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Thin films of octahedral molybdenum metal clusters (Mog) were fabricated on indium tin oxide (ITO) glass dides by the
electrophoretic deposition (EPD) technique. The solubility of the Cs;MogBri4 cluster compounds, which are composed of
[MogBrigBrés]2~ units associated with two cesium cations, in different solvents was investigated in order to achieve a well-
dispersed colloidal solution of the Mog cluster units that was stable during the following EPD process. Distilled water, ethanol,
1-propanol, acetone, methyl-ethyl ketone (MEK) and acetyl acetone were selected as the dispersing media of the Cs;MogBri4 cluster
compounds. Homogeneous, transparent Mog cluster films with prominent luminescent properties were obtained by the EPD when
dissolving Cs;M0gBr14 into the MEK and acetyl acetone solutions. The obtained Mog cluster films were examined by investigating
the thickness (color 3D laser spectroscopy), the morphology (FE-SEM), the Br/Mo ratio (XRF), and the crystall ographic parameters
variation (XRD). The optical emission properties were characterized by UV-Vis spectroscopy, FL spectroscopy and micro PL spec-
troscopy. The thickness of the Mog cluster films changed depending on the kind of the solvents. The atomic ratio of the Mo and Br
elements in the Mog cluster-based unit were relatively maintained during the dispersion and deposition in the MEK solution. The
UV-Vis absorption spectra exhibited a high transparency in the visible light range (500 — 850 nm) accompanied by many peaks due
to light interference in the wavelength range from 400 nm to 2000 nm. The emission intensity of the Mog cluster film deposited in
MEK dlightly decreased during continuous irradiation of 325 nm laser light for 600s.

Metal cluster units are molecules containing two or more metal
atoms which are connected by direct metal-metal bonds and linked
with organic or inorganic species as inner ligands (edge-bridging or
face-capping positions) and apical ligands (terminal position). The
metal cluster units exhibit interesting photochemical,* redox’® and
conducting®*° propertiesthat are applicablein many fieldssuch asen-
ergy, photocatalysisor biotechnology. The nature and number of metal
atoms, and the inner and apical ligands affect the number of valence
electrons on the clusters, which changes theintrinsic properties of the
clusters and thustheir physical properties.** For instance, the electron
transport properties progressively shift from a dielectric characteris-
tic in cluster-based halides to semiconducting and superconducting
characteristics in the cluster-based chalcogenides.> Among all the
transition metal atom clusters, octahedral cluster-based units have at-
tracted alot of attention dueto their wide range of physical properties.
TheMsLisL% (M = Mo, W, Re; L = halogen, chalcogen or functional
groups; L = face-capping inner ligand; L2 = terminal apical ligand)
face-capped cluster unitismore chemically stable and hasahigher ox-
idation potential than the MgLi1,L% (M = Nb, Ta) edge-bridged one.
Such face-capped MeLigL% units(M =Re, L' =S, L2 = Seor Te; M
=MoorW, L' =L2=Cl, Br, ) exhibit photol uminescence properties
characterized by a multicomponent emission from the red to infrared
region with a continuous excitation window from ultraviolet (UV)
to visible as well as photocatalytic activity.’>*> Photoluminescence
from red to infrared region is particularly interesting for applications
in biotechnologies, lighting and displays. This study focused on the
deposition of the [MgBrigBris]>~ cluster unit on indium tin oxide
(ITO) films. Among the MX'gX3 (X = halogen) cluster units, the
[MgBrigBrag]?~ one is the most chemically stable and it exhibits an
oxidation potential sufficiently high to avoid oxidation, which can
drastically reduce the luminescent properties by changing the Vaence
Electron Concentration (VEC).152? A variety of Mog cluster-based
hybrid materials, originating from the Cs,M0gX 14 basic metal cluster
compound, has been synthesized by cationic metathesis (TBA® and
BEDO-TTF?®) via solution chemistry or replacing the apical ligand
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with functional groups (PhCN,% N3?*, SCF4H? or C,Fy,,.1CO0%)
to enhance the photonic and optoelectronic properties. Due to the
molecular nature of the metal cluster compounds, they can be incor-
porated into different types of matrices to prepare nanocomposites.
The synthetic technologies to fabricate the ZnO support-embedded
(nC4Hg)4N)>M0gBr14 cluster compound?”+?® by solution chemistry or
Cs,[M0gX 14] @Si O, phosphor nanoparticlesby thewater-in-oil micro
emulsion method?>*° have been particularly studied. Original molec-
ular junctions and diodes have been obtained by grafting Mos clusters
on semiconducting surfaces via organic linkers.® Methyl methacry-
|ateand urethane monomer unitsweredirectly polymerized with metal
clusters to create photoelectric hybrid materials.*>3* The graphene-
functionalized metal cluster has received attention as a potential ma-
terial in the photocatalysis and energy fields.®>* However, most of
these nanocomposite materials, prepared by solution chemistry meth-
ods, are powders or bulk materials. There are few reports about the
fabrication of thin films composed of metal clusters.?34%
Electrophoretic deposition (EPD) has been one of the most pop-
ular electrochemical methods to prepare film coatings because of
its simple setup, short preparation time and easy control of the film
thickness. Many experiments involving a large variety of materials
have been performed to optimize the parameters and investigate the
deposition mechanisms occurring during the EPD process.>~° Fun-
damental studiesto fabricate thin films of hydroxyapatite,*64” Si0,,*
carbon nanotubes,”*>! graphene,®> Al,03> TiO,%°¢ ZnO, 57,58
forsterite,® metal-organic frameworks (MOFs),®¢! ligand-covered
metal particles®® and a fluorescent Cu or Au sheet for light-emitting
diodes,%® have been performed by EPD. However, to the best of our
knowledge, EPD has never been used for the formation of metal clus-
ter thin films on a transparent support, which can be interest for the
functionalization of windows with special optical and/or photocat-
aytic properties. In this study, for the first time, the EPD process
was used for fabricating thin films of [MogBr4]?~ metal clusters. To
achieve a homogeneous microstructure, the metal clusters have to be
dispersed in a solvent to prepare a uniform solution. We selected sev-
eral appropriate dispersing media to obtain a stable and transparent
suspension for the Cs,M0sBry4 cluster compound. To obtain a thin
layer of Mog clusters on the ITO glass (anode) by the EPD process,



the applied voltage and deposition time were optimized. Finaly, the
Mog cluster thin films were fully characterized by color 3D laser mi-
croscopy, FE-SEM, XRF, XRD, UV-Vis absorption spectroscopy, FL
spectroscopy and micro PL spectroscopy.

Experimental

Preparation of the molybdenum cluster solution.—The
Cs;M0ogBry4 cluster compound (Fig. 1a) was synthesized by the re-
action between stoichiometric amounts of CsBr and MoBr, in a
quartz ampoule at high temperatures.’®” Firgt, the as-synthesized
Cs;M0gBry4 cluster compound was dissolved in distilled water,
ethanol, 1-propanol, acetone, MEK or acetyl acetone solutions at
the concentration of 5 g per liter. Reagent grade chemicals, acetone
(99.5%), methy! ethyl ketone (99%), acetyl acetone (99%), 1-propanol
(99.5%) and ethanol (99.5%), were used as received. In the case of
ethanol, adding a little amount of water was necessary to prepare the
transparent cluster solution (Fig. 1b) for fabricating the transparent
Mog cluster film. All the solutions were magnetically stirred for fixed
duration depending on the kind of the solvents. The distilled water
and 1-propanol suspensions were stirred for 24 hours and the acetyl
acetone suspension for 6 hours to obtain the stabilization, while the
rest for 10 min. The zeta potential and conductivity of the Mog clus-
ter suspensions were measured by a zeta-potential analyzer (Malvern
Instrument, Ltd., Zetasizer Nano Z: zetapotential-measurable particle
size is 5 nm—10 wm) after recording the pH value at room tempera-
ture. Though the* operational pH”, which was measured by apH meter
(TOA Corp., HM-14P) calibrated for an agueous solvent should be
different from thereal p.y in nonagueous solvents, the operational pH
was used in this study for the sake of convenience.®

Fabrication of the thin films by electrophoretic deposition
(EPD).—Before application of the EPD process, the ITO glass sub-
strates with a surface area of 2.5 cm? were washed by detergent, then
acetone for 30 minutes by sonication. Anodic EPD systems, which
include a stainless steel sheet as the cathode and ITO glass as the
anode, were connected to a DC power supply (Keithley Instruments,
Inc., SourceMeter Model 2400) (Fig. 1c). The EPD was carried out
at a constant voltage of 5-50 V for 80 s. During the voltage applica-
tion, the Cs* cations and [MogBri4]%~ anions were deposited on the
stainless steel cathode and the ITO glass anode, respectively. The de-
position area of the clusters was approximately 1.5 cm?. The applied
voltages and deposition time of the EPD were separately optimized
for each solvent. The deposit weight was determined by subtracting
the weight of the ITO glass before and after EPD. The prepared thin
films were slowly dried in air and used for characterization of the
properties.

Characterization methods.—The thickness of the thin films was
measured using a color 3D laser microscope (Keyence VK 9700)
equipped with a 408-nm violet laser. The surface morphology of the
films and the components of Mo, Br and Cs elements were identified
by field-emission secondary electron microscopy (FE-SEM), (S4800,
Hitachi High-Technologies Corp.) at 10 kV and an X-ray fluorescence
(XRF) measurement (ZSX Primus| |1, Rigaku Corp.), respectively. The
crystal structure of the thin films was identified by X-ray diffraction
(XRD) measurement (Altima 3, Rint 2000, Rigaku Corp.) at 40 kV
and 30 mA in the 26 angle range from 5 to 55° with Cu Ka radia-
tion (. = 0.15405 nm). Optical absorbance of the[MogBr.4]>~ cluster
filmswas measured by UV-Vis-NIR spectroscopy (V570, Jasco Corp.)
in the wavelength range of 220 to 2000 nm at the scan rate of 400
nm/s. The emission spectra of the cluster films were obtained by high
performance fluorescence spectroscopy (FL) (FP8500, Jasco Corp.)
connected to a xenon lamp at the scan rate of 500 nm/s. A micro
photoluminescence (PL) system (LabRam HR, Horiba Corp.) with a
325-nm He-Cd laser system was used to record the emission peak in
the wavelength range of 350 nm and 1000 nm and the photo lumines-
cent (PL) profile during the irradiation for 600 s.
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Figurel. a) The octahedral structure of [MeBrigBrég]?~ metal cluster; b)
Solutions of Cs,MogBri4 clusters dissolved in distilled water, ethanol, 1-
propanol, acetone, MEK and acetylacetone; ¢) Schematic representation of
anodic EPD for preparing Mog cluster functional thin film.

Results and Discussion

Zeta potential and conductivity.—Figure 2 showsthe el ectric con-
ductivity and zeta potential of the Cs,MogBry4 solution. All the solu-
tions showed a negative zeta potential probably due to the existence of
partially-dissociated [M0gBry4]%~ units. Inthe cases of acetone, MEK,
acetyl acetone and ethanol, transparent solutions were obtained after
stirring, suggesting the dissociation and homogeneous dispersion of
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Figure2. Relation of zeta potential and conductivity versus pH of the
Cs;Mo0gBri4 solutions from different solvents.

the Cs,M0gBry, cluster as Cs* and [MogBry4]%~ in the solvents. The
difference in the conductivity was another important factor reflecting
the degree of dissociation of the Cs,M0gBry4 clustersinto Cs* ions
and [MogBry4]%~ units. It was observed that the conductivity of the
distilled water solution reached the highest value (0.895 mS/cm) while
the absolute value of the zeta potential was the lowest (—5.42 mV).
It is probable that the Cs"™ cations with a small size, dissociated from
the Cs;,M05Bry4 cluster compound, significantly dispersed in water
creating a high conductivity in the solution. Conseguently, the high
mobility of Cs" free ions in water may be the dominant carriers in
the solution under the applied electric field, which may reduce the
movement of the [MogBr14]?~ anionic clusters.** The 1-propanol so-
Iution hasthelowest conductivity (0.022 mS/cm), which could reduce
the mobility of the ions under the applied voltages and thus prevent
the [MogBry,]?~ anions from getting the necessary electrophoretic
mobility to move toward the anode. Intermediate values of the con-
ductivity (0.26 - 0.47 mS/cm) and zeta potential (—10.6 to —25.3
mV) were obtained for the acetone, MEK, ethanol and acetyl acetone
solutions.

Figure 3 shows the films obtained on the ITO glass anode for the
different solutions and their photoluminescence under visible and 324
nm light. Yellow thin films were obtained from the acetone, MEK,
acetyl acetone, and ethanol solutions by the anodic EPD process. The
yellow films exhibited photoluminescence with ared color during the
irradiation of 324-nm wavelength light. This red luminescence was

Figure 3. The Mog cluster thin films deposited from (left to right) water,
ethanol, 1-propanol, acetone and MEK solutions at 15 V for 20 s and from
acetyl acetone solution at 50 V for 40 s (upper), respectively. Image of the
luminescence of the cluster thin filmsirradiated at 324 nm wavelength (under).

asimple first proof of the successful deposition of the [MogBri4]%~
cluster unit on the ITO glass surfaces.

Figures 4a and 4b show the relation of the initial current density
and thetotal deposited weight versus applied voltage (5 V-50 V) dur-
ing the deposition for 30 sfor all the solutions, respectively. When the
applied voltage increased, ions in the solution moved faster between
the two electrodes, and consequently, the current density increased
(Fig. 4a). The highest deposition yield was observed for water solu-
tion, whilethelowest yield wasin the 1-propanol solution, and similar
increasing trends for the other solvents. The deposited weight of the
films from the water, 1-propanol and acetyl acetone solutions hardly
changed while maintaining the amount lower than 0.5 mg/cm? even
by increasing the applied voltages to 50 V (Fig. 4b). According to
Hamaker’'s mass balance law, the deposition yield of charged particles
should be proportional to the applied electric field strength and the
current should be proportional to the applied voltage.>® The results
observed for the films from the MEK, ethanol and acetone solutions
wererelatively consistent with thislaw intherange of applied voltages
lower than 30 V. However, the deposited weight of the films from the
ethanol, acetone, and MEK solutions once reached the maximum at
1.59 mg/c? (25 V), 1.62 mg/em? (25 V) and 2.47 mg/cnm? (30 V),
respectively, and then gradually decreased. In general, a high applied
voltage increases the migration of the particles to the electrode, and
consequently, increase the amount of deposit on the electrode. Ac-
cumulation of the clusters on a substrate is achieved by interaction
between the clusters and the electrode surface. If the velocity of the
clusters to the electrode is too fast, there will not be enough time to
make them losetheir negative charge by interacting with the substrate;
they could be repelled due to the counter force between the clusters
on the electrode surface. In addition, at a high velocity, the movement
of the particles to the electrode may be disturbed and the collision
between the particles when moving may occur, restricting the depo-
sition of the particles closely packed on the electrode.” As a result,
the amount of deposit on the films decreased with an applied voltage
higher than 30 V. As an exception, the deposited cluster amount was
0.65 mg/cm? at 50 V which was more than twice the val ue at the lower
voltages (0.24 mg/cm?) in the case of the acetyl acetone solution. For
thisreason, the applied voltage of 50 V was selected to investigate the
deposition property only for the acetyl acetone solution. Fifteen V was
selected for the films prepared from the other solutions due to most of
them obtaining arelative homogeneity over the entire | TO surface. At
an applied voltage higher than 15V, the cluster films started to appear
as a U-shaped line at the edge of the ITO surface. The selection of
the applied voltage for the films depended on the stabilization and
homogeneity of the films.

Figures 4c and 4d show the relation of the current density and
deposit weight versus the deposition time. With the increasing de-
position time, the current density decreased and the deposit amount
sharply increased at the early stage of the deposition. This behavior
was recognized in the first 40 s since there was coagulation between
the clusters. However, detachment and removal of the deposited clus-
ter agglomerates were observed in the beaker during the EPD after
40 s. This tendency was remarkable in the water solution. The maxi-
mum deposition weight were similarly recorded for thefilms prepared
from the MEK (2.25 mg/cm?), acetone (1.65 mg/cm?) and ethanol
(1.85 mg/cm?) solutionsin 40 s at 15V (Fig. 4d). Although the film
from the acetyl acetone solution was still formed at 50 V, the depo-
sition weight was not very much at the highest value (1.12 mg/cn?).
The deposition amount of the clusters in the water and 1-propanol
solutions was very small and the maximum value was not clearly
observed. During the EPD process, the applied potential is reduced
by potential drops at the electrodes (electrode potential) and in the
suspension.>® Though the potential applied between thetwo €l ectrodes
is maintained constant, the effective potential applied to the suspen-
sion decreases due to the ohmic loss by the deposition layer on the
electrode,*®° causing a decrease in the electrophoretic mobility and
pressing force of the charged species onto the counter electrode. Fol-
lowing the scaling theory,® if no electrochemical interaction occurs,
the particle charge would be balanced with the charge of the electrode.
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Figure 4. The dependence of a) current density at O s and b) deposition amount for 30 s on applied voltage; ¢) current density and d) amount of deposition on
deposition time of the Mog cluster films prepared from the ethanol, water, MEK, acetone, and 1-propanol solutions at 15 V and from acetyl acetone solution at

50 V.

Estrelia-Lopez et al. have suggested that the particlesareimmobilized
on the electrode by interacting with irreversible ions produced from
the electrical reaction and dipole interaction.® In the case of the
[MogBr4]?~ anions, during the EPD process, the small cluster groups
(100 nm) of the first layers are immobilized by balancing the charge
with the H;O™ cations and the charge on the electrode, along with a
dipoleinteractioninthe€electric field. Between the clusters, there exist
van der Waals interactions between the halogen ligands. On the other
hand, cations could diffuseinto the still negatively charged cluster de-
posit to balance the charge and produce an ion interaction. In addition,
Bohmer interpreted that the aggregation decreased if the ion strength
increased.®” At the longer deposition time, when the distance between
the large negative cluster particles is shorter than the diameter of the
cluster particle, an electrostatic repulsion between the clusters will
be generated. In summary, there are three possible reasons for break-
ing up the cluster layers at along deposit time: i) the field strength
decreases because the cluster layers acting asaresistance, ii) the elec-
trostatic repulsion increases between the large negative particles, and
iii) the ion interaction strength increases because the free cations that
diffused in the outside cluster layer increased.

It has been explained that EPD is a combination of two pro-
cesses: (i) electrophoresis, the migration of charged particles toward
an oppositely-charged electrode under the influence of an electric
field, and (ii) deposition, the coagulation of particles to a dense mass

at the surface of electrode. Zeta potential and conductivity mainly
affect the electrophoresis of surface charged particles. Higher zeta
potential of the particles and lower conductivity of the solvent are
usually necessary conditions, however, deposition yield cannot be es-
timated only from the zeta potential and conductivity data because
the sticking probability of the particles reaching the electrode is of-
ten not 100%.%8 In the EPD process, electrolysis of water has been
considered to be harmful due to gas evolution; however, our recent
studies show that small amount of water contamination in organic
solvents contributes the improvement of adhesion of particles on an
electrode substrate. We are guessing that hydroxide-like compounds
are formed at an electrode surface and they might play arole of glue
to improve the adhesion of particles. In this study, precise control
of the amount of water in the different solvents was not performed;
therefore, we could not systematically explain the difference of the
deposition characteristics in the different solvents from the limited
measurements.

By considering the results of the zeta potential, conductivity, cur-
rent density and deposition amount during the EPD process, especially
in terms of the stabilization of the solutions and the uniformity of the
films, the optimized applied voltage and time were determined at
15V for 10 - 30 sfor the acetone, MEK and ethanol solutions and at
50 V for 40 s for the acetyl acetone solution. The Cs,M0sBry4 sus-
pensionsin MEK, ethanol, acetone and acetyl acetone solutions seem



Figure5. FE-SEM morphology on the surface of the Mogcluster films prepared from a) distilled water; b) ethanol; c) 1-propanal; d) acetone; €) MEK solutions
at 15V for 20 s; and f) acetyl acetone solution at 40 V for 10 s, with 500 and 10,000 magnifications.

relevant for the fabrication of a homogeneous film during the EPD
process.

Morphology and structure.—The film parameters using the opti-
mized parameters were characterized by the thickness measurement,
morphology observation, Br/Mo atomic ratio measurement and XRD
analysisof the crystallographic parameters. Figure 5 showsthe surface
images of the fabricated layerson the I TO glass observed by FE-SEM.
It could be seen that the M og cluster films prepared from the water and
1-propanol solutions have small grains of cluster crystalswith the size
about 5 pm and are embedded on the surface of the ITO glass. The
film prepared from the 1-propanol solution has a higher density and
smaller grain size than that from the water solution. The Cs,M0gBr14
cluster was very easily dissolved in the acetone, ethanol, MEK, and
acetyl acetone solutions; consequently, the deposit surfaces showed
smooth and homogeneous morphology and no presence of any clus-
ter crystals under the observation at 500 and 10,000 magnifications.
However, some of the thin films, especialy in the case of ethanol,
were cracked and peeled off from the substrates after drying in air.

Thethickness of thethin films prepared from the different solvents
was measured by color 3D laser microscopy at a high resolution.
The results are shown in Table |. For the ethanol, acetone and MEK
solutions, the thickness of about 1 um wasattained in thefirst 10 sand
it increased to 2 wm when the deposition time was 20 s. In contrast,
the thickness of the film from the acetyl acetone solution was very
thin (0.76 + 0.04 .m) even though the EPD was performed at a high

Tablel. Thicknessand Br/Moatomicratio of theMog cluster films
prepared from different solvents.

Sample Thickness (um) Br/Mo atomic ratio

CspM0ogBrig - 2.20 (theoretical)
Water 20s N/A N/A
1-Propanol 20s N/A N/A
AA(40s, 50V) 0.76 +0.04 341
Ethanol 10s 0.82 £0.07 2.96
Ethanol 20s 2.00+0.14 174
Acetone 10s 0.86 +0.13 2.09
Acetone 20s 1.76 £0.09 1.92
MEK 10s 1.12 +0.08 273
MEK 20s 1.854+0.17 2.26
MEK30s 2.11 +0.09 218

applied voltage (50 V) and for alonger deposition time (40 s). When
acetyl acetone was used as the dispersion medium, the thickness of the
deposited layer was the thinnest although the obtained suspension was
stable. The low conductivity of the suspension in the acetyl acetone
could be the reason for this behavior. The suitable thickness of the
cluster film could be regulated by atering the deposition time and
applied voltage during the EPD process.

Pure Mog bromide cluster films, which have not been yet reported
in the literature to the best of our knowledge, were successfully fab-
ricated using the EPD process. The results of XRF measurements
indicated that no Cs elements are present in the deposited film. Inter-
estingly, the atomic ratio of Br/Mo of the powder measured by XRF
wasnot significantly different from those of thetheoretical index while
theratiosof Br/Mointhethinfilmsfabricated in 10 swere higher than
the theoretical ratio of the Cs,M0sBry4 powder. This implies that Br
rich layers were prepared on the ITO glassin thefirst 10 s of the EPD
process. The Br~ anion would originate from the Cs,M0gBry4 cluster
compound during the dissolving, stirring and deposition in the sol-
vents. The solvent could partially dissociate the Cs,M0ogBry4 cluster
compound and separate the Br~ ions out of the apical ligand positions
of the octahedral blocks, reducing the negative charge on the surface of
the Cs;MogBr4 cluster. This reaction might be accelerated by the ap-
plied electric field. For the 20 s deposition time, the Br/Mo atomic ra-
tiosof thefilmsprepared from theacetone (1.92) and ethanol (1.74) so-
lutions were remarkably lower than those of the original Cs,M0sBry4
powder (2.20), while it reached a stable value for the films from the
MEK solution (2.26 at 20 s and 2.18 at 30 s). In solution, the com-
pound is fully dissociated into the Cs* cations and [MogBr'gBr3s]2~
anions; however, it is known that [MogBr'gBrg]?~ can react with sol-
vent to form species like [MogBr'gBras(solvent)®*~ and one Br—, or
[MogBr'gBr3,(solvent),?° and two Br~ ions. It has also been reported
that the apical Br atomsof theMo; clustersare easily replaced by H,O
or OH~ molecules to form the compound of MogBrigBra,(H,0), or
[MogBrigBris., (OH),]%,%%5° respectively. The decreasein the Br/Mo
ratio reduces with the increasing deposit time means that the structure
of the octahedral clustersis continually transferred at different depo-
sition times under the impact of the electric field. In addition, during
the EPD process, dissociated Cst cations probably migrate to the
cathode and deposit there, while the electrolysis of water molecules
takes place at the anode to generate “H*” cations, combining with
H>O moleculesto produce H;O™ cations. These H;O™ cations would
neutralize the negative charge of the Mo clusters leading to depo-
sition on the surface of the ITO glass substrate. The framework of
the Mog octahedral clusters depends on the ratio and classification
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Figure 6. X-ray diffraction diagram of ITO glass, the Cs;MogBri4 powder
and the thin films prepared by the EPD from ethanol, acetone, MEK solutions
at 15V for 20 sand acetyl acetone solution at 50 V for 40 s.

of anions and counter cations. Based on these hypotheses, a gen-
eral formulation of the cluster particles inside layer could be ten-
tatively estimated as [H3O+]6+X+Z[Br7]6+x [(MOGBrSBrG-x(OH)x)Zi]-
For example, the Br/Mo ratio of the film prepared from acetyl
acetone is 3.41, which is close to twenty Br atoms correspond-
ing to six Mo atoms, thus the formation of the octahedral cluster
structure could be suggested to be [HzO™]g[(Br-)s(MogBris)>~] or
[H30+]14[(Br_)12[(MOGBrg(OH)e)Z_] withx =0or 6.

Figure 6 shows XRD patterns of the ITO glass, Cs,M0sBr14 pow-
der and thin films prepared by the EPD from the ethanol, acetone, and
MEK solutionsat 15V for 20 s, and from the acetyl acetone solution
at 50V for 40 s. Diffraction peaks of the Cs,M0sBry4 powder are obvi-
ous and the signal to noiseratio is strong, while the peaks are unclear
and broad for the deposited films. Here, it must be noted that no oxide
phases were detected from the thin film XRD measurements in this
study. The broadening of the diffraction peaks around the 26 angles
of 11° and 31°, observed on the patterns of the Mog cluster films pre-
pared from the acetone, MEK, acetyl acetone and ethanol solutions, is
probably due to the smaller crystallite sizes in the films compared to
powder but are also strongly influenced by the thickness of the films
and local distortion of the crystal structure from the ITO interface.
The dissolution of the Cs,MogBry4 powder, the cationic metathesis
and the solvation implies a packing arrangement of cluster unitsin the
deposited films different from that observed in the Cs,MogBr14 pow-
ders. It could be suggested that the original frameworks of the Mog
cluster were modified in the film deposited on the ITO glass by sub-
stituting the counter cations as already discussed. The stability of the
octahedral structure of the Mog clustersin a solvent was very impor-
tant regarding the prominent luminescent property. Therefore, MEK
would be the most suitable solvent for dissolving the Cs;M0gBri4
cluster compound and maintaining the stability and transparency of
the solution during the EPD process.

Optical properties.—The homogeneity, transmittance and optical
properties of the Mog cluster thin films were clearly confirmed by
UV-Vis spectroscopy. Figure 7 shows the UV-Vis spectra measured
for the ITO glass, the cluster solution dissolved in the MEK solution,
and the films fabricated from the different solutions. As illustrated
in the UV-Vis absorption spectra, the films prepared from the water
and 1-propanol solutions showed similar profiles to the ITO glass;

the adsorption edge wavelength is 375 nm (Fig. 7b). On the other
hand, two strong adsorption peaks at 330 nm and 382 nm were rec-
ognized for the Cs,M04Bry4 clusters dissolved in the MEK solution
(Fig. 7a), while the light absorptions at the wavelengths lower than
580 nm were recorded for the films from the ethanol, acetone, MEK
and acetyl acetone solutions (Figs. 7b, 7c, 7d, and 7€). The UV-Vis
absorption spectra of the Mog cluster films were the combination of
the absorption by the [MogBri4]>~ clusters and that of the ITO glass.
Not only the transparent property, but also the extended absorption
wavelengthinthevisiblelight rangefor the cluster functionalized ITO
surface would be another positive characteristic of the film as a band
passfilter. A significant featurein the UV-Vis absorption spectraof the
thin films is the existence of several peaks with different absorption
bands in the range from 580 nm to 2000 nm. The appearance of these
peaks originated from the interference phenomena of theincident and
reflected lights by the cluster film overlapping with the attenuation
peak due to the absorption by the ITO in the wavel ength range higher
than 580 nm. Therefore, many new strong absorption peaks appeared
with gradually increasing intensities. When a film has a good trans-
parency, theinterference reflection regularly appearsin the absorption
spectrum. The interference peaks appeared in the film deposited from
the MEK solutionfor 10to 30 s(Fig. 7c), from the ethanol solution for
10 s (Fig. 7€) and from the acetyl acetone solution for 40 s (Fig. 7b),
showing the homogeneous property of these films while the interfer-
ence peaks did not appear for the film from the acetone solution (Fig.
7d). The number and position of the interference peaks depend on the
thickness of the transparent Mog cluster film. Four peaks appeared for
the film from the acetyl acetone solution (0.76 wm thick) the same
as the film from the ethanol solution (0.82 wm), but the number of
peaks increased in the film from the MEK solution deposited in 30 s
(2.11 wm).

The photoluminescence excitation (PLE) is another important
property to characterize the Mog cluster films prepared on I TO glasses
by the EPD process. The PLE spectra of the Cs,M0gBr14 powder and
the Mog cluster films under a xenon lamp are shown in Figure 8. In
the excitation spectra of the Cs,MogBr4, powder shown in Fig. 8a,
excitation peaks sharply appear at 370 nm, low at 275 nm and broad
at around 430 nm and 480 nm. Most of the cluster thin films exhibited
peaks at the wavelengths of 275 nm, 370 nm and 430 nm, like the
cluster powder, except for the film from acetone which did not show
any clear peaks. It was also predicted that the high symmetry of the
[MogBri4]?~ clusters was partially broken because of the prominent
solubility in acetone. Figures 8b and 8c show emission spectra moni-
tored in the range from 500 nm to 850 nm when the filmswere excited
at the 275 nm and 370 nm wavelengths, respectively. Except for the
film from the acetone solution with a significantly low intensity, the
other films showed large, broad emission pesks in the visible light
range (685 nm - 700 nm). The peak position was at 680 nm for the
Cs;M0ogBry4 powder, at 685 nm for the film from the MEK solution
and at 690 nm for the film from the acetyl acetone solution, with
relatively strong intensity. As a result, the MEK and acetyl acetone
solutions would be good dispersing mediafor the Cs,M0zBry4 cluster
to observe their PL property. The change in the PL excitation and
emission spectra could be explained by i) change in the ligands envi-
ronment, and ii) ahigher symmetry of the cluster unit before and after
deposition.®?

The PL property and optical stabilization of the Mog clusterthin
films under continuous irradiation by a 325 nm laser for 600 s are
shown in Figure 9. All thefilms display strong emissionsin the range
from 550 to 1000 nm, which is characteristic of the Cs,M0gBri4
cluster compounds.

In Figure 9a, it seems that two main emission peaks appeared at
757 nm and 761 nm for the films prepared from the ethanol solution
(0.82 pum thick), at 707 nm and 757 nm for the films from the acetyl
acetone solution (0.76 wm), and at 720 nm and 776 nm for the films
from the MEK solution (1.12 pm). When increasing the thickness
of the film to 2 wm, one abroad peak appeared for the films from
the ethanol solution (753 nm) and acetone solution (723 nm) with
a reduced emission intensity. Emission for the films from the MEK
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Figure 9. &) Photoluminescence spectroscopy at 325 nm by excitation laser
and b) emitting stabilization of the Mog clusterthin films at different emissions
by irradiation at 325 nm laser light for 600 s. The films prepared from the
ethanol (E10, E20), acetone (A10, A20) and MEK (M 10, M 20, M 30) solutions
fabricated at 15V for 10, 20 and 30 s, and from acety| acetone (AA40) solution
fabricated at 50 V for 40 s.

solution included several peaks overlapped at 680, 725, 782 and 858
nm for afilm having a 1.82 um thickness and at 680, 716, 768, 825
and 916 nm for the film having a 2.11 um thickness. The appearance
of new emission peaks for the homogeneous and thicker films pre-
pared from the MEK solution means a change in the electron excited
states of the deposited layer from the as-synthesized powder. The
luminescence of the [MogBrigBris]>~ cluster unit exhibited a multi-
component emission resulting from four possible excited states. Thus
each phenomenon that changes the geometry of the units (counter
cations, solvation effects, defects ...) implies modifications of the
shape of the photoluminescence spectra.’® The intensity of the PL
spectra decreased with time during the continuous irradiation of the
325 nm laser on the deposited films as shown in Fig. 9b. The PL inten-
sity of the film from the ethanol solution deposited for 10 s strongly
decreased (23.9%) in thefirst 120 s and was 43.6% in 600 s of the ir-
radiation. A similar decreasing trend occurred in the film deposited in
20 sfrom the ethanol solution. The PL intensity reduced 50.5% in 600
sfor the film from the acetyl acetone solution (15 V and 40 s), while
there was no obvious change for the film deposited for 10 sand 20 s
from the acetone solution. Similarly, the film deposited for 10, 20 and
30 sfrom the MEK solution reduced 35.7%, 31.7% and 27.2% in the
600 s irradiated time, respectively. The PL emission of the film from
the MEK solution was more stable than those of the other films at a

similar thickness and the emission stabilization was improved corre-
sponding to the increase in the thickness. The appearance of the new
peaks and the attenuation of the PL intensity will be related to the
impurity states, defects, and/or change in the local cluster geometry
which might be introduced during the dissolution and deposition of
the clusters. The pathways of the valence electrons are metal-metal
charge transfer and metal-ligand-metal charge transition through the
localized orbital of the metallic core and ligands.*>" The localized
orbitals may stably store the valence electrons. When the amount of
theMo; clusterson the | TO glassincreases, it achieves a close-packed
assembly of the localized orbitals between the Mog clusters. It is hec-
essary to determine the origin of this behavior of the Mog clustersin
the future.

Conclusions

The MEK and acetyl acetone solutions strongly dissolve the
Cs;M0ogBry4 cluster compound to obtain well dispersed colloid sus-
pensions of Cs* and the [MogBrigBrés]>~ cluster unit which can
remain stable during the EPD process. Homogeneous and smooth
deposited layers of Mog clusters containing no Cs* cations were suc-
cessfully obtained for thefirst timeafter optimizing theapplied voltage
and deposition time. Furthermore, the Mog thin films prepared from
the MEK and acetyl acetone solutions presented a strong UV-Vis ab-
sorption (less than 580 nm) with many absorption peaks from 500
nm to 2000 nm. They also exhibited a strong transparency and phos-
phorescent emission when excited at the wavelengths of 275 nm and
370 nm. The PL intensity of the films prepared from the MEK solu-
tion was improved with the increasing thickness of the film. The Mog
cluster films fabricated by EPD still retained the prominent original
emission properties. The deposition mechanism of the Mog clusters
on the ITO glass by the EPD and specific Mog octahedral structure
will be further explored in the future. The molybdenum octahedral
cluster film prepared on the I TO glass would be applicable to thefield
of optical materials such as LED or solar cell devices.*>*
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