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ABSTRACT

The development of highly ultraviolet (UV) and near-infrared (NIR) absorbent transparent
coatings is an important enabling technology and area of research for environmental sustain-
ability and energy conservation. Different amounts of K4[{NbsTaX';,}X%] cluster compounds (X
= Cl, Br) dispersed into polyvinylpyrrolidone matrices were prepared by a simple, nontoxic and
low-cost wet chemical method. The resulting solutions were used to fabricate visibly transpar-
ent, highly UV and NIR absorbent coatings by drop casting. The properties of the solution and
films were investigated by complementary techniques (optical absorption, electrospray ioniza-
tion mass spectrometry and Raman spectroscopy). The UV and NIR absorption of such samples
strongly depended on the concentration, dispersion and oxidation state of the [{NbsTaX';,}X%]
nanocluster-based units. By varying and controlling these parameters, a remarkable improve-
ment of the figures of merit T, /Tg and Syr for solar-glazing applications was achieved com-
pared to the previous results on nanocomposite coatings based on metal atom clusters.
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I. Introduction
[4,5]. Hence, the use of NIR blockers for smart win-

Buildings account for around 40% of global energy
consumption [1,2], with more than half of the annual
energy consumption of a standard building used in
cooling and/or heating systems to maintain their tem-
perature to the range of comfort for their occupants
[3]. Through the development of new, environmen-
tally friendly energy saving materials, significant
potential for energy savings exists [2]. Approximately
50-55% of incoming solar energy consists of radiation
located in the near-infrared (NIR) region of the spec-
trum, with a majority between 760 and 1100 nm,
which are responsible for heat generation (Figure 1)

dows to improve the thermal insulation of buildings
and cars is a promising method to reduce overall
energy consumption.

Two main approaches for the development of NIR
blockers exist, with materials developed either for
reflection or absorption of NIR radiations [6].
Currently, some commercialized materials are
obtained by vacuum deposition methods, which are
quite expensive, limiting their development [7]. New
alternatives are turning to the production of absorbing
layers deposited by solution deposition processes, with
some developed materials summarized in Table 1.
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Figure 1. UV-Vis-NIR solar energy spectrum (left) and sketch of the nanocomposite based on metal atom clusters [{NbsTaX';,1X%]

(right).

Table 1. Examples of FOM T\, T, and the ratio T, /T (with T, >
50%). *deposited on polyethylene terephthalate; Sdeposited
on ITO coated glass (noted ITO@glass).

Active species/ T Te T/
Matrix Ref. (%) (%) Te
LaBe/PVB 9 81.7 68.3 1.20
72.6 50.5 1.44
67.8 433 1.57
624 36.6 1.71
57.5 314 1.83
Silver nanoprisms 14 92.7 929 1.0
90.9 89.9 1.01
89.5 89.3 1.0
81.6 83.0 0.98
58.6 60.1 0.98
57.5 61.9 0.93
VO, (T=20°C, T=90°C) 18 592 61.1 621 557 095 1.09
ITO 24 93.0 91.0 1.02
36 91.0 78.0 1.24
9 87.6 76.6 1.15
85.8 59.6 1.44
AZO 24 85.0 82.0 1.02
82.0 62.0 132
(NH,), WO5/PVP* 27 62.1 47.0 1.32
61.6 444 1.39
67.6 459 1.47
Sb doped SnO, 28 93.9 78.7 1.19
923 719 1.28
92.8 70.0 133
92.0 68.1 1.35
90.8 62.0 1.46
Cs0.32WO5/PMMA 31 85.8 68.8 1.25
70.0 434 1.74
_ 61.8 36.5 1.69
{TagX'1,}/PVP® 35 69.9 55.3 1.26
36 54.1 46.5 1.16
50.6 418 1.21
62.7 50.0 1.25
{NbeX'12}/PMMA* 38 741 62.2 1.19
{NbeX';,}/PVP 40 62.2 483 1.29
ITO@{NbgX';,} 39 61.8 55.6 1.11
@5i0,°
{MogX'g}/PMMA® 38 71.1 57.5 1.24
{NbsTaCl';,}/PVP This  54.1 40.7 1.33
{Nb;TaBr';,}/PVP work 52.7 40.4 1.30
{NbsTaCl';,}/PVP* 53 30.6 1.73

PVB= polyvinyl butyral; AZO= aluminum-doped zinc oxide; PVP= polyvinyl-
pyrrolidone; PMMA= Poly(methyl methacrylate).

Generally, the method is based on combining active
species with high-infrared absorption and/or reflec-
tion properties and a matrix (organic, inorganic or
hybrid) which can be deposited by a solution process
at the surface of the glass. This method usually
requires the use of a large number of active species

dilbads.
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to achieve interesting solar control properties, which
that may induce alterations in the properties of the
glazing by scattering (e.g. transparency) or necessitate
a more complicated incorporation step. The active
species must be on the order of nanometers in size in
order to reduce scattering of visible light and to ensure
relatively simple integration into the matrix. In order
to evaluate the efficiency of the coating as an energy-
saving material, different figure-of-merit (FOM)
values based on International Commission on
Illumination (CIE) colorimetric coordinates, T} (visi-
ble transmittance), Tg (solar transmittance), Snir
(NIR shielding), haze and clarity were measured. T,
Tg and Syir were obtained using the equations 1, 2
and 3, respectively [5,8].

p _ L TOSWY()A
[0 SWY(D)dA
Ty = w
I300 S(A) dA
Snir(%) = 100— M
J760 S(A) dA

Tk is the integrated spectral transmittance of a window
weighted by the normalized solar energy distribution
spectrum (noted S). S represents the Air Mass 1.5
which is equivalent to the spectrum of solar radiation
after passing through 1.5 times the perpendicular atmo-
spheric thickness. T} is calculated similarly but weighted
by the photopic response of the human eye, Y (see the
supplementary information (SI) for more details). The
Ty value should be higher than 50%, which is the lower
limit acceptable for window applications [5,9-11].
Currently, metal nanoparticles [11-16], oxide materi-
als [17-33] and metalloids [5,34] are considered as the
most promising inorganic candidates for NIR blockers.
Zheng et al. calculated the period of time required before
a return on investment of these most popular solar
control materials. Apart from the gold nanoparticles,
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other inorganic materials appear to be profitable in less
than 30 years [19]. Oxides (In,O5:Sn0, (ITO), WO,,
7Zn0, VO, ...) and rare earth hexaborides are the most
cost-effective, achieving a return on investment under
20 years, which is consistent with the products of the
current market (10-20 years) [19]. Recently, it has been
shown that the use of Tag or Nbg based metal atom
clusters leads to nanoarchitectonic coating materials
with interesting absorption properties [35-41]. For
instance, in these studies, the ability to tune the visible
and NIR absorption properties of nanocomposite coat-
ings by oxidation of the {TagBr,}** cluster core into
{TagBri,}** or {TagBri,}*" cluster cores was investigated
[35-39]. This oxidation corresponds to a decrease of the
valence electron concentration (VEC) per Tag cluster
from 16 for {TagBr;,}*" to 14 for {TagBr;,]*" [42].

The absorption of NIR radiations is preferred for
a controlled material solar absorber, but the absorp-
tion of ultraviolet radiation prevents premature degra-
dation of organic compounds (volatile organic
compounds for example). This work is interested in
the development of optimized functional coatings
including inorganic active species based on metal
atom cluster compounds absorbing in adjusted UV
and NIR ranges, whilst maintaining a satisfactory
level of visible transmittance (Figure 1).

The proposed solutions will revolve around coatings
for selective glazing that allows a much better insulation.
An optimized coating based on K4 [{NbsTaX',}X%] (X
=Cl, Br; I = inner ligand; a = apical ligand) cluster-based
compounds embedded in a polyvinylpyrrolidone (PVP)
matrix on ITO@Glass is presented. By varying the con-
centration of clusters and their oxidation states, a large
variety of colors from yellow to green were obtained.
Additionally, in the frame of solar control applications,
the best value of Ty/Tg and Sy for this family of
nanocomposites based on metal atom clusters was mea-
sured and reported in this work.

Il. Experimental procedures

The K,[{NbsTaX',}X%] (X=Cl, Br) cluster com-
pounds were prepared by solid-state chemistry using
an optimized method derived from that of
F. W. Koknat et al. [43,44]. The [{NbsTaCl';;}CI%,
(H,0)%;]-4 H,O aquo-complex was prepared by fol-
lowing the method proposed for [{TasBr';,}Br;(H,
0)%]-4H,0 and [{Nb6C1112}C1a2(HZO)a4]~4 H,
O [40,45] (see the SI for more experimental details
and Figures S1 and S2 and Tables S1 and S2).

X-ray Powder diffraction (xRPD) patterns were
recorded using a Bruker D8 Advance, Billerica, MA,
USA two-circle apparatus equipped with a Lynx Eye
detector and Cu Ka radiation (A = 1.54,056 A) in the 0
— 20 configuration. Data were collected in the 5-80° 20

range with a step of 0.02° and a speed of 5°min~".

C. LEBASTARD et al.

The powder images were observed using a field emis-
sion scanning electron microscope (FE-SEM, $4800,
Hitachi-Technologies Corp., Tokyo, Japan) at an accel-
erating voltage of 10kV equipped by an energy-
dispersive X-ray (EDX) detector. The cross sections of
the films were observed using an optical microscope
(Keyence VHX-1000E, Osaka, Japan).

Cluster colloids in PVP were prepared at room
temperature by first dissolving an appropriate amount
of K [{NbsTaX',,}X?%] (X = Cl, Br) cluster compounds
in water solutions (Table 2), followed by filtration.
Different concentrations and molar masses of PVP
(from 5 to 50%.,, 10,000 g-molfl, 40,000 g-molfl, 1
300 000 g-mol ') were tested to obtain a compromise
between viscosity, thickness and cluster concentration.
The best results were obtained for PVP with a molar
mass of 1 300 000 g-mol ™" at a concentration of 10%.y.
Then, PVP (M,, = 1,300,000 g-molfl) was dissolved
and maintained under magnetic stirring until homo-
genization in the resulting cluster solution. Table 2
shows the different compositions of samples. The
solutions are stable for a period of several months.

From these colloids, films (noted {NbsTaX',}
@PVP) were deposited on soda lime glass slides (up
to 10 x 15 cm, Figure S3) or ITO@glass (Geomatec
Co., Ltd (Yokohama, Japan), 6-8 Ohm sqfl) by drop
casting (1 ml of solution is deposited on the substrate),
and dried at room temperature for 24 h. All the sub-
strates were washed with acetone and ethanol before
their using. In order to test their durability, some films
were annealed in air at 50°C, 80°C and 100°C for 18
hours.

Ultraviolet-visible-near-infrared (UV-Vis-NIR) opti-
cal absorption was performed with a spectrophotometer
(V7770, Jasco, Oklahoma City, OK, USA), in absor-
bance and transmission modes, in the range 200-2500
nm. Solutions measured were the same concentrations
as the colloids listed in Table 2. Films were measured
as-prepared. The CIE Colorimetric System (the CIE
1931 with 10° Standard Observer from 1964 and D65
source) was used for color analysis, represented as
coordinates x, y and z. (see the SI for more details).
A HazeGard Plus hazemeter apparatus from
OAKLAND Inst. Corp., Shakopee, MN, USA was
used to measure at once the haze, transmission and
clarity values following the Standard Test Method
‘ASTM D-1003’.

Table 2. Composition of the prepared cluster-PVP colloids.

Sample Kal{NbsTaX"2}X%] (g-L™")* PVP (%)
{NbsTaX';,}-20 20 10%uye
{NbsTaX';,}-16 16 10%yt
{NbsTaX';,}-12 12 10%uy
{N bSTaXH 2}‘8 8 10%¢
{NbsTaX';,}-4 4 10%4t
{NbsTaX',}-2 2 10%yt
*X =, Br.
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Electrospray ionization mass spectrometry (ESI-
MS) measurements with ionization by electrospray
or nanospray source were recorded on a quadrupole
time-of-flight mass spectrometer (microtof-Q,
Bruker-Daltonics, Bremen, Germany). The samples
were analyzed both in negative and positive ion
mode. Each solution sample was prepared to approxi-
mately 50 umol-L™" in either water or acetone. The
water solutions were infused directly in an electro-
spray source using a syringe pump (flow rate 180
uL-h™"), and the ESI process was assisted with a dry
gas at 80°C. The acetone solutions were infused
directly in a nanospray source with a dry gas at 55°C.

Raman scattering spectra were acquired on pow-
ders and thin films at room temperature using
a LabRam high-resolution spectrometer coupled with
a confocal microscope (Horiba Jobin Yvon, Edison,
NJ, USA), 600 g/mm gratings and 10 x objective.
A He-Ne 633 nm laser was used for scattering excita-
tion. Raman spectra were recorded at room tempera-
ture with an exposure duration of 100 s and 2
accumulations. The calibration of the Raman spectro-
meter was performed using the main Raman band of
silicon wafer (520cm™). A soda-lime glass sample
holder was used in all cases.

Ill. Results and discussion

3.1. Study of the powders and the colloidal
solutions

The flexibility of homometallic octahedral niobium
or tantalum cluster compounds in terms of compo-
sition and oxidation state, as well as their nano-
metric sizes and high solubility make them unique
inorganic objects [40,41,45,46]. The chemical nature
of the metallic cluster and the ligands to which it is
bound as well as the VEC value make it possible to
modulate the optical properties to absorb UV and
NIR radiations [35-41]. It is then possible to mod-
ify these parameters to obtain one or more compo-
sitions in accordance with the desired application
by mixing the metal in the metallic core or by
changing the ligands. In order to modulate the
optical properties of the cluster, new compositions
of heterometallic clusters were developed in the
past. It has clearly been shown that the spectro-
scopic properties of heterometallic clusters differ
from a simple mixture of homometallic clusters
[47,48)].

Recently, M. Wilmet and C. Lebastard, clearly
demonstrated by combining experimental and computa-
tional studies that the best optical properties for UV-NIR
blockers are expected for the K4[{Nbg_Ta, X% (X =
Cl, Br; X =1 and 2) cluster compounds compared to the
corresponding homometallic ones [40,49,50]. The mor-
phology and purity of the synthesized powders were

C. LEBASTARD et al.

confirmed by XRDP, FE-SEM and EDX analysis
(Figures S1 and S2 and Tables S1 and S2). The full
characterization of these compounds will be published
separately. All data were consistent with previously pub-
lished results on [{M¢X';,}X%] cluster units (M = Nb, Ta;
X =(l, Br) [47-50].

The Raman spectra of the K,[{NbsTaX'},}X%] (X =
Cl, Br) cluster compounds recorded at room tempera-
ture are given in Figure 2.

The experimental spectra of the two K,[{Nbs
TaX'|,}X%] powders exhibit similar characteristics
to those of the Ky[{NbsX'|;}X%] powders
(Figure 2). The indexations of the peaks are given
in Table S3. For the [{NbsTaCl';,}CI*,(H,0)%]-4 H,
O aquo-complexes, to a first approximation, the
bands are in good agreement with the spectrum
reported for [{NbsCl';,}CI%(H,0)%]-4 H,O (Figure
S4 and Table S3) [40,45].

Distilled water and acetone were selected as the
dispersing media to obtain stable and transparent
solutions. The optical absorption of the K [{Nbs
TaX';,}X%] (X =Cl, Br) cluster compounds and the
[{NbsTaCl';,}CI*,(H,0)%]-4 H,0 aquo-complex
dispersed in water and acetone solvents are
reported in Figures S5 and S6, respectively. For
K,[{NbsTaCl';,}Cl%], the main absorption peak in
the UV region is located at 388 nm in water and
416 nm in acetone. In the NIR region, a large peak
at 873 nm is observed for water (with a small
shoulder at lower energy ~650 nm), whereas acet-
one presents peaks at higher wavelengths, one at
993 nm and a large peak shoulder around 1300 nm.
As already demonstrated for Tag and Nbg clusters
[45,50], this behavior clearly indicated the chemi-
cal instability of the reduced {NbsTaCl';,}** cluster
cores in acetone in the presence of oxygen and its
oxidation into {NbsTaCl';,}’>*/*" cluster cores
(VEC =14 or 15) during the dissolution process of
K, [{NbsTaCl';,}CI%] in oxygenated acetone media.
Similar results were obtained for K,[{NbsTaBr';,}

w
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Figure 2. Raman spectra of K4[{NbsTaX';,}X%]. The homome-
tallic spectra are added for comparison.
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Br®], nevertheless the optical properties are less
interesting due to a stronger absorption in the
visible range. Regarding the [{NbsTaCl';,}CI%,(H,
0)%]-4 H,0 aquo-complexes, after solubilization in
water, the UV-Vis-NIR spectrum presents super-
imposable bands with the corresponding precur-
sors Ky [{NbsTaX'|;}X%] (X=Cl, Br) cluster
compounds dispersed in water, so it was inferred
that the solutions contain the same species, i.e.
[{NbsTaX',,}(H,0)%]?" cluster units with a VEC
=16 (Figure S5).

The mass spectra in both positive and negative
modes in water and acetone are presented in Figures
S7 and S8 and display series of Nbg_,Ta, clusters (0 <
x<4) centered on the expected NbsTa composition
(x=1). In water, only positive ions are detected:
among the detected NbsTa cluster ions, [NbsTaX;,
(H,0)4]** largely dominates, with a significant con-
tribution of [NbsTaX,,(H,0)s]*" in the case of X = Br.
These compositions correspond to clusters with
a VEC = 16, which indicates that the complete substi-
tution of the chlorine or bromine apical ligands by
water molecules occurs in water media without oxida-
tion, as already observed for [{TagBr',,}Bris]*™ cluster
units [45]. In acetone, only negative ions are detected.
In the case of NbsTa clusters, the ions have the com-
position [NbsTaX,s]?, ie. no ligand substitution is
observed in acetone. However, interestingly, this clus-
ter composition corresponds to VEC =14, which
means that the cluster core is fully oxidized (likely by
O, in an acetone). We assumed that these mass results
confirm the other complementary results, especially
the Raman and optical absorption. Indeed, the evolu-
tion of the optical absorption in water of the whole
series from x = 0 to 6 confirmed without ambiguity the
presence of the main targeted cluster in the solu-
tion [41].

glass

[64.06 pm] [65.16 pm]
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Based on these results, water was selected as the
best solvent for the preparation of the @PVP film
nanocomposites. Indeed, the solubility of the cluster
compounds is higher in the presence of water and the
reduced formed (VEC =16) is stabilized, which is
required to optimize the values of Ty and Tg for
solar glazing applications [49,50].

3.2. Study of the @PVP nanocomposite films

PVP is an inert, nontoxic, temperature-resistant, pH-
stable, biodegradable and biocompatible polymer that
has been widely used for a long time as excipients in
pharmaceutical, food or cosmetic applications [51,52].
More recently, it was used as a solid polymer electro-
lyte in high energy rechargeable batteries, supercapa-
citors, fuel cells, photoelectrochemical and
electrochromic displays [52-56], or as a matrix for
tandem solar concentrators coating [57-60]. Previous
works from our group reported the use of PVP for the
preparation of functional nanocomposite thin films
based on Mog, Nbg and Tag metal atom cluster com-
pounds (Table 1) [35,36,38,40,61,62].

For clarity, the detailed results obtained with K,
[{NbsTaBr';,}Br%] cluster compounds are presented
in the SI (Figures S9 and S10 and Table S4). The films,
prepared by drop-casting, were first structurally and
chemically analyzed to determine their homogeneity
and uniformity. Optical and vibrational properties of
the {NbsTaX',,}@PVP films were also characterized to
evaluate the cluster core oxidation state and compared
to the {NbsCl';,}@PVP films [40,50].

Figure 3 shows the cross-sectional optical image of
the film {NbsTaCl';,}-12@PVP and reveals a dense
and homogeneous coating with an average thickness
of 65 pm (£1 um). The concentration of the nanoclus-
ters has no impact on the thickness in the studied

e

100.00pum

[65.15 pm] [65.73 pm]

Figure 3. Example of digital microscope pictures of the cross section of a {NbsTaCl';,}-12@PVP nanocomposite film on glass

substrate.
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range, it is affected only by the molar mass and the
concentration of PVP (%,pyp) are the important
parameters.

Figure 4 shows the UV-Vis-NIR spectra of the films
with concentrations equal to 0, 2, 4, 8, 12, 16 and 20
gL', The film without metal atom clusters (0 g'Lfl)
absorbs under 300 nm and is 86% transparent from
370 nm. As expected for the reference, this film is
colorless (Figure S9, left), and at contrary, the film’s
absorption becomes stronger by increasing the con-
centration of clusters (Figures S9 right and S10 for the
bromine cluster compounds). In Figures 4 and S10,
the good transmission in the visible range for these
nanocomposite films is attributed to the good disper-
sion in the polymer matrix, and the low absorption of
the nanosized aquo-complexes, resulting in low scat-
tering losses as suggested by Rayleigh theory. Indeed,
vibrational frequencies of the {NbsTaCl',,} cluster
core in PVP are closer to those of the {NbsCl';,}
cluster core in PVP (Figure S4) [40,50]. It was
observed that as the cluster concentration of the
deposition solution increased, so did the absorption
intensity in the UV and NIR ranges. Moreover, the
position of the NIR bands at maximum absorption
does not change according to the concentration of
the metal atom clusters, which confirms the VEC =
16 and the stability of the [{NbsTaX',}X(H,0)%]
aquo-complexes (X = Cl, Br) in the PVP matrix.

The haze, clarity and Syir were measured for the
film {NbsTaCl';,}-12.0@PVP. The very low haze
(0.7%) and very high clarity (99.4%) values demon-
strate the high potential of these nanocomposite coat-
ings for application in window glass. Other important
FOM values are presented in Table 3 (for K,[{Nbs
TaBr';,}Br?] see SI Table S4) confirmed this point.
The Ty, and Tg decrease with the cluster concentration
and conversely the Ty /Tg ratio increases, until reach-
ing a limit of approximately 1.33 and a saturation (in
transmission) in the NIR. When the concentration of

801 |
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o
L

—— Glass sample
PVP film

—— {NbsTaCl\,;}-2.0

—— {NbgTaCl\,,}-4.0

—— {NbsTaCl',;}-8.0

— {NbgTaCl\,;}-12.0
~ {NbsTaCli;,}-16.0

—— {NbgTaCl',,}-20.0
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Figure 4. UV-Vis-NIR transmission spectra of the chlorine
nanocomposite films for concentrations ranging from 0 to 20
g-L™". Reproduced by permission from 41.
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Table 3. FOM values and CIE color coordinates for the chlorine
nanocomposite films (thickness around 65 um). Reproduced
by permission from 41.

Cluster core- SNIR
concentration T Te TJ/Te x y z (%)
{NbsTaCl';}-20.0 471 356 132 038 045 0.17 57.8
{NbsTaCl';,}-16.0 541 40.7 133 037 043 020 544
{NbsTaCl';,}-12.0 629 483 130 035 041 024 488
{NbsTaC|f1z}-8.0 68.8 545 126 034 039 026 437
{NbsTaCl';,}-4.0 796 683 1.16 033 036 030 31.1
{NbsTaCl';;}-2.0 851 776 1.10 0.32 035 033 222

the clusters (%,,; =20 g-L_l) continues to increase, the
Ty value decreases under the accepted limit for win-
dow applications (50%), without the improvement of
absorption in the NIR. This value of 1.33 is the best
value obtained for coatings based on Tas or Nbg metal
atom clusters (Table 1). The Syr values increase with
the concentration of nanoclusters and reach quite
good values compared to other systems like Ga
doped CuS nanocrystals nanocomposite films (range
from 46.1% to 72.4%) [8]. Nevertheless, the Syir
values are slightly depending on the thickness of the
film, for instance, for the {NbsTaCl',,}-12.0@PVP
films, the Sy values increase from 48.8% to 52.6%
for a thickness of 65 pum and 85 pm, respectively, so it
is difficult to compare.

In order to improve and to reach the best Ty /Tg and
Snir values, the coating was directly deposited on
ITO@glass instead of clear glass (Figure 5). Cluster
units present a strong absorption between 760 nm
and 1100 nm, whereas ITO has a reflective property
regarding NIR radiation above 1400 nm. The use of
ITO@glass as substrates is complementary to clusters
for solar control and has a high impact in terms of Tg
value (30.6% instead of 40.7%) with a large increase in
the ratio of T1/Tg. Thus, the preparation of a two-layer
nanocomposite {NbSTaCIilz}—12@PVP@ITO@glass is
clearly beneficial for the optical properties with a T,
/Tg ratio equal to 1.73 (Tp.=53%; Tg=30.6%) and
a Snir (78.3%), which are the best FOM values

—— {Nb,TaCli,,}2-12.0@PVP_1M3_glass
1009 - {Nb,TaCl,}2*-12.0@PVP_1M3_glass-ITO

80 A

f=)}
o
L

Transmision (%)

40 A

20 1

0 T T T T T T T T
250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

Figure 5. UV-Vis-NIR transmission spectra on glass and
ITO@glass substrates for the {NbsTaCl';,}-12@PVP nanocom-
posite films.
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obtained for nanocomposites based on octahedral
metal atom clusters and some of the best for UV and
NIR blocker nanocomposite coatings in the literature
(shown in Table 1 and [8]). By comparison, an ideal
window, corresponding to a visible transparent film
(90% of transmittance between 400 and 780 nm)
absorbing 100% of UV (200-400 nm) and NIR (780-
2000) radiations, has a T} /T ratio of 1.85. Thus, these
values show significant improvement, 50% for the Sxr
value and around 30% comparing of the best T1/Tg
ratio of the {NbSTaCIilz}-12@PVP@glass nanocompo-
site (Tp/Tg=1.33, this work) and 50% compared to
commercial ITO@glass (T1/Tg = 1.15, [36]).

In parallel, the CIE coordinates have been deter-
mined from the UV-Vis-NIR spectra of Figures 4 and
S$10. Fig. S11 shows the CIE chromaticity coordinates
of all the films. These coordinates confirm the greenish
color of the films. As expected, the evolution of these
colors, as a function of the concentration of nanoclus-
ters, is fairly linear as the composites kept the same
VEC (VEC =16). Indeed, the stability of the VEC
versus temperature and pH is an important issue
before a possible industrial use of these coatings. It is
well-known that Nbg and Tag based clusters com-
pounds are not stable at very high pHs [63,64]. To
demonstrate the stability of the deposition solutions,
their pH values were adjusted to 2 with hydrochloric
or oxalic acids, then the films obtained were dried at
50°C in air for 18 hours and compared with the film
‘control’ whose pH was not modified (Figure 6).

Progressive oxidation of the {NbsTaCl';,}*" cluster
core incorporated into the matrix was observed,
depending on the type of acid and the drying tem-
perature. It was observed that the addition of hydro-
chloric acid greatly favors the oxidation of the cluster
units, in particular, when the film is heated to 50°C. At
room temperature, the addition of oxalic acid has no
impact and the spectrum can be superimposed on that
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Figure 6. UV-Vis-NIR transmission spectra for the {NbsTaCl';,}-
12@PVP nanocomposite films deposited on glass substrates
and dried at room temperature or 50°C/18h by using different
acid conditions.
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of the ‘control’ film. The addition of oxalic acid tends
to reduce the oxidation of the cluster units during
drying at 50°C compared to the ‘control’ film. As
a reducing agent, oxalic acid makes it possible to
slightly reduce the intensity of the absorption band
beyond 1100 nm.

Unlike hydrochloric acid, oxalic acid prevents oxi-
dation of the clusters at room temperature. However,
the use of oxalic acid does not fully control the optical
properties of cluster patterns, especially when drying
at elevated temperature. It is desirable to identify
a better reducing agent, potentially complementary
to oxalic acid, to overcome the oxidation of the clus-
ters, even during moderate heat treatments (<100°C).
The use of a SnCl, as a reducing agent has already
been mentioned in the SI for the synthesis of aquo-
complexes [{NbsTaCl';,}CI*,(H,0)*,]-4 H,
O requires the addition of a SnCl, to maintain the
clusters at a VEC = 16 and thus compensate for the
oxidizing conditions of the acid medium at 80°C.
Indeed, the standard potential of the Sn**/Sn** cou-
ple is E°Sn**/Sn = 0.15 V vs. ECS and the addition of
a tin salt in a @PVP solution should act in the same
way. To prevent the oxidation of the clusters, an
excess of SnCl,.2 H,O (m=250mg/g of K,[{Nbs
TaCl'},}Cl%]) is added directly to the previous pro-
cess with the dissolution of K,[{NbsTaX',}X%] in
the aqueous solution. Once the solvent was evapo-
rated at room temperature and the film has been
formed, the substrates are subjected to heat treat-
ments, in order to study the impact of the tin salt
on the evolution of the optical properties of the
nanoclusters as a function of temperature (50°C,
80°C and 100°C during 18 h). Figure 7 displays the
UV-Vis-NIR spectra of heat-treated films, prepared
by the colloidal solutions containing SnCl,, immedi-
ately after heat treatment (Figure 7, left), and after
1 year of storage under laboratory conditions
(Figure 7, right). Photographs of the films are dis-
played in Figure 8. The UV-Vis spectra in transmis-
sion show no trace of oxidation of the cluster units.
The clusters retain their degree of oxidation and VEC
value of 16, despite the heat treatment, even after
1 year under ambient conditions of temperature,
pressure and humidity. The use of such a reducing
agent makes it possible, without any additional step,
to avoid any change in the optical properties of the
cluster units after heat treatments up to temperatures
of at most 100°C.

IV. Conclusions

The work presented herein shows an original
nanoarchitectonic strategy [65] to design the best clus-
ter-based nanocomposite coatings with the optimized
UV and NIR blocking properties of metal atom clus-
ters. The colloids of K,[{NbsTaX',}X%] cluster
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Figure 8. Picture of the nanocomposite films after 1-year aging for the {NbsTaCl';,}-12@PVP nanocomposite films.

compounds (X =Cl, Br) were prepared by a simple,
low-cost, aqueous chemistry and then dispersed into
a PVP matrix. The resulting solutions were used to
fabricate highly visibly transparent and UV and NIR
absorbent films by drop casting. The chloride-based
cluster and aquo-complex compounds were identified
as the best compromise compared to bromide ones.
The UV and NIR absorption of such systems is
strongly dependent on the concentration and the oxi-
dation state of the metal cluster. The VEC has to be
maintained at a value of 16 in order to keep the best
UV-NIR absorption and the largest visible optical
transmission, especially during moderate thermal
treatment (100°C). This was made possible by adding
a reducing agent, SnCl,, directly into the water solu-
tion before the deposition of the film, without addi-
tional steps. This simple, low cost and low toxicity
process preserved the optimal optical properties of
the film up to 100°C and up to 1 year. A significant

improvement of 30% in the T /Tg FOM was obtained
compared to the previous results on nanocomposite
coatings based on metal atom clusters. This new study
demonstrated that metal atom cluster nanocomposites
coated on ITO@glass, with an improved Ty/Tg and
Sxir FOM up to 1.73 and 78.3% respectively, are a very
promising UV and NIR blocking pigments, which
allow the filtering of the most energetic UV and NIR
wavelengths.
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