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Transparent optical thin films have recently attracted a growing
interest for functional window applications. In this study, highly
visible transparent nanocomposite films with ultraviolet (UV)-
near-infrared (NIR)-blocking capabilities are reported. Such
films, composed of Mo, and Nbg octahedral metal atom
clusters (MC) and polymethylmethacrylate polymer (PMMA),
were prepared by electrophoretic deposition on indium tin
oxide-coated glass (ITO glass). PMMA was found to improve
both the chemical and physical stability of Mo, and Nbs MCs,
resulting in a relatively homogeneous distribution of the
clusters within the PMMA matrix, as seen by microstructural
observations. The optical absorption spectrum of these
transparent MC@polymer nanocomposite films was marked
by contributions from their Mo, and Nbg-based clusters
(absorption in the UV range) and from the ITO layer on silica
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glass (absorption in the NIR range). Mos@PMMA nanocomposite films also exhibited excellent
photoluminescence properties, which were preserved even after exposure to 50°C at a relative
humidity of 70% for one month. These films cumulate high transparency in the visible range with
remarkable UV-NIR blocking properties and represent interesting candidates for functional glass
application.

1. Introduction

Robust low cost and highly transparent functional nanocomposite thin films have recently attracted a
focused attention owing to their potential for energy saving [1,2]. Prominent applications arising
from such films include light and colour management devices [3], photovoltaic luminescent solar
concentrators (LSC) [4-8] and window solar control [9-11]. For instance, LSC were extensively
studied as electrical power generators for building-integrated photovoltaics [4-8] accompanying the
development of ultraviolet (UV) and near-infrared (NIR) barriers for functional windows [24].

With this respect, a new generation of nanocomposite thin films has been recently investigated,
including (i) red luminescent octahedral metal atom clusters (MC) with large Stokes shift and (ii)
strong UV-NIR absorbers MC [3,4,12,13]. The term ‘metal atom cluster’ was introduced by
F. A. Cotton in 1964 to define a finite group of metal atoms (two or more) that are held together by
metal-metal bonds, in addition to being bonded to other non-metal ligands [14]. In the past decades,
octahedral MC compounds have demonstrated a rich complexity of structural and physico-chemical
properties. Thus, they have shown promising optical properties for energy conversion (molecule-like
energy gaps, strong photoluminescence (PL) in NIR region, etc.), and electronic/electrochemical
properties with strong potential for energy storage and supply (superconductivity, battery,
thermoelectricity, hydrogen affinity, etc.) [15,16]. Typically, octahedral MC are composed of {MgLg}*"
M =Mo, W, Re) or {MéLilz}2+ (M = Nb, Ta) metallic cores (L'= inner ligand), coordinated with
halogen or chalcogen functional apical ligands (L*) [14-18]. In the reduced form, valence electron
counts (VECs) are equal to 24 electrons or 16 electrons per [MgLiL2]*~ or [MsLi,L3]*" cluster unit,
respectively. A strong absorption in both the UV and visible light (Vis) ranges was reported for
{M06L§3}4+ cluster cores coordinating with ligands (L =Cl, Br, I or OCOC,F,1), resulting in a
prominent luminescent emission within the deep red/NIR region [15-24]. The PL mechanism of such
MC is typically ascribed to a type A chromophore absorption followed by separation between the
absorption and emission peaks [20]. As a result, expanding the Stokes shift for reducing the overlap
between the cluster’s absorption and emission peaks has emerged as a critical challenge for improving
the electric conversion efficiency of LSCs [3,4]. The excitation state of some MC also allowed
producing singlet oxygen ('O,) for photodynamic therapy applications [18]. In parallel, octahedral MC
based on {M6L112}2+ core, including K4[Nb(,Clilz(Cl)Z] (KNC) and K4[NbgBri,(Br)2] (KNB) compounds,
are well known as strong redox agents and UV-absorbents [25]. 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 [26—-29]. The charge of cluster units based on {M6L2}4+ and {MgL},1""
(n=2, 3, 4) metallic cores could also be tuned, improving their processability. This was typically
achieved by tuning the central cation oxidation state or by coordinating with specific apical ligands.
The resulting MCs can be synthesized in large amounts, by using reproducible processes and exhibit
a superior solubility in host matrix materials. Both the processability of MC and the retention of their
optical properties were recently improved by dispersing the clusters in organic and inorganic
matrices, including photosensitive SUS8 resist polymer [30], polyurethane [31], polystyrene [32],
polyvinylpyrrolidone (PVP) [12,33], silica nanoparticles [34-36] and B-cyclodextrin [37]. In that
respect, polymethylmethacrylate (PMMA) emerged as one of the best polymeric dispersion matrices,
owing to its good chemical and thermal stability, excellent biocompatibility and prominent
transparency in the UV-NIR absorption range [38,39]. Luminescent Mos@PMMA hybrid
nanocomposites were prepared by in situ polymerization of vinyl acrylate containing metal cluster
compounds [40-43] or by using supramolecular interactions between a ternary
Csz[Moslg(OCOCst)g] (CMIF) clusters salt and PMMA partially functionalized by lateral
poly(ethyleneoxide) chains [44]. Within such hybrid coating materials, the polymer matrix acted as a
waveguide enabling both trapping the incident solar light and directing the light emitted by MC to its
edges. This mechanism allowed reaching the best LSC performances for PV cells [4]. Among the
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various strategies available to disperse MC in polymer matrices (functionalization of the MC for covalent [ 3 |
bonding, electrostatic interaction, direct homogeneous mixing, etc.), direct mixing is efficient and
preserves reasonably well the intrinsic properties of the MC. Dispersing MC in polymer matrices
enabled wusing polymer-processing technologies to shape the mnanocomposites, including
electrospinning [43] and pellet moulding [45]. When such nanocomposites were used as transparent
thin films, they exhibited a large effectiveness for optical devices [5-7,12,39,46,47]. Several wet
chemistry film deposition strategies were thus developed [48], including polymer-assisted deposition
[49], sol-gel dip coating [50,51], spin coating [52], printing [44,53] and electrophoretic deposition (EPD)
[54,55]. EPD quickly emerged as one of the best industry-friendly strategies owing to its ability to
assemble homogeneous films at room temperature, within a short time and with a controlled
thickness. Such advantages allowed preserving the original octahedral structure of the clusters and
EPD, thus successfully enabled preparing pure and nanocomposite MC thin films respectively
composed of highly optically effective Mo, [56—59] and Tac@PVP [13,59].

In this study, three types of highly transparent MC/PMMA nanocomposite thin films were prepared
on indium tin oxide-coated glass (ITO glass) by EPD. Their optical properties were studied for potential
window applications. CMIF clusters were used, owing to their excellent luminescence with high emission
yields and long emission lifetimes in CH3CN at 298 K [60,61]. Octahedral clusters of KNC and KNB were
used for their good UV-NIR absorbance, oxidizing and magnetic properties [62,63]. Surprisingly, no film
deposition was possible with pure [Mogly(OCOC,F5)2]*~, [NbsCli,(C1)2]*~ and [NbgBri,(Br)i]*~ clusters
whereas EPD deposition was possible with [MogBri4]>~ and [Ta(,Briu(HzO)s(,]2+ clusters [13,56—59].
Further investigations are in progress to understand this result. However, the use of PMMA as a
dispersing medium greatly improved the film quality and stabilized the cluster’s optical properties
during the EPD process. This work reports on the successful preparation of 1.5 pm thick Nbg and
Mog-based nanocomposite thin films with low polymeric loading. These coatings were homogeneous
and exhibited good UV and NIR absorbing properties, cumulated with an improved stability against
moderate temperature and humidity conditions.

sos1/JeuInof/610Suiysignd/aposjelos
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2. Material and methods

2.1. Synthesis of clusters

Csz[Mo6Ig(OCOC2F5)2] (CMIF) was prepared by following previously published results [31,64].
Hexanuclear niobium halide clusters (K4Nb6X§X2 with X = Cl or Br) were synthesized by solid-state
chemistry at high temperature from the reaction of NbXs, NbX and Nb chemicals as proposed by
Koknat et al. [65].

2.2. Preparation of the cluster@PMMA suspensions

Acetone was selected as a dispersing solvent for the nanocomposite suspension. PMMA
(M=350000g mol !, Sigma-Aldrich Ltd) was dissolved in acetone (99.5%, Nacalai Tesque, Inc.) at a
suitable concentration, and stirred with a magnetic stirrer for 24 h.

The CMIF cluster suspension was prepared in acetone at a concentration of 40 g per litre and stirred
for 10 min. The PMMA (50 g per litre) and CMIF suspensions were prepared separately and mixed
together with a 2:1 volume ratio, and agitated for 15 min leading to a transparent and homogeneous
suspension. The wt% concentration of the CMIF in the last suspension containing PMMA used for the
EPD is 28.6 wt%.

Nbg-based clusters, namely KNB and KNC, were dispersed at a concentration of 5 g per litre in
methanol (99.5%, Nacalai Tesque, Inc.), acetone or an acetone/water (100:1) mixture, followed by
ultrasonication for 1h. Chemical impurities (estimated to 40% in KNC and KNB powders) were
eliminated by 0.2 pm filtration, and the transparent yellow (in acetone), green (in methanol) and dark
brown (acetone/water) suspensions were collected. The wt% concentration of Nbg dispersed in the
methanol and acetone suspensions is about 5.8 wt% after mixing with PMMA solution (100 g per litre)
with a 2:1 volume ratio and continually stirred for 15 min. For the suspension prepared in acetone/
water, before mixing with PMA solution, it was subsequently evaporated to increase the concentration
of Nbyg clusters by 2 and mixed with PMMA solution with a ratio 1:1 to keep wt% constant.



2.3. Electrophoretic deposition of nanocomposite films

Both Mos and Nbg-based clusters were deposited on indium tin oxide-coated glass (ITO glass) slides
acting as anode (A) or cathode (C) electrodes (Geomatec Co., Ltd, Tokyo, Japan; 6.15-7.27 () sqfl)
with a surface area of 1.0 x 2.5 cm® The electric field was generated from a source meter (Keithley
Model 2400, Ohio, USA). ITO-coated glass substrates were contacted with electrode bar by using a
conductive aluminium double-sided tape. Hybrid films prepared from PMMA and the KNC and KNB
clusters dissolved in acetone/water and CMIF cluster dissolved in acetone on the anode side were
named A-NC@PMMA, A-NB@PMMA and A-MIF@PMMA respectively. Optimum deposition
conditions were found for an applied voltage of 25V for 1 min and 3V for 1 min for synthesizing
Nbg- and Mog-based nanocomposite films respectively.

2.4. Characterization

The zeta potential and electric conductivity of MC suspensions were measured by using a zeta-potential
analyser (Malvern Instrument, Ltd, Zetasizer Nano Z, Malvern, UK) (electronic supplementary material,
table S1). The surface morphology and the elemental composition of the films were analysed by field-
emission scanning electron microscopy (FE-SEM, S4800, Hitachi High-Technologies Corp.) at 10 kV
coupled with an energy-dispersive X-ray (EDX) analysis device. High-resolution observation of the
nanocomposite films was performed by using a transmission electronic microscope (TEM) (JEOL JEM
2100F) also equipped with a mapping EDX analysis and scanning (STEM) devices. The UV-NIR
absorption was performed with a V570, Jasco Corp. spectrometer in the wavelength range from 220 to
2000 nm at a scan rate of 400nms”'. The excitation and PL emission spectra of the CMIF and
nanocomposite films were measured by using a high-performance fluorescence spectrometer (FP8500,
Jasco Corp.) connected to a xenon lamp at a scan rate of 500 nm s~ '. The internal quantum efficiency
was measured by an absolute PL quantum yield spectrometer C11347 (Hamamatsu Corp.) with the
range of the excitation wavelength from 250 nm to 800 nm.

3. Results

3.1. Characterization of metal atom clusters suspensions

The electric conductivity of both Nbg- and Mog-based clusters suspensions, reported on figure 1a, was
found to be compatible with the EPD process, in agreement with previous results reported for
Cs2[MogBriBr2] suspensions [58]. The zeta potential of suspensions depends on the nature of the
dispersing medium. Overall, Nbe- and Mog-based clusters in acetone exhibited negatively charged
surfaces, in good agreement with the chemical formulation of [NbLLLA]"™ clusters (with n =2, 3 or 4;
L =Cl or Br) and [Moglg(OCOC,Fs)s]*~ clusters (figure 1a). Interestingly, the negative zeta potential
of Nbg-based clusters increased with the concentration of water in the suspension while it became
positive when methanol was used as solvent. This behaviour originates from the exchange of their
halogen apical ligands with water, OH™ or methanol molecules. Indeed these molecules induce an
inversion of the cluster charge (negative to positive) as previously reported for Tas-based clusters in
water solution [33]. The kinetic of this exchange process seems to be faster for KNB than for KNC
clusters when adding similar amounts of water (figure 1b). As a result, both Nbg-based octahedral
cluster units can exchange their apical ligand with water, OH or solvent molecules, reaching a stable
hydrate state in solution in agreement with the literature [66—68]. However, in our study, water also
acts as a supporting agent for solubilizing Nbg-based clusters in organic solutions. The typical EPD
process set-up used for this study, depicted on figure 1c, was adapted for depositing negatively
charged clusters on the anode (positive electrode).

Figure 2 shows the absorbance of the MC solutions depending on the dispersing media. Suspensions
containing Nbg-based clusters exhibited a green colour in methanol, owing to their weak absorbance at
350 nm and preferable absorption peak centred at 450 nm in the visible range accompanying an
absorption in the NIR region between 750 and 1150 nm (figure 2a). Such spectral envelope signals
revealed that the structure of Nbg-based clusters in methanol remained in a non-oxidized state
{NbsL,}*" cluster core (L = Br, Cl). However, the colour of KNB and KNC turned to orange—-yellow
in acetone suggesting that oxidation of metal clusters occurred (i.e. {NbsL},}"" cluster core (L = Br,
Cl; n=23 or 4)) (figure 2b). These units are indeed known for reversible oxidation, causing drastic
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Figure 1. (a) Zeta potential (black circles) and conductivity (blue squares) of the MC suspension without polymer in various

solvents. (b) Evolution of the zeta potential of KNB and KNC clusters in function of the solvent composition; and (c) schematic
depiction of the anodic EPD process performed with negatively charged clusters.

modulation of their optical properties in the UV-Vis-NIR range yielding yellow-brownish solutions
[69-71]. The absorption bands of both clusters followed similar changes in acetone, the three strong
transitions at 350 nm, 450 nm and in NIR sharply decreased and new bands appeared in the NIR.
Exchanging the apical ligands of MC by water or methanol molecules should lead to new cluster
units with chemical formulations such as [NbCI},CI2_ (L)2]"*** and [NbgBri,Br2_ (L)*]"*™ (n =0,
1,2;0<x<6; L=H,0 and/or CH50H) [69,72].

It was also observed that adding a small amount of water (0.01-0.05ml per 1 ml of acetone) to
niobium-based clusters dispersion in acetone leads to the emergence of a second absorption peak
around 450 nm, which could explain the brown colour of the suspension. Both the dispersion of MC
in acetone and the mitigation of their oxidation were improved in the presence of water (figure 1b).
However, increasing too much the water concentration during the EPD process would lead to solvent
hydrolysis along with apical ligand exchange. In the case of the CMIF cluster suspensions in acetone
(figure 2c), a strong absorption below 500 nm was found, in accordance with the spectrum reported in
the literature [60,64]. The oxidation state of the CMIF was more stable than Nbg-based clusters as
testified by its unchanged colour in acetone, providing advantages for further applications. Mog
cluster thin films were previously assembled by EPD from Cs,MogBry4 clusters without supporting
polymer [56-58]. However, even with negatively charged clusters, the deposition of KNC, KNB and
CMIF films without polymeric binders was not successful in this study within the range of
investigated voltages (1-50 V). For instance, when the EPD process was carried on with CMIF, no
film deposition was measured but a green colour appeared near the ITO substrate, due to a strong
absorption band around 640 nm (electronic supplementary material, figure S1). Further investigations
are under progress to understand this result. This unwanted change of optical properties was
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Figure 2. UV -Vis-NIR absorption spectra of KNB and KNC clusters in (a) methanol and (b) acetone and acetone/water. (c) UV —Vis-
NIR absorption spectrum of CMIF clusters in acetone.

circumvented by using PMMA as binder to prepare thin films. Upon blending with PMMA as a
stabilizer, both the electric conductivity and viscosity of the dispersing medium changed, reducing the
mobility of charged particles in the EPD’s electric field. After blending, the accurate zeta potential of
all suspensions could not be determined. PMMA plays a role as a chemical and dispersion stabilizer,
ultimately affecting the mobility of MC.

Homogeneous and transparent MC@PMMA films have been successfully prepared by using the EPD
process (figure 3). In the case of Nbg-based film, it was only possible to obtain films with good quality by
using the acetone-water solution. A high transparency level in the visible range was obtained with thin
hybrid MC films prepared from A-NC@PMMA, A-NB@ PMMA and A-MIF@PMMA suspensions at
different optimal applied voltages. The surface morphology of the films was observed by SEM and
revealed defects smaller than 200 nm in Nbg-based films, which could originate from the incomplete
dispersion of clusters in acetone or some small phase separation due to the addition of water. On the
contrary, Mog-based cluster films exhibited a more homogeneous, stable and flat surface without
cracks or the roughness typically associated with the use of a PMMA matrix. These improvements are
reasonably explained by the better affinity of perfluorinated chains of CMIF with PMMA. The EPD
process allowed assembling nanocomposite films thinner than 2 pm, whose composition was tuned
with three MC and with a large tolerance to the different applied voltages. These results illustrate the
flexibility of the EPD method when applied to the deposition of MC nanocomposite films. Such
coatings are easily assembled within short times (60 s) and with a controlled thickness. They can be
complementary to other solution coating techniques such as spin and dip coating, drop casting or
printing, especially for functionalizing conductive substrates with complex shapes.

TEM observations of A-NC@PMMA nanocomposite films revealed spherical-shaped aggregates
smaller than 200 nm with amorphous intercalation of Nbg-based clusters within the PMMA matrix in
agreement with SEM experiments. Similarly, STEM micrographs allowed detecting Nbg-based clusters
as white dots (figure 4b,c), with a large occupation density in the PMMA matrix, suggesting a
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Figure 3. Optical photographs and SEM micrographs of the surface morphology and cross section of hybrid MC films composed of:
(a) A-NC@PMMA, (b) A-NB@PMMA and (c) A-MIF@PMMA.

Figure 4. Typical TEM and STEM micrographs of A-NC@PMMA (a,b), A-NB@PMMA (c) and A-MIF@PMMA (d) films.

relatively good dispersion within the nanocomposite even with the presence of some aggregates. Similar
results were obtained with A-MIF@PMMA films. The elemental composition of A-NC@PMMA,
A-NB@PMMA and A-MIF@PMMA films was analysed by using EDX mapping (figure 5). Strong
signals were obtained for Nb, Mo, Cl, Br, I and F, which are all key components of octahedral MC, as
seen in figure 5a—c. However, this technique is not accurate to give a chemical composition of the
nanocomposite due to both its low stability under e-beam irradiation and the high dilution of the
considered elements in the PMMA matrix. Counter cations such as Cs™ and K* were detected with a
weak signal in the films. This result is surprising because, during the EPD process, negatively charged
cluster particles migrate to the anode and counter cations to the cathode. The limited mobility of the
counter cations towards the cathode may indicate the good intercalation of metal cluster in the polymer.

The transmittance of MC@PMMA films deposited on ITO glass was investigated (figure 6). Within
the visible range, both A-NC@PMMA and A-NB@PMMA films exhibited strong absorption peaks at
450 and 490 nm, respectively (figure 6a). In the case of A-MIF@PMMA films, a strong absorption was
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Figure 6. UV—Vis-NIR transmittance spectra of hybrid MC films deposited on [T0-coated glass and composed of (a) A-NC@PMMA
and A-NB@PMMA, and (b) A-MIF@PMMA.

observed below 500 nm (figure 6b). The UV-Vis-NIR absorption spectra of the MC@PMMA films
cumulated the absorption bands coming from MC compounds and from the ITO layer of the glass
substrate localized in the NIR region. Ripples were also visible on the spectra, signalling an
interference phenomenon typical for homogeneous films [53].
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The PL excitation and emission spectra of A-MIF@PMMA films and CMIF clusters powder were
studied (figure 7a,b). Both Mog clusters-based materials exhibited a similar excitation and emission
spectra before and after the EPD (figure 7a,b). This result is in good agreement with previous results
which have shown that the PMMA matrix has no or very low impact (less than 240 cm ™ shift) on the
maximum of the PL emission peak of Mo clusters [42,43].

The quantum yield of CMIF clusters, either as a pure powder or as A-MIF@PMMA films, was
investigated (figure 7c). As expected, in both cases, the higher the excitation wavelength, the lower the
emission efficiency. This trend was, however, more accentuated for the CMIF cluster. The decrease of
the quantum yield of Moy clusters after incorporation in PMMA matrix was already reported [42,43].
As the quantum yield depends on the ratio of the emission and the absorption energy, we propose
that the additional energy absorption in A-MIF@PMMA films originates from the m orbital linking of
the PMMA chains. Moreover, Amela-Cortes et al. [42] found that the quantum yield drastically
decreases with the increase of the cluster content (CMIF > 10 wt%). Even, if estimating the final Mo/
PMMA ratio in the film is difficult, the lower quantum yield observed could signal that the EPD
process allowed reaching a high content of Mog cluster in the film. Finally, the reduced emission
intensity of the cluster film could originate from the MC instability: some apical (COOC,Fs) groups of
the CMIF octahedral clusters could be replaced by water molecules (impurities in acetone solvent)
during the cluster dispersion and the EPD process that is in good agreement with the small shift
observed for the cluster emission band maximum after integration. The cluster’s behaviour within the
polymer matrix will be confirmed in a future study. The stability of the PL emission was investigated
by keeping the films in specific conditions of temperature and relative humidity (RH). A-MIF@PMMA
films were dried for one week at ambient condition and then kept in a sealed chamber for two to four
weeks at a temperature of 50°C and an RH of 70%. The quantum yield of MIF@PMMA films was
recorded between 300 and 400 nm before and after being exposed to these conditions (figure 7d). The
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Figure 8. CIE chromaticity coordinates of the MC@PMMA films prepared by the EPD process.
Table 1. FOM values and colour coordinates of MC@PMMA films. ITO@glass is used as reference [31].
Name X y Tvis Tsol Tvis/Tsol
A-NC@PMMA 0.378 0.419 74.1 62.2 1.19
A-NB@PMMA 0.379 0.362 61.7 51.7 1.07
A-MIF@PMMA 0.374 0.397 711 575 1.24
[TO@Glass 0.318 0.340 87.6 78.0 1.12

quantum yield remained almost constant after two and four weeks of exposure, indicating the crucial
role of PMMA in stabilizing the clusters by preventing the exchange of the apical ligand of Mog
octahedral cluster unit by water molecules, even at high RH (70%). This result supports the
hypothesis of an enhanced stability of the clusters when hybrid MC@PMMA nanocomposite film is
prepared.

In order to evaluate the efficiency of the cluster coating as energy-saving materials, different figure of
merit (FOM) values (Tyis, Tso1 and Tyis/ Tso1) (table 1; electronic supplementary material) and CIE colour
coordinates (x, y) (figure 8) of the Nbs or Mog@PMMA films were calculated by using a previously
developed equation [33]. Ty is the integrated spectral transmittance of a window weighted with the
normalized solar energy distribution spectrum, whereas T, was calculated in a similar way, but
weighted with the photopic response of the human eye [73-76]. The x and y values are in agreement
with the observed colour of the films. For smart windows technologies, cumulating the highest
transparency and efficiency requires to selectively harvest all of the invisible parts of the solar
spectrum, including the near-infrared (NIR) and ultraviolet (UV) [77,78]. All the MC@PMMA films
reached T,;s values (table 1) much higher than 50% as requested for windows application [74], which
demonstrate the high transparency in the visible for these films. The A-NB@PMMA film exhibits a
Tyis/ Tso) ratio of 1.07, lower than ITO-coated glass (1.12), and corresponding to the dark brown colour
of the film. Nevertheless, the T.;s/Tso ratio for Nbg-based cluster film could be improved by
controlling the dispersion and the oxidation state of the Nbg clusters. On the contrary, both
A-NC@PMMA and A-MIF@PMMA films obtained improved Tyis/Tsor ratios, reaching 1.19 and 1.24,
respectively, with an improvement of T, of about 25% comparing pure ITO-coated glass. The high
Tyis/Tso1 ratio of these films indicates the crucial attenuation of the UV-NIR solar energy and
demonstrates the efficiency of MC@PMMA films as an environment-friendly material.

4. Conclusion

Different nanocomposites with red-NIR luminescent and/or UV /NIR blocking properties based on Mog
and Nbg clusters and PMMA were deposited on ITO-coated glass by using the EPD process. MC
compounds are integrated without any chemical modifications in the PMMA matrix up to 29 wt% for
Mo, and 6wt% for Nbg clusters. The crucial role of PMMA as a polymeric binder for improving the
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processability of EPD was demonstrated, allowing stabilizing the optical properties of the films. All
MC@PMMA nanocomposite films were homogeneous at the microstructural level with a good cluster
dispersion within the polymer matrix, ultimately allowing reaching a high transparency in the visible
range. The Mo,@PMMA films exhibited a strong and durable red emission even after exposure to
quite elevated temperature (50°C) and RH (70%) for four weeks. The cluster’s oxidation state and the
control of the exchanged apical ligands seems to be the most important parameter for improving the
UV-NIR absorption of Nbs@PMMA films. Mass spectrometry and density functional theory
calculations are in progress to fully understand this behaviour (not presented here). Nanocomposite
films based on A-NC@PMMA and A-MIF@PMMA exhibited promising properties for attenuating the
UV-NIR solar energy. Owing to these UV-NIR blocking properties, nanocomposite films based on
Nbs and Mo, cluster and polymeric binders will be a promising material for optical window
application in the future.

Data accessibility. The datasets supporting this article have been uploaded as part of the electronic supplementary
material.

Authors’ contributions. N.T.K.N. conceived and designed the experiments; performed the experiments; analysed and
interpreted the data; drafted the article. M.D. analysed and interpreted the data; revised it critically for important
intellectual content; drafted the article. Y.M. performed the experiments; analysed and interpreted the data. M.W.
analysed and interpreted the data. N.S. analysed and interpreted the data. G.R. analysed and interpreted the data;
drafted the article. N.D. performed the experiments. M.A.-C. conceived and designed the experiments; performed
the experiments; revised it critically for important intellectual content. A.R. analysed and interpreted the data;
revised it critically for important intellectual content. S.C. revised it critically for important intellectual content.
Y.M. revised it critically for important intellectual content. F.G. conceived and designed the experiments; analysed
and interpreted the data; drafted the article. T.U. conceived and designed the experiments; analysed and
interpreted the data; drafted the article.

Competing interests. We declare we have no competing interests.

Funding. This study was carried out as part of the France—Japan international collaboration framework through the
Laboratory for Innovative Key Materials and Structures (UMI3629 LINK). The study was financially supported by
the National Institute for Materials Science (NIMS), Saint-Gobain (France), CNRS and Université de Rennes (UMR
6226).

Acknowledgements. The authors wish to thank Mr David Lechevalier of Saint-Gobain KK (Tokyo, Japan) involved in
LINK and related activities. We thank Dr C. Zhang at NIMS for his help with the EPD experiments.

References

1. Anderson AL, Chen S, Romero L, Top |, Binions 7. Meinardi F, Ehrenberg S, Dhamo L, Carulli F, 12. Truong TG et al. 2016 Visible tunable lighting
R. 2016 Thin films for advanced glazing Mauri M, Brunil F, Simonutti R, Kortshagen U, system based on polymer composites
applications. Buildings 6, 37-71. (doi:10.3390/ Brovelli S. 2017 Highly efficient luminescent embedding Zn0 and metallic clusters: from
buildings6030037) solar concentrators based on earth-abundant colloids to thin films. Sci. Technol. Adv. Mater.

2. Khandelwal H, Schenning APHJ, Debije MG. indirect-bandgap silicon quantum dots. Nat. 17, 443 -453. (doi:10.1080/14686996.2016.
2017 Infrared regulating smart window based Photonics 11, 177-186. (doi:10.1038/nphoton. 1202724)
on organic materials. Adv. Energy Mater. 7, 2017.5) 13. Nguyen TKN et al. 2017 New ultra-violet and
1602 2091602 227. (doi:10.1002/aenm. 8. Traverse (J, Pandey R, Barr MC, Lunt RR. 2017 near-infrared blocking filters for energy saving
201602209) Emergence of highly transparent photovoltaics applications: fabrication of tantalum metal atom

3. Kuttipillai PS, Zhao Y, Traverse CJ, Staples RJ, for distributed applications. Nature Energy 2, cluster-based nanocomposite thin films by
Levine BG, Lunt RR. 2016 Phosphorescent 849-860. (doi:10.1038/541560-017-0016-9) electrophoretic deposition. J. Mater. Chem. (5,
nanodluster light-emitting diodes. Adv. 9. Llorde A, Garcia G, Gazquez J, Milliron DJ. 2013 10 477 -10 484. (doi:10.1039/C7TC02454A)
Mater. 28, 320—326. (doi:10.1002/adma. Tunable near-infrared and visible-light 14.  Cotton FA. 1964 Metal atom clusters in oxide
201504548) transmittance in nanocrystal-in-glass systems. Inorg. Chem. 3, 1217. (doi:10.1021/

4. Debije MG, Verbunt PPC. 2012 Thirty years of composites. Nature 500, 323—326. (doi:10. ic50019a003)
luminescent solar concentrator research: solar 1038/nature12398) 15. Perrin A, Perrin C. 2012 The molybdenum and
energy for the built environment. Adv. Energy 10.  Xaman J, Pérez-Nucamendi C, Arce J, Hinojosa J, rhenium octahedral cluster chalcohalides in solid
Mater. 2, 12-35. (doi:10.1002/aenm. Alvarez G, Zavala-Guillén 1. 2014 Thermal state chemistry: from condensed to discrete
201100554) analysis for a double pane window with a solar cluster units. C. R. Chimie 15, 815—836. (doi:10.

5. Zhao Y, Meek GA, Levine BG, Lunt RR. 2014 control film for using in cold and warm 1016/j.crci.2012.07.004)

Near-infrared harvesting transparent climates. Energy Buildings 76, 429—439. 16.  Fedorov V. 2015 Metal clusters: as they were
luminescent solar concentrators. Adv. Mater. 2, (doi:10.1016/j.enbuild.2014.03.015) born in Siberia. J. Clust. Sci. 26, 3—15. (doi:10.
606—611. (doi:10.1002/adom.201400103) 1. Besteiro LV, Kong XT, Wang Z, Rosei F, Govorov 1007/510876-014-0736-y)

6. Meinardi F, Bruni F, Brovelli S. 2017 AO. 2018 Plasmonic glasses and films based on 17. Kirakd K, Kubat P, Fejfarova K, Martincik J, Nikl
Luminescent solar concentrators for building- alternative inexpensive materials for blocking M., Lang K. 2016 X-ray inducible luminescence
integrated photovoltaics. Nat. Rev. Mater. 2, infrared radiation. Nano Lett. 18, 3147 -3156. and singlet oxygen sensitization by an

1-9. (doi:10.1038/natrevmats.2017.72) (doi:10.1021/acs.nanolett.8h00764) octahedral molybdenum cluster compound: a

491819 s tado 205y sosyjeumol/biobunsyqndfaanosiedor [y


http://dx.doi.org/10.3390/buildings6030037
http://dx.doi.org/10.3390/buildings6030037
http://dx.doi.org/10.1002/aenm.201602209
http://dx.doi.org/10.1002/aenm.201602209
http://dx.doi.org/10.1002/adma.201504548
http://dx.doi.org/10.1002/adma.201504548
http://dx.doi.org/10.1002/aenm.201100554
http://dx.doi.org/10.1002/aenm.201100554
http://dx.doi.org/10.1002/adom.201400103
http://dx.doi.org/10.1038/natrevmats.2017.72
http://dx.doi.org/10.1038/nphoton.2017.5
http://dx.doi.org/10.1038/nphoton.2017.5
http://dx.doi.org/10.1038/s41560-017-0016-9
http://dx.doi.org/10.1038/nature12398
http://dx.doi.org/10.1038/nature12398
http://dx.doi.org/10.1016/j.enbuild.2014.03.015
http://dx.doi.org/10.1021/acs.nanolett.8b00764
http://dx.doi.org/10.1080/14686996.2016.1202724
http://dx.doi.org/10.1080/14686996.2016.1202724
http://dx.doi.org/10.1039/C7TC02454A
http://dx.doi.org/10.1021/ic50019a003
http://dx.doi.org/10.1021/ic50019a003
http://dx.doi.org/10.1016/j.crci.2012.07.004
http://dx.doi.org/10.1016/j.crci.2012.07.004
http://dx.doi.org/10.1007/s10876-014-0736-y
http://dx.doi.org/10.1007/s10876-014-0736-y

18.

19.

20.

21,

22.

2.

24,

25.

26.

27.

28.

29.

30.

new dlass of nanoscintillators. Inorg. Chem. 55,
03-2809. (doi:10.1021/acs.inorgchem.5b02282)
Dierre B et al. 2017 Mog cluster-based compounds
for energy conversion applications: comparative
study of photoluminescence and
cathodoluminescence. Sci. Technol. Adv. Mater. 18,
458—466. (doi:10.1080/14686996.2017.1338496)
Saito N, Lemoine P, Cordier S, Wada Y, Ohsawa
T, Saito N, Grasset F, Cross JS, Ohashi N. 2017
Solvent-mediated purification of
hexamolybdenum dluster halide, Cs;[MogCl4]
for enhanced optical properties. CrystEngComm
19, 6028—-6038. (doi:10.1039/C7CE01440F)
Akagi S, Fujii S, Kitamura N. 2018 A study on
the redox, spectroscopic, and photophysical
characteristics of a series of octahedral
hexamolybdenum(ll) clusters: [{MogXs}Ys*~
(X, Y=, Br, or I). Dalton Trans. 47,
1131-1139. (doi:10.1039/(7DT04485B)
Vorotnikova NA et al. 2018 23-Electron
octahedral molybdenum cluster complex
[{Moglg }Cls] . Inorg. Chem. 57, 811-820.
(doi:10.1021/acs.inorgchem.7b02760)

Mikhailov MA, Brylev KA, Abramov PA, Sakuda
E, Akagi S, Ito A, Kitamura N, Sokolov MN. 2016
Synthetic tuning of redox, spectroscopic, and
photophysical properties of {Mogls}*" core
cluster complexes by terminal carboxylate
ligands. Inorg. Chem. 55, 8437—8445. (doi:10.
1021/acs.inorgchem.6b01042)

Fujii S, Horiguchi T, Akagi S, Kitamura N. 2016
Quasi-one-step six-electron electrochemical
reduction of an octahedral hexanuclear
molybdenum(ii) cluster. Inorg. Chem. 55,

10 259—10 266. (doi:10.1021/acs.inorgchem.
6b01525)

Saito N, Cordier S, Lemoine P, Ohsawa T, Wada
Y, Grasset F, Cross JS, Ohashi N. 2017, Lattice
and valence electronic structures of crystalline
octahedral molybdenum halide clusters-based
compounds, Cs[MogXi4] (X = I, Br, 1), studied
by density functional theory calculations. /norg.
Chem. 56, 6234—6243. (doi:10.1021/acs.
inorgchem.7b00265)

Hansen WN, Osteryoung RA. 1966 Oxidation of
tantalum cluster ions. J. Amer. Chem. Soc. 88,
1063 -1064. (doi:10.1021/ja00957a040)

Lowe J, Stock D, Jap B, Zwickl P, Baumeister W,
Huber R. 1995 Crystal structure of the 205
proteasome from the archaeon T. acidophilum
at 3.4 a resolution. Science 268, 533—539.
(doi:10.1126/science.7725097)

Cramer P et al. 2000 Architecture of RNA
polymerase Il and implications for the
transcription mechanism. Science 288,
640—649. (doi:10.1126/science.288.5466.640)
Ferreira KN, Iverson TM, Maghlaoui K, Barber J.
2004 Architecture of the photosynthetic oxygen-
evolving center. Science 43, 1831-1839.
(doi:10.1126/science.1093087)

Mullan B.F, Madsen MT, Messerle L,
Kolesnichenko V, Kruger J. 2000 X-ray
attenuation coefficients of high-atomic-number,
hexanuclear transition metal cluster compounds:
a new paradigm for radiographic contrast
agents. Acad. Radiol. 7, 254—259. (doi:10.1016/
$1076-6332(00)80475-4)

Huby N et al. 2016 Facile design of red-emitting
waveguides using hybrid nanocomposites made

3.

32.

33.

34.

35.

36.

37.

38.

39.

4.

4.

of inorganic clusters dispersed in SU8
photoresist host. Opt. Mater. 52, 196 —202.
(doi:10.1016/j.0ptmat.2015.12.034)
Amela-Cortes M, Paofai S, Cordier S, Folliot H,
Molard Y. 2015 Tuned red NIR phosphorescence
of polyurethane hybrid composites embedding
metallic nanoclusters for oxygen sensing. Chem.
Commun. 51, 8177 -8180. (doi:10.1039/
(5CC01867F)

Beltran A, Mikhailov M, Sokolov MN, Perez-
Laguna V, Rezusta A, José Revillod M, Galindo F.
2016 A photobleaching resistant polymer
supported hexanuclear molybdenum iodide
cluster for photocatalytic oxygenations and
photodynamic inactivation of Staphylococcus
aureus. J. Mater. Chem. B 4, 5975-5979.
(doi:10.1039/C6TB01966H)

Renaud A et al. 2017 Transparent tantalum
cluster-based UV and IR blocking electrochromic
devices. J. Mater. Chem. C 5, 8160—8168.
(doi:10.1039/C7TC01964E)

Dechézelles JF et al. 2010 Fine tuning of
emission through the engineering of colloidal
crystals. Phys. Chem. Chem. Phys. 12,
11993-11999. (doi:10.1039/c0cp00129e)
Neaime C et al. 2016 Time-gated luminescence
bioimaging with new luminescent nanocolloids
based on [Mogl(CoFsC00)¢]* ™ metal atom
clusters. Phys. Chem. Chem. Phys. 18,
3016630 173. (doi:10.1039/C6CP05290H)
Chen W et al. 2018 Embedding hexanuclear
tantalum bromide cluster {TagBry,} into Si0,
nanoparticles by reverse microemulsion method.
Heliyon 4 e00654. (doi:10.1016/}.heliyon.2018)
Kirakci K, Sicha V, Holub J, Kubat P, Lang K.
2014 Luminescent hydrogel particles prepared
by self-assembly of B-cyclodextrin polymer and
octahedral molybdenum cluster complexes.
Inorg. Chem. 53, 13 01213 018. (doi:10.1021/
ic502144z2)

Li Z, Zhang H, Shen J. 2013 Preparation of
stable luminescent poly(methyl methacrylate) —
europium complex nanospheres and application
in the detection of hydrogen peroxide with the
biocatalytic growth of gold nanoparticles.

J. Appl. Polym. Sci. 128, 845—850. (doi:10.
1002/app.38223)

Meinardi F, Colombo A, Velizhanin KA,
Simonutti R, Lorenzon M, Beverina L,
Viswanatha R, Klimov VI, Brovelli S. 2014 Large-
area luminescent solar concentrators based on
‘Stokes-shift-engineered’ nanocrystals in a mass-
polymerized PMMA matrix. Nat. Photonics 8,
392-399. (doi:10.1038/nphoton.2014.54)
Golubeva ND, Adamenko OA, Boiko GN, Petrova
LA, Olkhov YA, Pomogailo AD. 2004 Synthesis,
structure, and properties of new hybrid
nanocomposites containing the [Mog(ms-
)l*" dluster. Inorg. Mater. 40, 306—313.
(doi:10.1023/B:INMA.0000020534.96346.55)
Molard Y, Dorson F, Brylev KA, Shestopalov MA,
Gal YL, Cordier S, Mironov YV, Kitamura N,
Perrin C. 2010 Red-NIR luminescent hybrid poly
(methyl methacrylate) containing covalently
linked octahedral rhenium metallic clusters.
Chem. A Eur. J. 16, 5613—5619. (doi:10.1002/
chem.200902131)

Amela-Cortes M, Molard Y, Paofai S, Desert A,
Duvail JL, Naumovd NG, Cordier S. 2016

4.

4,

45.

46.

47.

4.

49.

50.

51

52.

53.

54,

55.

Versatility of the ionic assembling method to
design highly luminescent PMMA
nanocomposites containing [MsQbL2]" ™
octahedral nano-building blocks. Dalton Trans.
45, 237-245. (doi:10.1039/C5DT03734D)
Efremova OA et al. 2016 Photoluminescent
materials based on PMMA and a highly-
emissive octahedral molybdenum metal cluster
complex. J. Mater. Chem. C 4, 497 -503.
(doi:10.1039/C5TC03204K)

Robin M, Dumait N, Amela-Cortes M, Roiland C,
Harnois M, Jacques E, Folliot H, Molard, Y. 2018
Direct integration of red-NIR emissive ceramic-
like AMeXiX2 metal cluster salts in organic
copolymers using supramolecular interactions.
Chem. Eur. J. 24, 4825-4829. (doi:10.1002/
chem.201800860)

Amela-Cortes M, Garreau A, Duvail SL, Molard Y.
2014 Deep red luminescent hybrid copolymer
materials with high transition metal cluster
content. J. Mater. Chem. C 2, 1545-1552.
(doi:10.1039/C3TC31309C)

Yang C, Lunt RR. 2017 Limits of visibly
transparent luminescent solar concentrators.
Adv. Opt. Mater. 5, 1600851-10. (doi:10.1002/
adom.201600851)

Aubert T, Nerambourg N, Saito N, Haneda H,
Ohashi N, Mortier M, Cordier S, Grasset F. 2013
Tunable visible emission of luminescent hybrid
nanoparticles incorporating two complementary
luminophores: Zn0 nanocrystals and
[MogBrq4]2 ™ nanosized dluster units. Part. Part.
Syst. Charact. 30, 90—95. (doi:10.1002/ppsc.
201200047)

Fei L, Naeemi M, Zou G, Luo H. 2013 Chemical
solution deposition of epitaxial metal-oxide
nanocomposite thin films. Chem. Record 13,
85-101. (doi:10.1002/tcr.201200022)

Burrell AK, McCleskey TM, Jia QX. 2008 Polymer
assisted deposition. Chem. Commun. 11,
1271-1277. (doi:10.1039/B712910F)

Wu L, Yang D, Fei L, Huang Y, Wu F, Sun Y,
Shi J, Xiang Y. 2017 Dip-coating process
engineering and performance optimization for
three-state electrochromic devices. Nanoscale
Res. Lett. 12, 390—405. (doi:10.1186/511671-
017-2163-0)

Brinker CJ, Hurd AJ, Schunk PR, Frye GC, Ashley
(5. 1992 Review of sol-gel thin film formation.
J. Non-Crystalline Solids 147 —148, 424—436.
(doi:10.1016/50022-3093(05)80653-2)

Sahu N, Parija B, Panigrahi S. 2009
Fundamental understanding and modeling

of spin coating process: a review. Indian

J. Phys. 83, 493—502. (doi:10.1007/512648-
009-0009-z)

Robin M, Kuai W, Amela-Cortes M, Cordier S,
Molard Y, Mohammed-Brahim T, Jacques E,
Harnois M. 2015 Epoxy based ink as versatile
material for inkjet-printed devices. ACS Appl.
Mater. Interfaces 7, 21 975—21984. (doi:10.
1021/acsami.5h06678)

Fukada Y, Nagarajan N, Mekky W, Bao Y, Kim
HS, Nicholson PS. 2004 Electrophoretic
deposition-mechanisms, myths and materials.
J. Mater. Sci. 39, 787-801. (doi:10.1023/
B:JMSC.0000012906.70457.df)

Besra L, Liu M. 2007 A review on fundamentals
and applications of electrophoretic deposition

491819 s tado 205y sosyjeumol/biobunsyqndfaanosiedor g


http://dx.doi.org/10.1021/acs.inorgchem.5b02282
http://dx.doi.org/10.1080/14686996.2017.1338496
http://dx.doi.org/10.1039/C7CE01440F
http://dx.doi.org/10.1039/C7DT04485B
http://dx.doi.org/10.1021/acs.inorgchem.7b02760
http://dx.doi.org/10.1021/acs.inorgchem.6b01042
http://dx.doi.org/10.1021/acs.inorgchem.6b01042
http://dx.doi.org/10.1021/acs.inorgchem.6b01525
http://dx.doi.org/10.1021/acs.inorgchem.6b01525
http://dx.doi.org/10.1021/acs.inorgchem.7b00265
http://dx.doi.org/10.1021/acs.inorgchem.7b00265
http://dx.doi.org/10.1021/ja00957a040
http://dx.doi.org/10.1126/science.7725097
http://dx.doi.org/10.1126/science.288.5466.640
http://dx.doi.org/10.1126/science.1093087
http://dx.doi.org/10.1016/S1076-6332(00)80475-4
http://dx.doi.org/10.1016/S1076-6332(00)80475-4
http://dx.doi.org/10.1016/j.optmat.2015.12.034
http://dx.doi.org/10.1039/C5CC01867F
http://dx.doi.org/10.1039/C5CC01867F
http://dx.doi.org/10.1039/C6TB01966H
http://dx.doi.org/10.1039/C7TC01964E
http://dx.doi.org/10.1039/c0cp00129e
http://dx.doi.org/10.1039/C6CP05290H
http://dx.doi.org/10.1016/j.heliyon.2018
http://dx.doi.org/10.1021/ic502144z
http://dx.doi.org/10.1021/ic502144z
http://dx.doi.org/10.1002/app.38223
http://dx.doi.org/10.1002/app.38223
http://dx.doi.org/10.1038/nphoton.2014.54
http://dx.doi.org/10.1023/B:INMA.0000020534.96346.55
http://dx.doi.org/10.1002/chem.200902131
http://dx.doi.org/10.1002/chem.200902131
http://dx.doi.org/10.1039/C5DT03734D
http://dx.doi.org/10.1039/C5TC03204K
http://dx.doi.org/10.1002/chem.201800860
http://dx.doi.org/10.1002/chem.201800860
http://dx.doi.org/10.1039/C3TC31309C
http://dx.doi.org/10.1002/adom.201600851
http://dx.doi.org/10.1002/adom.201600851
http://dx.doi.org/10.1002/ppsc.201200047
http://dx.doi.org/10.1002/ppsc.201200047
http://dx.doi.org/10.1002/tcr.201200022
http://dx.doi.org/10.1039/B712910F
http://dx.doi.org/10.1186/s11671-017-2163-0
http://dx.doi.org/10.1186/s11671-017-2163-0
http://dx.doi.org/10.1016/S0022-3093(05)80653-2
http://dx.doi.org/10.1007/s12648-009-0009-z
http://dx.doi.org/10.1007/s12648-009-0009-z
http://dx.doi.org/10.1021/acsami.5b06678
http://dx.doi.org/10.1021/acsami.5b06678
http://dx.doi.org/10.1023/B:JMSC.0000012906.70457.df
http://dx.doi.org/10.1023/B:JMSC.0000012906.70457.df

56.

57.

58.

59.

60.

61.

62.

(EPD). Prog. Mater. Sci. 52, 1-61. (doi:10.1016/
j.pmatsci.2006.07.001)

Nguyen TKN, Dierre B, Grasset F, Renaud A,
Cordier S, Lemoine P, Ohashi N, Uchikoshi T.
2017 Formation mechanism of transparent Mog
metal atom cluster film prepared by
electrophoretic deposition. J. Electrochem. Soc.
164, 412-418. (doi:10.1149/2.0591707jes)
Nguyen TKN et al. 2017 Electrophoretic coating
of octahedral molybdenum metal clusters for
UV/NIR light screening. Coatings 7, 114—127.
(doi:10.3390/coatings7080114)

Nguyen TKN, Grasset F, Dierre B, Matsunaga C,
Cordier S, Lemoine P, Ohashi N, Uchikoshi T.
2016 Fabrication of transparent thin film of
octahedral molybdenum metal dlusters by
electrophoretic deposition. £CS J. Solid State
Sci. Tech. 5, 178—186. (doi:10.1149/2.
0291610jss)

Nguyen TKN, Renaud A, Dierre B, Bouteille B,
Wilmet M, Dubernet MA, Ohashi N, Grasset F,
Uchikoshi T. 2018 Extended study on
electrophoretic deposition process of inorganic
octahedral metal clusters: advanced
multifunctional transparent nanocomposite thin
films. Bull. Chem. Soc. Jap. 91, 1763—1774.
(doi:10.1246/bcsj.20180240)

Prévot M, Cortes MA, Manna SK, Lefort R,
Cordier S, Folliot H, Dupont L, Molard Y. 2015
Design and integration in electro-optic devices
of highly efficient and robust red-NIR
phosphorescent nematic hybrid liquid crystals
containing [Moslg(OCOC"FZW)G]Z’ (n=1,
2,3). Adv. Funct. Mater. 25, 4966—4975.
(doi:10.1002/adfm.201501876)

Kirakci K, Kubdt P, Dusek M, Fejfarova K, Sicha
V, Mosinger J, Lang K. 2012 A highly
luminescent hexanuclear molybdenum cluster—
a promising candidate toward photoactive
materials. Eur. J. Inorg. Chem. 2012,
3107-3111. (doi:10.1002/ejic.201200402)
Pénicaud A, Batail P. 1990 Novel redox
properties of the paramagnetic hexanuclear
niobium dluster halide [NbeClig>~ and the
preparation, structures, and conducting and
magnetic properties of its one-dimensional

63.

64.

65.

66.

67.

68.

69.

mixed-valence tetramethyltetra(selena and
thia)fulvalenium salts: [TMTSF] and
[TMTTF]s[NbgCligl-(CH,C1,)"°. Chem. Mater. 2,
123-132. (doi:10.1021/cm00008a011)
Vojnovic M, Antolic S, Kojic-Prodic B, Brnicevic
N, Miljak M, Aviani I. 1997 Reactions of
hexanuclear niobium and tantalum halide
clusters with mercury(I1) halides. | Synthesis
and structures of the semiconducting
compounds [MgBrq,(H,0)4[[HgBr,].12H,0, M =
Nb, Ta. Z. Anorg. Allg. Chem. 623, 1247—1254.
(d0i:10.1002/zaac.19976230811)

Sokolov MN, Mihailov MA, Peresypkina EV,
Brylev KA, Kitamurac N, Fedina VP. 2011 Highly
luminescent complexes [MogXs(n-GF7C00)g]*
(X = Br, 1). Dalton Trans. 40, 6375—6377.
(doi:10.1039/c1dt10376h)

Koknat FW, Parsons JA, Vongvusharintra A. 1974
Metal cluster halide complexes. I. Efficient
synthesis of hydrated hexanudlear niobium and
tantalum cluster halides MgX;4.8H,0. Inorg.
Chem. 13, 1699—1702. (doi:10.1021/
ic50137a032)

Mikhaylov MA, Abramov PA, Komarova VY,
Sokolov MN. 2017 Cluster aqua/
hydroxocomplexes supporting extended
hydrogen bonding networks. Preparation and
structure of a unique series of cluster hydrates
[Moglg(OH)4(H,0),]:nH,0 (n = 2, 12, 14).
Polyhedron 122, 241—-246. (doi:10.1016/j.poly.
2016.11.011)

Zarate X, Schott E, Soto LA, Ramirez-Tagle R.
2013 A family of octahedral molybdenum
cluster complexes [MoﬁCIg,(HZO),‘(OH),S,,,]"’2
with n = 0-6 as a pH-sensors: a theoretical
study. Chem. Phys. Lett. 567, 39—42. (doi:10.
1016/j.cplett.2013.02.071)

McCarley RE, Hughes BG, Cotton FA,
Zimmerman R. 1965 The two-electron oxidation
of metal atom cluster species of the type
[MeX121> ™. Inorg. Chem. 4, 14911492,
(d0i:10.1021/i¢50032a030)

Mackay RA, Schneider RF. 1967 Experimental
evidence concerning the electronic structure of
the NbeCly; cluster. Inorg. Chem. 6, 549—552.
(doi:10.1021/i¢50049a027)

70.

.

72.

73.

74,

75.

76.

77.

78.

Hughes BG, Meyer JL, Fleming PB, McCarley RE.
1970 Chemistry of polynuclear metal halides. lll.
Synthesis of some niobium and tantalum
[MgX;,"" cluster derivatives. Inorg. Chem. 9,
1343 -1346. (d0i:10.1021/ic500882010)
Quigley R, Barnard PA, Husey CL, Seddon KR.
1992 Electrochemical and spectroscopic
characterization of {NbeCl;,}** chloride
clusters in the aluminum chloride-1-methyl-3-
ethylimidazolium chloride molten salt. Inorg.
Chem. 31, 1255—1261. (doi:10.1021/
ic00033a024)

Bmicevic N, Nothig-Hus D, Kojic-Prodic B, Ruzic-
Toros Z., Danilovic Z, McCarley RE. 1992
Synthesis and structures of hexanuclear
tantalum clusters with the [TaCl;,(CHsOH)s]**
unit. Inorg. Chem. 31, 3924-3928. (doi:10.
1021/ic00045a014)

Smith GB, Deller CA, Swift PD, Gentle A, Garrett
PD, Fisher WK. 2002 Nanoparticle-doped
polymer foils for use in solar control glazing.
J. Nanopart. Res. 4, 157—165. (d0i:10.1023/
A:1020186701109)

Schelm S, Smith GB, Garrett PD, Fisher WK.
2005 Tuning the surface-plasmon resonance in
nanoparticles for glazing applications. J. Appl.
Phys. 97, 124314-8. (d0i:10.1063/1.1924873)
Stokes NL, Edgar JA, McDonagh AM, Cortie MB.
2010 Spectrally selective coatings of gold
nanorods on architectural glass. J. Nanopart.
Res. 12, 2821-2830. (doi:10.1007/511051-010-
9864-y)

Carboni M, Carravetta M, Zhang XL, Stulz E.
2016 Efficient NIR light blockage with matrix
embedded silver nanoprism thin films for
energy saving window coating. J. Mater. Chem.
C 4, 1584-1588. (doi:10.1039/C6TC00026F)
Liu D, Yang C, Lunt R.R. 2018 Halide perovskites
for selective ultraviolet-harvesting transparent
photovoltaics. Joule 2, 1-11. (doi:10.1016/j.
joule.2017.10.014)

Liu T et al. 2016 Smart window coating based
on F-Ti0,-K, W03 nanocomposites with heat
shielding, ultraviolet isolating, hydrophilic

and photocatalytic performance. Sci. Rep. 6,
27 373-27 379. (doi:10.1038/srep27373)

491819 s tado 205y sosyjeumol/biobunsiqndfaanosiedor i


http://dx.doi.org/10.1016/j.pmatsci.2006.07.001
http://dx.doi.org/10.1016/j.pmatsci.2006.07.001
http://dx.doi.org/10.1149/2.0591707jes
http://dx.doi.org/10.3390/coatings7080114
http://dx.doi.org/10.1149/2.0291610jss
http://dx.doi.org/10.1149/2.0291610jss
http://dx.doi.org/10.1246/bcsj.20180240
http://dx.doi.org/10.1002/adfm.201501876
http://dx.doi.org/10.1002/ejic.201200402
http://dx.doi.org/10.1021/cm00008a011
http://dx.doi.org/10.1002/zaac.19976230811
http://dx.doi.org/10.1039/c1dt10376h
http://dx.doi.org/10.1021/ic50137a032
http://dx.doi.org/10.1021/ic50137a032
http://dx.doi.org/10.1016/j.poly.2016.11.011
http://dx.doi.org/10.1016/j.poly.2016.11.011
http://dx.doi.org/10.1016/j.cplett.2013.02.071
http://dx.doi.org/10.1016/j.cplett.2013.02.071
http://dx.doi.org/10.1021/ic50032a030
http://dx.doi.org/10.1021/ic50049a027
http://dx.doi.org/10.1021/ic50088a010
http://dx.doi.org/10.1021/ic00033a024
http://dx.doi.org/10.1021/ic00033a024
http://dx.doi.org/10.1021/ic00045a014
http://dx.doi.org/10.1021/ic00045a014
http://dx.doi.org/10.1023/A:1020186701109
http://dx.doi.org/10.1023/A:1020186701109
http://dx.doi.org/10.1063/1.1924873
http://dx.doi.org/10.1007/s11051-010-9864-y
http://dx.doi.org/10.1007/s11051-010-9864-y
http://dx.doi.org/10.1039/C6TC00026F
http://dx.doi.org/10.1016/j.joule.2017.10.014
http://dx.doi.org/10.1016/j.joule.2017.10.014
http://dx.doi.org/10.1038/srep27373

	Transparent functional nanocomposite films based on octahedral metal clusters: synthesis by electrophoretic deposition process and characterization
	Introduction
	Material and methods
	Synthesis of clusters
	Preparation of the cluster@PMMA suspensions
	Electrophoretic deposition of nanocomposite films
	Characterization

	Results
	Characterization of metal atom clusters suspensions

	Conclusion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


