6I8(NCS)6]2- into mono-hydroxy derivatives was 
observed but with a very slow kinetics.30 In line with those 
results, the formation of H2[Mo6Bri

8(OH)a
6].12H2O crystals was 

also not observed in the case of cluster compound 2. Although 
aqua ligands were reported to strongly quench the cluster 
luminescence due to non-radiative energy dissipation through 

vibrations of O-H bonds, for both clusters we observed no 
more than 40 % of intensity loss compared to the pristine 
cluster compounds in THF. Besides phosphorescence emission, 
the cluster nanoassemblies also generated singlet oxygen (O2 
(1∆g)) via photosensitization from the triplet excited state 
(Figure SI- 5).  
The mechanism of formation of the nanocapsules was 
investigated in details by TEM and DLS (see Supp. Info.) and 
proceeds through two steps. (1) In water:THF mixtures, the 
cluster units 2 rapidly adsorb at liquid/liquid interfaces, which 
stabilizes solvent droplets formed by Ouzo effect. Dissolved 
clusters and dense aggregates are also present in equilibrium 
with adsorbed clusters, enabling size focusing of the droplets. 
(2) Later on, the free species also feed the thickening of the 
shell. Indeed, the wall of the capsule, which is initially less than 
a few nanometers thick, growths to over 20nm (Fig SI-7). With 
time, the dispersion in the size of the capsules and in wall 
thickness increases (Fig SI-7d and e). The selection between 
capsules and spheres seems to depend on the water solubility 
of the clusters. Indeed, compound 1 is relatively poorly soluble 
in water and, upon addition of water, phase separates into 
dense nanoparticles as in conventional nanoprecipitation. In 
contrast, 2 has more affinity for water and remains mostly in 
solution in the water:THF mixture, whereas a small fraction of 
clusters adsorbs at the interface. These will later serve as 
nucleation sites for the growth of the capsule shell.  
Electrochemical water splitting is one of the most promising 
ways to store sustainable energy resources. It proceeds 
through two half-cell reactions: the reduction of protons at the 
cathode (HER for Hydrogen Evolution Reaction) and the 
oxidation of water at the anode (OER for Oxygen Evolution 
Reaction) and generally requires expensive noble-metal 
catalysts operating in acidic or alkaline conditions, causing 
corrosion issues.31 Molecular catalysts can be produced at 
lower costs, but it is generally necessary to immobilize them 
on a solid electrode. Feliz et al. have recently proved that 
[Mo6Bri

8(OH)a
6]2- units show catalytic activity toward HER.32 

Until now, only few studies reported molecular catalysts 
operating in neutral conditions.33 In this context, the 
construction of nanoassemblies made from metal clusters may 
present a true advantage. The nanoassemblies were drop-
casted over a glassy carbon electrode (GCE) and their 
electrocatalytic response was compared to that of bare GCE 
and of pristine cluster compounds 1 and 2 deposited onto GCE 
(Figure 4) at pH 7. The nanomarbles/GCE and 
nanocapsules/GCE yield greater HER activity in comparison to 
bare GCE and to clusters compounds deposited on GCE. 
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(blue), cluster 1 (dashed blue), nanocapsules (red) and cluster 2 (dashed red) in Ar-
purged 1M KNO3 pH 7 solution, (a) HER (b) OER 

In contrast to the bare GCE, the benchmark current densities 
of 10 mA/cm2 are readily reached for potentials equal to ca -
0.95 V for all cluster species (Figure 4a). This corresponds to an 
overpotential of approximately 500 mV, which is very 
promising compared to the overpotentials reported for 
molecular catalysts in neutral media.33 Remarkably, the 
reduction potential is 100mV positively shifted for the 
nanocapsules compared to 2. Despite relatively poor OER 
electroactivity, all clusters species promote the oxidation of 
water into O2 with higher current densities in comparison to 
the bare GCE (Figure 4b).  
In conclusion, nanoparticles containing exclusively 
molybdenum clusters were obtained by solvent shifting. 
Nanomarbles vs nanocapsules can be selectively obtained by 
an appropriate choice of the cluster: the more hydrophobic 
species Cs2[Mo6Bri

8Bra
6] precipitates in the solvent phase, 

whereas the more polar compound (NH4)2[Mo6Bri
8(NCS)a

6] 
adsorbs at interfaces, stabilizing solvent rich droplets. The 
chemical analysis using EDS and Raman spectroscopy 
combined to quantum chemical calculations clearly indicates a 
complete hydrolysis of the apical ligands in the case of 
Cs2[Mo6Bri

8Bra
6]. In contrast, the hydrolysis of 

(NH4)2[Mo6Bri
8(NCS)a

6] is not observed, but cannot be totally 
ruled out. Through this work, we generalize the self-
assembling strategy based on the “Ouzo effect” to form 
nanocapsules from nanoscale inorganic compounds. Both 
nanomarbles and nanocapsules show interesting 
electrocatalytic activity toward water splitting in mild 
conditions. Particularly, shaping the cluster into nanocapsules 
enhances significantly the HER. 
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