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Abstract: The sensing layers for surface acoustic wave-based (SAW) sensors are the main factor
in defining the selectivity and reproducibility of the responses of the sensor systems. Among the
materials used as sensing layers for SAW sensors, polymers present a wide range of advantages,
from availability to a large choice of chemical-sensing environments. However, depending on the
physical–chemical properties of the polymer, issues about the chemical and mechanical stability
of the sensing layer have been reported that can compromise the application of sensor systems in
the long-term. The sensor properties are defined basically by the properties of the coating material
and the quality of the coating process. The strategy used to improve the properties of polymeric
coating layers for SAW technology involved the use of polyurethane (PU) in combination with a
second polymer that is responsible for the sensing properties of the resulting layer; this is obtained
by a reproducible and robust coating procedure. In this first part of our research, we used polymer
composites of different compositions of polybutylmetacrylate (PBMA) as the sensing polymer with
polyurethane. The analysis of the coating (ultrasonic parameters), the relative sensor responses and
the adhesion results for the PU–PBMA composites were determined. The ultrasonic analysis and the
relative sensor responses showed very reproducible and precise results, indicating the reproducibility
and robustness of the coating process. Accurate correlations between the results of the ultrasonic
parameters due to the coating and the relative sensor responses for the organic analytes analyzed
were obtained, showing a precise quantitative relationship between the results and the constitution of
the composite coating materials. The composites show practically no significant sensor responses to
water. The PU–PBMA composites substantially enhanced adhesion to the surface of the piezoelectric
sensor element in comparison to the coating with pure PBMA, without loss of its sensing properties.
Other PU–polymer composites will be presented in the future, as well as an analysis of the selectivity
for the organic analytes for these types of coating materials.

Keywords: chemical sensitization; polymeric films; gas analysis

1. Introduction

A lot of research has been conducted about chemical sensors and applications in
electronic nose devices. Among them, surface acoustic wave (SAW)-based sensor systems
figure to be a promising tool for gas analysis [1–3]. The main features presented by SAW
sensor systems are their high sensibility and selectivity allied to an overall low cost of
acquisition and operating, and to an easy-to-use system for the analysis of complex gas
mixtures [4,5].
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To achieve the expected sensor responses in terms of sensibility and selectivity, as well
as to achieve the requirements to make possible the use of SAW sensor systems as commer-
cial analytical devices, the properties of sensitizing the coating layer are decisive [6–8]. In
addition to selectivity toward the desired analytes, defined by its chemical composition,
the coating layer must also present chemical stability and suitable mechanical properties to
enhance the propagation of the acoustic wave over the surface and to provide long-term
stability [3,6,7]. Therefore, along with the chemical composition of the chosen coating
material, the efficiency of the coating process also determines the suitability of the structure
of the sensitizing coating layer [9].

In terms of coating materials, organic thermoplastic polymers have usually been the
most widely chosen for the sensitization of SAW chemical sensors, due to their physical
chemical properties, availability and cost, and because they can provide a wide range of
chemical environments that can match the chemical requirements for the detection of most
of analytes of interest [10,11]. This type of material also has the advantage of being easily
dissolved in a suitable solvent and applied at the quartz piezoelectric element surface by
some of the well-established coating methods [11].

In this context, a key question concerning the long-term stability of the coating layer
is the adhesion of the coating layer to the complex structure of the piezoelectric element,
especially at the active area of the sensor, composed of interdigital electrodes deposited
onto the highly polished surface of the piezoelectric quartz substrate [12]. This complex
surface shows adhesion problems with several types of coating materials, including the
commonly used thermoplastic polymers [13].

To address all of these questions, we developed a new type of coating material for SAW
sensors using polymer composites that allow the use of virtually any kind of thermoplastic
polymer as a sensing material, together with the standard coating technique of spin coating.
These polymer composites consist of polyurethane and a thermoplastic polymer as the
actual sensitizing material, which is determined by the chemical affinity of the sensor.

Polyurethanes are versatile materials with a broad and a rich chemistry. Specifically in
the field of sensors, polyurethanes find a large and diverse range of applications, mostly
combined with other materials. Examples of application of polyurethanes are found
as chemiresistive sensors [14], piezoresistive sensors [15], membrane-based sensors [16],
pressure sensors [17], temperature sensors [18], strain sensors [19], colorimetric sensors [20],
electroanalytical sensors [21], conductometric sensors [22] and humidity sensors [23],
among others. For gas sensing, polyurethane is found in chemiresistive sensors [24–31].

In most applications, the polyurethanes are not the chemical transducer themselves,
but they are used to enhance the sensor properties based on one of their chemical charac-
teristics. For example, in a chemoresistive ammonia sensor, the presence of polyurethane
significantly enhances the sensitivity, repeatability and the stability of the sensor response,
mitigating the influence of humidity without interfering with the main sensing features of
the transducer polymer [14].

In this first part of this research, we present an analysis of the performance of the
composites formed by PU and PBMA as coating materials, and the influence of the PBMA
concentration on the properties of the obtained sensing layers and the results of the coating
process itself. The results for the sensor coating obtained with the composites showed very
high reproducibility of the properties, despite its simplicity.

The obtained sensitizing layers show excellent behavior in terms of their mechanical
and chemical stability, maintaining the typical chemical affinity, precision and response
times characteristics of the sensors coated with the pristine sensing polymer. The results
also show an improvement in the adhesion with polymeric PU–composite coatings in
comparison to the sensing polymer alone, along with the achievement of all of the other
coating requirements for SAW sensor technology.

The promising results obtained with the new composites with polyurethane allow for
significant improvements in the flexibility of the choice of chemical environment for the
SAW coating layers, once the combination with the polyurethane can be achieved with
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practically any desired polymer, independently of its chemical nature, making possible
chemical “tailoring” the resulting sensing layer.

In future research, further analyses of new PU–coating composites, expanding the
application to other sensing polymers, together with the analysis of the selectivity of the
new composite coating materials, will be presented.

2. Methodology
2.1. Piezoelectric Quartz Elements

In this study, the SAW sensor element (SSE) used is made of a highly polished piezo-
electric quartz substrate with lithographically deposited gold electrodes whose design and
geometry were optimized [32] (purchased from SCD Components Dresden, Germany).

2.2. SAW Sensor Systems

The concept of the SAW sensor system, internally developed, is schematically pre-
sented in Figure 1.
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Figure 1. Schema of the SAW sensor system developed at the KIT.

The sensor system consists of eight SSEs coated with different materials and one
common, uncoated reference SSE. The system works with nine integrated high-frequency
oscillators with serial control using a special 8-fold multiplex technique. The system was
designed to perform selective gas detection by recognition of the generated signal patterns
with an appropriate multivariate statistical procedure or with use of neuronal networks,
depending on the application.

The main board of the SAW micro array (60 mm × 30 mm) is shown in Figure 2, with
three SSEs positioned over the milled channels where the gas phase-containing analytes
flow. The figure also shows the detail of a sensor element, which is a special SAW device
with a nominal fundamental resonance frequency of 434 MHz.

2.3. Chemicals

All of the solvents, chloroform (CAS 67-66-3), perchlorethylen (CAS 127-18-4), ethanol
(CAS 64-17-5), isopropanol (CAS 108-88-3), toluene (CAS 108-88-3), p-xilene (CAS 106-42-3),
tetrahydrofurane (CAS 109-99-9), ethyl acetate (CAS 141-78-6) and acetone (CAS 67-64-1),
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA); all had concentrations
higher than 99%, and were used without further treatment. PBMA (CAS 9003-63-8) was
purchased from Sigma-Aldrich Co. The polyurethane (polymeric methylenediphenyldi-
isocianate and polyether–polyester basis) was obtained from Büfa Company, Oldenburg,
Germany.
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2.4. Coating Method

The deposition of the sensitive polymer coatings was carried out by dissolving the
polymers in toluene at the desired concentration, and distributing 200 microliters of the
polymer solution over the SSE placed in the spin coater (Laurell MS-400B-6NPP/LITE,
Lansdale, PA, USA) using a micropipette. The spin coater was immediately turned on at a
rotation speed of 8.000 rpm for 120 s for all of the experiments. All of the parameters were
precisely controlled.

2.5. Ultrasonic Measurements

The ultrasonic parameters of each SAW device before and after coating were recorded
by comparing the frequency transmission lines with a network analyzer (Hewlett Packard
8712ES, Palo Alto, CA, USA), and the ultrasonic parameters, frequency shift and the
acoustic attenuation (S11 parameter) were measured.

2.6. Sensor Responses Due to the Coating Iteself

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 wave fronts (towards 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 to the uncoated state. If the attenuation
of a SAW device is increased, the Q-factor, of course, will be lowered as well.

2.7. Relative Sensor Responses with Analyte-Saturated Vapors

The sensor responses (and the relative sensor responses) were obtained by measuring
the maximum frequency shift observed for each analyte, which in this study consisted
of water and nine different organic substances representative of different chemical func-
tions: chloroform, perchloroethylene, isopropanol, ethanol, toluene, p-xylene, ethyl acetate,
acetone and tetrahydrofuran (THF).

In this research, we used a stream of saturated vapor of each analyte at a constant
temperature of 24 ◦C, which was supplied to the sensor system by a homemade multi-
solvent array (Figure 3). This procedure makes it possible to submit the sensor array to a
constant, reproducible and high concentration of the vapor. The multi-solvent setup allows
for automatic testing of a sequence of five analytes.

The determination of the maximum frequency shift of the sensors for a given analyte
was carried out via exposure of the sensor system to ten cycles of 10 s each of the stream
of the saturated vapor of the analyte. The measurement of the maximum frequency shift
for the analyte is made at the end of the tenth cycle, when a steady state with a constant
analyte concentration on the vapor stream has been achieved.
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Figure 3. Scheme of the multi-solvent array designed to measure the frequency response of the
saturated vapors of potential analytes.

For a better comparison between the experiments, and to evaluate the influence of
the composites on the sensor responses with that of a sensor coated with just the sensing
polymer (PBMA in this case), the relative sensor responses were used for the analyses of the
coating materials. For this, in every experiment measuring the sensor response, a sensor
coated with pure PBMA was present in the sensor array, with its signal taken as the 100%
reference value.

2.8. Chemical Resistance and Adhesion Test (CAT)

A key factor to achieving a suitable long-term utilization of SAW sensors relies on the
chemical and mechanical stability of the sensing layer. Using polymers as sensing materials,
issues about dewetting associated with the adhesion to the quartz–gold mixed surface of
the SSE have been reported [33,34]. Analyses of adhesion of thin films are complex tasks,
and most methods are destructive [35]. To make possible an investigation of the stability
of the polymeric coating layer in terms of its chemical resistance to repeated exposures to
organic vapors and, at same time, to infer the adhesion of the polymeric layer to the SSE
surface, a method was developed that submits the coated sensor elements to a limiting
condition, as follows.

After the coating with the material to be tested, the coated sensor element is completely
immersed in a bath of perchloroethylene (PER) for 24 h. After this time, the sensor is left
at room temperature for twelve hours to the complete evaporation of the solvent. PER
was chosen because it can solubilize all of the thermoplastic polymers used. After this
procedure, all of the sensor properties were measured to compare with the results before
the immersion in the PER bath.

2.9. Production of the Coated SAW Sensors

The coated SAW sensors were obtained with pure polymers (PBMA and PU) and
PU–PBMA composites with different compositions, using the spin coating procedure. After
this, the ultrasonic analysis and the determination of the relative sensor responses with
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the saturated vapors for the nine organic analytes and for water were made, using the
multi-solvent array procedure. For the coated sensors, after being submitted to the CAT,
the same sensor properties measurements were performed.

Table 1 describes the compositions of the solutions used in the spin coating solutions
to produce the coated SAW sensors.

Table 1. Compositions of the polymer solutions for spin coating.

Description PBMA/mg·100 mL−1 PU/mg·100 mL−1

PBMA_200 0.8 0.0

PU_50 0.0 0.8

PBMA_100 + PU_50 0.4 0.8

PBMA_200 + PU_50 0.8 0.8

PBMA_300 + PU_50 1.2 0.8

PBMA_400 + PU_50 1.6 0.8

3. Results and Discussion
3.1. Ultrasonic Parameters Analysis

The ultrasonic parameters, attenuation and resonance frequency shift obtained for
each resulting coating layer are shown in Figure 4.
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The resulting attenuation and the resonance frequency shift of the pure polymers
differed as expected, due to differences in the viscoelastic properties in the case of different
polymer-induced damping, and due to differences in the mass deposited by each coating
starting from solutions of different polymer concentrations.

Both the results of the attenuation and the frequency shift are in good correlation
with the concentration of the polymers in the spin coating solution (Table 1). The coating
procedure shows results consistent with the increment of the deposited mass, in agreement
with the increment of the concentration of the polymers in the spin coating solution. The
results show that the coating method provided a reliable production of sensors, with a
good degree of accuracy for the obtained values of attenuation and of the frequency shift.
This is important, for both ultrasonic parameters must be within the required range for the
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sensor system electronics to function. These results were confirmed by every repetition of
the coating process, and showed excellent reproducibility.

3.2. Ultrasonic Parameters after the CAT
3.2.1. Frequency Shift

Figure 5 presents the changes in the frequency shifts before and after the CAT for all of
the coatings described in Table 1. From Figure 5, it can be seen that the coating with PBMA
as the single polymer has its coating layer practically removed after the CAT, while for all
of the coating layers containing PU in pure form or in one of the PU–PBMA composites, a
substantial quantity of their coating material was retained after the CAT.
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Figure 6 presents the frequency shifts after the coating process as a function of the
volume of the PBMA solution added to the spin coating solution. The zero volume refers
to no addition of PBMA, when only the PU solution was added to the spin coating solu-
tion. In this research, it was seen that the increase in the volume of the PBMA solution
causes a consequent increase in the deposited mass, as expressed by the increase in the
frequency shift.

The curve in Figure 6 is a third-degree polynomial interpolation that very accurately
describes the behavior of the frequency shift in terms of the PBMA quantities in the spin
coating solution, represented by the volume of PBMA added to the solution.

These results show a very precise relationship between the concentration of the poly-
mers in the spin coating solution and the mass of the coating layer deposited, which is
directly related to the frequency shift results. The precision observed in the results also
indicates the reliability of the coating process.

The same analysis was carried out for the results of frequency shifts after the CAT.
Figure 7 shows a graphic for the linear interpolation for the obtained values of frequency
shift after the CAT for the PU–PBMA composites. The results show a high degree of
correlation (R2 = 0.995) between the observed frequency shift and the polymer concentration
in the spin coating solution; in this case, however, the correlation is linear in its form.
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The results after the CAT showed a very precise correlation and a clear profile for the
relationship between the composition of the spin coating solution and, in this case, the
remaining mass of the coating layer after the CAT.

Figure 8 presents the profiles for the relationship of the frequency shift and the polymer
concentration in the spin coating solution, observed before and after the CAT, for a better
comparison of the difference between the originally deposited and remaining mass of the
coating layers after the CAT.
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In addition to the fact that the mass of the coatings was removed to some extent in
all of the PU–PBMA composites after the CAT, the linearity obtained for the data of the
frequency shift against the polymer concentration in the spin coating solution after the CAT
(Figure 7) showed a different behavior than that observed before the CAT, as presented in
Figure 6.

A possible explanation for these observations could be as follows. When the spin
coating solution is converted into the coating by the removal of the excess dispensed
polymer solution and solvent, the remaining relative concentration of the polymer and
its respective spatial distribution will form the resulting PU–PBMA composite, whose
constitution is closely correlated to starting spin coating solution.

The fact that the coating layer with only PBMA was washed out after the CAT and does
not occur when the PU is the only coating material of the layer (Figure 5) indicates that the
presence of PU is responsible for the observed resistance to the CAT. This is reinforced by
the fact that all of the formulations containing PU and PBMA presented a higher resistance
to the CAT than for the coating with only PBMA.

From the results, it can be inferred that after the formation of the coating layer with
the composite materials, the most of the polymer are in the form of the composite, where
the PU accounts for two effects: the enhancement in the adhesion of the coating layer to
the surface, and the entanglement with the PBMA in such a structure, which makes the
composite resistant to the CAT. However, some quantity of the PBMA is still in a free form
in the coating layer, being not completely bonded in the form of a composite with PU.
Therefore, this part of the unbonded PBMA could be removed from the coating layer by
the CAT.

This assumption can explain why some mass is removed by the CAT from the PU–PBMA
composites coatings (Figure 8), and why the curves of the frequency shift as a function of
the PBMA concentration before (Figure 6) and after the CAT (Figure 7) presented different
quantitative profiles.

In all of the coating solutions of the PU–PBMA composites, the PU quantity was
maintained constant and the PBMA quantity was increased, as shown in Table 1. By the
assumption of the formation of PU–PBMA composites, for a given mass of PU there would
be a limit for the proportion between the PU and PBMA, which can lead to a composite with
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a stable structure that is resistant to the CAT. In the case of a larger excess of PBMA, it is
expected that a larger quantity of this polymer will be not incorporated into the composite
structure, remaining as free PBMA. This statement can explain the observation that the
more the PBMA is increased in the formulation, the larger is the mass removed from the
layer on the sensor surface (Figure 8).

It is important to note that the all of the results of the frequency shifts before and after
the CAT show a high degree of reproducibility and precision, confirmed by the profiles
obtained as a function of the concentration of PBMA on the composites.

3.2.2. Attenuation

The results for the attenuation for each coating before and after the CAT are shown in
Figure 9.
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The attenuation results provide information about the influence of the coating layer
on the propagation of the surface acoustic wave over the active area of the sensor element.
From the results before the CAT, the coatings layers with just the PBMA and PU polymers,
the attenuation had practically the same value (Figure 9), indicating that both coatings
present the same behavior regarding the propagation of the surface wave.

For the layers of the PU–PBMA composites, the results of the attenuation before the
CAT increased with the concentration of the polymers, as expected. However, the form of
the relationship between the attenuation and the concentration of the PBMA again resulted
in an exact profile, as presented in Figure 10.

The profile obtained for the attenuation as a function of the polymer concentration is
in the same form from that observed for the frequency shift (Figure 6). This observation, as
expected, confirms that the increase in the attenuation was due to the increase in mass that
occurs with the increase in the polymer concentration on the coating solution.

However, the important result in this study is the exact correlation observed in
Figure 10, suggesting that the increase in the attenuation is just due to the increase in
the effective mass over the SSE, and not due to other structural effects like differences in the
morphology of the composites’ coating layers, or to possible differences in the homogeneity
of the material distribution over the active surface of the SSE. The results indicate the
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homogeneity of the formation of the composite layers and of their resulting structures, as
well as the reliability of the coating procedure.
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Figure 10. Attenuation as a function of the volume of PBMA in the coating solutions of the composites.
As made for the results of frequency shift (Figure 6), the curve in this figure is an interpolation by a
third-degree polynomial.

This can be better visualized by graphing attenuation versus frequency change for
the PU–PBMA composites (Figure 11) before the CAT. The observed correlation indicates,
therefore, that the increase in attenuation for the composites is due just to the increase in
mass on the surface.
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From the results before the CAT, it can be inferred that the PU–PBMA composites
present high homogeneity in their process of formation, thus resulting in coatings with
similar structures. The coating procedure provided a homogeneous distribution of the
material over the surface, which did not show any influence on the attenuation results.

For the attenuation results values observed after the CAT (Figure 9), the results for the
coating with pure polymers were those as observed by the frequency shift (Figure 5). The
coating with only PBMA was almost completely washed out, while the PU coating layer
showed practically no significant alteration after the CAT.

The overall reduction of the values for the attenuation observed after the CAT for the
PU–PBMA composites (Figure 9) can be explained by their respective mass reductions
suffered after the CAT, which can be inferred from the results of their frequency shifts after
the CAT (Figure 8).

Considering that the attenuation reflects an integral property of the coating layer
that results from factors like the structural homogeneity of the layer, homogeneity of
the distribution of the coating material, material quantity deposited and the viscoelastic
properties of the coating material, the PU–PBMA composites also presented consistent
results after the CAT.

With the loss of mass experienced by all of the PU–PBMA formulations after the CAT,
the coating layers of the composites became increasingly similar in terms of their deposited
quantity of material (Figure 8) and in terms of their structures, considering that practically
just the PU–PBMA composites remained after the CAT. As discussed before, the composite
layers seem to be remarkably similar in terms of their formation and, therefore, in their
structure also. Considering this, it is expected that the layers should present similar values
for the attenuation after the treatment of the CAT, as observed in Figure 9.

This argument can be used to explain why the formulations represented by 100, 200
and 300 microliters of PBMA show similar results in attenuation after the CAT (Figure 9),
while the coating obtained with the formulation with 400 microliters presented a slightly
higher value for the attenuation, probably because this layer retained more material after
the CAT in comparison to those with lower polymer concentrations.

3.3. Sensor Response Analysis

The next results present the relative sensor responses for the coating materials listed
in Table 1 for the ten substances analyzed. The relative sensor responses for chloroform,
isopropanol and water will be used to exemplify and generalize the results of the analyses
of the other analytes.

Figure 12 presents the relative sensor responses for chloroform, before and after
the CAT.

From Figure 12, the relative sensor response for chloroform by the PU-coated sensor
is smaller than the relative sensor response of the PBMA-coated sensor. This is why the
PBMA is called the sensing polymer, for the sensor responses are mostly due to its presence
and quantity in the coating materials.

After the CAT, the PU coating was preserved, with a slight increase in its relative
sensor response for chloroform. This observation will be discussed later. The relative sensor
response of the PBMA coating after the CAT was almost completely lost, while for the
PU–PBMA composites, some loss in the original relative sensor responses for chloroform
was observed (Figure 12).

The small increment observed in the sensor response for the PU sensor to chloroform
(Figure 12) contrasts, however, with the equally small loss in mass observed in the frequency
shift of this sensor after the CAT (Figure 5).

As will be seen by the subsequent results, the relative sensor responses for the PU
sensor are small for all of the analytes, which indicates an accordingly smaller sorption
of the analyte into the coating layer structure compared to that observed for the sensing
polymer (PBMA). Therefore, for the PU coating layer, the sensor responses should be more
sensitive to the superficial area of the coating layer than to the mass of the layer itself.
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Figure 12. Relative sensor responses for chloroform for the coating materials, before and after
the CAT.

In this sense, the removal of the mass observed by the immersion on the solvent
during the CAT probably “scavenged” the surface of the coating layer, which became more
irregular, leading to an increase in its superficial area, resulting in a small increase observed
in the relative sensor response.

Concerning the PU–PBMA composites, after the CAT, all of the sensors preserved
a significant part of their original relative sensor responses for chloroform (Figure 12),
reproducing the patterns observed for the results of the frequency shift due to the coating
deposition (Figure 5). The results of the sensor responses for chloroform corroborate the
assumptions made before about the formation of the PU–PBMA composites.

The agreement in the results of the relative sensor responses (Figure 12) with those
obtained for the frequency shift due to the coating process (Figure 5) indicates that the
relative sensor responses are in a direct relationship to the actual mass of the coating
layer. Although this fact would be expected, the results of the relative sensor responses
for chloroform validate the interpretation of the data, and confirm the homogeneity and
robustness of the coating process.

The quantitative relationship between the relative sensor responses for chloroform
and the added volume of PBMA in the spin coating solutions is shown in Figure 13.

The curves in Figure 13 present the same profiles observed for the results of the
frequency shift due to the coating of the sensors (Figures 6 and 7), which indicates that
the relative sensor responses for the chloroform are closely correlated to the frequency
shifts obtained by the ultrasonic measurements. The quantitative profiles obtained for
the relative sensor responses for chloroform (Figure 13) are very precise, reproducing the
same precision observed for the results for the frequency shift measurements (Figure 8).
These results demonstrate the close and precise correlation of the sensor responses with the
constitution of the coating materials.

The same analysis was performed with isopropanol as the analyte, in order to compare
with the results obtained for chloroform. The results of the relative sensor responses for
isopropanol are shown in Figure 14.
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As expected, there are differences in the values of the relative sensor responses for
isopropanol and chloroform (Figures 12 and 14). The relative sensor responses for chloro-
form are higher for all of the PU–PBMA composites than for isopropanol. These results
indicate that the coating materials may have a higher chemical affinity to chloroform in
comparison with isopropanol. The affinity of the analytes for the PU–polymer composites
will be discussed in a future study.

The same behavior was observed for the PU sensor; its relative sensor responses after
the CAT are higher than before the test, corroborating the previously made assumption.
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Despite of the chemical differences between chloroform and isopropanol, the pattern
for the relative sensor responses for both analytes present exact the same behavior with
respect to all of the coating materials (Figures 12 and 14).

Consequently, the plots of the relative sensor response for isopropanol against the
volume of the PBMA solution added to the coating solution, shown in Figure 15, present
the same profiles obtained for the chloroform as the analyte (Figure 13), and could be also
described by the same mathematical functions for the data before and after the CAT.
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This agreement between the profiles for the relative response for both analytes suggests
that the same process drives their interaction with the sensing layers and supports the
assumption of the correlation between the composition and structure of the PU–PBMA
composites.

The agreement of the profiles before and after the CAT for the relative sensor responses
as a function of the layer composition for both analytes and the results of the frequency
shift due to the coating process (Figure 8) demonstrates the influence of the constitution of
the coating layers, in terms of their mass and structure, on the sensor responses.

Before the application of the CAT, the results of the ultrasonic parameters and of the
relative sensor responses suggest that very reproducible structures are obtained with the
coating procedure. Both the ultrasonic results as well as the relative sensor responses show
a very constant and correlated behavior that is in close agreement with the actual mass of
the coating layer (Figure 8).

In the limit situation presented by the CAT, the formulations with PU lead to the
formation of stable composites with the sensing polymer (PBMA) in terms of both its
adherence to the surface and of its resistance to the organic solvent, which easily solubilizes
the pure sensing polymer.

The composites that remain after the CAT presented, in the same way, a very reproducible
behavior in terms of their relative sensor responses for both analytes for all of the PU–PBMA
formulations, even considering some loss in the mass that was originally deposited.

A possible interpretation for the different behaviors observed before and after the CAT
is as follows. For the formulations of the coating materials (Table 1), it can be expected that
different composites are formed whose composition depend on the proportion of PU and
PBMA present in the spin coating solution.
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By the spin coating process, after the dispensing of the spin coating solution, the
solvent is quickly removed from surface of the SSE, leaving part of the deposited mass as
the newly formed PU–PBMA composite, and a part in the form of free PBMA unbounded
to the structure of the composite.

The results of the original coating deposition as well as the results of the remaining
composites were very exact and reproducible, being precisely reflected in both the ultrasonic
and in the relative sensor responses results.

The results after the CAT indicate that the composites present a linear relationship
with the quantity of PBMA in the spin coating solution (represented by the volume of the
PBMA solution added), while the original mass deposited was related to the quantity of
PBMA in the form of a polynomial of third degree, as seen in the results before the CAT. To
explain the form of each profile obtained, other experiment designs and methodologies are
needed to investigate the actual structure of the deposited sensing layer.

3.4. Relative Sensor Responses for Water

Since the results for water as the analyte presented quite different behavior from those
observed for the organic analytes, they will be now be analyzed in more detail.

The first important observation is that the sensor responses for water from all of the
coating materials were almost negligible when compared with those for all of the other
nine organic analytes tested. Figure 16 provides a scale for comparison between the relative
response of the sensors for chloroform and water, showing the exceptionally low relative
responses to water by all of the coating materials. The reference is the sensor response for
the chloroform by the pure PBMA-coated sensor.
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Figure 16. Comparison of the relative sensor responses to water and chloroform for the coating
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Figure 17 shows the relative sensor responses for water as the analyte, before and after
the CAT, now with the sensor response for water by the pure PBMA sensor as the reference
(100%), as conducted for the other analytes.

The first important general observation is that the relative sensor responses for water
were significantly smaller than those observed for the other analytes. Moreover, the values
of the relative sensor responses for most of the coating materials were below that of the
reference value obtained for the pure PBMA sensor. This behavior contrasts significantly to
that observed for all of the organic analytes.
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Figure 17. Relative sensor responses for water, before and after CAT.

The next interesting results are those for the relative sensor responses for water by the
pure PBMA-coated sensor, shown in Figure 17. From previous results, it was observed that
just a small fraction of the original pure PBMA coating remained after the CAT (Figure 5).
And despite this fact, the relative sensor responses for the water before and after the CAT
were remarkably similar, indeed being a little higher after the CAT, for the sensor coated
with pure PBMA. This means that the sensor response for water was independent of the
mass of the coating layer present.

A possible explanation for these observations, together with the fact of the negligible
values of the relative sensor responses observed for water, is that the interaction may occur
just by adsorption of water at the surface of the coating layers. In contrast, the organic
analytes are absorbed into the structure of the sensing layer, and give rise to the higher
values typical of the relative sensor responses obtained for the organic analytes.

The fact that comparable or even higher relative sensor responses after the CAT were
observed for most of the coating materials (Figure 17) is also an indication that a different
process from that observed for the organic analytes governs the interactions of the water
with the coating materials.

The relationship of the relative sensor responses for water as a function of the PBMA
concentration in the spin coating solution are shown in Figure 18.

The profiles of the curves in Figure 18 are quite different from those observed
for the previous analytes (Figures 13 and 15), which also indicates a different kind of
interaction between water and the PU–PBMA composites than that observed for the
organic analytes.

3.5. Sensor Responses for the Organic Analytes

The results for the relative sensor responses obtained for all of the organic analytes
tested and water are now presented. For a better comparison, the analytes were grouped
according to their chemical functions or chemical similarities, and the results obtained
before and after the CAT are shown in separated graphics for each group of analytes.
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Figure 19. Relative sensor responses for the chlorinated substances: chloroform and perchloroethy-
lene, before and after the CAT.

The relative sensor responses for the perchloroethylene follow the pattern observed
for chloroform for all of the coating materials, before and after the CAT, reproducing the
behavior observed after the CAT due to partial removal of the coating. The values of
the relative sensor responses are comparable for both compounds, with the results for
chloroform being slightly higher.

Figure 20 presents the results of the sensor responses for the aromatic analytes.
The patterns observed for the aromatic analytes follow the same pattern as observed

for the chlorinated analytes. It is interesting to note that relative sensor response of the
pure PU sensor for p-xylene is lower than those observed for the other analytes, including
the relative sensor response of the PU sensor for toluene.

The results for the alcohols, isopropanol and ethanol, are shown together with those
for water in Figure 21.
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Figure 21. Relative sensor responses for isopropanol and ethanol, and for water, before and after
the CAT.

While the relative sensor responses of both alcohols followed the patterns obtained for
the other organic analytes, this agrees with the patterns for the frequency shifts due to the
deposition of the coating materials (Figure 8). The relative sensor responses for water show
a very distinct behavior when compared to the responses to the alcohols and all of the other
organic analytes, indicating a different mechanism of interaction, as previously discussed.

Finally, Figure 22 presents the results for the compounds acetone, ethyl acetate and
THF. These compounds are representative of the ketone, ester and ether chemical func-
tions, respectively.

The results for the relative sensor responses of these three organic analytes indi-
cate in the same way the patterns observed for the other analytes, for both conditions,
before and after the CAT. The differences observed in the values of the relative sensor
responses reflect the extent of the chemical affinity of each analyte to the coatings with the
PU–PBMA composites.

From these results, all of the organic analytes show the same patterns for the rela-
tive sensor responses for the coating materials, for both conditions, before and after the
CAT. The differences in the intensity of the relative sensor responses, probably due to the
different chemical affinities between the coatings and the analytes, do not invalidate the
reproducibility of the pattern observed. The results indicate that all of the organic analytes
appear the follow the same mechanism of interaction with each of the coating materials.
The exceptions are the results for water, which presented a different pattern from that
observed for the organic analytes, suggesting a different mechanism of interaction with the
coating materials.
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4. Conclusions

The new coating materials variants obtained from the different PU–PBMA propor-
tions (Table 1) presented results for the ultrasonic parameters that are qualitatively and
quantitatively very consistent, revealing a direct correlation with the PBMA concentration
in the coating solutions. The attenuation results show a precise correlation with the PBMA
concentration in the spin coating solution.

The frequency shift results after the CAT show a consistent loss in mass by the layers,
maintaining, however, a close relationship with the PBMA concentration in the spin coating
solutions. However, the results for the attenuation after the CAT presented a different
profile as a function of the concentration of PBMA in the spin coating solution, indicating
constancy in terms of the homogeneity of the coatings.

The relative sensor responses reproduced the profiles observed for the results before
and after CAT for the frequency shift for the materials listed in Table 1 (Figure 8), indicating
a quantitative correlation with the frequency shift. The identical profiles obtained for the
ultrasonic parameters and for the relative sensor responses indicate a closer relationship
between the composition of the spin coating solution and the resulting composition of the
obtained coating layer.

The CAT results show that all of the resulting PU–PBMA composites present a remark-
able resistance to immersion in perchloroethylene when compared to that for pure PBMA.
It is expected that the results can be extrapolated toward a chemical resistance to long-term
exposure to organic vapors. The new composite materials showed significant improvement
in adhesion in comparison to the coating using pure PBMA.

The results attest to the high reproducibility of the whole process, from the spin coating
process to the formation of the coating layer, which were preserved after the CAT. The
relative sensor responses are, as expected, due almost exclusively to the sensing polymer
(PBMA), while the PU has negligible influence on the relative sensor responses for the
organic analytes.

The results also strongly suggest that the structures of the PU–PBMA sensing layers
were formed in a very uniform and reproducible way and, even after immersion in the
organic solvent by the CAT, the coating layers of the PU–PBMA composites do not lose
their capacity for response; most importantly, after the CAT, they both showed qualitatively
and quantitatively preserved profiles for their relative sensor responses to all of the organic
analytes. These facts indicate that even though the values of the relative sensor responses
were reduced after the CAT, the structure of the composite sensing layers appeared to
be preserved.

The loss of mass observed after the CAT is due to the removal of some free PBMA,
which did not combine with PU in the form of a composite. Despite of the removal of the
free PBMA, the sensor responses of the PU–PBMA composites after the CAT showed a con-
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stant and reproducible profile for the quantitative relationship to the coating composition,
yet showed a different profile than the results obtained for before the CAT.

The PU showed two important functions: it acts as a binder to form the compos-
ite with the PBMA; and it improves the adhesion of the PU–PBMA coating layers to
the surface of the SSE. The new coating materials showed a negligible response to wa-
ter, which is important for the analyses of complex organic matrices, as is the case for
foods and other natural products, where water is eventually considered an interferent for
analytical purposes.

All of the results with the new coating materials indicate the robustness and repro-
ducibility of the coating method, which provides a reliable method for the sensitization of
SAW sensors.

In the future, the concept of composites with PU as SAW sensor coating materials will
be applied to other sensing polymers, in order to investigate the effects of the structure of
the sensing polymer on the properties of the coating layer.
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