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Abstract
Hexanuclear tantalum bromide cluster units [{Ta6Bri12}La6] (i ¼ inner, a ¼ apical,
L ¼ ligand OH or H2O) are embedded into SiO2 nanoparticles by a reverse
microemulsion (RM) based method. [{Ta6Bri12}Bra2 (H2O)a4]$nH2O (noted TBH)
and tetraethyl orthosilicate (TEOS) are used as the starting cluster compound and
the precursor of SiO2, respectively. The RM system in this study consists of the
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n-heptane (oil phase), Brij L4 (surfactants), ethanol, TEOS, ammonia solution and
TBH aqueous sol. The size and morphology of the product namely {Ta6Br12}
@SiO2 nanoparticles are analyzed by HAADF-STEM and EDS mappings. The
presence and integrity of {Ta6Br12} in the SiO2 nanoparticles are evidenced by
EDS mapping, ICP-OES/IC and XPS analysis. The optical properties of
{Ta6Br12}@SiO2 nanoparticles are analyzed by diﬀuse reﬂectance UV-vis
spectroscopy, further evidencing the integrity of the embedded {Ta6Br12} and
revealing their oxidation state. Both {Ta6Br12}2þ and {Ta6Br12}3þ are found in
SiO2 nanoparticles, but the latter is much more stable than the former. The byproducts in this RM-based synthesis, as well as their related factors, are also
discussed.
Keywords: Materials chemistry, Materials science, Nanotechnology

1. Introduction
Over the past several decades, hexanuclear tantalum bromides have attracted considerable attention, in particular as a commercial tool for the phase determination of
large biological assemblies by X-ray crystallography and as radiographic contrast
agents [1, 2, 3, 4]. More recently, they have been proposed as eﬃcient UV-NIR
blockers for the potential application in saving energy window technology [5, 6].
Most hexanuclear tantalum bromides possess the cluster cores of {Ta6Br12}, which
consists of an octahedral Ta6 atom cluster and the 12 inner Br ligands bridging over
all the 12 Ta-Ta bonds [7]. The oxidation state of {Ta6Br12} can be either 2þ, 3þ or
4þ, corresponding to 16, 15, and 14 valence electrons involved in its Ta6 atom clusters, respectively [8, 9]. In most cases, 6 apical positions of Ta6 atom cluster are
further terminated by 6 ligands L (e.g., Br, Cl, H2O). These ligands are called “apical
ligands” to distinguish them from the 12 inner Br ligands of {Ta6Br12}. Fig. 1 shows
a typical geometry of cluster unit, as the combination of {Ta6Br12} cluster core and
its apical ligands, which can be represented as the formula of [{Ta6Bri12}xþLa6] (i ¼
inner, a ¼ apical, x ¼ oxidation state 2, 3, or 4, L ¼ ligand). The preparation of hexanuclear tantalum bromides relies on solid-state reactions performing at high temperature, while the {Ta6Br12} cluster cores in those products are ﬁxed in extended
arrays [7, 10]. For instance, reducing TaBr5 by Ta (or other reductant metals) produces Ta6Br15 compounds, where the contained {Ta6Br12}3þ cluster cores connect
with adjacent ones by sharing their apical Br ligands [7, 11]. A4Ta6Br18 (A ¼ alkali
metal) are prepared by reducing TaBr5 in the presence of ABr5 [12, 13]. These
ternary compounds are built up on the densely packed [{Ta6Bri12}Bra6]4- cluster units
(i. e., {Ta6Br12}2þ terminated by 6 apical Br ligands), whose charge is counter
balanced by alkali metal cations A [9]. Dissolving the solid-state hexanuclear
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Fig. 1. Structures of an octahedral {Ta6Br12} cluster core terminated by six axial ligands L; the black,
yellow, and red spheres represent Ta atoms, edge-bridging Br anions, and terminal-ligands L,
respectively.

tantalum bromides products solvated {Ta6Br12} species, as solvent molecules lie in
apical positions to form [{Ta6Bri12}BranSa6-n]x-n (S ¼ solvent; x ¼ 2, 3, 4; 0  n  6; n
s x) cluster units [7, 14]. These cluster units are charged and act like ion, and obviously, {Ta6Br12} cluster cores in this case are liberated and attain discrete distribution in solvent [15]. The discrete {Ta6Br12} species are highly interesting because of
their ultra-small size (ca. 1 nm) and the distinct electronic structure brought by the
coexistence of metal-metal and covalent bonds, while they also bear the starting
point of various solution based chemical/physical reactions to obtain various kinds
of [{Ta6Bri12}La6] derivatives [7, 10, 16, 17, 18, 19]. Moreover, the electronic structure of discrete {Ta6Br12} species endows their variable optical property, depending
on both the oxidation state of {Ta6Br12} (2þ, 3þ or 4þ) and the properties of apical
ligands ethus they can be used as the dye for transparent optical devices [5, 6, 20,
21, 22]. Meanwhile, the ion-like behaviors and ultra-small size of the discrete
{Ta6Br12} species can facilitate their homogeneous distribution in matrix and minimize the decreasing on transparency. However, to the best of our knowledge, routine
method to embed the discrete {Ta6Br12} species into inorganic matrix has not been
established yet.
Reverse microemulsion (RM) is an isotropic and dynamically stable system consisting of oil, water, surfactants and sometimes co-surfactants. The water phase in
RM system is well conﬁned to uniform and nanosized swollen micelles
(<100 nm), and thus it has been frequently used as the “nanoreactors” for the
aqueous mediated reactions. Especially taking the advantage of the uniform
size of nanoreactors, monodisperse nanoparticles can be produced in the RM
based synthetic process [23, 24, 25]. This process is also eﬃcient to combine
two or more kinds of substances into nanocomposite with complex architecture
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and to embed ultra-small particles into nanosized matrix, though for the latter it
seems so far only the synthesis of the SiO2-based nanocomposites have been
well documented [26, 27, 28, 29, 30, 31, 32]. To prepare the so-called functionalized SiO2 nanoparticles, silicon alkoxide (Si(OR)4) is usually used as the precursor. Accordingly, the pH of the water phase of RM system is adjusted to over 11
to facilitate the hydrolysis and condensation over Si(OR)4 [24]. The substances
expected to be embedded into SiO2 can either be pre-synthesized or be synthesized in situ in RM system. In the former case, the substances which possess hydrophilic surface end up to the nanoreactors after they dispersed in the RM system
and are subsequently immobilized on the on-going condensing networks of
^SieOeSi^. Even the substances with hydrophobic surface can also be
embedded, relying on the “ligand exchanging” process with partially hydrolyzed
Si(OR)4 [33, 34]. In the latter case, the reaction become relative more complicated, as considerable attention should be devoted to the compatibility between
the formation rates of the nanoparticles and of SiO2 matrix [28]. To date, several
nanocomposites like Au@SiO2, Ag/Pd@SiO2, CdSe@SiO2, ZnFe2O4@SiO2,
Fe3O4@SiO2, CeO2@SiO2, MoO3@SiO2, Ru(bpy)32þ@SiO2, etc. have been successfully prepared [35, 36, 37, 38, 39]. Most recently, the SiO2-based nanocomposites consisting of Mo6 and Re6 clusters have also been successfully prepared
[40, 41, 42, 43, 44]. It was demonstrated that these hexanuclear metal halide cluster units can maintain their discrete distribution in SiO2 nanoparticles and show
considerably high stability [41].
Based on the previous works, the present study is proposed to synthesize the SiO2
nanoparticles functionalized by discrete {Ta6Br12} species (noted {Ta6Br12}
@SiO2) by RM based process. The objectives consisted are to ﬁnd the conditions
of a controllable and direct dispersion of a large amount of discrete {Ta6Br12} species into the nanosized SiO2 matrix. So far, it is the ﬁrst report on this topic. The advantages of SiO2 matrix are evidenced for biotechnology and saving energy
applications due to a low toxicity, high stability, easy functionalization and high
transparency. Although the RM based synthesis for functionalized SiO2 nanoparticles has been well established, there is a speciﬁc challenge to obtain the expected
products. Indeed, the pH of the water phase in RM system should be over 11 to
grantee the considerable formation rate of SiO2, but the discrete {Ta6Br12} species
show much higher reactivity than other metal cluster species in basic aqueous solution, generating the precipitations of [{Ta6Bri12}(OH)ax$(H2O)a6-x]$nH2O (x ¼ 2, 3, 4)
[45]. Even worse, both the hydrolysis and oxidation of {Ta6Br12} will be accelerated
in the presence of OH, resulting in the breaking down of Ta6Br12 structural ediﬁce
and the formation of tantalum oxides. In other words, new substances will possibly
generate in the RM system during the formation of SiO2 matrix. Therefore, the products in this study are carefully characterized to prove the integrity of the encapsulated
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{Ta6Br12} species, as well as their distribution, oxidation state and optical
properties.

2. Experimental
2.1. Materials
Ethanol (99.5%), Ammonia solution (28 wt. %) and tetraethyl orthosilicate (TEOS,
95%) were purchased from Wako Pure Chemical Industries. n-heptane (98%) was
purchased from Kanto Chemical Co. Nonionic surfactant Brij L4 was purchased
from Sigma-Aldrich. DI water was purchased from Yamato Kagaku Co. All the
chemicals were used as received without further puriﬁcation. The starting compound
[{Ta6Bri12}Bra2(H2O)a4]$nH2O (TBH) was synthesized according to a published procedure [13].

2.2. Methods
n-hepane, Brij L4, ethanol and TEOS were used as received, like oil, surfactant, cosurfactant and the precursor of SiO2 in this RM based synthesis, respectively. TBH
sol was prepared by distributing TBH powder in 1 ml DI water. To ensure its uniformity, TBH sol was ﬁrst treated by ultrasonication for 15 min and then stirred
for 2 hr. In diﬀerent synthesizes, the concentration of TBH sol (CTBH) was varied
from 10 to 50 mM. 3.75 ml Brij L4 and 11.75 ml n-heptane were mixed in a ﬂask
by vigorous stirring. Green and transparent RM formed immediately after the addition of 0.2 ml TBH solution. The stirring rate was then slowed down to 500 rpm and
kept steady until the end of this synthesis. Thereafter, ethanol (volume varied from
0 to 0.6 ml in diﬀerent synthesizes) and 0.325 ml diluted NH3 solution (6.5 wt. %)
were added in successively with an interval of 5 min. The SiO2 generation reaction
was started by adding 0.1 ml TEOS into the RM system, and then allowed to last for
72 hr. Temperature was controlled steady at 22  C. After the reaction, the RM system was destabilized by stirring with additional 20 ml ethanol. Dark-green particles
settled down soon after the stirring stopped, leaving a colorless upper liquid. After
decanting the upper liquid, the particles were collected by centrifugation (11000
rpm, 30 min) and re-dispersed in DI water by ultrasonication treatment. To obtain
particles with clean surface, this washing step was repeated for 10 times. Acid
washing was applied in case to remove the unexpected impurities, performed with
0.1 mM HCl solution for 3 times. Finally, the collected particles were dried in vacuum at 40  C for 12 hr.

2.3. Instrumentation
High angle annular dark ﬁeld scanning transmission electron microscopy (HAADFSTEM) images were acquired by JEM-2100F (JEOL Co.) at 200 kV. The
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compositional analysis was performed by the energy dispersive X-ray spectrometer
(EDS) with double wide detecting area (100 mm2) detectors equipped in a JEM2800 (JEOL Co.) operating at 100 kV. To prepare the specimen for HAADFSTEM and EDS analysis, a small amount of RM containing the resulting
{Ta6Br12}@SiO2 nanoparticles was placed on an elastic carbon ﬁlm covered Cu
grid. To remove the excessive surfactants, this Cu grid was washed with dichloromethane after dry. The specimen of washed {Ta6Br12}@SiO2 nanoparticles was prepared by placing a small amount of its water suspension on carbon ﬁlm covered Cu
grid, which had been treated by plasma, and completely dried in ambient condition.
Powder X-ray diﬀraction (XRD) patterns were acquired by a D/MAX Ultima III (Rigaku Co.) diﬀractometer using Cu Ka radiation (l ¼ 1.5418 
A) over a range of 5 <
2q < 60 . The X-ray photoelectron spectra (XPS) were recorded using a SigmaProbe
(Thermos Fisher Co.) spectrometer, with using Al-Ka line (1486.6 eV) as the excitation source. XPS data treatments were carried out using the software ThermoAvantage and the spectra energy was calibrated with the ﬁrst deconvolved C1s
peak (attributed to the CeC bonding) rescaled at 284.8 eV. IR spectra were collected
in the 4000-400 cm1 range by a Nicolet TM 4700 FTIR spectrometer (Thermos
Fisher Co.), by using KBr sampling technique. Diﬀuse reﬂectance UV-vis-NIR
spectra were collected by an integrating sphere equipped V-7200 spectrometer
(Jasco Co.). The absorbance UV-vis-NIR spectra of discrete {Ta6Br12}2þ and
{Ta6Br12}3þ species were also collected with the sol of TBH in water and NaOH
solution (molar ratio of OH/Ta6 ¼ 8), respectively [45]. To conﬁrm the molar ratio
of Ta/Si and Br/Si in the resulting {Ta6Br12}@SiO2 nanoparticles, ICP-OES (for Ta
and Si) and ion chromatography (IC, for Br) analysis were performed.

3. Results
3.1. Phenomenology
Each {Ta6Br12} in the starting TBH is in the oxidation state of 2þ and terminated by
2 Br and 4 H2O ligands, while the formed neutral cluster units [{Ta6Bri12}Bra2
(H2O)a4] densely packed with a certain amount of water molecules to form crystal
structure [13, 46]. As seen in Fig. 2, TBH fully dissolved in water and formed a homogeneous sol, whose characteristic emerald-green color implies the formation of
[{Ta6Bri12}(H2O)a6]2þ cluster units [45]. The RM system composed of the TBH
sol, Brij L4, n-heptane and ethanol were obtained subsequently, showing high homogeneity and transparency, as well as maintaining the emerald-green color. Due
to the change of pH, this RM system immediately became dark green after the addition of ammonia solution. The addition of ammonia solution could also lead to
turbidity, reﬂecting the generation of precipitates, while the rate and degree of
turbidity strongly depended on the concentration of TBH sol (CTBH). For instance,
the RM system maintained high transparency when CTBH ¼ 10 mM, whereas it
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Fig. 2. Digital photographs of the RM system in diﬀerent stages of the synthesis and the ﬁnally produced
{Ta6Br12}@SiO2 nanoparticles.

became turbid in ca. 5 min if CTBH increased to 30 mM. After a suﬃcient reaction
time for SiO2 formation (3 days), this RM system was destabilized by stirring with
excessive ethanol. Dark green particles settled down as soon as the stirring stopped,
leaving colorless supernatant. After washing and drying steps, dark-green powder
was obtained as the ﬁnal product.

3.2. Morphology and size
Fig. 3a shows typical HAADF-STEM images of the unwashed{Ta6Br12}@SiO2
nanoparticles. Thanks to the well conﬁned water phase, the formed SiO2 matrix
was controlled to ca. 50 nm in size and showed uniform spherical shape. Both the
embedded and nonembedded tantalum compounds can be founddthe former consists an aggregate core centered in each {Ta6Br12}@SiO2 nanoparticles (blue sphere
in Fig. 3b) and also the discrete ultra-small (ca. 1 nm) particles in SiO2 matrix (red
spheres in Fig. 3b), the latter consists of the ultra-small particles agglomerating on
the outer surface of SiO2. Fig. 3b indicates the nonembedded tantalum compounds
were mostly removed in the washing steps, leaving a clean surface of SiO2 matrix,
while the embedded tantalum compounds seem not to be aﬀected by washing, like
that for Mo6 clusters in the previous study [41]. Fig. 4 shows the HAADF-STEM
image of the washed {Ta6Br12}@SiO2 nanoparticles and its corresponding EDS
analysis. All the peaks of Si, O, Ta and Br are shown on the EDS spectrum
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Fig. 3. HAADF-STEM images of {Ta6Br12}@SiO2 nanoparticles (CTBH ¼ 10 mM) sampled before (a)
and after (b) washing step; The insert of (a) is the corresponding low magniﬁcation HAADF-STEM image, wherein the scale bar represents 200 nm; The insert of (b) demonstrates the architecture of the particles in (b), where the SiO2 matrix, aggregate core and discrete ultra-small particles are diﬀerentiated by
yellow, blue and red color, respectively.

(Fig. 4e), indicating tantalum bromides were successfully embedded into the SiO2
nanoparticles, though it is still hard to conﬁrm at this stage if the embedded tantalum
bromides are {Ta6Br12} species. The EDS mappings of Si, Ta and Br elements
(Fig. 4bed) are in good agreement with the morphology shown in Fig. 3bdthe
embedded tantalum compounds are not only rich in the aggregate core part of
SiO2 nanoparticles but also disperse thoroughly in the whole SiO2 matrix.

Fig. 4. HAADF-STEM image (a) of {Ta6Br12}@SiO2 nanoparticles (CTBH ¼ 10 mM) and the corresponding EDS mappings indicating the distribution of Si (b) Ta (c), and Br (d) elements; (e) is the
EDS spectrum of the full scale of (a).
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Indicated by a series of syntheses, the amount of the embedded tantalum compounds
in SiO2 matrix strongly depended on CTBH and the molar ratio of ethanol versus H2O
(noted R) in RM system. Fig. 5 shows HAADF-STEM images of the washed
{Ta6Br12}@SiO2 nanoparticles synthesized with CTBH ¼ 10, 20, 30, and 40 mM
and keeping all other synthetic parameters the same. Particles in all these samples
show narrow size distribution due to the advantages of RM system, despite their
average size slightly decreases from 50 nm to 40 nm with increasing CTBH. Moreover, increasing CTBH did not vary the size of aggregate core (ca. 10 nm) in each
particle but signiﬁcantly increased the density of the ultra-small tantalum compounds in SiO2 matrix. It is also noteworthy that the nonembedded tantalum compounds started to appear outside of SiO2 matrix when CTBH reached 40 mM
(Fig. 5d). On the other hand, decreasing R in RM system was not favorable for obtaining {Ta6Br12}@SiO2 nanoparticles with homogeneous morphology, because it

Fig. 5. HAADF-STEM images of the {Ta6Br12}@SiO2 nanoparticles synthesized with CTBH ¼ 10 mM
(a), 20 mM (b), 30 mM (c) and 40 mM (d), respectively; all these samples were synthesized with
R ¼ 0.37 and washed for 10 times with water; the insert of (d) is the corresponding low magniﬁcation
HAADF-STEM image with an arrow pointing to an irregular shaped aggregate of tantalum compounds
out of SiO2 matrix, wherein the scale bar represents 100 nm.
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led to the presence of more aggregates of tantalum compounds outside the SiO2 matrix. As seen in Fig. 6a, when R reduced to 0.24, a number of nonembedded aggregates started to appear outside of SiO2 matrix despite the low CTBH (30 mM). More
representatively, when R ¼ 0 (i.e., no ethanol contained in RM system), the generated nonembedded aggregates were so large that capped on several {Ta6Br12}
@SiO2 nanoparticles (Fig. 6b). Accordingly, only a small number of tantalum compounds were embedded into the SiO2 nanoparticles (insert of Fig. 6b). In addition,
the EDS spectra in Fig. 7 demonstrates both the Ta and Br elements are contained
in the irregular shaped aggregates.

3.3. X-ray diﬀraction analyses
Fig. 8 shows the XRD patterns of the starting TBH and the as-synthesized {Ta6Br12}
@SiO2 nanoparticles synthesized under diﬀerent conditions. The XRD pattern of
TBH (Fig. 8a) agrees with the pattern of Ta6Br14$8H2O reported by Spreckelmeyer
et al, reﬂecting the dense packing of [{Ta6Bri12}Bra2(H2O)a4] cluster units [47]. Such
long-range-order structure is supposed to disappear within the dissolution of TBH
and the following RM based process. As expected, no diﬀraction peak showing
on the patterns of {Ta6Br12}@SiO2 nanoparticles can be assigned to the characteristic peaks of TBH. On the patterns of {Ta6Br12}@SiO2 nanoparticles synthesized

with CTBH ¼ 10, 20, 30 mM (Fig. 8bed), the broad peak maximum at 2q ¼ 24
is the most signiﬁcant, which can be assigned to the amorphous SiO2 matrix. Despite

the sharp diﬀraction peak maximum at 2q ¼ 18 can hardly be deﬁned at the current
stage, it implies the formation of either new densely packed array of cluster units or
other tantalum compounds in the {Ta6Br12}@SiO2 nanoparticles. Further take

Fig. 6. HAADF-STEM images of {Ta6Br12}@SiO2 nanoparticles synthesized with R ¼ 0.24 (a) and
0 (b); the insert of (b) is the corresponding high magniﬁcation image with the scale bar representing
10 nm; both of these two samples were synthesized with CTBH ¼ 30 mM and washed for 10 times
with water.
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Fig. 7. HAADF-STEM image (a) and the phase mapping from the multi-variant analysis of EDS (b) of
the {Ta6Br12}@SiO2 nanoparticles synthesized with CTBH ¼ 40 mM, R ¼ 0.37; (c) show the EDS spectrum of each phase.

account of the texture of these samples (Fig. 5aec), the tantalum compounds acting
as the aggregate cores centered in SiO2 nanoparticles should be in crystal form,
assuming that discrete {Ta6Br12} species are not able to produce diﬀraction peaks
because of the lack of dense packing which leads to crystal structure. Much more
diﬀraction peaks appear on the XRD patterns when CTBH increased to 40 mM
(Fig. 8d) or R decreased to 0 (Fig. 8e). Obviously, these peaks can be ascribed to
the promptly generated nonembedded aggregates of tantalum compounds, which
presented outside of SiO2 matrix and remained in samples after washing steps.
The XRD pattern in Fig. 9 indicates the aggregates were eﬃciently, though not
completely, removed in the acid washing steps.
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Fig. 8. XRD patterns of the starting TBH (a), {Ta6Br12}@SiO2 nanoparticles synthesized with CTBH ¼ 10,
R ¼ 0.37 (b), CTBH ¼ 20, R ¼ 0.37 (c), CTBH ¼ 30, R ¼ 0.37 (d), CTBH ¼ 40, R ¼ 0.37 (e), and
CTBH ¼ 30, R ¼ 0 (f); all these samples were washed for 10 times with water.
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Fig. 9. XRD patterns of the {Ta6Br12}@SiO2 nanoparticles before and after acid wash; these particles
were synthesized with CTBH ¼ 40 mM, R ¼ 0.

3.4. Chemical analysis
A series of ICP-OES/IC characterizations was carried out to determine the actual
molar ratio of Ta/Si, Br/Si and Br/Ta in the as-synthesized {Ta6Br12}@SiO2 nanoparticles. For all the washed and acid-washed samples, the molar ratio of Ta/Si and
Br/Si were estimated and plotted versus CTBH in Fig. 10a. The corresponding theoretical ratio Ta/Si and Br/Si in each sample was calculated by assuming that all the
TEOS has condensed to form SiO2 and that all the introduced {Ta6Br12} species
have been embedded in. Same as that observed for the embedding of Mo6 metal clusters in SiO2 nanoparticles, the result show that the amount of embedded tantalum
compounds is always below its corresponding theoretical one [41]. Also shown in
Fig. 10a, the deviation between the experimental and theoretical values of Ta/Si

Fig. 10. (a) molar ratios of Ta/Si (full symbols) and Br/Si (empty symbols) obtained by theoretical calculations (black), ICP-OES/IC measurements of water washed (red) and 0.1 mM HCl washed (green)
{Ta6Br12}@SiO2 nanoparticles, depending on the CTBH; the molar ratio of Br/Ta in each sample is calculated and plotted versus CTBH in (b).
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and Br/Si increase as increasing CTBH or after acid-washing process. This observation indicates that the eﬃciency of the encapsulation of the tantalum compounds inside the SiO2 nanoparticles is limited by their solubility in the SiO2. As seen, the
molar ratio of Ta/Si increases when CTBH < 30 mM and there is no signiﬁcant difference between the washed and acid-washed samples in this range of CTBH. On contrary when CTBH > 30 mM, the molar ratios seem to reach a plateau and there is no
increasing of the Ta/Si along with increasing CTBH. Meanwhile, the Ta/Si ratios of
the acid-washed samples are much lower than their corresponding washed sample.
Such diﬀerence is possibly due to the removing of nonembedded clusters in washing
step. The trend of Br/Si ratio is close to that of Ta/Si, except the large diﬀerence between that of the washed and acid-washed sample starts to appear when CTBH ¼ 30
mM. Moreover, the ratio of Br/Ta in each sample, which is also plotted versus CTBH
in Fig. 10b, reﬂects the apparent chemical composition of the embedded tantalum
compounds. The theoretical value of 2 for the Br/Ta molar ratio is conﬁrmed as
all the embedded tantalum compounds are [{Ta6Bri12}La6] (L ¼ H2O or OH), and
all the free Br in SiO2 matrix (i. e., the dissociated apical Br ligands, generated
within the dissolution of TBH) have been removed in the washing steps. Unfortunately, the Br/Ta ratios in all these samples were much lower than 2, though it
increased with increasing of CTBH. This result suggests a considerable portion of
{Ta6Br12} species lost their integrity in the embedding process, followed by the
removing of the generated free Br anions from SiO2 nanoparticles (in washing
steps).
To further study the chemical composition of the embedded tantalum compounds,
the Br environment in the {Ta6Br12}@SiO2 nanoparticles was analyzed by XPS
characterization. Fig. 11 and Table 1 summarize the acquired Br 3p core-level
spectra and peak binding energies, respectively, of both the starting TBH and
{Ta6Br12}@SiO2 nanoparticles. As seen, both Br 3p spectra of these two samples
are found in the region of 178e194 eV, splitting to two lines of Br 3p1/2 and Br
3p3/2. Deconvoluting the Br 3p1/2 and Br 3p3/2 energies of TBH gave two sets of
spin-orbit doublets (marked by blue and green in Fig. 11a), reﬂecting the presence
of two Br environments in TBH, noted Br1 and Br2 in Table 1, respectively. The
area ratio of the higher energy to the lower energy doublet (i.e., [Br1 (3p1/2) þ
Br1 (3p3/2)]: [Br2 (3p1/2) þ Br2 (3p3/2)]) was calculated to 6:1. Taking account of
the composition of TBH, the higher energy doublet (Br1) could be assigned to the
edge-bridging Br anions, while the lower energy doublet (Br2) could be assigned
to the apical Br ligands. These assignments are consistent with the previous study
carried out by Best et al, where the environments of Br1 and Br2 were unconventionally denoted as Brb and Brt, respectively [48]. Regarding the Br 3p spectrum of
{Ta6Br12}@SiO2 nanoparticles, it was also deconvoluted to two sets of doublets
(Fig. 11b). Table 1 reveals the higher energy doublet of {Ta6Br12}@SiO2 nanoparticles was in good agreement with that of TBH, in terms of both binding energy and
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Fig. 11. Br 3p binding energy spectra of TBH (a) and {Ta6Br12}@SiO2 nanoparticles (b); the experimental and ﬁtting curves are plotted in black and red, respectively; the two sets of Br 3p1/2,

3/2

doublet

that from deconvolution are diﬀerentiated by blue and green colors.

full width at half maximum (FWHM). Therefore, the consistence of the Br1 environment in the starting TBH and {Ta6Br12}@SiO2 nanoparticles was evidenced, and
thus demonstrating the integrity of Ta6Br12 structural ediﬁce maintained in the assynthesized {Ta6Br12}@SiO2 nanoparticles. It should be point out that this conclusion can only apply to the embedded tantalum compounds near the out surface of
SiO2 matrix, as the tantalum compound in the aggregate core part of {Ta6Br12}
@SiO2 nanoparticles is ca. 20 nm far from the out surface but the analysis depth
of the current Al-Ka XPS characterizations is ca. 5 nm. On another hand, the lower
energy doublet (Br2) of {Ta6Br12}@SiO2 nanoparticles shows a signiﬁcant red shift
with respect to that of TBH, and the area ratio of Br1: Br2 drastically increased to
14:1 (or 12:0.85). Hence, the Br2 environment of {Ta6Br12}@SiO2 nanoparticles
could not be seen as from the apical Br ligands any longer, and is possibly based
on the free Br- anions remaining in SiO2 matrix after the washing steps.
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Table 1. X-ray photoelectron spectra of Br 3pa) in TBH and {Ta6Br12}@SiO2
nanoparticles.
Sample

Br1b)

Br2c)

3p1/2

3p3/2

3p1/2

3p3/2

TBH

189.4 (2.0)

182.7 (2.0)

187.8 (1.6)

181.0 (1.7)

{Ta6Br12}@SiO2

189.2 (1.9)

182.6 (2.2)

186.8 (1.8)

180.1 (1.9)

a)

Binding energies in eV, with FWHM values given in parentheses.
b)
Br1 represents the Br 3p1/2, 3/2 doublets with higher binding energy.
c)
Br2 represents the Br 3p1/2, 3/2 doublets with lower binding energy.

3.5. Optical properties
Fig. 12a plots the diﬀuse reﬂectance UV-vis spectra of {Ta6Br12}@SiO2 nanoparticles synthesized with diﬀerent CTBH (spectrum a-e), and the absorption spectra of
discrete {Ta6Br12}2þ and {Ta6Br12}3þ species in aqueous solution are shown in

Fig. 12. (a) the diﬀuse reﬂectance UV-vis-NIR spectra of the {Ta6Br12}@SiO2 nanoparticles synthesized with CTBH ¼ 0 mM (spectrum a), 10 mM (spectrum b), 20 mM (spectrum c), 30 mM (spectrum
d) and 40 mM (spectrum e); spectrum f corresponds to the sample synthesized with CTBH ¼ 40 mM and
aged for 2 months; (b) the UV-vis absorption spectra of aqueous solution containing discrete
{Ta6Br12}2þ and {Ta6Br12}3þ species.
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Fig. 12b for reference. To eliminate the eﬀect of the impurity of tantalum compound
aggregates formed outside SiO2 nanoparticles on the spectrum, the {Ta6Br12}@SiO2
nanoparticles synthesized with CTBH ¼ 40 mM were pretreated with 0.1 mM HCl solution. As seen, there is no signiﬁcant absorption peak appears on the reﬂectance spectrum of pure SiO2 nanoparticles (i.e., synthesized with CTBH ¼ 0, spectrum a) within
the wavelength range from 300 to 1500 nm. Functionalizing these SiO2 nanoparticles
with discrete {Ta6Br12} species (CTBH  30 mM, spectrum b, c, and d) introduced
several absorption bands in UV-vis-NIR region, which were maximum at the wave
length of 365, 729, and 881 nm respectively. The intensities of absorption bands
increased with increasing CTBH, keeping their position consistent with each other.
Moreover, all the absorption peaks of these {Ta6Br12}@SiO2 nanoparticles show
one to one correspondence with those of discrete {Ta6Br12}3þ species in aqueous solution, maximum at the wavelength of 383, 724 and 900 nm. Despite the slight shifts
between the absorption of {Ta6Br12} species in SiO2 matrix and that of {Ta6Br12}3þ
species in aqueous solution, this correspondence indicates the 3þ oxidation state of
the embedded {Ta6Br12} [7, 8, 20, 21, 22, 49]. The {Ta6Br12}2þ only presented in
the {Ta6Br12}@SiO2 nanoparticles synthesized with CTBH ¼ 40 mM (spectrum e),
indicated by three new absorptions maximum at the wavelength of 424, 651, and
752 nm, which show one to one correspondence with the characteristic absorption
of {Ta6Br12}2þ species in aqueous solution (maximum at the wavelength of 423,
641 and 751 nm). However, the spectrum f in Fig. 12a, corresponding to the
{Ta6Br12}@SiO2 nanoparticles synthesized with CTBH ¼ 40 mM and had been stored
for 2 months, suggests the discrete {Ta6Br12}2þ species in SiO2 matrix were much
more unstable, as all the characteristic absorptions of {Ta6Br12}2þ species decreased
along with the increasing absorption at the wavelength of 881 nm.

4. Discussion
Two reactions took place in the RM based process: i) the reaction of
[{Ta6Bri12}(H2O)a6]2þ cluster units with NH4OH and ii) the formation of SiO2 nanoparticles. Unlike the well documented latter one, the former reaction can be considerably complicated. According to previous studies on the base titration of
[{Ta6Bri12}(H2O)a6]2þ cluster units in aqueous solution, the reactions of precipitation
(generating [{Ta6Bri12}(OH)ax(H2O)a6-x]$nH2O (x ¼ 2, 3, 4), oxidation (generating
{Ta6Br12}3/4þ species) and decomposition of Ta6Br12 structural ediﬁce (generating
TaBrxOy compound) may take place [45]. Therefore, the distribution, oxidation state
and integrity of the embedded {Ta6Br12} species in SiO2 matrix should be carefully
discussed. Indeed, we observed four tantalum compound related phases by HAADFSTEM analysis, as the (1) ultra-small particles in SiO2 shells, (2) aggregate cores
centered in SiO2 nanoparticles, (3) ultra-small particles adhering on the surface of
SiO2 shells, and (4) irregular shaped aggregates outside of SiO2 matrix.
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According to the previous characterizations, properties of phase (1) can be summarized as i) consisting of the discretely dispersed tantalum compounds, the size of
which is comparable with that of a single cluster (by HAADF-STEM and EDS mapping characterizations); ii) maintaining the integrity of Ta6Br12 structural ediﬁce (by
XPS characterization); iii) introducing concentrated phase (1) by using high CTBH
leads to the increased absorptions of {Ta6Br12}@SiO2 (by diﬀuse reﬂectance UVvis-NIR characterizations). Therefore, we can demonstrate that the phase (1) consists
of discrete {Ta6Br12} species embedded in SiO2 matrix, which is also the objective
product of this study. The diﬀuse reﬂectance UV-vis spectra also demonstrated that
most all the embedded {Ta6Br12} are in the oxidation state of 3þ, while the
{Ta6Br12}2þ could be found in the samples synthesized with high CTBH but showing
poor stability even in ambient condition. The transformation from {Ta6Br12}2þ species (in TBH and its sol) to {Ta6Br12}3þ species (in {Ta6Br12}@SiO2 nanoparticles)
was possibly due to the accelerated oxidation rate of [{Ta6Bri12}(H2O)a6]2þ cluster
units in basic solution. Though this process can hardly be prevented at current stage
of this study, the obtained SiO2 nanoparticles functionalized by {Ta6Br12}3þ species
are still very interesting for UV-NIR blockers or other optical applications, attributed
to their strong absorptions in both the UV and NIR regions [5, 6]. Furthermore, the
apical ligands of the {Ta6Br12} in phase (1) can be either H2O or OH but not Br,
as the XPS characterization revealed the apical Br dissociated within the RM based
process. It is also indicated the free Br anions were removed to a considerable
extent in washing steps, resulted in the high Br1: Br2 (12: 0.85). Therefore, by
assuming the residues of Br in SiO2 matrix acting as the counter anions, the structure of cluster units in phase (1) can be written as Br0.85[{Ta6Bri12}3þ(H2O)a3.85(OH)a2.15]. In case of the {Ta6Br12}2þ species, these cluster units
can be written as Br0.85[{Ta6Bri12}2þ(H2O)a4.85(OH)a1.15]. Aubert et al proposed a
similar formula for the embedded Mo6 species in SiO2 matrix, which could be
used to explain the strong interaction between cluster units matrixd hydrogen bonds
formed between the apical ligands OH and Si-OH groups [41].
The embedded tantalum compounds also contain the phase (2)dconsisting of an
aggregate core in the center of each SiO2 nanoparticle. However, these compounds
cannot be seen as consisting of discrete cluster units any more, as they show a much
larger size (ca. 10 nm) and XRD analysis suggested they possess crystal structure.
Though EDS mapping indicated these cores composed by Ta and Br elements,
but it is still hard to know their actual composition. The ICP-OES/IC results indicated the apparent molar ratio of Br/Ta of all the embedded tantalum compounds
is lower than theoretical 2, indicating the decomposition of a proportion of
{Ta6Br12}. Because phase (1) has been proved to the discrete cluster units with
the molar ratio of Br/Ta slightly larger than 2, the breaking down of the Ta6Br12
structural ediﬁce possibly took place within the formation of aggregate cores and
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released free Br- anions. Therefore, phase (2) is assigned to TaBrxOy compound,
yielding due to the decomposition of {Ta6Br12} species.
Both the phase (3) and (4) refer to the nonembedded tantalum compounds, whereas
they showed distinct texture in HAADF-STEM observation and possibly relate to
diﬀerent forming mechanism. The tantalum compounds in phase (3) can also be assigned to the discrete {Ta6Br12} species, as they show comparable size with those in
phase (1). Further TEM observations (Fig. 13) indicated the aﬃnity of those compounds with the surfactants Brij L4 on the out surface of SiO2 nanoparticles. Therefore, phase (3) were possibly originated by the coordination of {Ta6Br12} species with
the -OH groups of the Brij L4. Since these complexes in RM system stay between oil
and aqueous phase, that this part of {Ta6Br12} species were not embedded into SiO2
matrix but immobilized on its out surface. Indeed, phase (3) disappeared along with
the removing of surfactants within washing steps. On contrary, the tantalum compounds in phase (4) show an irregular shape and much larger sizedeven larger
than the size of SiO2 nanoparticles under some certain synthetic conditions. The
ICP-OES/IC analysis suggested that the presence of phase (4) closely relates with
the saturation of tantalum compounds in SiO2 matrix. In this study, we observed
such saturation occurred when CTBH reached 30 mM, and a higher CTBH did not increase the amount of embedded tantalum compounds but resulted in the emerging of
phase (4). Therefore, the phase (4) are possibly the promptly generated precipitates
[{Ta6Bri12}(OH)ax(H2O)a6-x]$nH2O (x ¼ 2, 3, 4), whose size was so large that could
not entirely stay inside the “nanoreactors” of RM system or further be encapsulated
by SiO2. On another hand, the molar ratio of ethanol: H2O (R) in the RM system
also acted as an important parameter, as the phase (4) promptly generated when

Fig. 13. TEM image of the {Ta6Br12}@SiO2 nanoparticles sampled before washing steps.
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both CTBH and R was low. This phenomenon can be explained by the diﬀerent
behavior of [{Ta6Bri12}(H2O)a6]2þ cluster units in water and water-ethanol mixture.
Indeed, the precipitates [{Ta6Bri12}(OH)ax(H2O)a6-x]$nH2O can be re-dissolved by alkoxides, rendering more discrete {Ta6Br12} species staying in basic solution [45].

5. Conclusion
In this study, we successfully embedded discrete hexanuclear tantalum bromide cluster units [{Ta6Bri12}La6] (i ¼ inner, a ¼ apical, L ¼ ligand OH or H2O) inside SiO2
nanoparticles by a reverse microemulsion (RM) based synthesis for the ﬁrst time.
The compound [{Ta6Bri12}Bra2 (H2O)a4]$nH2O (TBH) was used as the starting material and the RM system was composed by n-heptane, Brij L4, ethanol, ammonia solution and the TBH sol. Thanks to the well conﬁned water phase in RM system, the
obtained {Ta6Br12}@SiO2 nanoparticles showed narrow size distribution and averages size of 40e50 nm. The presence of discrete {Ta6Br12} species inside SiO2 matrix
was conﬁrmed by HAADF-STEM and EDS mapping analyses, and XPS characterization further demonstrated their integrity. However, a series of ICP-OES/IC characterizations revealed not all the embedded tantalum compounds were discrete
{Ta6Br12} species, as a TaBrxOy particle with the size ca. 10 nm was found as the
core in each SiO2 nanoparticles. Formation of this kind of by-products was possibly
due to the decomposition of Ta6Br12 structural ediﬁce in the presence of NH4OH.
Other kind of by-products (i.e., nonembedded tantalum compounds) could be
removed in post-treatments or be prevented their generation by adjusting synthetic parameters. The diﬀuse reﬂectance UV-vis spectrum not only indicated the presence of
discrete {Ta6Br12} species in SiO2 nanoparticles but also further revealed that 3þ is
their stable oxidation state. Indeed, the embedded discrete {Ta6Br12} species maintained the optical properties of those in solutiondshowing strong absorptions in
both UV and NIR region. Therefore, the {Ta6Br12}@SiO2 nanoparticles we synthesized in this study are promising for the ﬁltration of the most energetic UV-NIR radiations or biotechnology applications. More generally, this work paves the way to the
preparation of inorganic nanocomposites powders based on Ta6 metal clusters.
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