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Abstract: This work presents the application of the methodology for the sensitization of surface
acoustic wave-based sensors (SAW), developed in the first part of this work. The strategy of the
method is the obtention of sensing layers with tailored chemical environments by taking advantage of
the wide variety of chemical composition of the organic polymers, which have been used as sensing
polymers, and combining them with polyurethane (PU) to form polymeric composites that show
enhanced properties as sensing materials for the SAW sensor technology. In the first part of this
work, the ultrasonic and adhesion characterization was correlated to the sensor responses of PU-
polybutylmethacrylate (PBMA) composites of different relative concentrations of the sensing polymer
(PBMA) and PU. The resulting coating layers obtained with the PU polymer composites improved
the chemical and mechanical properties of the sensing layer without interfering with the quality
of their sensor responses in comparison to those with the pristine polymer as the sensing material.
In this second part of this work, three new polyurethane polymeric composites were analyzed.
The new sensing materials were produced using polylaurylmetacrylate (PLMA), polyisobutene
(PIB), and poly(chlorotrifluoroethylene-co-vinylidene fluoride) (PCTFE) as the sensing polymers
combined with PU. The results of the new PU polymer composites showed consequently different
properties depending on the type of sensing polymer used, reproducing, however, the previous
features achieved with PU and polybutylmetacrylate (PBMA) composites, like the improvements
in the adhesion and the resistance against an organic solvent and preserving, in each case, the
sensor response characteristic of each sensing polymer used, as was also observed for the PU-PBMA
polymeric composites. The results obtained with the new sensing materials validated the strategy
and confirmed its generalization as a very suitable methodology for the sensitization of SAW sensors,
strongly indicating the applicability and reliability of the method, which makes possible the choice of
virtually any chemical environments for the sensitization of SAW sensor systems.

Keywords: polymeric sensing layer; chemical sensitization; coating analysis

1. Introduction

SAW sensors have been largely employed in chemical and gas sensing due to their
sensitivity, precision, fast responses, and affordable cost. This includes the detection of
chemical warfare agents, explosives, organic and inorganic vapors, and environmental
monitoring to detect diseases, just to mention a few from the wide range of the gas sensing
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applications of the SAW sensors [1-5]. The SAW technology for gas sensing has been
continuously improving, mostly through the development of many new sensing materials
that have enhanced the properties of the SAW sensors [6].

The SAW sensor element usually consists of a piezoelectric substrate where contact
and interdigitated electrodes are patterned over the surface. The design and structure of the
IDT used in this work were optimized to enhance the sensor responses [7]. The electrical
circuit provides the mechanical energy through the electrodes to create the acoustic waves
that propagate on the surface of the piezoelectric substrate and are monitored by the circuit.
By the operation of the SAW sensor system, changes on the surface of the substrate on
the molecular level by the interaction with the analytes can be detected as frequency and
attenuation changes through ultrasonic measurements. The resulting mass loading effect,
which changes the acoustic velocity and, subsequently, affects the frequency shift, is utilized
for sensing purposes [8,9]. The surface of the SAW sensor element should, therefore, be
sensitized by the deposition of a suitable coating layer to create, ideally, the appropriate
chemical environment for the interaction with the target analytes. Through this mechanism,
SAW sensors can sense interactions on the surface with a very high sensitivity [10,11].

The development of the SAW sensor systems continues, mostly to improve and dis-
cover new sensing materials and the coating process. Once the electronics and the hardware
of the system have been adequately developed to support most of the applications, they
will be eventually subject to a design enhancement of the sensor array or the necessary
actualization of the electronic component technology [12,13].

The main goal of the development of new sensing materials for SAW technology
is the enhancement of the selectivity of the sensors that, together with the characteristic
high sensitivity of the SAW methodology, can expand the specificity and the limits of
the detection method, as in the case of trace analytes in complex matrices [14]. The
chemical and mechanical properties of the sensing materials play a decisive role in the
performance enhancement of the SAW sensors. The achievement of selective and precise
sensor responses demands not only an optimized chemical sensing environment but also
a high uniformity of the resulting structure of the sensitized coating layer together with
a high homogeneity of the material distribution obtained by the coating process. Both
factors will account for minimizing the attenuation of the wave propagation throughout
the coated surface and advancing the sorption capacity of the sensing layer. In addition
to those features of the coated sensitized materials, a reliable reproducibility of the sensor
sensitization process, together with the necessary mechanical and chemical stability to
ensure adequate long-term sensor application, is also mandatory to enable the utilization
of the sensor system in real applications [15].

Among the wide range of sensing materials used in the SAW sensor technology for
gas sensing applications, organic polymers have been one of the most used due to their
advantages, like cost and availability [16]. The large variety of chemical compositions
available by the equally large diversity of polymers offers a large and affordable spectrum
of chemical environments. Additionally, in practice, most organic polymers can be easily
deposited over the surface of the piezoelectric substrates by most of the coating methods
used, like spray coating, spin coating, and matrix-assisted pulsed laser evaporation [17-20].

The initial use of pristine polymers as coating sensing materials gave rise to issues
of adhesion to the surface of the piezoelectric substrate elements, and dewetting of the
polymeric coating was observed, most probably due to the lack of chemical compatibility
between some polymers and the surface of the sensor substrates [21-24].

After the initial use of pristine polymers as the sole sensing materials, many studies
have been conducted looking to explore other properties of polymers than just their function
as the chemical environment for the sensitization, providing different ways of support in
composites with diverse types of materials, enhancing their properties, and giving rise to
new types of composite sensing materials for the SAW technology [25-30].

Different types of polymer composites have been presented as new classes of sensing
materials, in which the polymers are combined with various substances and materials,
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ranging from particles of chemical compounds, graphene, carbon nanotubes to quantum
dots, to mention just a few of them [26,28,31-33]. The organic polymer present in the
composites does not act as the chemical transducer itself but provides different support
functions to the sensing process. Among the polymers that have a support function in
chemical sensor technologies, polyurethanes play a coadjutant role in the transduction
of many types of sensors, enhancing sensing properties of the methods, ranging from
chemiresistive, colorimetric, pressure, and temperature to conductimetric and humidity
sensors [34—43].

In this context, we devised a methodology for the development of a new type of coating
materials for the SAW technology that can take advantage of the large possibilities of the
chemical sensing environment presented by the organic polymers as coating materials,
combined with the structuring features of the polyurethanes. These new coating materials
can be deposited by the spin coating method with high reproducibility, and the obtained
coating fulfills all the requirements of a sensing layer, yet greatly improving the sensing
possibilities for the SAW sensor technology by tailoring the chemical environment of the
coating layer and, thus, improving the sensor selectivity for any desired analyte.

New developed sensing materials are composed of polyurethane and, at least, a second
polymer that acts as the sensing polymer. In the first part of this work, we present the
results of the methodology for the polymer composites formed by PBMA as the sensing
polymer and polyurethane and their overall practical evaluation as sensing layers for
their application in the SAW technology [44]. The results for the composites of PU with
PBMA showed that the methodology generated reliable sensor coatings, with improved
adhesion and chemical resistance regarding the test of immersion in an organic solvent
(perchloroethylene), maintaining the sensitivity characteristics of the sensing polymer
(PBMA) and fulfilling all the other requirements to be used in the SAW sensor device [44].

The results for the PU-PBMA composites suggested that the presence of PU in the
composites accounts for improved adhesion to the surface of the sensor element, providing,
at the same time, a structure to the composite that can withstand the chemical resistance
and adhesion test (CAT). It was also inferred that, depending on the relative concentration
of PBMA and PU in the composite, some excess of the sensing polymer (PBMA) remained
as not nonbound in the PU-PBMA structure of the coating layer. According to the results,
this excess should be removed from the composite coating layers during the CAT [44].

In the second part of this work, the methodology was applied to other three new PU
polymer composites obtained with three other sensing polymers with distinct chemical
constitutions—polylaurylmetacrylate (PLMA), polyisobutene (PIB), and poly(chlorotrifluor-
oethylene-co-vinylidene fluoride) (PCTFE)—as a proof of concept and for the generalization
of the developed sensor sensing methodology. The results of the coating process in terms
of the behavior regarding the properties of coating layers for SAW sensors, adhesion to the
sensor surface of these new PU polymer composites, and sensor responses to chemically
different analytes were evaluated.

2. Methodology
2.1. SAW Sensor System and Piezoelectric Quartz Sensor Elements

The quartz sensor elements are highly polished piezoelectric quartz (SiO,, 37.5° cut
orientation, 0.5 mm thickness) devices with gold electrodes lithographically deposited,
with an optimized geometry [7], purchased from SCD Components, Dresden, Germany.
The SAW sensor system was developed internally and is described in the first part of the
work [44].

2.2. Chemicals
Chloroform (CAS 67-66-3), perchloroethylene (CAS 127-18-4), toluene (CAS 108-88-3),
and p-xylene (CAS 106-42-3) were purchased from Sigma-Aldrich Co. (St. Louis, MO,

USA), all having concentrations higher than 99%, and were used without further treat-
ment. Polylaurylmetacrylate (CAS 25719-52-2), polyisobutylene (CAS 9003-27-4), and
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poly(chlorotrifluoroethylene-co-vinylidene fluoride) (CAS 9010-75-7) were purchased from
Sigma-Aldrich Co., (St. Louis, MO, USA).

2.3. Coating Procedure

The deposition of the coating materials was made by dispensing 200 microliters of the
spin coating solutions (Tables 1-3) using a micropipette over the sensor element placed at
the spin coater (Laurell MS-400B-6NPP/LITE,, Lansdale, PA, USA). The spin coater was
immediately turned on at a rotation speed of 8000 rpm for 120 s for all experiments. All
parameters were precisely controlled.

Table 1. Composition of the spin coating solutions for the PU-PLMA composites.

Description PLMA/mg.100 mL—1 PU/mg.100 mL-1
PLMA_200 0.8 0.0
PU_50 0.0 0.8
PLMA_100+PU_50 0.4 0.8
PLMA_200+PU_50 0.8 0.8
PLMA_300+PU_50 1.2 0.8
PLMA_400+PU_50 1.6 0.8

Table 2. Composition of the spin coating solutions for the PU-PIB composites.

Description PIB/mg.100 mL—1 PU/mg.100 mL-1
PIB_200 0.4 0.0
PU_50 0.0 0.8
PIB_100+PU_50 0.2 0.8
PIB_200+PU_50 0.4 0.8
PIB_300+PU_50 0.6 0.8
PIB_400+PU_50 0.8 0.8

Table 3. Composition of the spin coating solutions for the PU-PCTFE composites.

Description PCTFE/mg.100 mL—1 PU/mg.100 mL—1
PCTFE_200 0.8 0.0
PU_50 0.0 0.8
PCTFE_100+PU_50 0.4 0.8
PCTFE_200+PU_50 0.8 0.8
PCTFE_300+PU_50 1.2 0.8
PCTFE_400+PU_50 1.6 0.8

2.4. Ultrasonic Measurements

The ultrasonic parameters, frequency shift and acoustic attenuation (Sp; parame-
ter), were recorded using a HF-Network Analyzer (Hewlett Packard 8712ES, Waldbronn,
Germany). The attenuation and phase transmission plots were compared with the corre-
sponding necessary parameters required for stable operation in the electrical RF oscillators.

2.5. Relative Sensor Responses with Saturated Vapors of the Analytes

The procedure and the experimental setup for the measurements of the sensor re-
sponses are described in the first part of this work [44]. The sensor responses for each
coating material were obtained by measuring the maximum frequency shift with the SAW
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sensor system for the same nine organic compounds and water as in the previous work.
The relative sensor responses were calculated by taking the signal of the sensor coated with
the pristine sensing polymer as the reference, without (purging) and with analyte sam-
pling conditions. The results for chloroform and p-xylene as the analytes are exemplarily
presented in this work. The results for the other eight organic analytes and water will be
discussed in the frame of the sensor selectivity in our future work.

2.6. Chemical Resistance and Adhesion Test (CAT)

The CAT test is a house-made test devised to investigate the stability of the polymeric
coating layer in terms of its chemical resistance to perchloroethylene, a strong organic
solvent, and, at the same time, to infer the adhesion of the polymeric layer to the sensor
element surface. The method, described in the first part of this work [44], is performed by
submitting the coated sensor elements to the limit condition of a complete immersion in a
bath of perchloroethylene for 24 h. After this, the coated sensor is left at room temperature
for twelve hours to complete the evaporation of the solvent before the measurements.

2.7. Sensor Responses Due to the Coating Itself

The sensor responses are strongly affected by the coating itself. There are two main
reasons for this: the uniformity of the coating, which results in scattering of the surface
acoustic wavefronts (toward non-parallelism), and the viscoelastic properties (or intrinsic
damping) introduced by the polymer layer material itself. In general, the attenuation
of the SAW device is increased by both effects compared with the uncoated state. If the
attenuation of a SAW device is increased, the Q-factor, of course, will be lowered as well.

2.8. Production of the Coated SAW

The SAW sensors were coated with the pure polymers (PLMA, PIB, PCTFE, and
PU) and with the corresponding PU composites, whose compositions are presented in
Tables 1-3, for the combination with PLMA, PIB, and PCTFE, respectively, using the coating
procedure described in Section 2.3. The concentrations of the polymers in each case were
determined by their solubility in solvents, to achieve the operational parameters needed
for their proper work in the sensor system to obtain their respective sensor responses.

3. Results and Discussion
3.1. Analysis of the Coating Process: Ultrasonic Parameters

The analysis of the coating performance is conducted by the interpretation of the
ultrasonic parameters, the attenuation and the frequency shift. Both parameters are used
as a practical approach to define whether the coated sensor will meet the requirements
to work properly in the sensor system. The frequency shift, which is directly related to
the mass deposited and the thickness of the deposited layer, provides information about
the mass loaded upon the sensor surface. The attenuation provides information about the
material distribution and homogeneity and about the viscoelastic properties of the coating
material. Therefore, the interpretation of these integral parameters is very important for
the analysis of SAW coating materials.

In the first part of this work [44], based on the interpretation of the ultrasonic analysis
and on the results of the CAT, some conclusions were drawn about the enhancements in
the properties of the coating layers achieved by the PU polymer composites. Scheme 1
represents a pictured visualization of the coating process to support the suppositions made
based on the obtained ultrasonic results. In the same way, Scheme 2 shows the situations
before and after the CAT suggested to support the interpretation of the CAT effect over the
sensing layers.

The results of the ultrasonic parameters obtained for the deposition of the PU polymer
composites of each tested sensing polymer (PLMA, PIB, and PCTFE) before and after the
application of the CAT are now presented and discussed.
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Scheme 1. Pictured representation of the suggested results of the spin coat deposition of the uncoated

active area of the SAW sensor element (represented on the left side), using the pristine sensing

polymer (at the upper right side) and using PU polymer composites (at the lower right side) as

coating materials. The blue units represent sensing polymer macromolecules, and the red structures

represent PU macromolecules.
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Scheme 2. Pictured representation of the suggested results for CAT for the sensors coated with the

pristine sensing polymer (above) and those coated with the PU polymer composite (below). The blue

units represent sensing polymer macromolecules, and the red structures represent PU macromolecules.

3.1.1. PU-PLMA Composites: Analysis of the Ultrasonic

Parameters

Figure 1 presents the frequency shift, before and after the CAT, obtained for the PU

polymer composites with PLMA.
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Figure 1. Frequency shift results for the coating materials with PLMA, before and after the CAT.

The results are strongly related to those obtained with the PU-PBMA composites [44].
As observed with PBMA, after the CAT, the coating layer with the pristine PLMA was
almost totally removed. Contrastingly, the presence of the PU in the composites promoted
an increase in the mass deposited compared with the mass deposited with the pristine
polymer, indicating that a cooperative effect occurs between PU and PLMA in the process
of the composite deposition.

After the CAT, a substantial quantity of the mass deposited was removed from the
surface of all the PU-PLMA composites, maintaining, however, a considerable fraction of
the frequency shift originally obtained. In the pristine PU deposition, a small reduction in
the frequency shift after the CAT was observed. All these results are in accordance with the
previous results for the PU-PBMA composites [44].

The quantitative relationship between the PLMA concentration in the coating formu-
lations and the frequency shift obtained by the deposition of the coating materials (Table 1)
and after the CAT are shown in Figure 2.

The curves of Figure 2 reproduced the profiles obtained for the same relationship in the
case of PU-PBMA composites [44], which is a strong indication of the reproducibility and
robustness of the method. The exact and reproducible quantitative relationship between
the frequency shift due to the coating layer of the composites and the concentration of
the PLMA in the coating solution, hereby indirectly represented by the volume of the
sensing polymer solution added to the coating solution, and agreement with the results
observed for the PU-PBMA composites suggest that the same mechanism is involved in
the formation of PU polymer composites.

The results for the attenuation measured for the PU-PLMA coating materials (Table 1)
are presented in Figure 3.

The results of the attenuation for the pristine PLMA and PU (Figure 3) are in accor-
dance with those observed for the frequency shift (Figure 1) of both pristine polymers,
which indicates almost complete removal of the PLMA coating, while the PU-coated sensor
maintained its coating layer almost unchanged after the CAT. These observations, again,
agree with those observed in the analysis of the PU-PBMA composites [44].

For the PU-PLMA composites, the results of attenuation for the coating process in
Figure 3 show a regular increase in their values, which can be assigned to the successive
increase in the mass deposited over the surface of the sensor elements (Figure 1). The
attenuation results after the CAT for the PU-PLMA composites, however, present a tendency
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toward the uniformization of their values. This observation suggests overall uniformity in
terms of the coating layer structure as well as in terms of the material distribution over the
sensor element surface.

FREQUENCY SHIFT x PLMA CONCENTRATION

3.0

y = 8x10°x2+ 0,0025x + 0.3701
25 R*=0.9978

B Before CAT

B After CAT
—Polynomial (Before CAT)
——Polynomial (After CAT)

g
=

y =-6x10"7x+0.0022x + 0.3001
R*=0.9814

FREQUEMCY / MHz
-
in

by
=

0.5

0.0

0 50 100 150 200 250 300 350 400 450
Volume of PLMA solution added to the coating solution / L

Figure 2. Frequency shift results for the coating materials with PLMA as a function of the volume of
the PLMA solution added to the coating solution, before and after the CAT.

ATTENUATION PU-PLMA COMPOSITES
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PLMA PLMA_100+PU_50 PLMA_200+PU_50 PLMA_300+PU_50 PLMA_400+PU_50
COATING MATERIALS

Figure 3. Attenuation results for the PU-PLMA coating materials, before and after the CAT.

Figure 4 presents the quantitative correlations of the attenuation results for the PU-
PLMA composites, before and after the CAT.
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Figure 4. Attenuation results for the PU-PLMA coating materials as a function of the volume of the
PLMA solution added to the coating solution, before and after the CAT.

A clear quantitative relationship between the attenuation and the PLMA concentration
for the coating of the PU-PLMA composites is observed (Figure 4). The results of the
quantitative correlation between the attenuation and the concentration of the PLMA in
the composites confirm the previous statements about the homogeneity in terms of the
structure and material distribution, reflected by the regular increase in the attenuation
before the CAT, which is correlated with the increase in the mass (frequency shift) of the
coating material deposited (Figure 1).

The precise quantitative correlation of the attenuation observed after the CAT (Figure 4)
confirms the tendency toward alike structures after immersion in the organic solvent. This
can be inferred by the similarity of the attenuation values obtained for the PU-PLMA
composites after the CAT (Figure 4), strongly suggesting a high similarity of the properties
of the remaining PU-PLMA composite coating layers. A possible interpretation for this
observation is that after the removal of mass from the PU-PLMA coating layers by the CAT
(Figure 1), the remaining coating layers tend toward more similar structures, presenting,
therefore, more similar attenuation values. This tendency can be seen in the profile of the
attenuation after the CAT, presented in Figure 4.

The same behavior for the attenuation before and after the CAT was observed for the
PU-PBMA coating materials [44]. Based on the present results and considering the PU as
the one responsible for the adhesion, chemical resistance, and support of the remaining
structure of the coating layer after the application of the CAT, it could be expected that
the structures of the remaining coating layers become more alike after the CAT. After the
removal of the excess of the nonbonded sensing polymer, the “CAT-resistant” PU-PLMA
composite structure will remain as the coating layer, and its structure will be very similar.

The comparison of the results for the PU-PBMA and PU-PLMA composites as coating
materials for the SAW sensor technology provided an interesting scenario because while the
two sensing polymers are made of the same backbone, they do differ by their side radicals
(butyl and lauryl, respectively). This difference in the structure of the sensing polymers
did not present any distinction in the behavior of the ultrasonic parameters of the coating
process of the SAW sensor elements. The results before and after the CAT presented the
same behavior for both sensing polymers, including the obtention of very similar profiles
for the quantitative relationship of the ultrasonic parameters in terms of the concentration
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of the sensing polymer in the coating solution. In future work, the absolute effect of the
structure of the sensing polymers in the coating materials’ properties will be addressed.

3.1.2. PU-PIB Composites: Analysis of the Ultrasonic Parameters

PIB has a completely different chemical structure from the previously analyzed poly-
acrylate polymers. PIB has a fully aliphatic hydrocarbon structure and the absence of any
organic functional group, heteroatoms, or aromatic radicals in its structure accord an apolar
character to this polymer.

Figure 5 shows the results of the frequency shift for the PU-PIB coating materials
(Table 2), before and after the CAT.

FREQUENCY SHIFT PU-PIB COMPOSITES
25
2.0
mBefore CAT
~ m After CAT
X
2 1.5
g
>
Q
=
w
2
210
&
0.5
PIB PU_50+PIB_100 PU_S50+PIB_200 PU_50+PIB_300 PU_50+PIB_400
Coating Materials

Figure 5. Frequency shift results for the PU-PIB coating materials, before and after the CAT.

The result for the pristine PU was the same as the one observed in the previous experi-
ments where the polymer showed a deposition of approximately to 0.5 MHz of frequency
shift and a little loss of this value after the CAT. For the pristine PIB, a considerable lowering
of the frequency shift was observed compared with that observed for the PLMA (Figure 1).
This result may be explained by two reasons: first, the lower mass of the PIB in the coating
solutions (Table 2), and second, the lack of affinity of the polymer to the surface of the
SAW sensor element since the lowering in the frequency shift was not proportional to the
reduction in concentration compared with the previous polymer analyzed (Figure 1).

The coating layer of the pristine PIB was almost completely washed out of the surface
of the SAW sensor element after the CAT, while the results for the composites went in a com-
pletely different direction. For the coating of the PU-PIB composites, the frequency shift re-
sults presented similar values to those obtained for the PU-PLMA composites, even though
the pristine polymers presented very distinct values of frequency shift (Figures 1 and 5)
and despite the fact that the PIB concentration in the composites was half that of PLMA
(Tables 1 and 2).

These results emphasize the role played by the PU in the formation of the composites.
Even though PIB possesses a quite distinct chemical structure, and, therefore, different
chemical affinities than the polymetacrylate polymers previously analyzed, its association
with PU gives rise to composites that show the same properties as coating materials of the
PU composites of the previous sensing polymers.

Figures 1 and 5 show that the behavior of the frequency shift in the PU composites
with both polymers before the CAT is very similar. These results indicate that PU provides,
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at the same time, the formation of an aggregate with the sensing polymer, enhancing the
mass of the sensing polymer available for the interaction with the analytes, and it enhances
the adhesion of the composites to the surface even though the sensing polymer presents a
lack of affinity and consequent poor adhesion to the surface of the SAW sensor element.

The results after the CAT show a similarity in the behavior of the PU-PLMA and
PU-PIB composites (Figures 1 and 5). Although the sensing polymers are chemically
quite distinct, the similarity observed in their behavior suggests that the PU composites are
probably formed by the same mechanism. In turn, this is an indication that the methodology
for the formation of PU polymer composites is a general procedure for the sensitization of
SAW sensors with polymeric coating layers, independently of the chemical nature of the
sensing polymer used.

The quantitative relationships of the frequency shift as a function of the PIB concentra-
tion in the coating solution, before and after the CAT, are presented in Figure 6.

FREQUENCY SHIFT x PIB CONCENTRATION

25
y =7x10°x? + 0.0014x + 0.3373
20 B Before CAT Ri=0:0072
B After CAT

g = Polynomial (Before CAT)
~ 1.5 . A
. ~—Polynomial (After CAT)
2y
o
=
=
g1o
-
-

0.5

y=-7x10%x2 + 0.0013x + 0.2316
R?*=0.9875
0.0
0 50 100 150 200 250 300 350 400 450

Volume of PIB solution added to the coating solution / pL

Figure 6. Frequency shift results for the coating materials with PIB as a function of the volume of the
PIB solution added to the coating solution, before and after the CAT.

The profiles in Figure 6 are similar to those obtained for the PU-PLMA composites
(Figure 2). Even the determination coefficients are in great agreement with both results,
confirming the robustness of the coating process and the procedures of the CAT. The
reproducibility of the profiles reinforces the argument that the formation of the PU poly-
mer composites follows the same mechanism for both polymers, which is remarkable,
considering the constitutional differences between PLMA and PIB.

The results after the CAT follow the same profile observed for the PU-PLMA compos-
ites (Figure 6), which is also an indication that the formation of the composites follows the
same mechanism, which, in turn, could lead to the formation of composites with similar
structures but with quite different compositions, and, consequently, with differences in
their properties like their viscoelastic behavior and their interactions with the analytes,
for example.

The analysis of the attenuation provides more insights into the properties of the PU-PIB
composites. The results of attenuation before and after the CAT are shown in Figure 7.

The first important observation in Figure 7 is the attenuation of the pristine PIB coating
layer, which presents a similar attenuation to that observed by the pristine PLMA (Figure 3)
but shows a lower frequency shift than that observed with PLMA. In other words, it means
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that less mass of the PIB deposited leads to a comparable value of attenuation to that
obtained with a higher mass of PLMA.
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Figure 7. Attenuation results for the PU-PIB coating materials with PIB, before and after the CAT.

This observation should be interpreted as a difference in the intrinsic properties of the
coating materials since a possible increase in the attenuation due to an irregular material
distribution by the deposition has not been found so far. The reason is, therefore, in the
differences in the constitution of the coating materials, which has a direct influence on
the attenuation.

Again, for the pristine PU coating, the results reproduced the behavior observed in all
the previous experiments. The results for the PU-PIB composites (Figure 7) reproduced
the general behavior observed with the other PU polymer composites analyzed when the
increase in the concentration of the sensing polymer in the coating solution promoted
an increase in the frequency shift, which, in turn, manifested itself as an increase in the
attenuation values.

After the CAT, the results for the PU-PIB composites presented the same tendency
toward uniformization in terms of the structure of their remaining coating layer, as previ-
ously observed for PLMA (Figure 3). The reproduction of the relative behavior observed
for the PU composites containing PLMA and PIB reinforces the argument that the same
mechanism is involved in the formation of the composites and in its deposition on the
surface of the SAW sensor elements.

Figure 8 shows the quantitative relationship between the attenuation and the PIB
concentration of the coating solution.

The attenuation measured for the coating layers obtained with the PU-PIB composites
also shows an exact quantitative relationship with the PIB concentration in the coating
solution before the CAT; however, the profile of the correlation was different than that
observed for PLMA (Figure 4). The difference in the profiles arises from the differences in
the constitution of the sensing polymers in the coating materials. As PIB has a quite different
chemical constitution than that of the polyacrylate sensing polymers previously analyzed,
the results of the attenuation reflect the differences in the properties between the sensing
materials of each sensing polymer by producing different profiles for the attenuation for
the respective PU composites as a function of the sensing polymer concentration.
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Figure 8. Attenuation results for the PU-PIB coating materials as a function of the volume of the PIB
solution added to the coating solution, before and after the CAT.

The profiles obtained for the attenuation after the CAT for the PU-PIB composites
are more alike to those observed for the PU-PLMA coating materials and both coating
materials show the tendency toward uniformization of the structure of their remaining
coating layers (Figure 4).

3.1.3. PU-PCTFE Composites: Analysis of the Ultrasonic Parameters

PCTFE-Poly(chlorotrifluoroethylene-co-vinylidene fluoride)—is a highly halogenated
polymer with the general formula [CF,CF(Cl)]x(CH,CF,)y. Considering its constitution,
it is important to evaluate the behavior of its combinations with PU as coating materials.
The homogeneity of the structures of the resulting PU-PCTFE composites (Table 3) and the
uniformity of the material distribution by the coating process as well as the adhesion of
the resulting coating layers to the highly polished quartz surface of the SAW piezoelectric
element, with its interdigitated electrode structure, together with the sensor responses of
the coating materials of the PU composites of this polymer, are now analyzed to confirm
the general application of the methodology.

Figure 9 presents the frequency shifts achieved by the deposition of the pristine
polymers (PCTFE and PU) and the PU-PCTFE composites (Table 3), before and after
the CAT.

The result of the coating with pristine PU can be taken as the control of the coating
process methodology and gives the same results before and after the CAT (Figure 9), as
observed for all the other results previously analyzed, validating the coating process in the
experiments with PCTFE.

The results of the frequency shift due to the coating (corresponding to the results
before the CAT) show consistently higher values either for the pristine PCTFE or for its PU
composites, in comparison with all the other PU polymer composites previously analyzed
(Figures 1 and 5). Considering that the conditions of the coating procedure were the
same for all the experiments, a possible explanation for increasing the mass observed by
the coating with PCTFE and its corresponding PU composites could be a very favorable
interaction between these materials and the surface of the sensor element, which would
cause more mass to be retained on the surface after the spin coating process. This hypothesis
will be discussed along with the further results.
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Figure 9. Frequency shift achieved with PCTFE, PU and the PU-PCTFE composite coatings, before
and after the CAT.

Another reason could be due to a higher density of the PCTFE and, consequently, of
its PU composites, leading to a higher mass deposited for the same volume of the coating
layer. Indeed, the density of the PCTFE is approximately double that of the other polymers
analyzed, which probably accounts for the significantly higher results of frequency shift
observed for all the coating materials containing PCTFE from Table 3.

The results for the frequency shift after the CAT for the PCTFE and its PU com-
posites were also distinct compared with those observed in the previous experiments
(Figures 1 and 5). The pristine PCTFE preserved almost all its original value of frequency
shift due to the coating, a quite distinct result in comparison with all the other polymers
and PU composites, except for those of pristine PU. All the coatings with the PU-PCTFE
composites also showed a significantly lower reduction in the frequency shift after the CAT
than those observed in the PBMA, PLMA, and PIB experiments.

These observations can be visualized in Figure 10 where the frequency shift values
before and after the CAT are plotted as a function of the volume of the polymer solution in
coating solutions.

The profiles in Figure 10 are different than those obtained for PLMA and PIB (Figures 2
and 6, respectively) and clearly show a different behavior of the PU-PCTFE composites
before and after the CAT.

The results for the pristine PCTFE (Figure 9) where the difference in the frequency
shift before and after the CAT was much smaller than that observed for the other polymers
(Figures 1 and 5) could support the hypothesis of a stronger interaction of PCTFE with
the SAW sensor element surface, as mentioned before, which could lead to less removal of
mass from the coating layer by the CAT. The removal of PCTFE from its coating layer is
much less than that observed for all the other polymers analyzed, except for PU.

In the same sense, the higher results of the frequency shift for the PU-PCTFE compos-
ites after the CAT could be explained by a favorable interaction between the PCTFE and the
PU, which, in turn, increases the interaction with the surface of the SAW sensor element
when compared with that observed for the pristine PCTFE. This leads the composites to be
more stable with respect to the CAT, causing less removal of mass from the coating layers
of the PU-PCTFE composite.
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Figure 10. Frequency shift results for the PU-PCTFE coating materials as a function of the volume of
the PCTFE solution added to the coating solution, before and after the CAT.

The results of the attenuation for the resulting coating layers with the PCTFE-based
coating materials are shown in Figure 11.
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Figure 11. Attenuation results for the PU-PCTFE coating materials, before and after the CAT.

The results of the attenuation presented in Figure 11 reveal a more significant effect of
the CAT on the coating with pristine PCTFE, wherethe reduction in the attenuation after the
CAT was more significant than that observed in the pristine PU. In general, the reduction in
the attenuation suggests that after the CAT, the coating layer tends to show a more uniform
structure, which, could be achieved by the removal of polymer units that were loose in the
structure of the coating layer. These loose polymer units on the coating structure shall be
responsible for a higher energy dispersion of the surface wave oscillation.
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The attenuation values of pristine PU after the CAT reproduced the same results as
those observed in the previous experiment with the other polymers (Figures 3 and 7).

The attenuation results for the PU-PCTFE composites (Figure 11) presented the same
behavior as those for the other polymers, PLMA and PIB (Figures 3 and 7) but showed
much less influence of the CAT. The attenuation of the PU-PCTFE composites presented
the same tendency toward the achievement of uniformity in the coating layers with the
increment of the concentration of the PCTFE in the composites, as observed for all the PU
polymer composites previously analyzed.

Figure 12 presents the quantitative relationship between the attenuation and the vol-
ume added of the polymeric solution to the coating solution for the PU-PCTFE composites,
before and after the CAT.
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Figure 12. Attenuation results for the PU-PCFE coating materials as a function of the volume of the
PCTEE solution added to the coating solution, before and after the CAT.

The profiles in Figure 12 are very exact and show a very clear quantitative correlation
between the PCTFE concentration in the composite and the attenuation values. Much less
influence of the CAT on the structure of the resulting PU-PCTFE composites can be clearly
seen from the results of the attenuation, in this case presenting a very distinct behavior
from those observed so far. It is also remarkable that the structure of the coating with
pristine PU (corresponding to the zero volume in Figure 12) is so closely correlated with
those of the PU-PCTFE composites. This fact significatively suggests that the structure
formed by the PU polymer composites is strongly correlated with that of the pristine PU,
supporting the role proposed for PU in the mechanism of the formation of the PU polymer
composites [44].

Although the results in Figure 12 show an exact correlation between the attenuation
and the concentration of the PCTFE, as was also observed in the previously analyzed PU
polymer composites (Figures 4 and 8), the profiles obtained for the composites of the three
sensing polymers analyzed are quite distinct. This fact strongly suggests that even though
the mechanism of formation seems to be the same and independent of the chemical nature
of the sensing polymers used to form the composites with PU, the resulting structures
of each distinct PU polymer combination will be quite different. The application of the
methodology provided a reliable production of fully operational SAW sensors, and the
analysis of the ultrasonic parameters before and after the CAT was able to characterize
and differentiate each type of the PU polymer composites. The results demonstrate that
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the method is very robust and reproducible, minimizing the errors in the production of
the sensors and therefore, reducing the significant cost of the loss of the expensive SAW
piezoelectric quartz elements.

3.2. Analysis of the Relative Sensor Responses

The analysis of the relative sensor responses reveals the correlation between the nature
of the composite coating materials of PU with varying quantities of the sensing polymer
and their interaction with a given analyte from the gas phase. Once the results of the
interaction with the analytes are directly correlated with the structure and the chemical
composition of the coating layers obtained with the PU polymer coating materials, the
relative sensor responses should be, therefore, correlated with the correspondent results of
the ultrasonic parameters of the respective coating material. As the analyses of the sensing
responses of the PU-polymer composites will be addressed in more detail in the sequence
of this work, the analysis of the relative sensor responses will be presented for two analytes,
chloroform and p-xylene, for the characterization of the PU polymer coating materials used
in this work regarding their relative SAW sensor responses.

Figure 13 presents the results of the sensor responses to chloroform as the analyte for
the PU-PLMA coating materials, before and after the CAT.
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Figure 13. Relative sensor responses of the PU-PLMA coating materials to chloroform as the analyte,
before and after the CAT.

The results of the relative sensor responses to the chloroform as the analyte in Figure 13
are in accordance with those of the frequency shift results for the PU-PLMA composites
(Figure 1), reproducing the same behavior before and after the CAT. The higher values of
the relative sensor responses obtained before the CAT indicate an increasing capacity of
sorption by the composite coating materials with the increment of the sensing polymer in
the composite, in agreement with the increase in the frequency shift observed (Figure 1).
This fact confirms the role of the sensing polymer in the PU polymer composite coating
materials as the one responsible for the responses of the SAW sensors and the sorption
capacity of the analytes from the gas phase.

The relative sensor responses of the pristine PLMA as well as of the coating layers
of the PU-PLMA composite coating materials originally deposited were affected by the
CAT, showing the same behavior as that observed for the frequency shift (Figure 1). The
pattern showed by the relative sensor responses to chloroform after the CAT (Figure 13)
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also suggest the same tendency toward the uniformity of the layer structure observed after
the CAT with the PU-PLMA composites in the ultrasonic results (Figures 1-4).

These statements can be visualized in the graphic of the relative sensor responses as a
function of the PLMA concentration in the coating solution (Figure 14), expressed by the
volume of its polymer solution.
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Figure 14. Relative sensor responses to chloroform as the analyte as a function of the volume of the
PLMA solution added to the coating solution, before and after the CAT.

Very exact quantitative relationships regarding the content of the sensing polymer
in the composites were also obtained for the relative sensor responses to chloroform,
before and after the CAT (Figure 14). These correlations are in perfect agreement with
the quantitative profiles obtained for the frequency shift and the attenuation for the PU-
PLMA composites (Figures 2 and 4). These observations strongly suggest that the sensing
mechanism is strongly related to the ultrasonic parameters. The same overall behavior of
the ultrasonic parameters and their correlation to the relative sensor responses observed for
the PU-PLMA coating materials were observed for the coating materials of PU-PBMA [44],
suggesting that the same mechanism for the formation of the PU-polymer composite
coating layers is involved, resulting in coating layers with similar structures generating
similar profiles for the interaction with the analytes.

The relative sensor responses for the PU-PIB composites before and after the CAT are
shown in Figure 15.

Here again, the same behavior as that for the PU-PLMA composites was observed.
The relative sensor responses to chloroform as the analyte for the PU-PIB coating materials
also agree with the behavior of its ultrasonic parameters (Figures 5 and 7).

Figure 16 presents the quantitative relationship between the relative sensor responses
to chloroform as the analyte as a function of the concentration of the sensing polymer in
the PU-PIB composites.



Coatings 2024, 14,778

19 of 27

RELATIVE SENSOR RESPONSE / %

£
=3
<

Ly
h
(=]

[
[=1
(=}

(]
h
(=]

(3]
[=]
(=)

N
<

th
(=1

0

CHLOROFORM - RELATIVE SENSOR RESPONSES

COATING MATERIALS

EBEFORE CAT
®AFTER CAT

PIB_200 PU_S0 PIB_100+PU_S50 PIB_200+PU_50 PIB_300+PU_50 PIB_400+PU_50

Figure 15. Relative sensor responses of the PU-PIB coating materials to chloroform as the analyte,
before and after the CAT.
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Figure 16. Relative sensor responses to chloroform as the analyte as a function of the volume of the
PIB solution added to the coating solution, before and after the CAT.

The exact quantitative relationship obtained for the relative sensor responses of the
PU-PIB coating materials (Figure 16) reproduces almost exactly the profile obtained for
the frequency shift, and all the observations made for the PU-PLMA coating materials
can be applied to the case of the PU-PIB coating materials. The results for both polymer
composites agree with the ultrasonic parameters, and in both cases, the behavior was very
alike, strongly suggesting that the formation of the PU-PIB, PU-PLMA and PU-PBMA
composites follow the same mechanism as that postulated for the formation of the PU-
PBMA composites [44].
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Figure 17 shows the relative sensor responses to chloroform as the analyte for the
PU-PCTEFE composites, before and after the CAT.
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Figure 17. Relative sensor responses of the PU-PCTFE coating materials to chloroform as the analyte,
before and after the CAT.

The relative sensor responses of the PU-PCTFE composites to chloroform follow the
same pattern as the results for the corresponding frequency shifts measured for these
coating materials (Figure 9), reproducing once more the same behavior observed for the
previous two PU polymer composites. The results of the relative sensor responses before
and after the CAT agree with the frequency shift results, confirming the argument about
the resulting composite structures and the respective resulting effect of the CAT on the
original deposited sensing layers for this type of composites.

Additionally, the analysis of the quantitative relationship observed between the rela-
tive sensor responses to chloroform and the concentration of the sensing polymer in the
composite presented in Figure 18 show very exact correlations before and after the CAT.

The exactness of the correlations and their agreement with the frequency shift patterns
indicate that the formation of the sensing layers of the composites follows the same mecha-
nism, and their structures are correlated with the concentration of the sensing polymer in
the composites. The same was observed for all the composites analyzed so far, for all the
families of composites, even though they are made of chemically distinct sensing polymers
in combination with PU.

The relative sensor responses to chloroform as the analyte were very high for all
sensing layers of the three PU polymer composites analyzed, which denotes a very favorable
and intense interaction.

The next analysis of relative sensor responses of the coating materials uses p-xylene
as the analyte. Figure 19 presents the relative sensor response patterns for the PU-PLMA
coating materials to p-xylene as the analyte, before and after the CAT.

Despite the fact that the relative sensor responses were lower for p-xylene than those
obtained with chloroform (Figure 13), the same patterns for the relative sensor responses
were observed for p-xylene as those obtained for the frequency shift of the PU-PLMA
composites (Figure 1) and for the relative sensor response to the chloroform as the an-
alyte (Figure 13), once again indicating the correspondence between the structures of
the composites and the frequency shift parameter and their correlation with the relative
Sensor responses.
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Figure 18. Relative sensor responses of the coating materials with PCTFE to chloroform as the analyte,

before and after the CAT.
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Figure 19. Relative sensor responses of the PU-PLMA coating materials to p-xylene as the analyte,
before and after the CAT.

Consistently, the same profiles for the quantitative relationship between the relative
sensor responses and the sensing polymer concentration in the composite were observed
(Figure 20). These profiles were in perfect agreement with the quantitative profile obtained
for the relationship between the frequency shift and the concentration of PLMA in the
composites with PU (Figure 2).
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Figure 20. Relative sensor responses of p-xylene as the analyte as a function of the volume of the
PLMA solution added to the coating solution, before and after the CAT.

Figure 21 shows the results for the relative sensor responses of the PU-PIB composites
as the coating materials.
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Figure 21. Relative sensor responses of the PU-PIB coating materials to p-xylene as the analyte, before
and after the CAT.

The relative sensor responses for the p-xylene as the analyte were much lower than
those measured for chloroform with the coating of the PU-PIB composites (Figure 15).
The patterns of the relative sensor responses for the p-xylene for the PU-PIB composites
agree with the patterns obtained for the frequency shift results for the PU-PIB composites
(Figure 5).
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Exact quantitative profiles for the relative sensor responses as a function of the PIB
concentration in the composites were consistently obtained for the results before and after

the CAT (Figure 22).
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Figure 22. Relative sensor responses to p-xylene as the analyte as a function of the volume of the PIB
solution added to the coating solution, before and after the CAT.

The results in Figure 22 reproduce the same profiles obtained for the quantitative
relationship of the frequency shift with the PIB concentration in the PU-PIB composites
(Figure 6), as observed for all the PU polymer composites investigated, strongly indicating
that the process of formation of the PU-PIB composites follows the same mechanism
observed for all the PU polymer composites previously analyzed.

Figure 23 presents the relative sensor responses to p-xylene obtained with the PU-
PCTFE composites as coating materials.
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Figure 23. Relative responses of the PU-PCTFE coating material sensors to p-xylene as the analyte,
before and after the CAT.
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For p-xylene, the relative responses of the PU-PCTFE composite sensors (Figure 23)
reproduce the same behavior observed for the results for the frequency shift for the PU-
PCTFE composites (Figure 9), following the same behavior observed for the previous PU
polymer composites.

The quantitative profiles, before and after the CAT, for the relative sensor responses as
a function of the PCTFE concentration on the composites are presented in Figure 24.
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Figure 24. Relative sensor responses to p-xylene as the analyte as a function of the volume of the
PCTEE solution added to the coating solution, before and after the CAT.

In the same way, the quantitative profile correlating the relative sensor responses and
the concentration of PCTFE in the composites (Figure 24) resembles the quantitative profiles
obtained for the frequency shift for the PU-PCTFE composite coating before and after the
CAT (Figure 10).

4. Conclusions

In this part of the work, the methodology previously developed for a practical ap-
proach to produce SAW chemical sensors using PU-PBMA composites as sensing materi-
als [44] was applied to three other different sensing polymers. The overall results of the
application of the methodology for the sensitization of the SAW sensors using the PU-
composite coating materials with PLMA, PIB, and PCTFE reproduced the results observed
for the PU-PBMA composites [44]. All the results strongly suggest that the process of the
formation of the PU polymer composites should follow the same mechanism, independent
of the chemical nature of the sensing polymer used. Even though the three newly tested
sensing polymers have quite different chemical structures and properties, the methodology
made it possible to coat the SAW sensor element with their respective PU composites with
varied compositions of the sensing polymer to obtain fully operational SAW chemical
sensors. This fact is a great advantage because the method allows for the use of materials
that would not be fully compatible with the gold-quartz surface of the SAW sensor element
and could lead to a lack of adhesion or even dewetting of the coating material. For all the
sensing polymers tested, the coating layers of the composite materials showed improved
properties in comparison with the coating using the pristine polymer. All the composites,
independently of their sensing polymers, showed enhanced adhesion to the sensor element
surface, improved chemical resistance to the organic solvent of the CAT, and enhancement
of the sensor response relative to those of the sensing pristine polymer as the coating layer.
The methodology is very simple, easy to use, and low cost, and yet very robust and highly
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reproducible, providing a reliable procedure for obtaining homogeneous coating layers for
the SAW sensor technology, in a very controlled and reproducible way. The results confirm
the possibility of the general application of the methodology, considerably expanding the
possibilities of chemical sensitization for the SAW technology since virtually any polymer
can be tailored to the surface to achieve the selectivity of the desired analytes.

In the sequence of this work, further correlations of the resulting structure and the
properties of coating layers by the formation of the PU-polymer composites as well as the
selectivity of the sensor responses as a function of the chemical nature of the composites
will be addressed.
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