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ABSTRACT: Functional silica nanoparticles and in particular luminescent silica nanoparticles constitute very promising 
candidates for many applications in the field of biotechnology, theranostics and photonics. However, optimizing the de-
sign of such materials requires a deep understanding of their physico-chemical properties. In this article are reported 
extended investigations on luminescent Cs2[Mo6Br14]@SiO2 nanoparticles prepared by a water-in-oil microemulsion tech-
nique. We bring here new insights into the structure of such nanoparticles and its interplay with their optical properties. 
The structural interactions between the cluster units and the silica matrix were investigated and are discussed in details 
on the basis of FE-SEM, HAADF-STEM, ICP-OES, BET, 29Si MAS NMR and photoluminescence studies. As part of the risk 
evaluation before potential applications, the toxicity of the nanoparticles both on plants and on human cells was evaluat-
ed. 
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1. Introduction 

Luminescent silica nanoparticles find numerous appli-
cations in the fields of biotechnologies1,2 or photonics.3,4 
They are usually achieved through the encapsulation of 
luminophores such as organic dyes,5-8 semi-conductor 
quantum dots,9-13 organometallic complexes14-16 or doped 
nanocrystals.17-20 Molecular luminophores such as organic 
dyes and organometallic complexes can be covalently 
bonded to the silica matrix by prior functionalization with 
organosilanes.21-23 Ma et al. studied the influence of the 
type of interaction between organic dyes and the silica 
matrix on the luminescence properties of the resulting 
material.24 They showed that a covalent interaction can 
enhance the luminescence quantum yield of the nanopar-
ticles. In addition, strong interactions will ensure a better 
overall physico-chemical stability of the system. Thus, 
understanding the interactions between the 

luminophores and the matrix is a key point in the fabrica-
tion and optimization of luminescent silica nanoparticles. 

In the past few years, we reported luminescent silica 
nanoparticles through the encapsulation of Mo6-based 
and Re6-based transition metal atom clusters by water-in-
oil microemulsion processes.25-27 These cluster units have 
also been associated with magnetic γ-Fe2O3 nanocrystals 
to produce bi-functional luminescent and magnetic na-
noparticles.28 [M6X

i
8Y

a
6]

n- nanosized cluster units are built 
up from an octahedral M6 cluster (M = Mo or Re) bonded 
to eight inner face-capping ligands (Xi, i = inner, X = Cl, 
Br, I, S or Se) and to six apical ligands (Ya, a = apical, Y = 
F, Cl, Br, I, OH, CN …) located in terminal positions. For 
illustration, the [Mo6Bri

8Bra
6]

2- cluster unit is represented 
in Figure 1. These cluster units are associated with inor-
ganic or organic cations in many compounds of general 
formula An[M6X

i
8Y

a
6] (A = alkali cation, quaternary am-

monium, H3O
+…) prepared either by solid state chemistry 
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or by combined use of solid state and solution chemis-
tries. An[M6X

i
8Y

a
6] series afford thus useful [M6X

i
8Y

a
6]

n- 
building blocks with specific physico-chemical properties 
that can be involved in the preparation of molecular as-
semblies and nanomaterials (e.g.: dendrimers, liquid crys-
tal and polymer nanocomposites, functional surfaces).29-39 

 

Figure 1. Schematic representation of the [Mo6Br
i
8Br

a
6]

2-
 

cluster unit. 

The present work focuses on the encapsulation of mo-
lybdenum octahedral cluster bromide units, namely 
[Mo6Br14]

2-, in silica nanoparticles using Cs2[Mo6Br14] inor-
ganic solid state compound as cluster precursor. 
[Mo6Br14]

2- units are about 1 nm in size as reported in 
previous crystallographic characterizations.40 Under UV 
or visible excitation, they exhibit a broad emission from 
550 to 900 nm with a maximum around 780 nm.41 Maver-
ick et al. reported a photoluminescence quantum yield of 
23% with a lifetime of 130 µs for these cluster units in 
acetonitrile solution at room temperature.41 However, the 
photoluminescence of cluster units is easily quenched in 
aqueous solution owing to the presence of oxygen that 
form singlet oxygen through a non radiative process in-
volving the cluster.42 It is worth noting that such reactive 
oxygen species (ROS) are used as theranostic agent for 
photodynamic therapy (PDT).43 

Here is reported an extended study on luminescent 
Cs2[Mo6Br14]@SiO2 nanoparticles prepared by water-in-oil 
microemulsion. The nanoparticles were characterized by 
means of electron microscopy techniques, photolumines-
cence spectrometry, nuclear magnetic resonance spec-
troscopy, elemental analysis and nitrogen physisorption. 
This work bring a better understanding of the physico-
chemical properties of these nanoparticles. A particular 
attention has been be paid to the chemical modifications 
experienced by the cluster units during the encapsulation 
process and to their structural interactions with the sur-
rounding silica matrix. The results and discussion consti-
tute therefore an important step toward a better control 
of their optical properties. Finally, the toxicity of 
Cs2[Mo6Br14]@SiO2 nanoparticles was evaluated by using 

recently developed nanotoxicity tests on plants44 and by 
human cell proliferation assays. 

 

2. Experimental part 

2.1. Chemicals and cluster precursor. Polyoxyethylene 
(4) lauryl ether (Brij®30) and tetraethoxysilane (TEOS, 
98.00%) were purchased from Sigma-Aldrich. Ammonia 
(28 wt% in water) and n-heptane (99.00%) were pur-
chased from VWR. Ethanol (99.80%) was purchased from 
Fluka. The Cs2[Mo6Br14] cluster compound was prepared 
according to published procedure.40 

 

2.2 Synthesis of the Cs2[Mo6Br14]@SiO2 nanoparticles. 
The Cs2[Mo6Br14]@SiO2 nanoparticles were synthesized by 
a water-in-oil microemulsion process as previously de-
scribed.25,26 First, a cluster sol was prepared by dissolving 
the Cs2[Mo6Br14] cluster compound in a mixture of etha-
nol and distilled water (1:1 volume ratio). The concentra-
tion of the cluster sol could be varied up to 0.02 M. The 
microemulsion was prepared by mixing 47 ml of n-
heptane and 15 ml of Brij®30, followed by the dropwise 
addition of 1.6 ml of the cluster sol and 1.3 ml of an am-
monia solution. In order to preserve the stability of the 
cluster units at all steps, it is important that the cluster 
compound is first solvated in absolute ethanol and then 
fully dissolved by addition of the water. For the same 
reason, this cluster sol has to be added to the heptane and 
Brij®30 mixture separately from the ammonia solution. 
Deviations from this procedure or addition of the ammo-
nia solution to the cluster sol outside of the 
microemulsion would result in a quick precipitation of 
the cluster units. After 1 hour of magnetic stirring to in-
sure homogeneity of the microemulsion, 2 ml of TEOS 
were added. The reaction was left under magnetic stirring 
for 3 days. Then, the microemulsion was destabilized by 
the addition of ethanol (~ 80 ml). Finally, the nanoparti-
cles were collected and washed by several centrifugation 
cycles which are summarized in Table 1 before dispersion 
in purified water.  

 

Table 1. Summary of the 9 steps centrifugation proto-
col used for the purification of the Cs2[Mo6Br14]@SiO2 
nanoparticles indicating the solvent used in each 
step, the relative centrifugal force (RCF) and the 
centrifugation time. Between each step, the nano-
particles were redispersed in solvent by sonication. 
The steps 3 to 9 are identical. 

step solvent RCF (g) time (min) 

1 

2 

3 to 9 

microemulsion + ethanol 

ethanol 

water 

10000 

20000 

40000 

10 

20 

30 

 

2.3. Characterization techniques. The size and mor-
phology of the Cs2[Mo6Br14]@SiO2 nanoparticles were 
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characterized by field emission scanning electron micros-
copy (FE-SEM) using a Hitachi SU8000 microscope oper-
ating at 10 kV, and by transmission electron microscopy 
(TEM) using a JEOL JEM-1400 microscope operating at 
120 kV. The presence of the cluster units inside the silica 
nanoparticles was characterized by high angle annular 
dark field scanning transmission electron microscopy 
(HAADF-STEM) using a Hitachi High-Technologies HD-
2300C microscope operating at 200 kV (full setup details 
can be find in ref. 27). The Cs2[Mo6Br14]@SiO2 nanoparti-
cles were analyzed by inductively coupled plasma optical 
emission spectrometry (ICP-OES) for dosage of the Si, Cs, 
Mo and Br elements. The photoluminescence properties 
were characterized using a Horiba Jobin Yvon Fluorolog-3 
spectrophotometer. The nanoparticles were analyzed by 
solid state 1H and 29Si magic-angle-spinning nuclear mag-
netic resonance (MAS NMR) using a Bruker Ultrashield 
300 WB spectrometer. We employed 4 mm and 2.5 mm 
MAS probes for 29Si and 1H MAS NMR respectively. Spec-
tra were recorded with spinning rates of 10 kHz and 30 
kHz for 29Si and 1H MAS NMR respectively. The chemical 
shifts were calibrated using a reference of 
tetramethylsilane (TMS) for 29Si MAS NMR and distilled 
water for 1H MAS NMR. The specific surface area of 
Cs2[Mo6Br14]@SiO2 and SiO2 nanoparticles was measured 
by the Brunauer–Emmett–Teller method (BET) using a 
Micromeritics Tristar 3000. 

 

2.4. Plant culture systems and biomass determina-
tion. Seeds of rapeseed (Brassica napus) of the drakkar 
ecotype have been used. Plant culture system and test 
procedures were similar to those previously described for 
the evaluation of the toxicity of the Cs2[Mo6Br14] cluster 
compound before its encapsulation in silica nanoparti-
cles.44 Briefly, eight rapeseed seeds were transferred onto 
sterilized filter papers (Whatman n°3) disposed in 90 mm 
× 15 mm Petri dishes containing 4 ml of an aqueous solu-
tion of Cs2[Mo6Br14]@SiO2 or SiO2 nanoparticles at 1000 
µg/ml. Controls have been prepared by dispersing pure 
Milli-Q water. The dishes were then sealed and placed in 
a phytotron for germination and growth of the plants at 
24 °C in the dark for 5 days. Once the seedlings harvested, 
the fresh shoots and roots were separated and their bio-
mass was immediately measured. Each experiment was 
conducted four times, i.e. four Petri dishes containing 
eight seedlings each. The biomass results are presented as 

mean  SE (standard error of the mean) of the three inde-
pendent experiments.  

 

2.5. Human cell culture and cell proliferation (MTT) 
assay. Two cell lines were used: Caco-2 a human colon 
adenocarcinoma cell line and MRC-5 a human lung fibro-
blast. The cell lines were obtained from American Tissue 
Culture Collection (ATCC, Rockville, MD, United States). 
The cells were passaged twice every week and grown in 
Dulbecco’s modified Egle’s medium (DMEM) supple-

mented with 2 mM L-glutamate, 10% fetal calf serum 
(FCS), 1 mg/L streptomycin, and 1000 U/L penicillin 
(Complete DMEM). Cells were cultured at 37 °C, 5% CO2, 
and 90% relative humidity. Cell proliferation was deter-
mined using the MTT (methylthiazolyl diphenyl 
tetrazolium bromide) method. Caco-2 and MRC-5 cells 
were plated in 96-well plates at densities of 3×103 
cells/well and 6×103 cells/well respectively, and with 100 µl 
of culture medium (10% FBS) per well. After incubating 
overnight to allow cell attachment, the cells were treated 
with nanoparticles solutions ranging from 0.1 to 100 µg/ml 
for 24 hours and 72 hours, and 20% of MTT (5 mg/ml in 
PBS 1X) reagent was then added for 4 h. The medium was 
removed, 100 µl of DMSO was added to the cells for 5 min 
and they were gently shaken. Absorbance at 570 nm was 
measured using a Micro Plate Reader. Control was cell 
lines without nanoparticles and the results were ex-
pressed in function of this control (=100%). The experi-
ments were performed with these cell monolayers in trip-
licate. 

 

3. Results 

3.1. Size and morphology. After purification according 
to the optimized procedure summarized in Table 1, it 
turns out that no trace of surfactant (Brij®30) remains on 
the nanoparticles as evidenced by 1H MAS NMR (see Sup-
porting Information, Figure S1). Indeed, after dispersing 
the nanoparticles in distilled water, the aqueous 
Cs2[Mo6Br14]@SiO2 colloid appeared clear without visible 
light scattering (Figure 2). The size and morphology of 
the nanoparticles were characterized by FE-SEM and TEM 
(Figure 3). The electron microscopy images show that the 
nanoparticles are perfectly spherical and monodisperse in 
size, with an average diameter of 45 nm. Experiments 
showed that the concentration of the cluster sol did not 
affect the size of the nanoparticles in the studied range 
(up to 0.02 M). The presence of the clusters inside the 
silica nanoparticles can be evidenced by HAADF-STEM, 
as previously demonstrated.25,26 The Figure 4 shows a Z-
contrast image of a the Cs2[Mo6Br14]@SiO2 nanoparticles 
obtained with this technique, where the cluster units 
appear as bright spots of about 1 nm in size and homoge-
neously distributed in the silica matrix. 
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Figure 2. Photography of a Cs2[Mo6Br14]@SiO2 colloid in 
water (mass concentration ~ 10 g/L). 

 

Figure 3. FE-SEM image (left) and TEM image (right) of Cs2[Mo6Br14]@SiO2 nanoparticles. 

Regarding the morphology of the Cs2[Mo6Br14]@SiO2 

nanoparticles, the TEM image (Figure 3) suggests a high 
porosity of the silica matrix which does not appear homo-
geneous. Indeed, the specific surface area obtained by 
BET measurements is 347.7 ± 9.5 m2/g to be compared 
with the theoretical value roughly equal to 60 m2/g for a 
perfectly smooth sphere of 45 nm in diameter and consid-
ering a density of 2.2 for the silica. On the other hand, the 
specific surface area obtained by BET measurements of 
bare SiO2 nanoparticles prepared in the same conditions 
as the Cs2[Mo6Br14]@SiO2 nanoparticles is 327.6 ± 12.6 
m2/g which is roughly equal to the 347.7 ± 9.5 m2/g given 
the error. It can be conclude that the experimental high 
specific surface area of the nanoparticles results from the 
synthesis process and not from the encapsulation of the 
cluster units. 

 

Figure 4. HAADF-STEM image of a Cs2[Mo6Br14]@SiO2 na-
noparticle. 

3.2. Chemical composition. The concentration of clus-
ter units inside the silica nanoparticles was determined 
with ICP-OES analyses by dosing the Si, Cs, Mo and Br 
elements. Cs2[Mo6Br14]@SiO2 nanoparticles prepared with 
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different concentration of the cluster sol were analyzed. 
The results are plotted in Figure 5 as molar ratio between 
Si and the elements of the cluster compound (Cs, Mo and 
Br). The experimental results are also compared with the 
theoretical ratio that were calculated assuming that all 
the TEOS has condensed to form silica and that all the 
introduced cluster compound is encapsulated in the silica 
nanoparticles. It appears that the concentration of clus-
ters inside the silica nanoparticles evolves linearly with 
the concentration of the cluster sol. However, the results 
show that the experimental concentration of clusters is 
always below the theoretical one and that the deviation is 
increasing as the concentration of the cluster sol increas-
es. This observation indicates that the efficiency of the 
encapsulation of the clusters inside the silica nanoparti-
cles is decreasing when increasing the amount of clusters 
involved in the synthesis. The results in Figure 5 also 
show that the deviation between the theoretical and ex-
perimental data is more important in the case of Br than 
for the other elements. Indeed, the results indicate an 
average [Mo]/[Br] ratio of 0.73 and an average [Mo]/[Cs] 
ratio of 7.0, whereas the theoretical ones are 0.43 and 3 
respectively. Considering the strong stability of the Mo6 
cluster, these differences can only be explained by the 
departure of Br and Cs atoms during the encapsulation 
process. Considering 6 atoms of the Mo6 cluster, these 
ratios give an equivalent of 8.2 atoms of Br and 0.9 atom 
of Cs per Mo6 clusters. The value of 8.3 Br per Mo6 cluster 
corresponds to chemical composition of the Mo6Bri

8 clus-
ter core characterized by strong Mo-Mo and Mo-Bri cova-
lent bonds. This clearly indicates that apical ligands are 
removed during the encapsulation process. Apical Br 
ligands are known to be much more labile than the inner 
Bri ligands owing to more ionic and weak Mo-Bra bonds 
compared to Mo-Bri. Two hypotheses can explain the loss 
of one cesium cation in the nanoparticles compared to 
the two cesium cations in Cs2[Mo6Br14]. The first one is 
the oxidation of the cluster units from [Mo6Br14]

2- to 
[Mo6Br8L

a
6]

- but in this case the photoluminescence prop-
erties should be lost. The second one, which is more plau-
sible, could be a partial cationic metathesis involving the 
replacement of Cs+ by NH4

+ ions present due to the use of 
ammonia in the process.  

 

Figure 5. Molar ratios between Si and the elements of the 
cluster compound measured by ICP-OES (full symbols) and 
theoretically calculated (empty symbols), depending on the 
concentration of the cluster sol used for the synthesis of the 
Cs2[Mo6Br14]@SiO2 nanoparticles.  

 

Figure 6. Emission and excitation spectra of the Cs2[Mo6Br14] 
cluster compound (dashed lines) and the Cs2[Mo6Br14]@SiO2 
nanoparticles (continuous line). The emission spectra were 
recorded for an excitation wavelength of 450 nm and the 
excitation spectra were recorded at the maximums of emis-
sion. The spectra are normalized and the signals are correct-
ed regarding the sensitivity of the detector (photomultiplier). 

3.3. Luminescence properties. The luminescence prop-
erties of the Cs2[Mo6Br14]@SiO2 nanoparticles were inves-
tigated on solid state (powder) and compared to those of 
the starting Cs2[Mo6Br14] cluster compound. The obtained 
emission and excitation spectra are gathered in Figure 6. 
They show that the encapsulation of the clusters results 
in a shift of the emission maximum of roughly 70 nm to 
lower wavelengths. A similar shift in the emission wave-
length has been reported for the encapsulation of the 
Cs4[Re6S8Br6] cluster compound.27 In this case, the emis-
sion spectrum of Cs4[Re6S8Br6]@SiO2 nanoparticles ap-
peared to be very similar to that of K4[Re6S8(OH)6]@SiO2 
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nanoparticles. Thus, it was suggested that the apical Br 
ligands could be exchanged for OH groups during the 
encapsulation process, provoking the emission shift. 
However, in the case of Mo6 clusters, the [Mo6Br8(OH)6]

2- 
cluster unit has not yet been isolated to check whether 
the Cs2[Mo6Br14]@SiO2 nanoparticles would have the 
same emission properties. 

 

Figure 7. Photographs of a Cs2[Mo6Br14]@SiO2 colloid in 
water under day light (a) and under UV excitation at 365 nm 
(b). 

 

Figure 8. Emission spectra of a Cs2[Mo6Br14]@SiO2 colloid in 
water: as prepared, and after argon or oxygen bubbling. The 
emission spectra were recorded for an excitation wavelength 
of 450 nm and the signals were corrected regarding the sensi-
tivity of the detector (photomultiplier). 

An important feature of these nanoparticles is that the 
silica matrix protect the cluster units from the presence of 
oxygen in aqueous solution. Indeed, the cluster@SiO2 
nanoparticles remain luminescent even in water as illus-
trated in Figure 7. The efficiency of the protective effect of 
the silica against oxygen was carefully investigated on a 
Cs2[Mo6Br14]@SiO2 colloid in water using photolumines-
cence spectrometry (Figure 8). The emission spectrum of 
a Cs2[Mo6Br14]@SiO2 colloid was recorded after synthesis 
and purification of the nanoparticles. The dissolved oxy-
gen in solution was completely removed by bubbling 
argon through the colloid for 3 hours. The emission spec-
trum of the colloid was recorded again showing 
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Figure 9. Top: illustration of the Q2, Q3 and Q4 silicon atoms with their respective chemical shift. Bottom: 
29

Si MAS NMR spec-
tra of SiO2 (left) and Cs2[Mo6Br14]@SiO2 (right) nanoparticles. 

an increase in the luminescence intensity. Then, the solu-
tion was saturated again with oxygen by bubbling oxygen 
for 5 minutes, what resulted in a decrease of about 70% of 
the emission intensity. Longer oxygen bubbling (up to 24 
hours) did not provoke any further decrease of the emis-
sion intensity. Thus, the efficiency of the protection of the 
silica matrix is not absolute. Due to the porosity of the 
nanoparticles, dissolved oxygen still have access to their 
inner part and therefore to the cluster units. However, it 
also appeared that a part of the cluster units are defini-
tively protected because an extended exposition to oxy-
gen (24h) did not resulted in a complete quenching of the 
luminescence. This is most likely due to cluster units 
located in parts of the silica matrix where oxygen does not 
diffuse. Thanks to these two findings, these nanoparticles 
have a great potential for both fluorescence imaging and 
PDT applications. To remove oxygen quenching another 
possible solution could be to grow post-synthesis an addi-
tional shell of silica around the nanoparticles through a 
seeded process.7  

 

3.4. Microstructural properties. In order to study the 
influence of the cluster units on the microstructural 
properties of the silica, Cs2[Mo6Br14]@SiO2 nanoparticles 
were analyzed by 29Si MAS NMR and compared to bare 
SiO2 nanoparticles prepared in the same conditions. The 
spectra of both samples (Figure 9) show three signals at 

chemical shifts of δ = - 90 ppm, δ = - 100 ppm and δ = - 110 
ppm, respectively assigned to Q2 geminal silanols, Q3 free 
silanols, and Q4 siloxane bridges (see Figure 9).45 The 
integrated areas calculated after deconvolution of the 
three signals indicated a decrease of 20% of the propor-
tion in Q4 silicon in Cs2[Mo6Br14]@SiO2 nanoparticles 
compared to SiO2 nanoparticles. However, this decreased 
can also be interpreted as an increase of the silanols in the 
silica matrix. The influence of the cluster units on the 
siloxanes over silanols ratios is probably a result of their 
interaction with the silica matrix and will be developed in 
the discussion section. 

 

3.5. Phytotoxicity tests. We recently reported that 
Cs2[Mo6Br14] cluster compound can have toxic effects on 
plants.44 In order to investigate the effects of the encapsu-
lation of cluster units on their toxicity, the phytotoxicity 
of Cs2[Mo6Br14]@SiO2 nanoparticles was studied. The 
same tests were also performed on SiO2 nanoparticles 
without cluster to determine if potential toxic effects 
come from the clusters or the silica nanoparticles them-
selves. Plants were treated with SiO2 and 
Cs2[Mo6Br14]@SiO2 nanoparticles in water at 1000 µg/ml. 
In the case of the Cs2[Mo6Br14]@SiO2 nanoparticles, it 
amounts to an embedded Mo concentration of 0.23 mM 
as determined by ICP-OES analysis. It was showed previ-
ously that this dose of 0.23 mM of Mo is sufficient to 
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cause growth inhibition when the source of Mo is 
Cs2[Mo6Br14] cluster compound.44 It appears in the present 
work that neither SiO2 nanoparticles nor 
Cs2[Mo6Br14]@SiO2 nanoparticles have any significant 
effect on the plants growth. Values of plant root and aeri-
al part biomass after 5 days of growth in the dark are 
shown in Figure 10. In addition, the nanoparticles did not 
affect the morphology of the plants as it was the case with 
Cs2[Mo6Br14] cluster compound.44 The root surface of SiO2 
and Cs2[Mo6Br14]@SiO2 treated plants were in intimate 
contact with the nanoparticles but did not show any ab-
normal appearance as observed with FE-SEM (see Sup-
porting Information, Figure S9).  

 

Figure 10. Root and shoot biomass of plants treated with 
SiO2 or Cs2[Mo6Br14]@SiO2 nanoparticles in water at 1000 
µg/ml, and compared with negative controls (H2O). All root 
and shoot growth data are expressed as percentages of root 
or shoot growth in H2O negative control. 

3.6. Human cell proliferation. The cytotoxicity of 
Cs2[Mo6Br14]@SiO2 nanoparticles was also investigated for 
the first time on two different cell lines. The results of cell 
viability depending on the nanoparticles concentration 
and incubation time are reported in Figure 11. For epithe-
lial gut cell Caco-2, after 24h of contact with the nanopar-
ticles, no variation in the cell proliferation could be ob-
served for concentrations between 0.1 and 10 µg/ml. In 
these cases, the human cell viability was always higher 
than 91% of the control test without nanoparticle. For 
concentrations between 25 and 100 µg/ml, the cell toxicity 
was slightly increased, but the cell viability remained at 
least higher than 80% of the control. After 72h contact, 
the proliferation of the Caco-2 cell was comparable to the 
results obtained for 24h of contact. The lowest cell viabil-
ity (85%) was observed in the case a nanoparticles con-
centration of 100 µg/ml. 

For human fibroblast MRC-5, after 24h of contact the 
cell proliferation was relatively reduced compared to the 
Caco-2 cell line but remained above 80% of the control 

for concentrations up to 10 µg/ml. For concentrations of 
25 and 50 µg/ml, the cytotoxicity of the nanoparticles was 
moderate, with 73 and 75% respectively. For the highest 
tested concentration of 100 µg/ml, the cytotoxic effects 
were important with only 59% of cell viability compared 
to the control. After 72h of incubation with the nanopar-
ticles, the fibroblast proliferation showed comparable 
results as for 24h of contact with significantly increased 
toxicity for nanoparticles concentrations higher than 25 
µg/ml. 

 

Figure 11. Viability of Caco-2 (a) and MRC-5 (b) human cells 
depending on the concentration of Cs2[Mo6Br14]@SiO2 nano-
particles and for two different incubation times. 

4. Discussion 

We showed that [Mo6Br14]
2- cluster units can be easily 

encapsulated in silica nanoparticles by a water-in-oil 
microemulsion process without any modification of their 
morphology, meaning the size, monodispersity and spe-
cific surface area of the synthesized silica nanoparticles. 
As previously reported,4 the preparation of 
Cs2[Mo6Br14]@SiO2 nanoparticles by a Stöber process is 
also possible but in this case the size of the synthesized 
nanoparticles strongly depends on the cluster concentra-
tion (see Supporting Information, paragraph 2.). The 
Cs2[Mo6Br14]@SiO2 nanoparticles reported here are par-
ticularly stable as the cluster units do not leak from the 
nanoparticles, even after repeated centrifuging cycles at 
relatively high relative centrifugal force (up to 40000 g) in 
ethanol or in water (see Supporting Information, Figure 
S3). 

These observations suggest a strong interaction be-
tween the cluster units and the silica matrix. Gao et al. 
failed in incorporating negatively charged and charge-
neutral Re6 based cluster units in silica nanoparticles,43 
which is contrary to what we report here for Mo6 based 
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cluster units and previously reported for Re6 based cluster 
units.27 However, they succeeded in incorporating posi-
tively charged Re6 cluster units and therefore claimed an 
electrostatic interaction. Here, the hypothesis of an elec-
trostatic interaction can be excluded as both the encapsu-
lated cluster units and the silica matrix are negatively 
charged in our synthesis conditions. Thus, two hypothe-
ses should be considered: hydrogen bonds or covalent 
bonds, which are schematically illustrated in Figure 12. 

 

Figure 12. Schematic illustration of the possible types of 
interaction between the clusters units and the silica matrix. 
(a) In the hypothesis where the apical Br ligands are ex-
changed for OH groups during the microemulsion process, 
the cluster units can interact with the silanols of the silica 
matrix through the formation of hydrogen bonds. (b) In the 
hypothesis where the apical Br ligands are eliminated during 
a condensation process, the cluster units can covalently bond 
to the silica. 

 

Figure 13. Schematic illustration of the possible ligand ex-
change experienced by the cluster units, from [Mo6Br

i
8Br

a
6]

2-
 

(left) to [Mo6Br
i
8(OH)

a
6]

2-
 (right). 

We showed by ICP-OES analysis that the apical Br lig-
ands of the cluster units are eliminated during the encap-
sulation process. As schematically illustrated in Figure 13, 
these ligands can be exchanged for OH groups as a result 
of the hydrolysis of the cluster compound.46 This OH 
groups at the apical positions of the cluster units would 
therefore readily create hydrogen bonds with the silanol 
groups of the silica nanoparticles under formation. This 
exchange would be consistent with the optical properties 
of the Cs2[Mo6Br14]@SiO2 nanoparticles which showed a 
shift of the maximum of emission of the cluster units. 
This exchange could also be observed by UV-visible spec-

troscopy as Cs2[Mo6Br14]@SiO2 nanoparticles show the 
same absorption spectrum as hydrolyzed cluster units 
after 5 days in water and differ from the non-hydrolyzed 
cluster units in ethanol (see Supporting Information, 
Figure S4). The 29Si MAS NMR results, i.e. the differences 
in the ratio between siloxanes and silanols, indicate that 
Cs2[Mo6Br14]@SiO2 nanoparticles show a higher content of 
silanol groups than bare silica nanoparticles. This could 
be consistent with an interaction through hydrogen 
bonds between OH groups in the apical positions of the 
cluster units and the silanol groups of the hydrolyzed 
silica monomers or of the silica nanoparticles under for-
mation. Indeed, these silanols occupied by cluster units 
are no longer able to condense to form siloxane bridges as 
if they were forming hydrogen bonds with water mole-
cules. As a result, the formation of such hydrogen bonds 
leads to silica nanoparticles with a higher content of 
silanol groups. On the other hand, the hydrolysis of the 
cluster units should result in their aggregation whereas 
HAADF-STEM images (Figure 4) showed that they are 
isolated and well dispersed in the silica matrix. 

Regarding the hypothesis of the formation of covalent 
bonds between the cluster units and the silica matrix, the 
apical Br ligands can also be eliminated through the con-
densation of the cluster units with silanol groups of the 
silica matrix under formation, according to the following 
base-catalyzed nucleophilic substitution reaction: 

 

Si-OH + OH- → Si-O- + H2O 

Si-O- + Mo-Bra → Si-O-Mo + Br- 

 

Thus, in this hypothesis the apical Br ligands are not 
replaced by OH groups anymore but by “OSi” groups. 
This modification of the cluster units can also explain the 
optical properties of the Cs2[Mo6Br14]@SiO2 nanoparticles. 
Indeed, the exchange for OH or OSi groups may have a 
similar influence on the molecular orbital diagram of the 
cluster units. Robinson et al. reported that such covalent 
bonding was possible for cluster units with a Mo6Cl8

i core 
when apical ligands are labile,47 which is the case of the Br 
apical ligands. However, we could not identify the pres-
ence of Si-O-Mo bonds by Raman or infrared spectrosco-
py. It was actually already suggested by Robinson et al. 
that these techniques would not be sensitive enough to 
evidence such bonds in a similar system due to the im-
portant background signals of SiO2 and to the breadth of 
the UV-visible and luminescence spectra of the cluster 
units.47 We can reasonably estimate that the cluster units 
interact with the silica matrix trough both hydrogen 
bonds and covalent bonds, the apical Br ligands being 
partially exchanged by OH groups and partially by OSi 
groups. Taking also into account the partial cationic me-
tathesis involving the replacement of Cs+ by NH4

+ as evi-
denced by ICP-OES, the cluster compound inside the 
silica nanoparticles should therefore have the following 
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formula: (Cs,NH4)[Mo6Bri
8(OSi)a

6-x(OH)a
x], with x com-

prised between 0 and 6. 

From the beginning of the design of luminescent silica 
nanoparticles, we were very concerned about their poten-
tial toxic impact. Regarding phytotoxicity, in contrast to 
what was observed for individual cluster units,44 it ap-
peared that the Cs2[Mo6Br14]@SiO2 nanoparticles have no 
effect on plant growth (Figure 10) or morphology (see 
Supporting Information, Figure S9) in dark conditions. As 
a matter of fact, the silica encapsulation of the clusters 
protects the plant cells by avoiding direct contact of 
harmful clusters with cellular structures. However, as 
already mentioned excited cluster units can relax non-
radiatively through the formation of singlet oxygen, 
which is of toxicological concern as these species can 
provoke an oxidative stress and damages on plant tis-
sues.48 In this sense, it is worth to be noted that for addi-
tional experiments with plant growth under a 16h light 
(115 µmol/m2/s) period per day, the Cs2[Mo6Br14]@SiO2 
nanoparticles did not show any significant toxic effect 
either (data not shown). Indeed, we showed that once 
encapsulated in silica the cluster units remain lumines-
cent even when the nanoparticles are dispersed in water, 
thus indicating that oxygen cannot access the clusters 
anymore limiting therefore the formation of singlet oxy-
gen.  

Regarding the toxicity on human cells, our study 
showed that the toxicity of the Cs2[Mo6Br14]@SiO2 nano-
particles is lower with Caco-2 epithelial cells than with 
lung fibroblasts MRC-5. However, for concentrations 
between 0.1 and 50 µg/ml, the decrease in proliferation 
was very moderate for both cell lines. Cell toxicity became 
significant only for the fibroblastic cells and for the high-
est concentration (100 µg/ml). The lethal concentration 
50 (LC50) for the lung cells Caco-2 and the LC20 for the 
colon cells MRC-5 are out of the range of studied concen-
trations (>100µg/ml). In addition, we found no effect of 
the incubation time on these results. With cell line MRC-
5 and with some incubation times, hematite nanoparticles 
generated a drastic lipid peroxidation increase conversely 
with a decrease of reduced glutathione concentration 
which represent a cellular antioxydative system.49 McCar-
thy et al. reported a strong toxicity for 10 nm sized amor-
phous silica nanoparticles on human lung submucocal 
cells with a LC50 of 9.7 µg/ml after 24h of incubation.50 
With MTT analyses of lung cells A549 and endothelial 
cells, Lison et al. found for 30 nm sized amorphous silica 
nanoparticles a LC50 of 50 µg/ml and 100 µg/ml respec-
tively.51 Thus, our preliminary results should be pursued 
by the comparison of the toxicity for the 
Cs2[Mo6Br14]@SiO2 nanoparticles with related nanoparti-
cles. Nanomaterials can show multiple properties such as 
size, shape, specific surface area, degree of aggregation, 
remaining reaction products, etc. that can vary from a 
synthesis to another one. For instance, amorphous silica 
nanoparticles with same size can show different specific 
surface area because of different porosity/density.  

 

5. Conclusions 

In conclusion, we reported here an extended study of 
Cs2[Mo6Br14]@SiO2 nanoparticles prepared by a water-in-
oil microemulsion process. The cluster units were effi-
ciently encapsulated in the silica nanoparticles with a 
good stability, and the concentration of cluster units 
could be adjusted without affecting the size and mor-
phology of the silica nanoparticles. We also showed that 
during the encapsulation process, the cluster units are 
chemically modified as they lose their apical Br ligands 
and roughly half of their Cs+ counter cations. This loss of 
ligands resulted in a slight modification of the optical 
properties of the Cs2[Mo6Br14]@SiO2 nanoparticles with in 
particular a blue shift of the maximum of emission. These 
ligands are most likely exchanged partially by OH groups 
that can form hydrogen bonds with the silanol groups of 
the silica and by OSi groups through a covalent bonding 
between the cluster units and the silica matrix, leading to 
a cluster compound with the following formula: 
(Cs,NH4)[Mo6Bri

8(OSi)a
6-x(OH)a

x], with x comprised be-
tween 0 and 6. An important feature of these nanoparti-
cles is that the silica matrix protects, to some extent, the 
cluster units from the presence of oxygen in solution and 
the nanoparticles remain luminescent even when dis-
persed in water. In spite of the lack of systematic proto-
cols for the study of the toxicity of nanomaterials, our 
results indicate that Cs2[Mo6Br14]@SiO2 nanoparticles do 
not show any significant toxic effect on the growth and 
morphology of plants. Regarding cytotoxicity of 
Cs2[Mo6Br14]@SiO2 nanoparticles, we observed a dose 
effect but no time effect. These results should be com-
pared with related silica nanoparticles. 
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