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Abstract: In 2011-2013 during the experiments performed at LNLS (Brazilian Synchrotron Light Laboratory) based on
Grazing Incident Angle X-ray Fluorescence analysis assisted by Synchrotron Radiation (SR-GIXRF) of Ormosil (Organic
Modified Silicates) films containing Phosphotungstates ([PW,049]") was obtained an image (Figure 8 in this article), which
can be explained by different hypotheses based on physical and chemical phenomena. In 2021 the same author of this present
investigation reported the possibility of to generate the conditions for the production of Maser-rays based on Total Reflection
X-ray Fluorescence assisted by Synchrotron Radiation (SR-TXRF) measurements of ormosil films. Devices based on Maser-
rays can extend their corresponding range of frequencies at microwave, radio, infrared, optical, ultraviolet, and X-ray regions
possibly also (as was mentioned above). In this opportunity, the results of GIXRF measurements are presented. GIXRF is an
XRF analysis mode in shallow incidence angles. Nonetheless, unlike of TXRF condition, GIXRF not only addresses Total
Reflection phenomena, but also phenomena based on Partial Reflection (of secondary and primary X-rays), and X-ray
Refraction. Thus, under these conditions, it was possible generate Molecular Fluorescence at visible region from Synchrotron
Radiation X-ray Fluorescence (SR-XRF). We proposed models of Fluorescence at Molecular scale and Multiscale (from
nanometer to millimeter size level) based on Luminescence phenomena, whose are result of the Interactions (physical and
chemical) of Synchrotron Radiation with the matter. These Interactions can be based on the linear-polarization of relativistic
electron beams generated from this X-ray source, which exhibits coherence of the rays produced. At molecular scale, the model
of Fluorescence is based on the interaction of the molecular and ionic species of TiO, with the atomic and molecular groups of
Oxygen (—O=0—) present in PWA structure, which by the chemical resonance effects of the double bonds in diene structure
conjugated (.......=O—W=0—W=0—) can enable luminescence phenomena, via electronic displacements. At Multiscale level
of size (result of the summation of the fluorescence model mentioned above) play an important role the Van der Waals forces,
taking in consideration the contact between the great surfaces of PWA clusters and the different TiO, molecular and ionic
species (TiO,, TiOH,", and TiO") in intramolecular and intermolecular configurations of PWA. SR-TXRF demonstrated be a
suitable method for identification of Titanium and Tungsten in ormosil films.

Keywords: Synchrotron Radiation (SR), Grazing Incident Angle X-ray Fluorescence (GIXRF), Ormosil,
Phosphotungstates ([PW1,04,]%), Titanium Dioxide (TiO,)

. in a “bottom-up” approach. Among the precursors, the
1. Introduction alkoxides of th}; chi?nical elementsg Silicé)n, Aluminum,
1.1. Sol-Gel Process Zirconium and Titanium stand out. The monomeric metal
salts such as early transition metals is considered also, in

Sol-Gel process chemistry is based on the hydrolysis, order to produce a mixture of colloidal particles ca. 2—200
condensation, and polycondensation of molecular precursors  nm in size dispersed in a solvent in solution (a Sol) [1]. The
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advantage of Sol-Gel processing compared to the process
typically employed in the ceramics industry is mainly the low
processing temperatures, purity and homogeneity achieved
[2]. The classic Sol-Gel reaction is the acid hydrolysis of
tetraethyl orthosilicate leading to the formation of fibrous or
monolithic SiO, [3]. During the Sol-Gel process, particles
may growth without becoming crystalline, showing in X-ray
crystallography line-broadening and disordered regions near
the surfaces of very small crystals, which may greatly
complicate detailed structural characterization. Materials
made by the Sol-Gel process have a broad range of
technological applications: optics, electronics, energy, space,
sensing and biosensing, etc. Ormosil (organic modified
silicates) are hybrid materials (combination of organic and
inorganic components) prepared by Sol-Gel process that
usually exhibit unique properties that traditional composites
and conventional materials do not possess [4-6]. Ormosil
may combine the advantages of the inorganic materials
(rigidity, high thermal stability) and the organic polymers
(flexibility, dielectric characteristics, ductility and ability to
processing) [4-6]. The properties of ormosil can be tailored
by choice of functional groups and reaction conditions,
which is allowing the production of films and their
corresponding properties [7]. Ormosil constitutes an adequate
matrix for phosphotungstates in order to develop hybrid
materials with interesting optical, mechanical, and chemical
properties [8]. Phosphotungstates ([PW,04]* or PWA) ions
can be incorporated into ormosil-based matrices by Sol-Gel
method (by a bottom-up procedure) [7]. In addition, also is
enable the control of matrix—PWA interactions, thus can tune
the photochromic behavior of these materials [1, 7, 9-15].
PWA have potential application as acid/photo-catalysts, UV-
dosimeters, due to their catalytic, photocatalytic,
photochromic, and sensing properties. Polyoxometalates
(POM) like phosphotungstates ([PW,04]%) are good
candidates for the preparation of such materials, because
once irradiated with ultraviolet light they form colored
species [7]. The photochromism of POM is based on the
formation of a charge transfer complex between proton donor
species, such as alkylammonium, protonated amines, and
ammonium groups, and the excited phosphotungstate leading
to reduced phosphotungstate species [7]. POM have well
defined structures and properties and their size is typically a
few nm. For this reason, POM could be considered as
quantum size clusters or quantum dots. The term nanocluster
sometimes is also used to refer to a nanoparticle 1 —10 nm in
size. The hybrid ormosil matrices for incorporation of PWA
were obtained using tetraethyl orthosilicate (TEOS) and (3-
glycidyloxypropyl) trimethoxysilane (GLYMO) as matrix-
forming precursors and 4-(triethoxysilyl) butyronitrile
(BuTS) resulted in the formation of transparent, reproducible
and uniform films. These materials are photoactive,
presenting enhanced photochromic and photocatalytic
behavior [15]. Ormosil studied at the present study are
composed of silicates organically modified with amino (-
NH,), nitrile (—CN), diol (HO-R-R’-OH) and ether (—R—O—
R’-) functionalities, which contain phosphotungstic acid

(H3PW,040.XH,0) and doped with Titanium oxide (TiO,).
Photochromic materials present interesting properties related
to the light-induced changes in optical absorption leading to
reversible coloration/discoloration upon exposure to light.
The photocromism of Ormosil films can be increased by the
incorporation of TiO, nanoparticles as was studied in our
research group [l, 8-10]. Small amounts of these
nanoparticles can significantly enhance the photochromic
response and UV sensitivity of POMs-based hybrid materials
[1, 8-10]. Titanium dioxide (Titania, TiO,) is a colorless,
stable, amphoteric crystalline solid and polymorphic. TiO; is
present in three fundamental crystalline forms: rutile
(tetragonal), anatase and brookite (both orthorhombic) [1].
Titania has found wide applications in heterogeneous
catalysis and photocatalysis. A crucial characteristic of TiO,
is the large band gap of 3.2 eV, with wavelengths below 400
nm needed to excitation, limiting the photosensitivity of
Visible band of the solar spectrum [1]. The photochromic
properties are important for applications as UV colorimetric
dosimeters for personal protection, as well as for
photochromic smart windows and lenses [1, 9, 10].

1.2. Nanomaterials Based on PWA-TiO, Semiconductors

The addition of heteropolyoxometallates (POMs) to TiO,
is a successful alternative to synthesize absorbing materials at
the UV-Visible light region with high photocatalytic activity,
which based on the electronic features of POMs mainly. TiO,
is a semiconductor that absorbs UV radiation, regardless of
the particle sizes, which can be explained by the solid band
theory. The band gap energy of the TiO,-anatase phase is 3.2
eV, while for TiO,-rutile phase has a value of 3.0 eV. These
values of energy matches with high-energy photons in the
ultraviolet region. Among the efforts made in order to expand
the absorption region of TiO, can be mentioned: a) work with
nanostructures, b) use photosensitizers, and c) introduce
dopants into the structure of TiO,. Doping and defects in the
crystalline network alter the structure of bands, introducing
electronic states and transitions in the prohibited bands [9].
The existence of oxygen-vacancies and impurity energy
levels may be attributed to the lattice defects of TiO, caused
by the interaction between PWA and TiO, [16]. Titanium
dioxide (TiO,) exhibits an excellent photocatalytic
performance under mild reaction conditions with no toxicity
and is a good semiconductor photocatalyst. However,
electron-hole pairs tend to recombine; Polyoxometalates
(POMs) are effective electron acceptors and possess
photochemical  properties similar to  semiconductor
photocatalysts, exhibiting high catalytic activity. Thus,
composites based on the POMs and TiO, could enhance the
photocatalytic activity of the catalyst (TiO,) by increasing the
electron transfer rate (H;PW;,04 reduces the band gap
energy and by the reduction of recombination rate of
photogenerated carriers [17 and therein references]. PWA—
TiO, films were successfully prepared by dipping TiO,
nanoparticles into PWA solution, followed by thermal
treatment to establish contact between clusters and TiO,
surface [1, 9, 10, 16]. Phosphotungstic acid (PWA) clusters
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modify the TiO, surface. Two of the most important factors
that affect their photocatalytic activity are the specific surface
area and crystallinity [8, 18]. Gongalves et al studied the
effect of addition of TiO, nanoparticles in the photochromic
response of ormosil films containing PWA [10]. From visible
electronic absorption spectra of TiO,-doped ormosil—
phosphotungstate films was suggested that the presence of
the TiO, NPs enhances the photochromic response up to
277% (probably due to the transfer of photoexcited electron
from the conduction band of TiO, to the corresponding
LUMO of PWA [1, 9, 10]. Nowadays, there is no systematic
study of how GAP energy influences the photochemical
properties of this pair (TiO, and PWA), or how these two
compounds interact. FTIR analysis showed small shifts of the
W-0O-W infrared peaks in the phosphotungstate ([PW 1,04]*
/PWA) suggested a possible ion-pair formation between
protonated TiO, surface and the phosphotungstates [9, 10].

1.3. Chemical Analysis of Ormosil

A major challenge is to develop reliable methods for
analyzing TiO, nanoparticles after they are inserted in
ormosil  films. Preliminary  attempts for  the
identification/determination of TiO, by X-ray Diffraction and
Vibrational Spectroscopy were unsuccessful. Attempts were
also made by EDX with no results for Titanium. However,
we were successful in determining Si and W in similar
materials. One reason can be that the content of these TiO,
nanoparticles is below the detection limit of this equipment.
Therefore, it is intended to develop an appropriate analytical
methodology for the determination of Titanium (Ti) in these
materials. In this present study, the analysis chosen for
ormosil films was XRF [8]. We performed the qualitative and
semi-quantitative determination of Titanium (Ti) and
Tungsten (W) in ormosil films by X-ray Fluorescence
assisted by Synchrotron Radiation (SR-XRF) at modes of
Total Reflection (SR-TXRF) and Grazing Angle (SR-
GIXRF) [8, 10, 19, 20]. Such analysis involves the
identification and determination of Titanium (Ti), at trace
quantities, in order to obtain the chemical composition ratios
and chemical depth profiling of thin films. X-ray
fluorescence (XRF) is a high-precision method of analysis
that present as advantages of to be non-destructive and need
little or no preparation for the samples. XRF analysis have
many applications in diverse fields: biology, medicine,
environmental monitoring, geology, semiconductor industry
etc. Nonetheless, XRF from laboratory is based mainly in the
excitation volume of the incident X-ray beam on the sample,
increasing the background scattering of X-ray, such that
sensitivity to excited X-ray fluorescence is lost mainly from
elements located very close to the sample surface. Thus, this
method presents some limitations (detection limits of several
ppm), when are necessary highly sensitive analytical methods
of surface (e.g. detection limits of some ppb). One of XRF
modalities that can meet these requirements is Total X-ray
reflection (TXRF). TXRF is of paramount importance in
atomic spectrometry [20].

1.4. Total Reflection X-ray Fluorescence (TXRF)

In 1923, the phenomenon of Total X-ray Reflection was
discovered by Arthur Compton, who observed that the X-
ray reflectivity in a flat sample shows a significant increase
below the critical angle (0.1 ° in this case) [21]. L. G.
Parratt in 1954 performed analysis of surface of solids by
Total Reflection of X-rays [22]. In 1971, Yoneda and
Horiuchi proposed the analysis of small amounts of Nickel
(100 nanograms from a NiCl, solution) supported on
optically flat substrates, being of the firsts published
experiments of chemical analysis performed by Total
Reflection X-Ray Fluorescence (TXRF) [23]. In 1975,
Woubrauscheck and Aiginger [24] published the theoretical
considerations, details of the experimental arrangement for
X-ray Fluorescence in Total Reflection mode, the
corresponding calibration curves and the steps in the
quantification of SpuL of Chromium (Cr) and Manganese
(Mn) salts in aqueous solution, reaching as detection limits
of 1. 1 mg. Kg' for Cr and 2.2 mg. Kg' for Mn
respectively. In 1993 Ladisich et al published the results for
X-ray Fluorescence in Total Reflection mode, using a
monochromatic beam and an X-ray tube with rotating
anodes (Cu, Mo), reaching 170fg (1 fg = 10"°g) of Mn from
a standard solution [25]. TXRF is a method of analysis
based on the irradiation of samples (the least possible
interaction) at very shallow incidence angles on a reflective
(optically flat and smooth) surface, producing a total
reflection of X-rays. In TXRF, the incident radiation
appears as a field of standing waves (the superposition of
wide incoming and a wide reflected waves), with locally
dependent oscillations or as a field of evanescent waves.
TXRF depends mainly of three characteristic parameters:
the critical angle, reflectivity and depth of penetration.
Critical Angle is the angle corresponding to the passing
through the interphase that separates the different
homogeneous media, in which, the X-rays are refracted and
reflected in analogously form as light. Reflectivity is
defined as the ratio between the reflected and incident
intensities. For angles larger than the critical angle, the
reflectivity quickly tends to zero. On another hand, for
angles smaller than the critical angle, the reflectivity tends
to one. The low penetration depth achieved in Total
Reflection condition is at the range 1-500nm, enabling the
analysis of thin films/layers. TXRF is a special variation of
Energy-Dispersive X-ray Fluorescence (EDXRF), but in
contrast to the traditional XRF, where the primary beam
strikes the sample at an angle of about 45°, TXRF uses an
incident angle of less than 0.1° and the penetration depth is
at the range of nanometers [25]. Due to this, the background
of conventional XRF is reduced drastically, making that
TXRF present low detection limits (from pg to fg levels).
Among the advantages of TXRF are: 1) Self-absorption is
almost negligible; 2) Detection limits are improved by the
decrease of background scattering from the sample support;
3) In optical flat supports, the X-rays are almost totally
reflected, because the sample is doubly excited by the
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incident and reflected X-rays beams [26]. Among the
characteristics that substrate must have for TXRF analysis
are: flat and smooth surface, resistant to chemical attack,
and hydrophobic. Quartz, Silicon, Germanium, Sapphire,
and Lucite can be chosen as supports. This method has
applications in traces multi-element analysis of solutions,

surface analysis of solid samples, different solid sampling,
among others. In addition, TXRF has applications for
surface and near surface characterization, which is very
useful for surface analysis of wafers, thin films, coatings
among others.
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Figure 1. TXRF Geometry.

1.5. Grazing Incident Angle X-ray Fluorescence (GIXRF)

Grazing Incident Angle X-ray Fluorescence (GIXRF) is X-
ray Fluorescence analysis in shallow incidence angles.
Unlike TXRF, GIXRF not only addresses Total Reflection (in
external mode) phenomena, but also Partial Reflection of X-
ray Fluorescence (in external mode), X-ray Partial Internal
Reflection, and X-ray Refraction. Total Internal Reflection
(TIR) is the phenomenon based on the arriving of waves at
the interface between two media, being completely reflected
back into the "internal" medium (higher refractive index), but
not refracted into the "external" medium (lower refractive
index). On another hand, in Partial Internal Reflection of X-
rays indeed there is not the complete Reflection, and in turn
there is X-ray Refraction, which is given when the waves are
refracted from a medium of higher refractive index to a
medium of lower refractive index. The angle of refraction is
greater than the angle of incidence, which approaching a
certain threshold value, called the critical angle, the angle of
refraction approaches 90°, at which the refracted ray
becomes almost parallel to the boundary surface. GIXRF is
the method of analysis by means of which is obtain X-ray
fluorescence profile (XRF angular dependence). For
example, the incident X-ray beam is recorded over a range
from 0° to 2° in steps of 0.005°. The variation of the
fluorescence signal as a function of the angle of incidence
gives information on the distribution of excited species as a
function of depth. In GIXRF the incident radiation incidence
angle is adjusted between 0° and almost three times the
critical angle for total reflection (of sample's-support or the

corresponding layer analyzed). Below of the critical angle, it
is in principle the TXRF method. Grazing angle X-ray
fluorescence (GIXRF) present the features of XRF and
reflectivity, constituting as a method for characterizing
material layers at nanometric scale (being very sensitive even
at depths of a few microns) and thin film analysis (layer
thickness, interfacial profile of depth elementary, among
others). This method of analysis is also wused in
characterization of nanoparticles deposited on flat surfaces,
solar cells, and others multi-layers systems with different
refractive indices [20, 26-28].

In Figure 2, at grazing angles, at shallow angles greater
than the critical angle, refraction phenomena occur, due to
the fact that the X-ray beam incident takes some fraction of
the thickness of the support, which presents surface
reflective, but roughness in its thickness. Thus, there is
absorption, fluorescence, and scattering of X-rays among
others phenomena (for example: reflection of X-rays without
fluorescence, partial internal reflection, Auger effect, etc.).
Nonetheless for our interest of analytical determination is
take in consideration TXRF at the surface of the substrate
and Partial XRF Reflection (in external mode) at the
thickness of the substrate. In GIXRF, like in TXRF, the
incident radiation appears as a field of standing waves based
in this case in the superposition of narrow incoming waves
and narrow partially reflected ones. Nonetheless, the standing
waves produced by GIXRF would present a volume less than
the volume presented by the standing waves produced by
TXRF, due to that GIXRF produces other effects besides of
reflection phenomena as mentioned above.
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1.6. Characteristics of SR-TXRF/SR-GIXRF

Synchrotron Radiation Total X-ray Reflection (SR-TXRF)
has higher sensitivity than laboratory TXRF. SR-TXRF
achieves the lowest detection limits due that: 1) The high
spectral "brightness" of Synchrotron radiation has undergone
an increase by a factor of 10" compared to conventional
sources, resulting in a X-ray beam primary with intensities
from 5 to 15 orders of magnitude more than the obtained by
X-ray tubes for TXRF analysis; 2) Synchrotron radiation is
suitable for energy tuning, thus enables its adjustment in
order to attain an optimum excitation for chemical elements.
3) The spectral background of SR-TXRF is further reduced
than laboratory TXRF due to the polarization of synchrotron
beam (100% linearly polarized in the horizontal plane of the
storage ring). This last feature allows achieve detection limits
three orders lower (femtograms) than obtained by
conventional TXRF (picograms). SR-TXRF is especially
useful in sensitive analysis of surfaces or if only small
amounts of sample are available. GIXRF assisted by
Synchrotron Radiation (SR-GIXRF) has the same advantages
over laboratory GIXRF analogously that SR-TXRF over
TXRF [20, 26-28]. In this present study, we performed the
qualitative determination (identification) of Titanium (Ti) in
ormosil films by X-ray Fluorescence assisted by Synchrotron
Radiation (SR-XRF) at modes of Total Reflection (SR-
TXRF) and Grazing Angle (SR-GIXRF) of ormosil films
containing phosphotungstates doped with TiO, nanoparticles,

aiming the correlation between the presence and localization
of Titanium (as TiO, mainly) inside and outside of the
chemical structure of these materials with their
corresponding properties that exhibit. It is assumed that the
substrates used as the ormosil films to be measured also
presenting polished features and smoothness respectively in
their corresponding top-surfaces, such that there are the
suitable conditions for Reflection phenomena. Valgas de
Souza in her investigation found that these films presented
low average rugosity at nanometric-atomic level (0.01-1nm
<> 0.1-10 A) obtained by Atomic Force Microscopy
(AFM)[1]. This range of rugosity is lower than the depth
achieved under the condition of Total Reflection X-ray
Fluorescence (TXRF). Thus, this method of analysis is
feasible to be performed [8].

2 Experimental Section
2.1. Samples Preparation

2.1.1. Chemicals Reagents

Tetraethylorthosilicate (TEOS, 98%,), 3-
(glycidyloxypropyl)trimethoxysilane (GLYMO, 98%), and 4-
(triethoxysilyl)butyronitrile (BUTS, 98%), Phosphotungstic
acid hidrate (PWA), TiO, nanoparticles consisting of a 4:1
mixture of anatase and rutile (33-37 wt% in H,O, average
particle size 56 nm) were purchased from Sigma-Aldrich
(USA). About the Titanium Dioxide (TiO,) nanoparticles, a
suspension of 0.1% TiO, nanoparticles in deionized water
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(pH = 7.9) was used throughout the work, prepared from a
10% suspension (mass: volume) of TiO, nanoparticles
(Sigma-Aldrich-USA). The suspension contains a mixture of
anatase and rutile with particles with an average diameter of
50 nm according to the supplier's analysis report [5, 10]. All
the reagents and solvents were used as received and without
further purification. The substrates used were Silicon
monocrystalline with direction [111] with area lcm® and
Aluminosilicate glass slides (Bioslide Technologies, USA)
with area 3 cm” [1, 9, 10].

2.1.2. Hybrid Ormosil Films Containing Phosphotungstates
Doped with TiO, Nanoparticles (ORMOSIL-TiO,
(NPs)-PWA)

The detailed synthesis of these ormosil films doped with
TiO, nanoparticles, based on the Sol-Gel method, are
described on the references [5, 10, 11]. The Sol formulations
used for the preparation of ormosil films are reported in
Table 1; all solutions were prepared in polypropylene

beakers. The general procedure for preparations of ormosil
was to add the silanes (TEOS, BUTS, GLYMO) to the
beakers with a micropipette and then add 25 mL of solvent
mixture (ethanol/acetone 9:1) under magnetic stirring;
immediately afterwards 25 mL of freshly prepared PWA
solution in the mixture ethanol/acetone, which was added
under magnetic stirring for 30 min. The last step consisted in
adding Titanium dioxide (TiO,) nanoparticles in suspension
(0.1%m/v) with different concentrations with a micropipette
[1, 9, 10]. The mixture was left under magnetic stirring for 10
min before to be deposited on substrates. Films were
obtained by Dip-Coating deposition technique (WS-650,
Laurell Technologies Corporation, PA, EUA), using a disc
elevator MA—765 Marconi (Piracicaba, SP, Brazil) and dried
under ambient atmosphere (relative humidity 45 + 10%
temperature 298 + 3 K). The details of samples analyzed by
SR-GIXRF are summarized at Table 1:

Table 1. Details of Hybrid ormosil films containing phosphotungstates doped with TiO; nanoparticles (ORMOSIL-TiO, (NPs)-PWA) [1, 9, 10].

Volume (10°L) TiO, nanoparticles

Sample Code [TEOS] 10” mol [GLYMO] 10" mol [BUTS] 10° mol suspension 0.1%. [PWA] 10 mol
SNP 9 6.8 {0 — 0.75
A2 9 6.8 15 2.0.10' 0.75
A6 9 6.8 1.5 2.0.107 0.75
A7 9 6.8 1.5 1.0.10° 0.75
A8 9 6.8 15 2.0.10° 0.75

Ormosil film

Figure 3. Scheme showing the steps of (a) immersion, (b) adsorption-absorption, (c) emersion, (d) evaporation and drainage of the substrate in the formation

of the ormosil film via Dip Coating technique.

2.2. Instrumentation and Operational for
SR-TXRF/SR-GIXRF Measurements

SR-TXRF/SR-GIXRF measurements were performed at
the DO9B (15°) bending-magnet XRF beamline of the
Brazilian Synchrotron Light Source (LNLS, Campinas-
Brazil) [28]. The experimental setup includes: 1.4 GeV
source (storage ring); a monochromatic X-ray beam
(dimensions: 0.lmm Vx5.0 mm H), set at 7 keV and
11keV for the determination of Titanium and Tungsten
respectively; and a HPGe detector (cooled by Nj))
operating at energy dispersive mode. The experiments
were performed at atmospheric pressure and ambient
temperature. For SR-GIXRF measurements of the
elements: Titanium (Ti-K,= 4.508 keV) were not

necessary any special filter arrays before of the
transmission detector. For SR- GIXRF measurements of
the Tungsten (W-L,=8.396keV) was necessary a special
filter array in front of the transmission detector, which
consisted in 6 sets of Aluminum foils (total equivalent
thickness 120 um)'. For the substrates (at the energies
fixed) their critical angles are at the range [0.16°-0.25°]
[8]. The time of acquisition of SR-TXRF/SR- GIXRF
analysis by point was 3-5 minutes approximately. For
TXRF measurements, the incidence angle is fixed at just
below of the critical angle of the substrate, at the
corresponding energy of the X-ray beam. According to
Klockenkdmper [26, 27], for Silicon at 8.4 keV, the
critical angle is 0.21°.
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Figure 4. Experimental set-up at LNLS for SR-TXRF/SR-GIXRF measurements.

LNLS (Brazilian Synchrotron Light Laboratory) was

3. Results and Discussion obtained the SR-TXRF Titanium spectrum of the ormosil

film containing PWA doped with TiO, nanoparticles (A2

3.1. Synchrotron Radiation-Total Reflection X-ray sample), at incidence angle of X-ray beam= 0.10°, which is
Fluorescence (SR-TXRF): Qualitative Determinations shown in Figure 5:

Between 2011-2013 during the experiments performed at

Rayleigh
Scattering
peak

Titanium peak

Ti-K.~4.5KeV
~ 7.0 KeV

Figure 5. SR-TXRF original Titanium spectrum of A2 sample containing PWA doped with TiO, nanoparticles [§8].
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The treatment of SR-TXRF spectrum of the ormosil film containing PWA doped with TiO, nanoparticles [8] (A2 sample), at
incidence angle 0.10°, by the PyMCA version 4.4” software, is shown in Figure 6:

TXRF SPECTRA: Thin film containing Nano Particles (NP) with TiO,
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Figure 6. SR-TXRF spectra of ormosil film A2. Top (excitation energy= 1lkeV for Tungsten-W determination), down (excitation energy= 7keV for Titanium -Ti

determination) [8].

Figure 6 shows X-ray peaks at 4.5 and 4.9 keV,
corresponding to the XRF lines Ti-K, (4.508 keV) and Ti-Kg
(4.931 keV) [4] respectively. Analogously, X-ray peaks at 8.3
and 9.7 keV corresponding to the XRF lines W-L, (8.396
keV) and W-Lg (9.671 keV) [8, 10] respectively. Thus, the
presence of Titanium and Tungsten in the ormosil films is
proved®. The treatment of SR-TXRF spectrum of the ormosil
film containing PWA without TiO, nanoparticles [8] (SNP
sample), at incidence angle 0.06°*, by the PyMCA version
4.4 software, is shown in Figure 7. For the case of Silicon

substrate (more used in TXRF measurements), the
corresponding critical angles for the energies 1lkeV (for
Tungsten determination) and 7keV  (for Titanium
determination), are 0.25 ° and 0.16 ° respectively (See
Supplementary Section). From these results, we can infer that
the TXRF condition can be attained at the angles range 0°-
0.05°. In order to supported this hypothesis were estimated in
Table Al the critical angles. Thus, it can be inferred the
presence of this element at top surface (few tenths of
nanometers of depth) for these films.

TXRF SPECTRA: Thin film containing Nano Particles (NP) without TiO,
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Figure 7. SR-TXRF spectra of ormosil film SNP (excitation energy= 11keV for Tungsten-W determination) [8].
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In Figure 7 there are only the X-ray peaks corresponding
to Tungsten (W-L,: 8.396 KeV; W-Lg: 9.671 KeV) and the
absence of Titanium peaks [8]. Thus, SR-TXRF demonstrates
their capacity to detect Titanium in ormosil films ° .
Considering that phosphotungstate structure ([PW,04]%)
keeps intact, the presence of this anion at the ormosil films is
proved [1, 8-10].

3.2. Synchrotron Radiation Grazing Angle X-ray
Fluorescence (SR-GIXRF): Qualitative Determinations

In 2013, during the experiments performed at LNLS
(Brazilian Synchrotron Light Laboratory) based on Grazing
Incident Angle X-ray Fluorescence analysis assisted by
Synchrotron radiation (SR-GIXRF) of Ormosil (Organic
Modified Silicates) films containing Phosphotungstates
([PW12040]3') was observed an image (Figure 8) that shows
bluish regions (brilliant and opaque), which is different from
the image obtained in 2012, during the experiments
performed at LNLS based on Synchrotron Radiation-Total
Reflection X-ray Fluorescence (SR-TXRF) measurements of
Ormosil films containing phosphotungstates ([PW12040]3')
reported in the literature recently by Elguera et al (2021)
[19].

Figure 8. SR-GIXRF condition in ormosil films (LNLS-2013) product of

Fluorescence processes [8, 29].

This image could be based partially on the interpretation of
the Synchrotron Radiation Total Reflection X-ray
Fluorescence analysis of ormosil films mentioned in the
reference [19]. Under this condition, there would be the
superposition of X-ray beams propagating unidirectionally.
The brilliant beam observed in Figure 8 could be related to
the intensity of Synchrotron radiation applied and the
presence of phenomena based on luminescence
(fluorescence, phosphorescence). Furthermore, in Grazing
Incidence condition there would be X-ray scattering
(reflection) and X-ray refraction (transmission). As was
mentioned in the the Reference [19]. Ormosil films exhibits
some degree of crystallinity at local order, maybe exhibiting
polycrystalline characteristics also, which as “whole” can
represent a "continuous beam" due to the summation of
effects pertaining to small local crystalline domains that
respond of different way to the X-ray incident beam assisted
by Synchrotron radiation. According to the model presented
in the Reference [19], there would in ormosil films

containing phosphotungstates an electronic net of channels
based on electrostatic interactions, in which the amount of
Oxygen atoms of PWA play an important role. Referent to
the presence of blue regions in Figure 8 there are different
hypotheses:

1. In GIXRF unlike TXREF, there are more than one XSW
field (at the top of the surface and also on shallow
surfaces at grazing angles), where a minimum fraction
of the thickness (few tens of nm) of the reflective
support must be considered.

Thus, there can be destructive or constructive interferences
from XSW fields, resulting in dark and bright features in
image presented in Figure 8.

2. The photochromism exhibited by Phosphotungstates
([PW1,04]7) during the irradiation with Ultraviolet-
light (around 260nm), which is based on the electronic
transition (charge-transfer) from Oxygen to Tungsten
(O(2p)—W(5d)), resulting in the heteropolyblue
phosphotungstates [PW12040]'4 and [PW12040]'5 that
exhibit bluish colors in the ranges 450-500 nm and 450-
550nm respectively at the electromagnetic spectrum
[19].

From XPS results of previous characterization of WO;
(structural compound of [PW,04]7), the peak located at
~4.1 eV was assigned to an O2p-derived band, while the
peak centered at ~6.2 eV corresponded to a hybridized
‘W5d-02p’ band [30]. In WTiO, films, the XPS spectra
show peaks at about 3—10 eV (W5d and O2p) [31]. In the
reference [1], the multielement XPS spectrum of ormosil film
(obtained by our Research group) exhibit for Tungsten (W)
peaks around 5-10 eV. Thus, from UV and XPS there are
indicatives for the presence of the transference
O(2p)—W(5d) in ormosil films.

3. The presence of Titanium dioxide with a small oxygen
deficiency (TiO,., where x = 10'2), which constitutes a
dark blue n-type semiconductor.

In these conditions, it could be formed the ionic specie
(TiOz_x).(H3O+)y.([PW12040+X_y]'3), in which there would be a
displacement of Oxygen atoms from Titania to
Phosphotungstate [32].

4. The generation of superoxide ion (O,™") and/or peroxide
jon (0,7) through of the reduction of phosphotungstates
by the action of TiO, (irradiated with UV-light).

5. The generation of (CH,);(C=N)Si(OH);+3C,Hs0H, as
products of the hydrolysis reaction of BuTS (4-
(triethoxysilyl) butyronitrile) during the preparation of
ormosil samples.

This compound that contains Silicon with triple bond
during the Sol-Gel process could generate oligomers and/or
polymers with the structure —[(CH);(C=N)Si(O);],— for the
sequential transference of electrons in double bonds, which
in the case of alternate position (conjugated diene) are the
most feasible structure, in order to generate color in the range
corresponding to Visible region at the -electromagnetic
spectrum (when these are irradiated with UV-light).

6. There is the possibility of Fluorescence of acetylene by
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photolysis process.

In the gas phase, acetylene is a principal product in the
VUV photolysis of ethylene joint with diacetylene (C,H, or
HC=C—C=CH), hydrogen (atomic and/or molecular), small
amounts of vinyl-acetylene (C;H; or HC=C-CH=CH,) and
benzene (C¢Hg). The photochemical primary process of
acetylene initiated by absorption of light in the vacuum
ultraviolet consists of (1) the formation of C, + Hy; (2) the
production of C,H + H; and (3) the formation of a metastable
acetylene or the deactivation by collisions with the walls,
inert gases, or by fluorescence. Fluorescence from C,H, has
recently been detected in the spectral region 2500-3500 A.
This effect observed experimentally in various acetylene
clusters was termed “anomalous cage effect”, which is based
on the slowing down of the photofragments in inelastic
collisions with the cluster constituents. The primary process
is the UV photodissociation of the C—H bond resulting in
formation of C,H radical. (1) C,H,+hv (193 nm) —-C,H + H;
(2) C,H+hv (193 nm) —C, + H. There are a high number of
multiphoton processes and variety of C,H excited states.
There are several secondary reactions during the photolysis
of acetylene in the vacuum-UV, which can be attributed to
reactions of metastable C,H,* molecules with C,H, itself or
with other reactants, producing sometimes fluorescence.
Electronically, excited C,H,* can decompose into the
following products: (a) C,Hp*---------- *C,H +H; (b) C,H,*---
------- *C2+ Hz, (C) Csz*----------*CH“" CH. The
fluorescence spectrum in comparison to the acetylene-oxygen
atom flame spectrum at the same resolution of AL = 10 A
showed a similar apparent continuous emission starting at
about 4000 A. Among polyacetylene materials, skipped
polyynes ([-R,X—C=C-],) are of particular and increasing
interest. They consist of non-conjugated alkyne units
interrupted by linker atoms (X). Nonetheless, it is possible
that Silicon (Si) can enhance the interactions through of
bonds and interatomic-spaces when employed as the linker
atom. Thus, skipped polyynes are good candidates for
functional materials such as ormosil (object of our study),
semiconductors, ceramic precursors, and hole-transporting
materials. The linker sp’-atom site of skipped polyynes is
able to lead to phosphorescence emissions. Furthermore, the
use of a heavy atom as a linker unit (e.g. Tungsten in PWA)
is expected to produce unique optical organic—inorganic
polymers for functional element-block materials [33-38]. For
this case, the use of a heavy atom as a linker unit is expected
to produce unique optical organic—inorganic polymers for
functional element-block materials. In our case the Tungsten
from PWA or the same PWA as a Superatom (Ref. Elguera,
2021 [19]) can play the rol of heavy-atom as linker [39].

7. Blue Photoluminescence produced by Nanosized TiO,

Colloids

Semiconductors as CdS, ZnS, and ZnO exhibited spectral
blue-shifts in the absorption band edge as a consequence of
exciton confinement caused by the so-called quantum-size
effect (decrease particle size). This effect is important on the
electronic, magnetic, and  optical  properties  of
semiconducting solids. Typically, the preparation of colloidal

TiO, results in particles with diameters between
approximately 5 and 20 nm. Nonetheless, it is possible
quantum-size effects in very small TiO, colloid particles (d <
3 nm). The absorption and the corresponding bandgap energy
of TiO, are Aog= 385 nm and E,= 3.2 eV for anatase and
Aos=415 nm and Eg=3.0 eV for rutile. A blue-shift of
approximately 0.15 eV (3.35 eV or 370 nm) relative to bulk
anatase TiO, is evident for the synthesized ultrasmall TiO,
colloids. The photoluminescence spectrum of a dilute TiO,
colloidal solution present important characteristics peaks: 1)
At 420 nm (corresponding to bulk TiO, powders), 2) At 383
nm (corresponding to the blue light emitted by TiO,). 3) At
the range of 600-1000 nm, the luminescence observed is
associated with transitions of electrons from the conduction
band edge to holes (trapped at interstitial Ti*" sites). The
synthesis of TiO, thin films exhibiting photoluminescent and
electroluminescent properties, being that the most of the
luminescence observed occurs in the blue range of the visible
spectrum [40, 41].

8. Generation of Superoxide Ion species

Four oxidation states of O, are known: (O,)", where n is 0
(dioxygen, O,); +1 (dioxygen cation, O,"); —1 (superoxide
ion, 0,7); and —2 (peroxide dianion, O,”"). The monovalent
reduction of O, gives O,", which is considered both a radical
(9) and an anion (charge of —1): O, + e2 O,”. The
superoxide ion can be generated chemically from superoxide
salts of alkali metals, and alkaline earth metals. The difficulty
to overcome for superoxide ion (O,) is keep in a stable
state. The superoxide ion is capable of undergoing various
reactions, such as disproportionation, one-electron transfer,
deprotonation, and nucleophilic substitution. O,” can react
with various organic and inorganic substrates. Molecular
oxygen in photocatalyzed reactions with TiO, (rutile phase)
in aqueous/alcohol media produces O,  as the primary
product. If the reaction involves fast electron transfer
between O,.” and HO, " molecules would be transferred via
chemiluminescence based on the process of formation of
oxygen in an electronically excited state. In TiO, grain
surface the electrons can diffuse rapidly, forming O, with
0, adsorbed on Ti*" sites. (1) hv— e™+ h'/ (2) e +0,—"0,".
The wavelengths obtained at 375 nm and 413nm correspond
for anatase and rutile respectively [42-44].

9. Mechanism based on the analogy with phenomenon of
Sonoluminescence. There is possibility that the brilliant
bluish lights observed in the Figure 8 can be result of
luminescence caused by X-ray Standing Waves (XSW)
generated in TXRF condition.

Sonoluminescence is the mechanism based on thermal and
electrical theories implying the use of sound-waves in order
to produce light. This mechanism is the result of the
formation and /or recombination of reactive chemical species
(radicals or ions) in an excited electronic state caused by the
high local temperature. The emission of light excited by
acoustic cavitation can be given in aqueous and non-aqueous
media. Sonoluminescence can occur when a sound wave of
sufficient intensity induces a gaseous cavity (through of
cavitation processes) within a liquid to collapse quickly. The
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sonoluminescence effect was discovered by Frenzel and
Schultes (1934) based on SONAR [45], in which bubbles of
the determined fluid emitted light, when the ultrasound
transducer that irradiated them was turned on [46]. Spectral
measurements have given bubble temperatures in the range
from 2300 K to 5100 K, whose depend on experimental
conditions [47]. The bubbles are very small when they emit
light (at levels of um) depending on the fluid and the gas
content of the bubble. The addition of a small amount of
noble gas (e.g. Helium, Argon, or Xenon) to the gas in the
bubble increases the intensity of the emitted light. Peter
Jarman (1960) concluded that sonoluminescence is basically
thermal in origin and that it might possibly arise from micro-
shocks with the collapsing cavities [48]. This phenomenon is
now referred to as multi-bubble sonoluminescence (MBSL).
In single-bubble sonoluminescence (SBSL), a single bubble
trapped in an acoustic standing wave emits a pulse of light
(presenting very stable periods and positions [49], with each
compression of the bubble within the standing wave. Single-
bubble sonoluminescence pulses can have very stable periods
and positions [49]. If a standing acoustic wave is set up
within a liquid, and the bubble will sit at a pressure anti-node
of the standing wave, then a single bubble will expand and
collapse over and over again in a periodic fashion, emitting a
burst of light each time it collapses (between 35 and a few
hundred picoseconds). Thus, under these conditions of
Standing Waves, Sonoluminescence can be stable [50]. In
TXREF, the processes based on X-ray Standing Waves (XSW)
are of fundamental importance. In TXRF, the incident
radiation appears as a field of standing waves, with locally
dependent oscillations or as a field of evanescent waves.
Among the ways of production of standing waves are
mentioned: 1) In front of a totally reflecting surface of a thick
substrate, 2) Within a thin layer on such a substrate, 3)
Within a multilayer system [51]. Considering the High-
intensity of the Synchrotron beam, which in turn can generate
high temperatures in a short-time, there is possibility that the
brilliant blue light observed in Figure 8 can be the
contribution of luminescence phenomena caused by X-ray
Standing Waves. According to that has been exposed, one
hypothesis for the image shown in Figure 8 is that it can be
the result of the presence of the X-ray Standing Waves field
(XSW) produced by TXRF. One way to produce these waves
is by the superimposition of an incident and a reflected wave,
generating an evanescent waves field, which in our case can
be carried out in an ormosil thin film layer on a
Monocrystalline Silicon substrate. This field of Standing
Waves interacts with the agglomerates of phosphotungstates
and with different chemical species of TiO,, causing effects
of luminescence. In addition, taking in consideration that
PWA distribution in ormosil films exhibit polycrystalline
behavior could be given similar conditions than in the case of
bubbles in liquid medium under acoustic resonance, whose
can constitute sources of light. From the chemical point of
view, in order to achieve luminescence (chemiluminescence),
there would have to be a rupture and/or excision of chemical
carbon bonds, result of the interaction of X-ray Standing

Waves field with the skeleton of hydrocarbons that are
constituents of the ormosil structure, generating species of
the C,° type, which produces bluish lights (C + CH,—C,° +
H,). Another possibility is the luminescence of the TiO, (that
emits at blue range of the visible spectrum) at nanosized
scale in colloidal state (result after of Sol-Gel process of
ormosil). Thus, under the experimental conditions of TXRF
measurements assisted by Synchrotron Radiation of ormosil
films, there are possibilities for the generation of
luminescence phenomena. The Synchrotron radiation beam is
essential for high energy physics experiments, which covers
energies from a few eV to tens of KeV, being able to break,
excise, and modify chemical bonds. Thus, the interaction of
Synchrotron Radiation with matter can result in
Luminescence (Thermoluminescence and
Chemiluminescence) phenomena [52].

Standing Waves field (XSW) produced by TXRF.

In the next figure is presented the corresponding model of
Luminescence based on the interactions of X-rays Standing
Waves field (XSW) produced by TXRF with the chemical
structure of PWA, taking in consideration the ausence of
chemical species of TiO,. For this case, the structure of PWA
can emit bluish lights, whose could be the result of the
excision of their chemical bonds by XSW interactions
mentioned above.
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Figure 9. Model of Luminescence of Ormosil films (containing 1 unit of
PWA) without chemical species of TiO, based on X-rays Standing Waves
field (XSW).

In the Figure 10 is presented the corresponding model of
Luminescence, taking in consideration the presence of
chemical species of TiO,, which in colloidal state at
nanosized scale can emit bluish lights. Besides of this origin
of these lights, It has to take in consideration the synergetic
effect of the excision of the chemical bonds of PWA structure
via interactions of XSW mentioned at Figure 9.
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Figure 10. Model of Luminescence of Ormosil films (containing 1 unit of

PWA) containing chemical species of TiO; based on X-ray.

Thus, under the experimental conditions of TXRF
measurements of ormosil films, there are possibilities for the
generation of luminescence by means of interaction with the
evanescent waves field.

3.3. UV-Vis

In Photochemical reactions, the activation energy is
supplied by the absorption of light, differently of
thermochemical reactions in that the activation energy is
supplied by intermolecular collisions. Upon exposure of the
ormosil films to UV radiation, the photoreduction of PWA
occurs, resulting in a color change from colorless to blue.
This color change is reversible, and the photo-reduced
phosphotungstate (heteropoly-blues species) can be gradual
re-oxidized to their original colorless form (PWA) through of
interactions with ambient air/O,. The photochromic
properties of the ormosil-phosphotungstate films can be
studied by means of the monitoring these changes in the
visible electronic absorption spectra. This remarkable
increase in photochromism is probably related to the transfer
of photoexcited electron from the conduction band of TiO, to
the LUMO orbital of PWA, thereby assisting in
photoreduction of PWA. The possibility that difference in
photochromic response of different films may arise only from
the differences of PWA content in the films is ruled out by
the fact that all films have almost the same value, as
measured by EDS. In order to adapt the conditions of this
UV-Vis analysis to the analyzed samples mentioned in this
investigation, it is detailed the equivalence of ormosil film
samples in the following table:

Table 2. Equivalence among ormosil films containing phosphotungstates
doped with TiO, nanoparticles (ORMOSIL-TiO,(NPs)-PWA) [1, 9, 10].

Sample Code Sample Code
SNP Undoped

A2 OT-1

A6 OT-2

A7 OT-3

A8 OT-4

The photochromic behavior of PWA becomes more
pronounced with increase in TiO, amount from OT-1 to OT-
3, but falls again in case of OT-4, despite of this higher
concentration. This decrease can be attributed to a
“screening” or “filtering effect” caused by high loading of
TiO,. At higher TiO, concentration this chemical compound
effectively absorbs a greater portion of UV light in the 270
nm, wavelength in which PWA absorbs also. Under such
conditions, the filtering effect of TiO, could be more
important than the charge-transfer effect in photochromic
response of TiO,-doped ormosil-phosphotungstate films. The
impact of TiO, doping on the bleaching kinetics of the
photochromic films was evaluated by monitoring,
immediately after the UV exposure, the absorbance decay as
function of time. The discoloration relaxation time values
were evaluated by fitting the bleaching curves considering an
exponential decay, as was reported by Gongalves et al [10].
The next figure depicts the relation with the Titanium
concentration was reported at supplementary information of
Gongalves et al [11], Electronic supplementary material, doi:
10.1007/s10971-015-3787-0)].

Figure 11 shows that insofar the TiO, concentration
increase also increase the product (Absorbance x Bleaching
time) up to a Titanium concentration level corresponding to
the OT-3 sample (that is equivalent to A7 sample). At higher
values of TiO, content than this level, the product
(Absorbance x Bleaching time) exhibits a decrease, as in the
case of OT-4 sample (that is equivalent to A8 sample). Thus,
the TiO,-doped films present slower discoloration kinetics
than undoped films. This behavior may be related to the two-
electron reduction of phosphotungstate leading to the
formation of doubly reduced heteropolyblue species in the
TiO,-doped samples, as was reported by Gongalves et al
(2015) [10]. In this study, the TiO,-doped films exhibited an
increase up to a maximum of 277% in photochromic
response compared to the undoped films, which is attributed
probably to the transfer of photoexcited electron from the
conduction band of TiO, to the lowest unoccupied molecular
orbitals (LUMO) of PWA [10]. TiO, molecules present a low
photonic efficiency (at certain conditions) for photolysis
processes (based on the UV photon absorption) for the
production of the hydroxyl radicals at its surface. At high
concentrations of TiO, the discoloration rates are decreased,
due to the reduction of photons available [53].
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Figure 11. Experimental and fitted absorbance decay curves for ormosil films: 1) TiO,-Undoped films: Undoped (equivalent to SNP); II) TiO>-Doped films:

OT-1 (equivalent to A2), OT-2 (equivalent to A6), OT-3 (equivalent to A7), OT-4 (equivalent to A8).

3.4. Discussions

From these results, it can be deducted that: there is a
tendency to increase the W content with the increase of the
added TiO,-NP content, indicating a possible association

between these two compounds. Nonetheless, the W
concentrations do not increase proportionally with the
number of immersions of Dip-Coating process.

Tungsten vs Titanium Concentrations obtained by GIXRF

y.=-8E-06x* + 0.0102x + 53.062
R*=0.9067

-

[Ti] (%)mg/Kg

Figure 12. Relationship of increase between Titanium and Tungsten concentrations obtained by GIXRF [8, p. 164, 184].

The relationship of increase between Titanium and
Tungsten concentrations, illustrated in the Figure 12 is only
valid up concentrations of Titanium between A7 and AS8
samples (around of 543 mg/Kg). At higher contents of
Titanium than this average value is diminished the directly
proportional relationship mentioned above [8]. This non-
proportional  relationship between the increase of
concentrations of Titanium (from TiO,) and Tungsten (from
PWA) could be explained by the segregation of PWA clusters
through the thickness of ormosil films, so that the totality of
Tungsten (W) cannot be detected by method of analysis of
surface as XPS and EDX. However, W can be detected by
bulk method of analysis as bulk XRF and ICP-OES. This
decrease of W concentration also could be based on that
some of the ormosil layers did not adhere completely on

substrate, insofar the number of immersions is increased,
during Dip-Coating deposition technique. Another possibility
is the precipitation of PWA (with or without the association
of TiO, nanoparticles) during the preparation of colloidal
suspension for ormosil films.

3.4.1. Interaction Between Polyoxometalates Molecules and
Titanium Dioxide Nanoparticles

The fabrication of devices lies within the 2—200 nm size
range. At 100 nm approximately, the materials stop behaving
as bulk solids and instead start to show quantum effects in
which the individual component can be regarded as having
its own set of discrete energy levels rather than a continuous
band of orbitals [52]. The boundary orbitals of
phosphotungstates (around the HOMO and LUMO), have
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energies and compositions similar to what is found in the
orbitals corresponding to the valence and conduction bands
of semiconductor TiO, [5]. The photochemical behavior of
polyoxometalates and semiconductor oxides is based on the
similarity of their spectroscopic and photochemical features,
and also by their electronic structures. In fact, the
polyoxometalates can be considered as quantum dots of their
respective oxides. Consequently, the phosphotungstates
would be the quantum dot of the mixed tungsten and
phosphorus oxides. Controlling the interaction between
phosphotungstate and TiO, can be designed more efficient
photochromic  materials [28]. Phosphotungstates and
Titanium dioxide exhibit photoactivity due mainly to the
production of -OH groups on the surface of the oxide or by
adsorbed water. During the sol-gel process, the addition of
H,O lead to the hydrolysis of the silanes, which are
responsible for the formation of the three-dimensional
network of ormosil silicates [9].

The results of the semiquantitative determination (by
methods of analysis e.g. EDXRF, WDXRF and LIBS) for the
Ormosil films samples (A2, A6, A7 and AS), revealed a linear
relationship between the Titanium concentration and the
increase in the Tungsten concentration. This effect was
justified in the hypothesis of adsorption or physisorption of
Phosphotungstate ions ([PW,04]) on the surface of
Titanium Dioxide (TiO,) nanoparticles, constituting a ““first
sphere contact of Phosphotungstate ions”. Steric impediments
and the weak nature of the interaction of the TiO, +
[PW12040]3' system make it difficult for other additional
Phosphotungstate ions present to be adsorbed (chemically or

[PW1204)*
[PW1204)*

TiO

PWaou  [PWuOul®

[PW1:04]>
[PW120.)*

[PW1204)*

physically) on the surface of the TiO, in the same way as in
this first sphere. Insofar as the precipitation effects are not
important, the set of TiO, + Phosphotungstates nanoparticles
will be mostly floating in the colloidal suspension, due to the
coagulation effects, allowing their deposition on the substrate
via Dip-Coating (e.g. samples A2, A6, A7). For samples with
major content of TiO, (e.g. sample AS8) the precipitation could
play an important role, which would be induced by the
flocculation of the colloidal system (based on the decrease in
repulsive forces caused by the increase in -electrolyte
concentration). Furthermore, during the deposition of ormosil
film (by the Dip-Coating process) the W concentrations do not
increase proportionally with the number of immersions, which
could be explained by the segregation of PWA clusters through
the thickness of these films during the step of drying. Another
possibility is the precipitation of PWA (with or without the
association of TiO, nanoparticles) during the preparation of
colloidal suspension for ormosil films. From our experimental
results, which were verified by Colloid theory calculations
(assuming the existence of the TiOH, " species), it is concluded
that the linear relationship between the concentrations of
Tungsten (present as ([PW,04]>)) and Titanium (present as
TiO,) is valid up to concentrations of Titanium around the
nominal value corresponding to sample A8 (approx. 1.6%
w/w). At higher concentrations than the corresponding to this
sample, the effects of precipitation become important. In order
to this hypothesis to be viable, we need a Titanium’s chemical
species, with a charge that helps to the solvent (e.g. ethanol) in
the stabilization of this colloidal system. Huang et al [54, 8].

[PW1:0.]>

[PW120.]>

[PW204]*

Figure 13. Representative model of interaction between TiO, nanoparticles and phosphotungstates ([PW,04]%) in organosols.

Figure 13 illustrates that in the case of ormosil samples
A2, A6, A7 and A8 would exist chemisorption or
physisorption of phosphotungstate ions ([PW1,04]>) on the
surface of Titania nanoparticles, possibly leading to the
formation of the complex ion ETi-OH2+[PW1204O]3'

according to published by Huang et al [54].

3.4.2. Interaction Between Polyoxometalates Molecules and
Titanium Dioxide Molecules/Ionic Species
(i) Case of Interaction between TiO, molecules/ionic
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species and PWA-molecular

Regarding the distribution of TiO, dopant—in the samples
containing Titanium the maximum value determined by GIXRF
is close to 1000ppm— is the fact of its molecular nature, so the
interactions with polyanions as the phosphotungstates
([PW12040]3') are weak. The larger size of the TiO, molecule can
influence these interactions, as also is that the mobility of TiO,
in the polyanion structure contained in ormosil is restricted,
remaining the distribution of this molecule in the form of
“islands”. In our experiments at LNLS in 2013, we performed
GIXRF measurements in order to complete the semi-
quantitative analyses of Ormosil films doped with TiO,, which
could not be detected by EDX because was present in small
quantity (tenths of ppm) and randomly distributed.

(i) Case of Interaction between TiO, molecules/ionic
species and PWA-intramolecular

In order to determine the possibility of interactions
between TiO, molecules and the interior of PWA-cage
structure is necessary the knowledge of the size of both
molecules. If the size of TiO, molecule is lower than the
corresponding interatomic distance within the PWA-cage
structure, which can host this molecule, then intramolecular
interactions will be feasible. PWA clusters (spherical
structure) can achieve a diameter from 20-25 nm and TiO,

Possible alternative for transport of electrons:

of displ of el

crystal size is 8.3nm. Thus, there are conditions for these
molecular/ionic interactions. Among the intramolecular
interactions can be mentioned:
Considering that the TiO, molecule that interacts with the
PWA-intramolecular ~ structure = exhibit  non-polar
characteristics, it is going required a non-polar solvent in
order to keep present the interactions mentioned above.
For example, for this case there would be present
London’s Dispersion forces.
If there are ionic species of TiO, (e.g. TiOH,"),
considering the distribution of electrons in ormosil
structure, according to the model proposed by Elguera et al
(2021) [19], there are some possibilities of polar
interaction with a solvent like ethanol (or others of polar
nature), which are used in ormosil preparation.
(iii) Case of Interaction between TiO, molecules/ionic
species and PWA-intermolecular
If the size of TiO, molecule is higher than the
corresponding interatomic distance within the PWA-cage

structure, which cannot host this molecule, then
intermolecular interactions be more feasible than
intramolecular interactions. Among the intermolecular

interactions can be mentioned:

Van der Waals interactions

Figure 14. Interaction between TiO; molecules and PWA-intramolecular/Interaction between TiO, molecules and PWA-intermolecular: Dipole-Dipole type.

Van der Waals forces among the same TiO, molecules.



70 Orlando Elguera Ysnaga: Synchrotron Radiation X-ray Fluorescence at Grazing Incident Angle (SR-GIXRF) and
Total-Reflection (SR-TXRF) of Ormosil Films Containing TiO, and Phosphotungstates

1. Dipole-Dipole  type: The structure of ormosil
corresponds to the Materials Class-II, where the
covalent bond is predominant. For this reason, this type
of force is important if the TiO, molecules have the
function of “bridge” between the ormosil structure and
the PWA clusters occluded in this one, as is shown in
Figure 14.

2. lon-Ion type: These electrostatic forces are feasible in
the case of interactions between ionic species of TiO,
e.g. TIOH,", TiO™ and the negative and positive charges

2 B/ J:
A \3\‘5.“63}/&’

of PWA-clusters, as are shown in Figures 15, 16 and 17.
3. Ion-Dipole type: There are possibilities for these forces
in the case of ionic species of TiO, e.g. TiOH,",
TiO and similar others, which interacting with the polar
molecular species constituent ormosil and PWA

structures. as are shown in Figures 15 and 16.

4. Dipole-Induced Dipole type: This force is important
among the TiO, molecules, as is shown in Figure 14.

5. Van der Waals type: these forces are present among
TiO, molecules.

[

1on-Dipole interactions: Attraction Forces BN

lon-Dipole interactions: Repulsion Forces g%

Figure 15. Interaction between TiO, ionic species (TiOH,") and PWA-intramolecular/ Interaction between TiO ionic species (TiOH,") and PWA-

intermolecular: Ion-Dipole type.

Among PWA molecules would be feasible the
intermolecular interactions, when the distances between
neighboring ones are less than 17.0 A [55]. The capacity of
PWA to form clusters and the number of these can result in a

high surface in order to generate the necessary conditions for
the existence of Van der Waals forces, as is shown in Figure
14 for TiO, molecules. PWA clusters can also present
behaving of crystal structure, exhibiting high-capacity of
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amplification of generation of electrons. According to the
Reference [19], this intermolecular mechanism can be similar
with the observed in one photomultiplier tube, which emits
electrons when photons of adequate frequency strike it. The
interaction of Synchrotron X-ray with PWA molecules can
generate  radiative  processes  (photoelectric  effect,
electroluminescence), as also non-radiative processes (e.g.
Auger Effect). The negative charge of PWA significantly
increases the opposite positive charge accumulated on Silicon
compounds at surface and channels at bulk level in Ormosil
films via electrostatic interactions [56, 57]. In the following
Ormosil structure containing PWA, the TiO, molecules
distribution are interacting mainly by Van der Waals, and
Dipole-Dipole forces (5, &).

. | Ormosil-Matrix:

o. P
I R SR

Possible alternative for transport of electrons:

Mechanism of displacement of electrons:

In the following Ormosil structure containing PWA, the
TiOH," ions distribution are interacting mainly by
Electrostatic forces, Dipole-Dipole interaction, Ion-Dipole
attraction forces (TiOH, -----8"), and Ion-Dipole repulsion
forces (TiOH, -----8"); and among TiOH," ions interacting
mainly by Electrostatic, Dipole-Dipole (5°, ) and Van der
Waals forces.

In the following Ormosil structure containing PWA, the
TiO  ions distribution interacts mainly by Ion-Dipole
attraction (TiO -----8") and Ion-Dipole repulsion forces
(TiO -----8); and among TiO ions interacting mainly by
Electrostatic, Dipole-Dipole (3", &) and Van der Waals
forces.

TiO, Molecular interactions: Van der Waals Attraction Forces ° °
TiO; lon-lon interactions: Repulsion Forces H

lon-Dipole interactions: Attraction Forces

\’
lon-Dipole interactions: Repulsion Forces ——

&'/
—

Q\,‘O 5
/({3‘ &
zsi &

CH; |

Figure 16. Interaction between TiO; ionic species (TiO") and PWA-intramolecular/ Interaction between TiO; ionic species (TiO") and PWA-intermolecular:

Ion-Dipole type.
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For TiOH," and TiO ions Van der Waals forces (contact ~ TiO, do not present a homogeneous density of charge. Thus,
forces) have been considered, in order to explain their the electrical charge suits better as a distribution of charge
interactions at surface level, assuming that the charge than a point charge.
distribution at surface and bulk level of the ions derived from
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Possible alternative for transport of electrons:

Mechanism of displ of electrons:

TiO; lon-TiO; lon interactions: Attraction Forces °ﬂ®
TiO; lon-TiO; lon interactions: Repulsion Forces M
TiO; lon-TiO; lon interactions: Repulsion Forces M
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Figure 17. Interaction between TiO; ionic species (TiOH;") and PWA-intramolecular/ Interaction between TiO; ionic species (TiOH," and TiO") and PWA-
intermolecular: Ion-Dipole type and Electrostatic forces (attraction and repulsion).
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3.4.3. Fluorescence Models for Interactions Between TiO,
and PWA Species

In 2021 Elguera et al reported the possibility of
generate the conditions for the production of Maser-rays
based on Total Reflection X-ray Fluorescence assisted by
Synchrotron Radiation (SR-TXRF) measurements of
ormosil films. Maser-rays constitute devices that generate
electromagnetic waves, which can extending their
corresponding frequencies range at microwave, radio,
infrared, optical, ultraviolet and X-ray regions. Thus, from
the point of view of Fluorescence phenomena, it was
possible generate Molecular Fluorescence at visible region
from Synchrotron Radiation X-ray Fluorescence (SR-
XRF). Maser can constitute systems of spontaneous
emission, capable of producing coherent amplification at
very high frequencies. For example, at Ultraviolet region
and higher frequencies is necessary a very monochromatic
radiation and the use of highly reflecting surfaces. Thus,
Synchrotron Radiation-Total Reflection X-ray
Fluorescence (SR-TXRF) measurements in ormosil films
can generate the conditions for production of maser rays
due to: 1) The coherence that X-rays exhibit (produced by
quantum fluctuations), 2) The ability for energy tuning
along the electromagnetic spectrum (wide range of
wavelengths/frequencies), 3) The features that X-ray beam
applied possess: monochromaticity, polarizability and
brilliance. For Total Reflection X-ray Fluorescence
(TXRF) analysis is crucial that the surfaces used be
reflectors. Besides of the Synchrotron X-ray beam
characteristics, there is possibility of phenomena based on
luminescence (fluorescence and phosphorescence). In
wavelength ranges corresponding to Ultraviolet region,
the Phosphotungstates exhibit very interesting phenomena
as the photocromism that occurs when the irradiation is
performed at around 260nm. This irradiation involving
electronic transitions (e.g. O(2p) —W(5d)) within the
boundary orbitals of phosphotungstate, which as reduced
specie ([PW12040]'4) exhibit a bluish color (called
heteropolyblue), which disappears in the presence of
oxygen. Furthermore, due to the multiples multi-electronic
collisions present in phosphotungstates, it is probable
found photoluminescence effects also. Under these
conditions, there is viability to develop Molecular
Fluorescence from SR-TXRF of Phosphotungstates
contained in Ormosil structure, based in the generation of
Maser-rays.

From the possible interactions between TiO, and PWA
species, We have proposed models of Fluorescence at
Molecular scale and Multiscale (from nanometer to
millimeter size level), in order to support the basis of
Luminescence phenomena (result from the interactions of
Synchrotron Radiation with ormosil films) manisfeted in the
image observed in Figure 8 under GIXRF condition:

(1) Fluorescence model at molecular scale level of size

between TiO, molecular-ionic species (TiOH," and TiO™) and
PWA-intramolecular and PWA-intermolecular chemical
structures.

For ormosil films the pathways of electron transfer of
Phosphotungstates (PWA) could be internal (inside
isolated and non-isolated PWA molecules) and external
(among PWA molecules and their surroundings). Due to
the Luminescence (Phosphorescence and Fluorescence)
and Thermoluminescence obtained from Interactions of
Synchrotron Radiation with the matter, we have proposed
models of Fluorescence at molecular scale and Multiscale
(from nanometer to millimeter size level). The following
model is based on the interaction of the molecular and
ionic species of TiO, with the atomic and molecular
groups of Oxygen (—O=0—) that through the double
bonds with the Tungsten atoms (—W=0—) in
Phosphotungstates (PWA), it is configuring an chemical
structure resonant that enables luminescence phenomena,
via the electronic displacements of these double bonds
(oo —W=0—W=0—W=0—0—W— O=W—0—0—
W—....... ), as mentioned by Elguera et al 2020 [19]. The
ionizing radiation from the Synchrotron can sustained
these models of fluorescence due to the coherence
exhibited (based on Quantum fluctuations) and by the
linear-polarization of their relativistic electron beams [58].
Among PWA molecules and Ormosil matrix it is possible
the chemical resonance between Oxygen bonds (—O—
O—), in order to form temporally chemical bonds as —
Si—O—O— conducting the electrons outside of the
Phosphotungstate structure and surroundings based on the
high electronegativity of Oxygen atoms [56, 57].

(1) Fluorescence model at Multiscale level of size between
TiO, molecular-ionic species (TiOH," and TiO™) and PWA-
intramolecular and PWA-intermolecular chemical structures.

For this model, it is taken in consideration that in the
study of TiO, nanoparticles (up to micro-level) their surface
can be negative or positive based on the following
equilibria: TIOH + H'— TiOH,"/ TiOH + OH — TiO
+H,0 (7). Synthesis of blue Titania with Ti®" localized in
the core of TiO,., nanoparticles [17]. The interactions of
Synchrotron Radiation with the matter can be manifested as
Luminescence (Phosphorescence and Fluorescence) and
Thermoluminescence. In this multi-model is considered the
summation of the conditions of the fluorescence model of
Figure 18 from molecular level (corresponding to the PWA
individual structure) up to millimeter level. For this case,
Van der Waals forces play an important role due to the
contact between the great surfaces (when compared at the
typic molecular size scale) of the agglomerates
corresponding to the molecular arrays of Phosphotungstates
interacting with the different TiO, molecular and ionic
species (TiO,, TiOH,", and TiO") at chemical structures of
ormosil occluding PWA (at intramolecular and
intermolecular configurations).
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Figure 18. Fluorescence model based on the Interaction (Ion-Dipole type and Electrostatic forces) between TiO; ionic species (TiOH," and TiO") and PWA-
intramolecular and PWA-intermolecular chemical structures.
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PWA;! = PWA; + TiO} 1) Cluster PWA"' =37 PWA}? (6)
PWA{ = PWA; + TiO, ) Where PWA[?, PWA?, PWA}' , corresponding to the
. . molecular arrays of Phosphotungstates PWA , in which
PWAT" = PWA, + TiOH,; 3) TiOi_(anion),TiOZ?(molecular), TiOHZ;r(cation) are keep
-1 _sn -1 positioned inside and/or outside of these chemical structures
Cluster PWA™ =33 PWA; ) through multiple interactions from different origins.
Cluster PWA® = Y2 PWA? (5)
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Figure 19. Fluorescence model based on the Interaction lon-Dipole type, Electrostatic forces, Van der Waals forces) at Multiscale level of size between TiO,
ionic species (TiOH," and TiO") and PWA-intramolecular and PWA-intermolecular chemical structures.
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4. Conclusions

Between 2011-2013, during the experiments performed at
LNLS based on Grazing Incident Angle X-ray Fluorescence
analysis assisted by Synchrotron Radiation (SR-GIXRF) of
Ormosil films containing Phosphotungstates ([PW1,04]")
was observed an image depicted at Figure 8, which can be
explained by different hypotheses based on physical and
chemical phenomena. Grazing Incident Angle X-ray
Fluorescence (GIXRF) is a X-ray Fluorescence analysis in
shallow incidence angles. Unlike TXRF, GIXRF not only
addresses Total Reflection phenomena, but also Partial
Reflection of X-ray Fluorescence and X-rays, and X-ray
Refraction. SR-GIXRF and SR-TXRF are suitable methods
of analysis for qualitative determination of Titanium and
Tungsten in ormosil films. We have proposed models of
Fluorescence at Molecular scale and Multiscale (from
nanometer to millimeter size level), in order to support the
basis of Luminescence phenomena (result from the
interactions of Synchrotron Radiation with ormosil films)
manisfeted in the image mentioned above under GIXRF
condition. These models are based on the coherence and
linear-polarization exhibited by relativistic electron beams
inside of Synchrotron ring. At molecular scale, the model of
Fluorescence is based on the interaction of the molecular and
ionic species of TiO, with the atomic (—O—) and molecular
groups (—O=0—) of Oxygen present in PWA structure,
conforming the chemical structure (......—W=0—W=0—
W=0—0—W—0=W—0—0— W—.....) that by the
chemical resonance effects of the double bonds in diene
structure conjugated (....... =0—W=0—W=0—) can enable
luminescence phenomena, via their electronic displacements.
For ormosil films, the pathways of electron transfer of
Phosphotungstates (PWA) could be internal (inside of the
isolated PWA molecules, and non-isolated PWA molecules)
and external (among PWA molecules and their surroundings).
At Multiscale level of size (in this multi-model is considered
the summation of the fluorescence model of Figure 18) play
an important role the Van der Waals forces, taking in
consideration the contact between the great surfaces of the
agglomerates corresponding to the molecular arrays of

Phosphotungstates occluded in ormosil structures interacting
with different TiO, molecular and ionic species (TiO,,
TiOH,", and TiO') at intramolecular and intermolecular
configurations of PWA.
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Appendix

For the case of the Silicon substrate, with atomic number
(Z), atomic mass (A) and density (p) keeping constant, the
value of critical angle will depend only on the energy of the
X-ray beam. To calculate the critical angle from a known
value, the following equation is obtained:

Ae, = (E—;) * A,

., : Critical angle (°) in energy E;
a@.,: Critical angle (°) in energy E,
E;, E,: X-ray beam energies (keV)

Table Al. Depth of analysis and Critical Angle as function of X-ray beam energy.

Beam Energy (keV) Critical Angle (a. ©) Depth of analysis Z, (nm)
7.0 0.25 27
8.4* 0.21 32
11.0 0.16 41
17.4* 0.10 62

Where (*) Values of Beam Energy (keV) estimated in Reference [51]

Table A2. Table of Atomic Radii.

Atomic Number Element Symbol  Atomic Radius [A]

Ionic Radius [A] Al

Covalent Radius Van-der-Waals "Crystal" Radius

22 Ti 1.76 1.40

Radius [A] [A]
1.36 e 0.75

Source: http://www.crystalmaker.com/support/tutorials/atomic-radii/
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