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Abstract: In this study, the complex hybrid materials based on hybrid poly(dimethylsiloxane)-derived hydroxyurethanes films
(PDMSUr-PWA) containing phosphotungstic acid (H;PW,04/PWA) and Bromine were analyzed by laboratory XRF (EDXREF,
WDXRF), Synchrotron Radiation Micro X-ray Fluorescence (SR-uXRF), and Volumetric analysis, in order to correlate the
distribution patterns and composition of Bromine with their respective properties and potential applications. Recently, the
characterization and analysis of PDMSUr-PWA films (without consider Bromine) was reported in order to correlate structure,
compositions and properties. SR-uXRF maps provide indicatives of the possible inter-elemental interactions
Bromine-Silicon-Tungsten. There is segregation of Bromine at surface and through the thickness of PDMSUr-PWA films. These
films possess hydrophobicity and non-hygroscopic properties, which makes potential candidates for high-performance adhesives,
corrosion-resistant coatings of steel and titanium alloys surfaces in different media. The presence of Bromine (element provided
from tetracthylammonium bromide in previous steps of elaboration of PDMSUr-PWA films) could contribute with their
corresponding adhesive, thermal-insulator, and anti-corrosive properties. Functional materials as PDMSUr-PWA films present
easy processing, excellent toughness and durability. Nowadays, Polyurethane (PU) coatings are very useful in many sectors due to
their excellent mechanical properties. Nonetheless, one limitation is their thermal stability, which can be improved by insertion of
poly(dimethylsiloxane) (PDMS) segments. The interesting properties of PDMS are of significance for applications as adhesives
and at the aerospace industry. The films containing 1%, 35%, 40-50% PWA are candidates as anticorrosive coatings and as inert
materials under the presence of polar chemical reagents, based on the significant Bromine presence at surface. The films
containing 25% and 55% PWA would be suitable for thermal insulators, based on the significant Bromine presence at thickness.
PDMSUr-PWA films can constitute systems for the storage of energy based on the synergy of their potential applications as
Proton exchange membrane fuel cells (PEMFCs) and also as H,-Br, multiple micro-fuel cells. PEMFCs have great attention in
scientific and industrial fields based on energetic and environmental aspects mainly. PEMFCs based on PDMSUr-PWA films
could exhibit high chemical and mechanical stabilities. The hydrogen bromine (H,-Br,) electrochemical systems constitute
promising candidates as generation and storage devices of energy due to their high energy capacities and conversion efficiencies,
as also their low costs. More in depth studies are necessary in order to analyze the different chemical forms of Bromine present
(atomic, ionic and/or molecular) in the three-dimensional network constituted by silicates and phosphotungstates, as also the
characterization of their local chemical and electrochemical environment.
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which are classified according to the interactions between
organic and inorganic parts as Class-I and Class-II. In Class-I
predominates  hydrogen bonds, and non-covalent,
electrostatic and van der Waals interactions. On another hand,
in Class-II predominates the strong covalent bonds, involving
silanization, imidization and esterification reactions

1. Introduction

Functional materials present easy processing, excellent
toughness and durability. Hybrid (organic—inorganic entities
mixed at molecular level) materials meet these conditions,
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commonly [1, 2]. Polyurethane (PU) coatings are of
paramount importance in many sectors due to their excellent
mechanical properties. However, their poor thermal stability
limits applications at high temperatures. In order to overcome
this limitation, PU have to be modified by means of
introducing poly(dimethylsiloxane) (PDMS) segments in the
PU backbone. PDMS exhibits interesting properties such as
high thermal and oxidative stability, low glass transition
temperature (T,), high permeability to many gases, low
surface tension, good antifouling properties, very good UV
stability, and biocompatibility. ~The low T, of
poly(dimethylsiloxane) resins makes them potential
candidates for adhesives and applications at the aerospace
industry. Nevertheless, the poor mechanical properties,
abrasion resistance, and insufficient thermal stability of
PDMS limit its application in many fields. This thermal
stability could be improved by means of the incorporation of
silica nanoparticles and/or cross-linking. Cross-linked PDMS
networks suffer from severe swelling upon contact with,
especially non-polar, organic solvents, thereby drastically
reducing its performance [3-7]. It was hypothesized that one
way to improve the fire resistance of polyurethane without
significantly sacrificing the mechanical properties was to
utilize PDMS as a reactive co-soft segment. However, PDMS
is incompatible with PU, based on its low parameter of
solubility (14,9 J"%cm™?) and by the poor interaction
between them (PDMS: non-polar nature/PU: polar nature),
leading to the creation of a polymer phase
thermodynamically and mechanically incompatible. This
incompatibility —generates phase segregation in the
polyurethane (PU) morphology. For this reason, reinforcing
agents, compounds that forming cross-linked
bonds/structures, are needed in the PDMS/PU system in
order to combine their properties [3, 4]. The study published
by Vega et al [8] about of polyurethanes without silica
indicates that increase of NCO/OH ratio in turn increases the
degree of phase segregation, due to the effect of repulsion
that exists between the polar hard segments of polyurethane
and non-polar chains of polyol. With the addition of
hydrophilic silica to polyurethane the degree of phase
separation is reduced, indicating a possible interaction of
silica and silanol groups (by means of hydrogen bonds) with
the polymer [8, 9]. A way to introduce PDMS segments and
silica contents is initially to prepare cyclic carbonates from
an epoxydic reagent bearing PDMS, as published by our
research group [10-12]. Insertion of PDMS and silica
terminal groups in a unique oligomeric backbone makes
possible to obtain a hybrid polyurethane (PDMSUr) with
valuable physical-chemical properties such as thermal
resistance, hardness, corrosion protection, adhesion in glasses,
besides others. PDMS-Silica Hybrids, denoted as Ormosil
(organically modified silicates) consist of nm-sized silica
clusters and PDMS chains [3]. Aminosilanes, such as
3-aminopropyltriethoxysilane (APTES) can play a role in
opening the cyclic carbonate ring to form urethane bonds
allowing the production of a Class II hybrid material by the
Sol-gel process. Sol-gel chemistry constitutes a rapid method
for fabrication of ceramics, glasses, and thin films [2]. In this
process, the condensation of silanol groups generate regions

of Organically Modified Silicates (ORMOSIL), which
constitute a host network for polyoxometalates, such as
phosphotungstic acid (PWA), which acts as reinforcing agent
inside the hybrid material through crosslinks. Sol-Gel
reaction allows a better distribution of PWAs and control for
the size of the particles. PWA is used in the elaboration of
these functional hybrid materials, because provide additional
properties, such as electrical and mechanical functionalities
[1, 9-12]. The existence of electrostatic forces between
silicates and PWA would enable the production of a Class I
hybrid material also. Thus, these hybrid materials can exhibit
features of both classes. Protons contained in PWAs, the
counterions generated at their surroundings, in addition to
their remarkable properties as proton conductivity, thermal
stability and water-retention capability make PWAs useful as
multifunctional proton conductors [1]. PDMSUr is also
suitable for use as anti-corrosive coatings, in which an
important feature to consider is the hydrophobicity. This
feature prevents the corrosion and is inherent in PDMS
segments and dependent on the functional group (-CHj;, -CF3,
-OCHj;, -CO,CHj;, -Br) attached to the silicone chain. On
another hand, the presence of polar functional groups such as
-OH, -NH, or -COOH would increase the hydrogen bonding
interactions, thus the polar characteristics of the surface
energy [10-12]. The hydrophobicity constitutes a physical
barrier in order to avoid corrosion of metals in physiological
medium, which makes PDMSUr hybrid coatings good
candidates for use as orthopedic or dental implants. Also,
some of these films showed transparency that would enable
their use at medical and electrical applications [11-13].
Among the various challenges of electrochemistry that
hybrid materials, like PDMSUr-PWA films, can resolve is
satisfy the demand for materials with remarkable proton
conductivity at elevated temperatures, for wuse as
proton-exchange membrane for fuel cells (PEMFCs) [14, 15].
Due to the high-demand for clean energy devices, fuel cells
have attracted the attention in academic and industrial
communities. Proton exchange membrane fuel cells
(PEMFCs) have been extensively studied due to their
high-power densities and low environmental impacts [14, 15].
Fuel cells are superior than fuel sources in energetic and
environmental aspects. Proton exchange membrane (PEM),
are among the different types of fuel cells, serve as
conductors for protons and a barrier for fuels. PEMs based on
Class-II Hybrids materials exhibit good conductivity as also
mechanical resistance and chemical stability [1]. Hydrated
PWA is highly soluble in water, being well stabilized in the
presence of inorganic networks, such as silicate network,
through strong Coulombic interactions . PWA present two
key features for the fabrication of PEMs: 1) The hydronium
ion forms (H;0', HsO," and HyO,") of protons, 2) The
Keggin-type structure that contain long and continuous
channels available for proton transport. From Heteropoly
acids (HPAs) immobilized, especially PWA (e.g in PDMSUr
matrix), can be made PEMs with high proton conductivities
and performances at different temperature levels [10, 12, 14,
15]. For this reason, membranes based on composite
materials containing HPAs, immobilized in PDMS/PDMSUr
matrices, can constitute proton conductive materials for
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operation at elevated temperatures. It is crucial for PEMs
based on PWA the understanding of mechanisms for proton
transport  (facilitated by  water molecules from
heteropolyanion), and thus, of their conductivity also for the
development of fuel cells [14, 15]. For PEMs based on PWA
contained in mesoporous silica matrix structure, the
dependency of proton conductivity with PWA content < 10
wt/wt % is very significant. There are indicatives, from
Durability test and >'P MAS NMR characterization about the
stability of PWA ions inside and at surface of these matrices
respectively [1]. This ionic stability mentioned above is also
present in the PDMSUr-PWA films, based from FTMIR
results, which besides give indicatives about the interactions
among the PWA ions with silicate regions, through of silanol
groups (=SiOH,") mainly, and with the organic matrix of
PDMSUr [10]. HPAs containing protons, as also
counter-cations, have been used in the fabrication of hybrid
PEMs [14, 15]. In PDMSUr-PWA films, the silanol groups
can act as counter-ions for PWA ions, producing species e.g.
(=SiOH,") x (HaPW1,040)  [9, 11].

During processing of the PDMSUr-PWA films, more
exactly for the elaboration of their precursor the bis-cyclic
carbonate PDMS-derivative (CCPDMS), is wused the
Tetracthylammonium Bromide (TEAB, (C4Hy),. N. Br). The
subsequent purification process, by solvent and water
extraction, could remove 73.3% of Bromine (value
determined by X-ray fluorescence analysis) from the final
mixture of CCPDMS. The rest of Bromine (as atomic, ionic
or molecular forms) not removed (26.7%) possibly could
form a compound derived of PDMS (stoichiometric and/or
non-stoichiometric) and/or is distributed through or at
surroundings of the interstices of CCPDMS structure [9, 10].
For this reason, is important the knowledge, in special by
means of a non-destructive method of analysis, of the
distribution and composition of Bromine in PDMSUr-PWA
films in order to correlate with their thermal, electrical, and
mechanical properties, being one of their aims the application
as Fuel Cells based on Hydrogen-Bromine Flow Batteries.

Availability of low-cost, high-capacity energy storage
technology change currently the energy landscape. The large
interest in renewable energy sources (sun and wind) during
recent years has raised the demand for large-scale, low-cost

and durable electrical energy generation and storage solutions.

Electrochemical systems (batteries and fuel cells) are
promising candidates for these purposes. The hydrogen
bromine (H,-Br,) fuel cell systems present as advantages:
high energy capacities and conversion efficiencies, power
density capabilities and low costs [16]. In these cells, the
electrolysis of hydrobromic acid (HBr) is utilized for storing
the electric energy: 2HBr + electrical energy «» H, + Br,. In
the HBr electrolysis, Hydrogen (H,) and Bromine (Br,) are
generated and stored separately. When needed, they are
converted again into hydrobromic acid (HBrq) in order to

obtain electric energy, specifically, in a fuel cell reaction [17].

Large-scale electrochemical devices based on the use
hydrogen and bromine offer several attractive features.
Bromine is inexpensive, readily available, and abundant. In
addition, the Chemical reaction between them occurs

extremely rapidly [18]. The high energy densities of these
systems, make them candidates for space power applications.
The advantage the hydrogen-bromine system is the high
solubility of bromine in hydrobromic acid. The energy is
stored in the form of bromine in the electrolyte reservoir and
as hydrogen gas in the hydrogen reservoir [19]. The
hydrogen-bromine fuel cell system can be operated in the
acid or alkaline modes. The performance of the H,-Br, fuel

cell could be improved by wusing higher reactant
concentrations, higher operating temperatures, more
conductive membranes. However, the performance is

currently limited by the low ionic conductivity of the
membranes, which is attributed to the slow ionic diffusivity
[20, 21]. Flow batteries, based on the choice hydrogen and
bromine as active materials lead to several advantages,
between them that generates high-power density [W/m’] and
energy density (kWh/m®*). The formation of hydrogen
bromide in aqueous phase (HBr(,q)) from H, and Br,, and the
dissociation of hydrogen bromide in H and Br, constituting a
reversible fuel cell with electric efficiencies up to 70% for
current densities between 150-225 mA.cm™. The electrolyte
(HB1/Br solution) and hydrogen (H,) circuits are separated
by a proton-conductive membrane. Membrane thickness is
closely related to their acid permeability and polarization
resistance. The transport properties of the membrane are
related to water content of the membrane [22-25]. It would
be interesting to know the influence of Bromine in the proton
conduction of this multifunctional hybrid nanomaterials
system. For fuel cells, the ideal voltage is 1.2V at current
densities correspond to orders of few A/cm®. In the case of
PDMSUr-PWA films, the range of current densities for the
voltage mentioned above is 107-107 Alem? [9, 12]. Thus, for
each cm’ the requirement of current for these films could be
is much times lower than conventional fuel cells.

The aim of this study is the development of analysis
methodology for Bromine in PDMSUr-PWA films without
certified reference material. The quantitative-semi-quantitative
determination of Bromine presents an analytical challenge,
since it cannot be performed by diverse analysis methods
(AAS, ICP-OES, ICP-MS, among others). Unlike what was
published recently for these films, Neutron Activation Analysis
(NAA) could not be applied directly (may be use as an
approximation from a standard method) because due to the
high concentration of Tungsten there is overlap of peaks (due
to W peaks or due to the corresponding background noise) [26].
For these reasons, it was performed Volumetric analysis that
attains the bulk determination of Bromine. Nonetheless, this
reference analytic method does not allow the analysis "in-situ"
of this element, reason for what was chosen X-ray
Fluorescence (XRF), in order to determine Bromine at depth of
few hundreds of micrometers, and Synchrotron Radiation
Micro X-ray Fluorescence (SR-uXRF) for mapping of the
distribution of this element in these films and thus, can
correlate their atomic patterns, composition and properties.
composition and properties. Different modes of XRF (EDXRF,
WDXRF, TXRF, uXRF) constitutes a very useful method of
analysis in order to determinate traces of Bromine [27-36].
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Energy  Dispersive  X-ray  Fluorescence = (EDXRF)
measurements were performed for traces analysis of Bromine
in soils, sediments, and other matrices [27, 29]. Wavelength
Dispersive X-ray Fluorescence (WDXRF) analyses has been
performed in order to determinate Bromine in different
matrices [30, 31]. Pashkova et al applied Wavelength
Dispersive X-ray Fluorescence (WDXRF) and Total Reflection
X-ray Fluorescence (TXRF) methods in combination for the
determination of Bromine in sediment matrices [32]. Leri et al
performed Micro-XRF analysis for mapping of elemental
distribution of Bromine in enriched-soils plants samples [33].
Mantouvalou et al used 2D-uXRF and 3D-uXRF analysis for
determination of Bromine **. Micro X-ray Fluorescence
(ULXRF) has been applied in the analysis of brominated flame
retardants (BFRs) [35]. The experimental setup used with
SR-XRF allowed nondestructive elemental analysis with high
sensitivity, achieving detection limits lower than 1 ppm.
Synchrotron Radiation Micro X-ray Fluorescence (SR-uXRF)
measurements enables determination of Bromine traces
(0.39-1.5 mg. Kg'l) at vitreous matrices [36].

2. Material and Methods for the
Preparation of Films

2.1. Materials

All reagents used to synthesize the precursor cyclic
carbonate PDMS-derived, here labelled as CCPDMS, are
described in references [10, 11]. To the obtaining of

polyhydroxyurethanes PDMS-derived (PDMSUr), the
following reactants were used: purified CCPDMS,
3-aminopropyltriethoxysilane ~ (APTES, >98%, Sigma

Aldrich), 3-aminomethyl-3,5,5-trimethylcyclohexylamine
(IPDA, > 99%, mixture of cis and trans, Sigma Aldrich),
dimethylacetamide (DMAc, 99,5%, Vetec), nitrogen (N,, >
99%, White Martins), phosphotungstic acid hydrate (PWA,
Sigma Aldrich) dried at 60°C overnight.

2.2. Method of Preparation of Films

The synthesis of the precursors CCPDMS followed the
procedure described by Aguiar et al 3. After purification of
CCPDMS, 0.42 g (1 mmol) was mixed with 0.218 g (3 mmol)
of APTES in a vial previously purged with N,. The reaction
mixture remained under stirring for 40 minutes at 70°C.
Finally, the samples were dissolved in 2 mL of DMAc were
dispersed into the hybrid polyurethane matrix and stirred for
24 h at 60°C [10-11].

3. Methods of Analysis

3.1. X-ray Fluorescence Spectrometry of Laboratory (XRF)

3.1.1. Energy Dispersive X-ray Fluorescence Spectrometry
(EDXRF)
EDXRF measurements for Bromine contained in the
PDMSUr-PWA samples were performed by two different Energy
Dispersive X-ray Fluorescence (EDXRF) spectrometers:

1. Minipal-4 Model PW4025 PANalytical benchtop
EDXREF spectrometer, equipped with 9W Rh X-ray tube
and SDD detector (resolution 145eV). Experiments were
done under Helium atmosphere; the acquisition time per
sample was 450 seg. It was used Omnian software
(PANalytical, Netherlands) in order to perform the
semi-quantitative determination. They were performed
ten measurements per sample.

2. MINI X Model X-123 SDD Amptek® Portable EDXRF
spectrometer, equipped with 2.5W X-ray tube with Ag
target and high-performance Si Drift detector (25 mm” x
500 um) (Si Drift 25 mm* x 500pum/ 0.5 mil) with
Beryllium window (1.5"). Each sample was irradiated
for 300 s.

For Bromine determination by EDXRF the chosen line was

Br-K, (11.924 KeV).

3.1.2. Wavelength Dispersive X-ray Fluorescence
Spectrometry (WDXRF)

Measurements for Bromine were performed at the
WDXRF Rigaku RIX 3000 spectrometer equipped with one
3kW Rh X-ray tube, analyzer crystal LiF 200, and
scintillation counter detector (SC) and 20 mm?2 irradiation
area. Experiments were done under Helium atmosphere; the
acquisition time per sample was 45 min. For Bromine
determination, the XRF line chosen was Br-K, (29.941°).
They were performed three measurements per sample.

3.2. Synchrotron Radiation Micro X-ray Fluorescence
(SR-uXRF)

Bromine in PDMSUr-PWA films was analyzed via
Synchrotron = Radiation @ Micro X-ray  Fluorescence
(SR-uXRF), which measurements were performed at the
D09B (15°) bending-magnet XRF beamline of the Brazilian
Synchrotron Light Source (LNLS, Campinas-Brazil)’’. The
experiments were done in air atmosphere at atmospheric
pressure, choosing the XRF line Br-K, (11.924 KeV). The
experimental setup for SR-uXRF analysis included:

I. The 1.4 GeV Source (storage ring) provides a
polychromatic X-ray beam, which photon flux ranging
from 3.9x10'"° to 2.31x10"" photons/sec, with an energy
ranging up to 16 keV.

II. The Micro-focusing system, consisted in: a rotation/
high-precision x-y translation stage of the sample driven
by stepping motors in order to focalize; a sample
chamber that can be evacuated, in order to avoid the
attenuation of X-rays and to suppress the scattered
radiation by the air; two non-plane mirrors arranged at
Kirkpatrick-Baez (KB) configuration; and a microscope,
in order to identify the sample region to be analyzed. In
this setup, the elliptical microbeam had the dimensions
18 um (major axis) x 9um (minor axis) approximately,
with a working distance of about 0.1 m [37].

III. The Detection system, consisted in a CANBERRA Si
(Li) X-ray detector model SL30165, with resolution of
165eV at 5.9keV, operating in transmission geometry at
Energy Dispersive mode. This detector was cooled by
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N; (1), in order to reduce the heat load [37].

SR-uXRF maps were processed, collecting a number
between 400-420 sampling points (each point depicts to
one XRF spectrum) scanned at zig-zag mode. The time
of acquisition of SR-uXRF analysis by point was 5
seconds. The raw spectral data were analyzed using the
Readcnfmca v2.0 program (developed at the LNLS XRF
Beamline) and PyMCA X-ray Fluorescence version 4.4
program [38, 39] (developed by the Software Group of
the European Synchrotron Radiation Facility-ESRF), in
order to extract the uXRF intensities for each point
measurement and process them into elemental maps
respectively. The pixel size of the SR-uXRF maps was
26um [40]. Acquired XRF data set at LNLS were
processed by PyMCA 4.4 software, based on the
Fundamental Parameter Method (FP).

The ratios of concentrations for Bromine (Br) within
ormosil films were calculated from the mass fractions
obtained by the PyMCA 4.4, using the procedure for
semi-quantitative determination [38, 39] based on the
Fundamental Parameters Method (FP). For this procedure
were used the correspondent instrumental parameters to
the DO9B-XRF line of LNLS-Campinas-Brazil [37]. See

Iv.
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Section S6 at the Supplemental Material.

3.3. Reference Method for Determination of Bromine
(Volumetric Analysis Using the Schoniger Flask
Method)

15mg of sample are weighed and burned in a hermetically
sealed Schoniger flask containing 0.1N NaOH solution. The
bottle is kept closed for a minimum of 3 hours to ensure that
all Br-formed is absorbed into the solution. The resulting
solution is acidified with 0.IN HNOj; (in the presence of
bromophenol blue) and titrated with 0.01N standard Hg
(NO3), solution using diphenylcarbazone as an indicator. The
molar ratio of the HgBr, precipitation reaction is used to
calculate the percentage of Br in the sample [41].

3.4. Reference Materials

SR-uXRF: the reference materials used were XRF
Calibration Standards (99.9% pure or better) of Zinc Telluride
(ZnTe) with areal density=46.1pg/cm® (£5%) provided by the
Micromatter Company under the form of thin films on
Mylar® substrate.

http://www.micromatter.com/XRFCalibrationStandards.aspx.
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Figure 1. Figure la (top). Bromine (solid blue line), Silicon (dotted green line) and Tungsten (dashed red line) intensities ratios as function of % PWA for
PDMSUr-PWA samples obtained by EDXRF Amptek spectrometer. Figure 1b (bottom)- Bromine (solid blue line), Silicon (dotted green line) and Tungsten
(dashed red line) intensities ratios as function of % PWA for PDMSUr-PWA samples obtained by WDXRF analysis.

Table 1. Characterization Techniques/Method of Analysis for PDMSUr-PWA films.
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Characterization Technique / Method of analysis

This technique/method of analysis allows for PDMSUr-PWA films.

EDXRF

XRF Analysis in situ of PWA WDXRF

SR-yXRF

SR-GIXRF

LIBS
Volumetric Determination

UV-Vis/IR/MS/EXAFS/DRX .
materials.

Fast and precise determination of major and minor elements.
Determination of major, minor and trace elements, increasing the counting
rate gain of fluorescent intensity for a better detection.

Mapping of Bromine intensities and by use of the iterative method of Fundamental Parameters (FP)
can be obtained elemental concentrations (corresponding at depths of some hundredths of um).
Qualitative determination of Bromine at surface level (at depth of tens of nm). See Section S7 at the
Supplemental Material.

Semi-quantitative determination of Bromine (see Section S9 at the Supplemental Material).

The quantitative determination of Bromine at bulk level.

Characterization of the Bromine functional groups contained in the chemical structure of these hybrid

4. Results and Discussion

4.1. X-ray Fluorescence Spectrometry: Energy Dispersive
X-ray Fluorescence Spectrometry
(EDXRF)/Wavelength Dispersive X-ray Fluorescence
Spectrometry (WDXRF)

Figures la and 1b depict the ratios of the intensities of
Bromine, Tungsten and Silicon for the PDMSUr-PWA samples
(as function of their corresponding nominal PWA concentrations)
determined by EDXRF and WDXRF analysis respectively.

[33-38% PWA] there is an inflexion point at the Bromine
ratios profile. From 50% PWA (Figure la), the profiles of
intensities of Bromine, Tungsten and Silicon undergo a
significant decrease, which are indicatives of segregation at
thickness (see also Section S1 at the Supplemental Material).

4.2. Synchrotron Radiation Micro X-ray Fluorescence
(SR-uXRF)

4.2.1. Bromine, Tungsten and Silicon Intensities Ratios
Figure 2 depicts the ratios of the Bromine, Tungsten and
Silicon intensities, determined by SR-uXRF, as function of its

For Bromine ratios in EDXRF results (Figure 1a) can be corresponding - nominal  PWA  concentration  for the
seen that at 25%, 35% and 40%PWA there are changes in their PDMSUr-PWA samples:
profile (inflexion points). This observation is supported by
WDXREF results (Figure 1b), which shown that in the range

Bromine-Tungsten-Silicon Intensities Ratio vs
% PWA for PDMSUr-PWA samples
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Figure 2. SR-uXRF intensities ratios as function of % PWA for PDMSUr-PWA samples. Bromine (solid blue line), Silicon (dotted green line) and Tungsten

(dashed red line).

Figure 2 reveals that the highest and lowest Bromine
concentration ratios correspond to the PDMSUTr (15.3% PWA)
and PDMSUr (55% PWA) samples respectively. However,
among the lowest concentrations of Bromine (at 25-50%
PWA range) there is a change in its profile coinciding with the
inflexion points obtained from EDXRF and WDXRF analyses.
Results obtained by EDXRF (Figure la) and SR-uXRF
(Figure 2) exhibit similar profiles for Bromine concentration
(the same tendency is observed for Silicon). We can see that
between 8.3%-15.3%PWA there is a maximum for Bromine

intensities at micrometric level. At higher values of this range,
there are indicatives of segregation of Br at the thickness of
PDMSUr-PWA films.

4.2.2. SR-uXRF Maps of Bromine Intensities

Figure 3 shows the SR-uXRF maps of Bromine (XRF line
Br-K,) intensities as function of the PWA content in the
preparation of the PDMSUr-PWA samples.

Figure 3 reveals two main ranges: 1) From 1.0 to 15.3 wt%
PWA, the intensities ranging from 80 (lowest value at 1.0 wt%
PWA) to 1200 counts (highest value at 15.3 wt% PWA); 2)
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From 25 to 55 wt% PWA, the intensities ranging from 0
(lowest value) to 135 counts (highest value). These gradients
at surface are in agree with their corresponding gradients
through the thickness (see also Section S3 at the Supplemental
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Material). However, at 40% PWA the intensities present the
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intensities among the samples analyzed, were not exhibited a
uniform pattern with the increase of PWA content.
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Figure 3. SR-uXRF maps of Bromine intensities for the PDMSUr-PWA samples with different PWA content.

PDMSUr-PWA films containing 1%, 35, 40 and 55% PWA
have shown the greatest degree of homogeneity in the
Bromine distribution. This homogeneity for the film
containing 35% PWA at micrometric level is complemented
by the LIBS results that reflect homogeneity of Bromine at
millimetric level (see also Section S9 at the Supplemental
Material). The samples containing 1% and 35% PWA have
exhibited the higher concentrations of Bromine at top surface,
presenting brittle and adhesive characteristics respectively
under the adhesion test [9, 10, 12]. From this observation, we
can correlate the presence of Bromine with the adhesive
properties of the PDMSUr-PWA films, which were evaluated
by the pull-off-strength test. During these tests were found that
the pull-off-strength of such coatings raised more than 100%
for steel SS316L and Ti6Al4V substrates, after Laser and

Plasma oxidation treatments, compared with these substrates
without physical treatments [9, 12]. These results obtained for
PDMSUr-PWA films may be based on the high contents of
APTES and PWA in their surface chemical compositions.
However, due to the lower free surface energy of PDMS, the
presence of APTES at top surface would be possible mainly
through of PWA [9, 10]. For the PDMSUr (35% PWA)
sample that exhibited high value of adhesion strength, also
possess the highest Tungsten concentrations at surface as was
reported by Elguera et al [26]. The increase of PWA content
favoring the increase in the stiffness of PDMSUr-PWA films,
due to that accelerate the formation of silicates
three-dimensional network, consequently the elastic modulus
and hardness [12, 26]. In addition, the amino-silane (APTES)
incorporated in Polyurethanes (PU) chains can reduce the
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inter-association among their soft segments and limits the
capacity of them in order to crystallize, thus generate the
conditions for keep or increase adhesion properties, as was
reported by Zhao-Sheng et al [42]. For PDMSUr (1% PWA)
sample the PWA concentrations at surface are low, thus, one
explanation of its high value of adhesion strength can be due
to the high Bromine concentrations. These high contents,
which increasing the surface roughness after high
temperatures treatments, could increase the sticking capacity.
In previous studies, the presence of Bromine radicals
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generated by UV radiation produces increase of the surface
roughness of PDMS, presenting wells with areas of tenths of
me and depths of few nm, according to Cabrera et al [5].

4.2.3. SR-uXRF Maps of the Spatial Correlation Between
Bromine and Tungsten
Figure 4 shows the SR-uXRF maps of the spatial
correlation between Bromine (XRF line Br-K,) and Tungsten
(XRF line W-L,) intensities for the PDMSUr-PWA samples:
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Figure 4. SR-uXRF maps of correlation of Intensities between Bromine (blue regions), Tungsten (red regions) and Bromine + Tungsten (magenta regions) of the

PDMSUr-PWA samples as function of PWA content.

Figure 4 reveals a heterogeneous distribution pattern of
Bromine + Tungsten (magenta regions) at the PDMSUr-PWA
samples. Up to 15.3% PWA there is increase of Bromine regions
(blue). At this concentration, is observed high values for Bromine
(Figures 2 and 3c) and low ones for Tungsten [40]. From 25% to
50% PWA, it is observed an increase in the common regions
Bromine + Tungsten. In this concentrations range, at 35% PWA
and 50% PWA the Bromine exhibit slightly increases in their
intensities, which is manifested in their corresponding SR-uXRF

maps shown in Figures 4e and 4h respectively. For 55% PWA,
there is an important reduction of Bromine presence, indicating
the segregation of this element at thickness of these materials, as
has been reported for Tungsten also [26], reason by which its
corresponding map (Figure 4i) show common regions of these
elements mainly and almost not isolated regions of Br and W.
Aiming for potential applications, in PDMSUr-PWA films, the
interactions between organic amines and polyoxometalates
(NH; ==-[PW 1,04]") present synergistic effects by combining
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cathodic protection and an oxidation inhibitor characteristic
respectively [9]. As was reported by Elguera et al, at the surface
of these films, up to 15% PWA content approximately, there
would be predominance of electrostatic interactions among PWA
and amines groups [26]. From anti-corrosive test of Stainless
Steel 307 (SS307) coated with PDMSUr-PWA film containing
35% PWA could be inferred that this film behaves as a diffusional
barrier at the interface between metal and essential components
to corrosion, such as H' ions, water and oxygen [9, 11, 12].
According to the literature, tungstate anions (e.g. [PW,04]")
constitute corrosion inhibitors, because they can diffuse to the
liquid/film interface, passivating the surface and consequently
prevent the corrosion of metal [43]. From 35% PWA to 50%
PWA of content at the surface of these films there would have
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predominance the forces based on the strong interaction between
PWA and ormosil [26]. For values greater than 50% PWA, there
is presence of non-polar forces mainly at the surface of
PDMSUr-PWA films due there is a significant Bromine and
Tungsten segregation at thickness. Besides of this, if we
considerate that Br™ impart passivity to the alloys, these materials
are candidate as coatings against corrosion of metals, especially
the films containing 1%, 35, 40, 47.6, and 50% PWA [44, 45].

4.2.4. SR-uXRF Maps of the Spatial Correlation Between
Bromine and Silicon
Figure 5 shows the SR-uXRF maps of the spatial
correlation between Bromine (XRF line Br-K,) and Silicon
(XRF line Si-K,) Intensities for the PDMSUr-PWA samples:
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Figure 5. SR-uXRF maps of correlation of Intensities between Bromine (blue regions), Silicon (green regions) and Bromine + Silicon (cyan regions) of the

PDMSUr-PWA samples as function of PWA content.

Figure 5 reveals that at 1%-15% PWA (Figures 5a-5c) and
35%-50% PWA (Figures 5e-5h) ranges of the PDMSUr-PWA
samples, there is possibility of interaction of Bromine + Silicon
(cyan regions). At 25% PWA (Figure 5d) and 55% PWA (Figure
5i) there is mainly isolated Silicon regions and minimum

presence of Bromine. These observations are supported on the
hypothesis of segregation of this element at thickness (see
Figures 2 and also Section S5 at the at the Supplemental
Material). Taking in consideration that Polydimethylsiloxane
co-polymers exhibit excellent thermal properties, the
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PDMSUr-PWA films containing 25% and 55% PWA would be
the most suitable for thermal insulators, because the Bromine is
present at thickness mainly, avoiding the possible emission of
HBr(, at high temperatures (Hydrobromic acid Boiling point:
124.3°C at 101323 Pa/760 mm Hg). The Thermo-gravimetric
analysis (TGA) of PDMSUr films reported in the study of
Kelen Aguiar et al shown major weights losses between 180°C
and 600°C mainly [I11]. At around 190°C occurred the
desorption of structural water of PWA, and water formed by the
condensation. PDMSUr system can improve their thermal
properties with the addition of APTES, because postpone its
thermal degradation [11]. The Keggin structure of PWA is
decomposed approximately at 612°C [46]. TGA of APTES
show decomposition at ranges 135-225°C, 225-320°C and
320-450°C corresponding to the end capped, rigid and soft
segments, respectively [13]. H3PW,04,.6H,0 (the most stable
hydrate at normal conditions) losses up to 6 molecules of water
between 170°C and 240°C and became anhydrous phase
(H3PW,049), which was stable up to 400°C. Thus, the suitable
PDMSUr-PWA films chosen as thermal insulators mentioned
above would be use up to range 180-225°C approximately.
Considering the non-polar characteristics of PDMS (excellent
water repellence) and Br (hydrophobicity), the PDMSUr-PWA
samples containing 1.0%, 15, 35, 40, and 50% PWA would be
suitable as inert materials under the presence of aqueous
solutions of polar chemical reagents. Hydrophilicity of the
materials is determined by their contact angle and surface energy
[9, 12]. The synthesized PDMSUr presented hydrophobic
surfaces with high contact angles 102-104°C (independent of
PWA content) close to the polydimethylsiloxane (PDMS) contact
angle (105.5°C) and with surface free energy values of PDMSUr
(16.1+1.1 mNm "), which varies slightly of the correspond value
of PDMS (11.5 mNm ™) [9, 12, 42].

Thus, these results constitute indicatives about that the
surface of PDMSUr-PWA films would be dominate by
nonpolar groups of PDMSUr and those attached to this (e.g.
—CHj;, —OCHj;, —COOCH3;, —Br), meanwhile the polar groups,
include the heteropoly acids (PWA) at lower PWA contents,
are arranged in positions inside of this material [9]. The
SR-uXRF maps (Figure 5) of the spatial correlation between
Bromine (XRF line Br-K,) and Silicon (XRF line Si-K,) can
be reinforced in arguments by the corresponding SR-uXRF
maps of the spatial correlation of intensities between
Bromine (XRF line Br-Kp) and Silicon (XRF line Si-Kp)
shown in Section S5 at the Supplemental Material. The XRF
Kp lines involve electrons more external than the
corresponding to the K, lines, being that for the case of
Silicon are involved their valence electrons. Thus, indirectly
there is possibility to have a notion about the chemical
interactions between PDMS-Br and/or APTES-Br. From
those SR-uXRF maps, we can observe a significant degree of
the spatial superposition between Si-Kg and Br-Kj lines,
aiming to the probable chemical interactions between the
Silicon and Bromine, which is supported by indicatives from
IR analysis mentioned in the sequence. FTIR spectra of
PDMSUTr synthesized have shown peaks between 1530-1540
cm’! [9-11]. The peak at 1533 c¢m™, which can be assigned to

the bromine end-capped PDMS-Br, and the peak at 1537 cm™
was related to the urethane linkage (stretching of the urethane
bond N-H) [9-12]. Around 1650 cm’, there is another
characteristic peak could correspond to PDMS-Br [47]. In
addition, between 1740-1750 cm’ there are the peaks at 1743
cm’ and 1745 cm™, corresponding possibly to the ester group
(signal of synthesized PDMS-Br), and the free urethane peak
[47]. Thus, SR-uXRF maps and FTIR analysis can constitute
indicatives of the interaction PDMS-Br. For APTES, the FTIR
spectrum shows peaks at range 2887-2970 cm’™! corresponding
to —CH, stretching vibration; while the FTIR spectra of
PDMSUr shown peaks at the range 3050-2750 em’ [9-12, 42,
47-49]. Thus, there are not suffice indicatives of the existence
of the interaction APTES-Br; maybe due to the peaks
overlapping of PDMSUr, APTES, PWA, and groups contained
Br. Additionally, it is not established yet if the Bromine is as
atomic, molecular and/or ionic form. For this reason, are
necessary additional characterization techniques or methods of
analyses (e.g. Mass Spectrometry, Voltammetry/Potentiometric
Titration, UV-Vis), in order to evidencing the presence of
Bromine species (see Section S8 at the Supplemental
Material).

4.3. Hypotheses of Interactions of Bromine and Their
Possible Species Present

1) If there is a spatial correlation between XRF internal
lines Br-K,/W-L, (Figure 4), and also between XRF
internal lines Br-Kg/W-M, (see Section S4 at the
Supplemental Material) then could exist
intermolecular/interatomic interactions mainly, existing
compounds like (Br™)([PW,04]"),. If there is a
spatial correlation between Br-K,/W-L, lines and not
between Br-Kg/W-M, lines then do not exist
intermolecular/interatomic interactions, could exist
intramolecular interactions mainly inside the Keggin
structure of [PW,04]%).

2) If there is a spatial correlation between Br-K, and Si-K,
lines and between Br-Ky and Si-Kj lines then can be
inferred the existence of intermolecular/interatomic
interactions between Silicon ions (e.g. Si(OH),”") and the
Bromine species (atomic, molecular or ions) maybe via
chemical bonding (e.g. through of PDMS-Br directly or by
the Keggin structure indirectly), and/or physical forces. If
there is a spatial correlation between Si-K,, and Br-K,, lines
and not between Si-Kj and Br-Kg then can be inferred that
there is no existence of intermolecular/interatomic
interactions between Silicon and Bromine rather could
constitute indicatives of intramolecular interactions of
Bromine and Silicon species in direct form as PDMS-Br or
through the Keggin structure according to proposed by
Kozhevnikov et al [50].

3) If there would be only Bromine from PDMS-Br (at the
top surface of PDMSUr-PWA films) the tendency of [Br]
with the increase of [PWA] would have to be a
descendent line. However, SR-uXRF analysis (Figure 2)
have presented some inflexion points in Bromine
concentration tendency. From this observation, one can
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deduce that there is Bromine in another form different
of PDMS-Br, maybe as atomic, molecular or free-ionic
forms those are able to diffuse through the thickness of
PDMSUr-PWA films. Depending of the size of the
Bromine specie could be interacting also inside of
Keggin structure of phosphotungstates (PWA)
according to the proposed by Kozhevnikov et al [50].
From these hypotheses of Bromine, Silicon and Tungsten
XRF lines could be exist ionic compounds e.g.
(Si(OH),*)x(Br*")([PW,040]*), or molecular compounds

e.g. (Si(OH),*" )xffff(Brﬂ)yffff ([PW1,04]%), or present
in these hybrid nanomaterials.

4.4. Analysis of Segregation of Bromine at the
PDMSUr-PWA Films

Table 2 show the concentrations of Bromine (obtained
from SR-uXRF, EDXRF, and Volumetric analyses) as
function of % PWA for the PDMSUr-PWA films (see Section
S8 at the Supplemental Material).

Table 2. Bromine Concentrations obtained for PDMSUr-PWA films.

[Br] (wt/wt%) EDXRF [Br] (wt/wt%) Volumetric analysis "

PDMSUr-PWA [PWA]* (wt/wt%) [Br] (wt/wt%) SR-uXRF PyMCA
PDMSUr (8.3% PWA) 8.3 2.02+0.84
PDMSUr (15.3% PWA) 15.3 2.34+0.91
PDMSUF (25% PWA) 25 0.19+0.08
PDMSUr (35% PWA) 35 0.230.12
PDMSUF (40% PWA) 40 0.100.05
PDMSUr (47.6% PWA) 47.6 0.04+0.02
PDMSUr (50% PWA) 50 0.10£0.04
PDMSUr (55% PWA) 55 0.02+0.02

2.45£0.43 NQ°©
2.37+0.28 NQ
1.32+0.18 1.910.04
1.58+0.08 1.7440.04
1.56+0.09 NQ
1.51£0.18 NQ
1.23+0.18 1.3340.17
1.370.06 NQ

*Relative to the total mass of PDMSUr precursors (CCPDMS + APTES) without solvent [10].

® Reference [40], p. 378.
“NQ: not was quantified

Table 2 shows from XRF results that at 25% PWA there is a
significant diminution in surface Bromine concentration,
which is agree with their corresponding intensities profiles
presented in the Figures 1 and 2 by XRF and SR-uXRF
respectively, which constitute indicatives of the segregation of
Bromine at thickness of these materials.

4.5. Correlation Between Structure and Properties of
PDMSUr-PWA Films

PWA Concentration } o
ARRr: | .

PODMSUr (1.0% PWA)

PDMSUr [15.3% PWA) /

. Bromine (Br)

PDMSUr [35.0% PWAl

PDMSUr [55.0% PWA)

Figure 6. Models of Bromine distribution for PDMSUr-PWA films as function
of PWA content.

Based on all these results were developed models of
Tungsten distribution in function of %PWA, which are

showing in Figure 6.

From Figure 6 we can observe that there is no a regular
distribution pattern of Bromine as function of PWA content.
In the sequence, is presenting the details of Bromine gradients
at vertical and horizontal directions.

Vertical gradient: From comparison of XRF and
Volumetric results for the PDMSUr-PWA films, it can be
inferred that on average insofar the PWA content increases the
Bromine concentration obtained by XRF diminish. Thus, the
segregation of Bromine at thickness is predominant for PWA
concentrations>15.3% wt/wt. It is unknown yet if the Bromine
is present as atomic and/or molecular forms in the
three-dimensional network of the silicates and the reticular
structure of phosphotungstates, which are connected more
possibly through Coulombic interactions [9]. Might be
necessary Extended X-ray Absorption Fine Structure (EXAFS)
studies for Bromine, in order to clarify this aspect.

Lateral gradient: Due to the non-polarity of PDMS and the
Br, the more probable is that at PWA concentrations <15.3%
wt/wt, the predominant forces be non-Coulombic interactions
and/or intermolecular forces at surface of these hybrid
materials. From SR-TXRF/SR-GIXRF results (see Section S7
at the Supplemental Material), at the first nanometers of depth,
SR-TXRF results have shown that up PWA concentrations
<40% wt/wt the forces above mentioned would predominate.
Thus, it can be inferred the presence of Bromine at the top
surface (few tenths of nanometers of depth) [40]. SR-uXRF
maps (see Figure 3 and also Section S3 at the Supplemental
Material) have shown heterogeneity of Bromine distributions
at micrometric level.
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4.6. Potential Application of PDMSUr-PWA Films for Fuel
Cells

4.6.1. PDMSUr-PWA Films as Proton Exchange Membrane
Fuel Cells (PEMFCs)

In the structure of PDMSUr-PWA films could be present the
inter-molecular (hydrophilic-hydrophilic interactions between
PWA clusters and the PDMS matrix) and intra-molecular
proton transfer pathways, such as was reported by Zhou et al
[15] for membranes based on Silica and PWA (proton carrier)
for use as for Proton exchange membrane fuel cells (PEMFCs).
These membranes exhibit high-power density,
low-greenhouse gas emission and high efficiency [14-15].
PDMSUr-PWA films possess such properties as structural
stability and characteristics for medium-high proton
conductivity, necessaries in order to attain an optimum
performance.

These films could be performed as PEMFCs operating up
temperatures 180-225°C, as mentioned above in the section
4.2.4, corresponding to the respective loss of water (see TGA),
because at temperatures more than this limit the conductivity
of membranes start to diminish, affecting the fuel cells
performance. Protons transport, which depends of relationship
between the packing structure of PWAs and/or nanochannels
in the polymer domains [1], could be performed through of
channels within PDMSUr-PWA films, according to the model
of Tungsten (from PWA) distribution reported by Elguera et al
[26]. For these films the pathways of proton transfer can be
intramolecular (within isolated PWA molecules) and
intermolecular (among PWA molecules and their surrounding)
along the hydrogen bonds. For intramolecular proton transfer
pathway, with low quantities of water can increase the protons
velocities. At very low PWA contents, the proton
conductivities for this system are too low [14, 15]. The
intermolecular pathway would have predominance at high
PWA contents (67—-83 wt%), in which the distances between
the neighbouring PWA molecules are less than 17.0 A. Among
the useful properties of Keggin-type heteropolyacids for
applications in fuel cells are mentioned the high polarizability,
surface charge distribution, redox potentials for electrons and
protons transfer. The intramolecular protons transfer can be
supported by the study of Kozhevnikov et al [50]. The crystal
PWA Keggin structure depends on the amount of water of
crystallization contained, result from its molecular
composition, besides of their anions (heteropolyanions) and
cations (H, H;O", HsO,", and others that act as
counter-cations). The corresponding anions and cations
possess high mobilities, being that the molecules of water and
polar organic compounds (hydrocarbon string of short lengths)
can enter and leave the flexible polyanion structure [50, 51,
52]. Fast migration (diffusion) of protons for the majority of
protons happens at approximately 230°C [1]. The protonic
conductivities of PWA in solid state can be correlate with their
acid-base features, which mechanisms are based on the proton
jumps and the oscillation amplitudes of oxygen atoms in their
three-dimensional structures, as was reported by Yaroslavtsev
et al [51]. The heteropolyanion (e.g. PWA) constitute very

strong Brensted acids [50-52]. The intermolecular proton
transfer pathway can be based on the simultaneous presence of
donors and acceptors in proton transfer reactions. For the
intermolecular pathway in PEM (between adjacent PWA
molecules), due to the strong interactions between the silica
surface and the PWA molecules (probably the most
predominant), the corresponding distances between the latter
will undergo small modifications during proton transport [15].
The intermolecular protons transfer can be supported by the
study Marcos de Oliveira, Jr. et al that mentioned that around
the 12-phosphotungstic acid (H;PW,04, PWA) there are
hydration environments dependent of the temperature [53].
Also, '"H NMR confirmed the existence of a balance of
hydrated species H;O, «—H;0" + H,0«> H'+2H,0, indicating
high mobilities for them, as also detecting mobile interstitial
water in clusters (H,O), [53]. The effect of water on proton
conductivity of PWA is one of the most key features in
PEMFCs. The presence of PWA (very strong acid)
significantly increases the positive charge accumulated on
silica surface. In these materials, the protons conductivity
depends on the distances among PWA clusters, which in turn
depends of the weight percentage of PWA as reported by Zhou
et al [15]. As reported by these authors for PEMFCs, if the
distance among the neighbours PWA molecules is less than
17.0 A then the intermolecular proton transfer is more
predominant than intramolecular proton transfer, possibly due
to steric impediments and charge effects. EXAFS studies of
PWA immobilized in ormosil corresponding to the first and
second coordination spheres of the Tungsten absorption edge
Ly (W-Lyp) shown interatomic distances at the intervals
1.26A-2.10 A and 2.35 A-4.45 A respectively [40]. Among
these distances there are ones that do not correspond to PWA,
so indicating the presence of other atoms (isolated or in
combination) different from those present in the structure
[PW1,040]" as Tungsten (W), Phosphorus (P) and Oxygen (O)
[40]. In the study reported by Kelen Aguiar et al, Wide angle
X-ray scattering (WAXS) measurements for the
PDMSUr-PWA films shown some diffraction halos,
nonetheless they also presented crystalline peaks on top
surface (APTES and PWA induce crystallization) [11]. For
these materials, the WAXS results shown three peaks, centred
at around 206=7°, 18°, and 29° corresponding to the
d-spacings (inter-unit distances) of 12.6 A (semi-crystalline
structure), 4.9 A and 3.08 A (both related to amorphous
polyhedral oligomeric silsesquioxane POSS cage structures)
respectively *. PDMS diffraction patterns present two halos at
around 12.8° and 22.6°, also presented in WAXS experiments
for PDMSUr “, which indicate that their microstructure is
amorphous [13]. If there are continuity of domains
(semi-crystalline/amorphous) could attain the conditions in
order to be regarded as pathways of conduction in the protons
network [1]. The presence of PWA (negative charge)
significantly increases the positive charge accumulated on
silica surface and channels (correlated also to the formation of
functional groups) through electrostatic interactions [14-15].
The knowledge of structure of PWAs and their corresponding
protonic conductivity induced in hybrid material domains (e.g.
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through channels) constitute paramount parameters in order to
understanding these transfer processes [1]. One model for the
distribution of PWA channels in PDMSUr-PWA films was
presented in the study reported by Elguera et al [26].
FEG-SEM images corresponding to the thickness of the
PDMSUr-PWA films revealed that between 35 to 55% PWA of
content a significant change in their morphology occur [9, 12].
HPAs can performed as crosslinkers and nano-enhancers (e.g.
of the clusters), being able of increase the elastic modulus of
polymer that acts as matrix (in this case PDMSUr) hundreds of
times [1, 12]. In PEMs based on PWA-meso-silica
nanocomposites the average distances between PWA particles
are function of PWA content. The morphology of
nanochannels distribution (formed by PWA—polymer hybrid
domains) and the networks (hydrogen bonds) among HPAs
and polar groups (-O—, -O=S=0-, —SO;H, —OH) existent
determine the proton conductivity in PEMs [1]. From TEM
results of PEMFCs based on silica and PWA, for 20 wt/wt%
PWA and 80 wt/wt% PWA contents, the corresponding
distances are in the ranges 1-10 nm and 1.0-1.5 nm
respectively. FEG-SEM  images  correspondent  of
PDMSUr-PWA films containing 45 wt/wt% and 55 wt/wt%
has shown distances (approximately) between PWA
agglomerates at the ranges 2-13um and 1-4 pm respectively
[26]. TEM characterization would be necessary in order to
compare the distances between PWA nanoparticles (with those
mentioned above), besides also for the knowledge of the
morphologies and distributions of PWA nanoparticles
agglomerates at scale of nanometers in PDMSUr-PWA films
[15]. The high concentrations of PWA may affect the
morphology and proton transport of the PEMFCs [1]. Insofar
the PWA contents increase, the corresponding distances
between PWAs decrease, leading to an enhancement of proton
conductivities. According to the model proposed by Zhou et al,
the proton conductivity remains unchanged when the PWA
content on meso-silica is above 67 wt/wt% [15]. According to
the model proposed by Elguera et al for the PWA distribution
at PDMSUr-PWA films, for PWA contents > 50%wt/wt the
intermolecular proton transfer pathway would be predominant,
due to that the distance among PWA clusters are minimized
and also their presence at surface, in consequence the
segregation at thickness is very significant [26]. On the other
hand, for PWA contents <35%wt/wt, the intramolecular
proton transfer pathway would be predominant, and according
to Elguera et al this PWA concentration level the tungsten
segregation at surface of these films is prevalent, probably
based on the electrostatic interactions among PWA with
ORMOSIL and amines groups [26]. For these reasons,
PDMSUr-PWA films can be considered as potential
candidates for use as membrane fuel cells. For these reasons,
PDMSUr-PWA films can be considered as potential
candidates for use as membrane fuel cells.

4.6.2. PDMSUr-PWA Films as Hydrogen/Bromine Cells
H,-Br, electrochemical system constitute one of the most

efficient Fuel cells. The presence of Bromine —evidenced by

XRF (from laboratory and Synchrotron) and Volumetric

analyses — and also of the protons (provided by PWA, as
mentioned above), can make PDMSUr-PWA films potential
candidates for H,-Br, Fuel cells systems. The voltages found
for Hydrogen-Bromine Fuel Cells are in the range 0.96-1.18V,
while for PDMSUr-PWA films the maximum values are in the
range 0.98-1.25V [10, 54, 55]. Thus, these films would be
suitable for PEMFCs, in addition of the contribution of
electrochemical system H,-Br,. At the same concentration
level of Bromine [0.3M], the comparison of the overall
potential curves corresponding to the PDMSUr-PWA film
containing 35wt/wt% PWA, and to the Membrane Fuel Cell
(MFC) found in literature, are observed similar profiles (see
Section S12 at the Supplemental Material), but the film
exhibits power densities slightly higher (8-16%) than value
referenced for MFC [13]. These films could be performed as
H,-Br, Fuel cells operating up temperatures 120°C
approximately, take in consideration the boiling point of
Hydrobromic acid mentioned above in the section 4.2.4. In
order to establish which specie (s) of Bromine are present (—
C-Br-, -C-Br,, Br,, HBr, PDMS-Br, PDMS-Br,, among
others) in PDMSUr-PWA films is necessary referencing to the
results of characterization techniques found in literature:

Ultraviolet-Visible  absorption  spectroscopy: From
comparison the UV spectra of PDMSUr-PWA film containing
35% wt/wt PWA with the standards of Bromine atomic [56],
bromide anion (Br") [57], and dibromide anion (Br,") [58] at
the visible light region, only the molecular ion could provide
indicatives about the presence of Br, (see Section S11 at the
Supplemental Material).

Infrared absorption spectroscopy: From section 4.2.4, there
are indicatives of the presence of PDMS-Br. On another hand,
there is no indicatives of presence of APTES-Br, HBr and Br..
For alkyl halides (—C—X- bond, where X: F, CI, Br, I), -C-X
vibration frequencies appear in the region 850-515 em’. In
terminal alkyl halides, the —CH,—X group appear at range
1300-1150 cm™. The spectrum of PDMSUTr obtained by our
research group show the bands corresponding to PDMS
segment in the region of 800-1300 cm™ [9, 10]. Absorption in
the region 690-515 cm’' corresponds to a —C—Br— stretching
vibration, but due to the instrumental limitations sometimes it
is not able to be observed at IR-spectrum [59]. The
interactions —Br—Br— would not show up in an IR spectrum
due to that those vibrational motions do not change the dipole
moment of the molecule. However, at 319 cm’! and 360 cm'l,
can exist for non-harmonic movements corresponding to the
Br, molecule as gas and solution respectively [59]. The
segment —CBr, present vibrational frequencies (bent structure)
at 595.0 and 640.5 cm’. Bry(s)+ present vibrational
frequencies at 293 and 297 cm™ [59]. In the case of interaction
between PWA and groups that contained Bromine (there are
indicatives, from SR-uXRF maps in Figure 4 and also Section
S4 at the Supplemental Material), the segment PBr, present
vibrational frequencies (bent structure) at 369.0 and 410cm’
[59]. Demonstrate the interaction between Bromine and
Phosphorous (—Br-P-), from corresponding IR bands,
indirectly give us indicatives of interactions Bromine and
Tungsten, due to that molecular PWA structure keeps intact
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inside of PDMSUr-PWA films [11]. For the case of interaction
between Silicon and Bromine (there are indicatives, from
SR-uXRF maps in Figure 5 and also Section S5 at the
Supplemental Material), the segment 2*SiBr, present
vibrational frequencies (bent structure) at 402.6 and 399.5cm™
[59]. Interactions between Bromine and Oxygen (bent
structure) present vibrational frequencies at and 504 and 587
em” for -Br—O-Br— (sol); 865 and 375 cm™ for (-O— Br-0-)";
710 and 320 cm™ for (-O-Br—O-)-; 1484.0 cm™ for —-O— O—
Br; 3589 cm’', 1164 cm’, and 626 cm™ for H-O-Br; 805,
810,790, and 418 cm™ for [BrOs]; 1828, 757, 512 and 425
cm” for OCBr, [59]. Features in the ranges 750-500 cm™ and
500-250 cm™" are found in spectra of PDMSUTr and precursors
(CCPDMS) [9, 11]. Referent to the Hydrobromic acid (HBr),
the corresponding range of bands is 2700-2650 cm™, which
presence cannot be evidenced. Nonetheless, at 1038 and 1420
em” correspond to interactions Br—H-Br [59, 60]. FTIR
spectra of PWA show very strong vibrational bands in the
region of 7001100 cm . It is clear that pure PWA crystal
exhibits four characteristic bands, such as 1080 cm™' (v P-0),
981 cm™' (v W-0d), 889 cm™' (v W-Ob-W), and 802 cm™" (v
W-0c-W) [61].

PWA

' PDMSUr matrix

------------------ Interactions between Br isolated or contained and PWA
: Interactions between Br isolated or contained and PWA

Figure 7. Representation of the possible structure of PDMSUr-PWA films,
considering Bromine species distribution. The size of the compounds is out of
proportion for mere illustrative effect.

Mass Spectrometry: from the revision of MALDI-TOF-MS
spectra of PDMSUr matrix [9], we have indicatives of the
possible presence of Bromine species (considering their
corresponding isotopes "’Br and *'Br) of Br, Br,, and HBr (see
Table S4 Section S11 at the Supplemental Material).

EXAFS and XRD: EXAFS studies of Bromine are
necessary in order to estimate their corresponding interatomic
distances with Tungsten, as also which of their coordination
spheres would be the closest to Br in PDMSUr-PWA films. As
an estimative, from EXAFS studies of PWA clusters hosted in
ormosil membranes was inferred that there are distances
non-pertaining to the Keggin structure of PWA [40]. For the
first and second coordination spheres of Tungsten the
corresponding interatomic distances —-W—O- are in the ranges
1.26-2.10A and 2.35-4.45A respectively. According to the
literature, the corresponding interatomic distances of —-Br—Br—
in organic crystal units obtained from X-ray diffraction (XRD)
are in the range 2.436-2.705 A. Thus, there would be some
possibility of interaction of molecular Bromine (Br,) and
Tungsten at the second coordination sphere of this last element.
The average interatomic distances —W—Br— obtained by XRD
in the clusters of Bromine and Tungsten compounds as
[W¢Br;4] and Na[WOBrg] are in the ranges 2.569-2.608 A
and 2.577-2.634 A [62] respectively.

SR-uXRF: from the corresponding maps SR-uXRF of
Br-K,+ W-L, lines (Figure 4), and Br-Kz+W-M, lines (see
also Section S4 at the Supplemental Material), we could infer
about interactions external and internal respectively between
the distributions of electronic densities of Br and W. The
external and internal distributions patterns are opposite
between them, being the proximity between these elements
(common regions) more significant for internal shells. In
external distribution patterns the presence of isolated Bromine
regions is significant, from which could indicate the existence
Van der Waals interactions (or loosely bonds) instead of
covalent chemical bonds with Tungsten. Taking in
consideration EXAFS results mentioned above, the chemical
interactions of those elements would be possible from second
coordination shell of Tungsten mainly. Thus, the hypothesis
considered is that inside of PWA Keggin structure (at the first
coordination sphere of Tungsten) could contain some atoms of
Br (in isolated form or contained in short-chains of
hydrocarbons), which are entering or exiting of this structure,
interacting via electrostatic forces, supported in the model of
proposed by Kozhevnikov [50]. At outside surrounds of the of
Keggin structure of PWA, at the second coordination sphere of
Tungsten (2.35-4.45A) [40], would be viable the interactions
with Bromine, as molecular form (Br,) and/or linked to
medium and/or long-chains of hydrocarbons, via forces
electrostatics and/or Van der Waals. These last forces are
significant for polymers/copolymers, where the contact
surface among the molecule clusters is significant. Van der
Waals radius for Bromine is 1.85 A [63]. This value is in the
range of interatomic distances corresponding to the first
coordination sphere of Tungsten (1.26-2.10A), as PWA hosted
in ormosil [40], reason for what there would be possible the
presence of Van der Waals forces among molecules or atoms
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of Br and W inside of Keggin structure. At higher coordination
spheres of Tungsten increases the possibility of Bromine
interactions with other elements, thus, diminishing the
respective spatial correlation patterns (coverture) between Br
and W, as also increasing their corresponding interatomic
distances. Based on that was discussed, Figure 7 depicts the
hypothesis of the structure of PDMSUr-PWA films,
considering the different Bromine species (containing Br or
Br,) that can interact with PWA clusters.

Figure 8 shows the models of distribution of Tungsten and
Bromine in PDMSUr-PWA films as function of PWA content:

slevel e,

PDMSUr (25.0% PWA)

A '.ﬂ
ﬂ

® e ®

oy

ol Wy
e e @

Tungsten . m
(from PWA) -

Figure 8. Models of Batteries based on Tungsten (as PWA) and Bromine
distributions for PDMSUr-PWA films as function of PWA content: a)
15.3%wt/wt, b) 25%wi/wt, c) 35%wt/wt, d) 55%wt/wt.

Below is shown the description of these systems for

application as Fuel Cells, based on the Tungsten (as PWA) and
Bromine distributions in the PDMSUr-PWA films.

A. At 15% PWA: For this configuration, at surface there is
highly presence of non-polar forces (weak
intermolecular interactions) and lightly presence of polar
forces (Coulomb interactions, interactions among
permanent dipoles, and ones between permanent and
induced dipoles) [9-12, 40]. For this PWA content, it is
possible establish a set of films can be connected in a
series configuration for use as PEMFC, in order to take
advantage of that the main PWA distribution is localized
at thickness of these films mainly. For use as H,-Br, cells,
the corresponding films can be connected in a parallel
configuration, taking in consideration that Bromine are
localized at surface of these films mainly.

B. At 25% PWA: For this system, at the surface there is
lightly presence of non-polar and polar forces. For this
PWA content, it is possible establish a set of films can be
connected in a series configuration for use as PEMFC as
well as H,-Br, cells, taking in consideration that for
Tungsten their distribution is share between the surface
and thickness, while that for Bromine their
corresponding distribution is localized at thickness of
these films mainly.

C. At 35% PWA: For this system, at the surface would
predominate highly the non-polar and polar forces. For
this PWA content, it is possible establish a set of films
can be connected in a parallel configuration for use as
PEMFC, taking in consideration that for Tungsten (as
PWA) their distribution is localized mainly at surface of
these films. For use as H,-Br, cells, the films can be
connected in a series configuration, taking in
consideration that their corresponding distribution is
localized between the surface and thickness.

D. At 55% PWA: For this system, at the surface there is almost
non-presence of non-polar and polar forces. For this PWA
content, it is possible establish a set of films that can be
connected in a series configuration for use as PEMFC as
well as H,-Br, cells, taking in consideration that for
Tungsten and Bromine their corresponding distributions are
localized at thickness of these films mainly.

5. Conclusions

This study based on multiple analyses (EDXRF, WDXREF,
SR-uXRF and Volumetric titration) has evidenced the
presence of Bromine (Br) in the complex system that
constitute PDMSUr-PWA films. SR-uXRF has proven to be
a very useful method of analysis in order to monitor the
Bromine distributions in the PDMSUr-PWA films.
SR-uXRF maps of spatial correlation of common regions
Bromine + Tungsten (at the ranges [1-8.3] %PWA and
[35-55] %PWA) and Bromine + Silicon (at the ranges
[1-15.3] %PWA and [35-50] %PWA) shown there are
heterogeneous distribution patterns mainly. Besides of this
these common regions constitute indicatives the possibility
of inter-elemental interactions between the corresponding
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pairs of elements mentioned above. More in depth studies are
necessary in order to know if the Bromine is trapped in the
three-dimensional of silicates and phosphotungstates
network as atomic, ionic and/or molecular form. From
EDXRF, WDXRF, SR-uXRF results, it can conclude about
the inverse relationship between the of Bromine and
Tungsten intensities. There is segregation of Bromine at
surface and through the thickness of PDMSUr-PWA films,
which is function of PWA concentration. At incident angles
range [0°-0.50°] of the X-ray beam there are indicatives of
segregation of Bromine at the top surface of these films. At
25% PWA, there is significant segregation of this chemical
element through the thickness, being even more at 55% PWA.
The presence of Bromine in PDMSUr-PWA films can be
correlated with their adhesive, thermal-insulator and
anti-corrosive properties. The films containing 1%, 35%,
40-50% PWA are candidates as anticorrosive coatings and as
inert materials under the presence of polar chemical reagents,
based on the significant Bromine presence at surface. The
films containing 25% and 55% PWA would be suitable for
thermal insulators, based on the significant Bromine
presence at thickness. PDMSUr-PWA films can constitute
systems for the storage of energy based on the synergy of
PEMFCs and also of H,-Br, multiple micro-fuel cells.
Nonetheless, more in-depth studies are necessary in order to
characterize = the Bromine species present (e.g.
High-resolution Infrared and Raman spectroscopies), as also
their local chemical and electrochemical environment

(EXAFS and Voltammetry/Potentiometric  Titration
respectively).
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