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ABSTRACT. Benzene, toluene, ethylbenzene, and xylene (BTEX) are volatile organic compounds
that can contaminate groundwater resources, attracting significant attention due to their toxicity
for human health and environment, and requiring the deployment of groundwater monitoring
strategies. In this study, we demonstrate the selective detection of BTEX using a Surface Acoustic
Wave (SAW) sensor coated with a polymer specifically designed to selectively interact with BTEX
molecules. Since BTEX molecules can engage in m-hole interactions, we designed a polymer
incorporating perfluorophenyl groups, to promote n-hole interactions. We then show that these n-

hole interactions lead to excellent specificity of detecting BTEX contamination in water sources



over MTBE and ETBE interfering compounds. This novel approach holds promise for advancing
the accurate identification of BTEX pollutants, addressing critical concerns in water quality

assessment and management.

INTRODUCTION

Mono-aromatic hydrocarbons, specifically benzene, toluene, ethylbenzene, and xylenes
(BTEX), are regulated as pollutants in groundwater and other water sources.! These contaminants
often originate from the synthesis of other chemical compounds or release to the environment
during their use as industrial solvents. Their presence in environment can result from industrial
effluents, unintentional accidents or incidents such as oil spills, pipeline and storage leaks, or
atmospheric pollution .2* Actually, the persistent presence of BTEX compounds in air has been
reported, with these compounds being transported from the air to water bodies during rainfall.*
Ingestion of BTEX compounds has been associated with adverse health effects, including cancer,
liver damage, drowsiness, and organ irritation. Prolonged exposure to BTEX compounds has been
linked to skin and sensory irritation, respiratory problems, and central nervous system irritation.
BTEX are also recognized as highly toxic environmental compounds.

Most health or environmental protection agencies have established standards setting the highest
level of a contaminant allowed in drinking water, known as the Maximum Contaminant Level
(MCL), for BTEX. These values are approximately one part per million (ppm).® Groundwater
monitoring entails extracting water samples from wells situated upstream to the target location and
analyzing them for potential pollutants. This procedure is efficient but also time-consuming, labor-

intensive, and costly.”® In addition, the method of sampling and preserving BTEX molecules in



water is challenging due to their high volatility. A more efficient solution would be to deploy
automated sensor systems within the wells, conducting periodic assessments of water quality. On
the one hand, commercially available fluorometers® or portable gas-chromatography coupled with
mass spectrometers'? have been developed as sensitive physical tools for the detection of BTEX

in groundwater. On the other hand, chemosensors based on electrical'!-!?

or optical properties have
also been developed.!*!* Finally, quartz crystal microbalance (QCM)!> or surface acoustic waves
(SAW), both coated with polymer,!'®!7-!819 have also been used for the detection of BTEX in water,
achieving detection limits for BTEX molecules at the parts per billion (ppb) level. ! However, in
most cases, polymers used as a sensitive layer do not exhibit a tailored ability to recognize or
interact specifically with BTEX molecules because they are only able to promote non-specific
interactions with BTEX molecules. This lack of selectivity has been partially circumvented by
using signal processing.!”-?* To address the selectivity of sensors, we have developed an effective
approach combining supramolecular chemistry. Furthermore, the resulting polymer was
formulated to be compatible with uniform thin films spin coating on the surface of SAW sensors.

This combination delves into the promotion of quadrupole-quadrupole interaction,?!

a stronger
noncovalent force between BTEX molecules and electron-deficient aromatic rings than the
previously used n-7 interactions for BTEX sensing.?? We demonstrate that this strong and specific
quadrupole-quadrupole interaction, called m-Hole interaction, definitely promotes the selectivity

of the detection of BTEX analytes in water at the ppm level. The detection of BTEX molecules is

achieved by using a SAW sensor coated with a polymer designed for promoting n-Hole interaction.



EXPERIMENTAL SECTION

Synthesis of 2,3,4,5,6-pentafluorobenzylmethacrylate

7 mL of methacrylic anhydride (47 mmol) are added to 10 g of 2,3,4,5,6-pentafluorobenzyl
alcohol (1.1 eq.) The mixture is heated up to 110°C for 4 hours. After cool down the methacrylic
acid is extracted from the crude oil with a 10%(w/v) solution of potassium carbonate. The desired
compound is then isolated by distillation under reduced pressure as a colorless oil (Boiling point
104°C at 28 mBar). Yield > 90%. NMR spectra are described in Figures S1-3 in SI.

Poly(2,3,4,5,6-pentafluorobenzylmethacrylate)

The previously synthesized monomer is degassed with nitrogen for 15 min. A catalytic amount
of benzoyl peroxide is added and the reaction is heated to 100°C. The stir bar is blocked after few
minutes by the solidification of the polymer but the temperature is kept still for 2 hours. The
obtained translucid block is dissolved overnight in 15 mL of dichloromethane. The obtained
solution is precipitated in 150 mL of methanol. The filtrated white powder is dissolved again to
repeat the process twice. pPPFBMA is obtained as a white powder. NMR spectra are depicted in
Figures S4-5 in SI.

Size Exclusion Chromatography (SEC) analysis of polymers was carried out at 35°C using THF
as eluent with a complete Shimadzu set-up (including LC-20AD, DGU-403, SIL-20A, CTO-20A
and SPD-M20A). Typically, the polymer solution was prepared at 4 mg-mLand then filtered
through 0.45 pm PTFE filter (Chromafil Xtra from Macherey-Nagel) to remove insoluble residues.

Differential scanning calorimetry (DSC) were achieved by using a DSC3 apparatus from Mettler
Toledo by using Aluminum-crucibles (40mL) under a flux of nitrogen (50 mL-min-1) with a

temperature speed of 20°C-min’!.



Fabrication of functionalized SAW sensors

The sensor is manufactured on a 36°-rotated, Y-cut, X-propagating lithium tantalate (LiTaO3)
piezoelectric substrate (LT), recognized for its effective performance in liquid settings. The SAW
device is designed as a reflective-delay-line with differential measurements to reduce the influence
of temperature on readings. The aluminum interdigital transducers (IDTs) patterned on the
piezoelectric substrate have a periodicity of 40 um, leading to a working frequency f centered on
100 MHz. The echo magnitude provides a coarse delay estimate, but the fine acoustic velocity (v)
measurement is deduced from the phase measurement (¢) since a mirror patterned at distance D
from the interdigitated transducer induces a time delay t=D/v leading to =2xmxfxt. In our case,
the distance D to the mirror reflecting the strongest signal is equal to 4700 um.

Reflective delay lines are characterized in the time domain but measured in the frequency
domain using a vector network analyzer and computing digitally the inverse Fourier transform.
Figure S6 displays the reflection scattering coefficient S11 interpreted as a broad transfer function
from 95 to 105 MHz attributed to the interdigitated transducers (IDTs) and a sharp interference
pattern resulting from the sum of the echoes reflected by the mirrors back to the IDT. The
interference pattern of the multiple echoes reaches nearly -10 dB, hinting at a good impedance
matching and energy transfer from electrical to acoustic wave. The number of probed frequencies
is selected by considering the longest echo delay: when characterizing in the spectral domain over
a bandwidth B sampled with N equally spaced frequencies, then the maximum delay after inverse
Fourier transform is N/B. Here with B=40 MHz, a maximum echo delay of 5 us requires sampling
N=200 discrete frequency steps. Computing the inverse Fourier transform of this spectral domain

characterization leads to Figure S7 where the first echo insertion losses are in the -40 dB range.



Notice though that the frequency domain to time domain inverse Fourier transform spreads energy
in different parts of the chart and the insertion loss value might not be related to the classical Szi
value in the -15 to -20 dB range for lithium tantalate transmission line devices. Nevertheless, as
shown on Figure S7, the signal to noise ratio is excellent with a baseline around -70 dB, allowing
for an accurate measurement of the phase of the third echo (Figure S7, bottom, dashed vertical
line) referenced to the first echo.

To achieve the functionalization of LT substrate, LT surface as well as aluminum IDTs were
previously functionalized by Ti Prime, an adhesion promoter improving resist adhesion on oxide-
type substrates. Then, a drop of a 1,2-dichloroethane solution containing pPFBMA at a
concentration of 150 g-L! was spin-coated (acceleration, 900 rpm/s; speed, 3000 rpm; duration,
30 s) onto a diced chip including four SAW reflective delay lines in parallel for reproducibility
assessment. Finally, the film is annealed at 120 °C for 120 min. This procedure leads to the
formation of a solid thin film (thickness, 700 £ 100 nm; measured by mechanical profiler) which
covers entirely the sensing area and IDTs. The same procedure was applied for the deposition of
polystyrene used for the control experiment (purchased from Sigma-Aldrich, Mw = 280,000
g-mol™), resulting in a layer with a thickness of 330 + 50 nm.

Calibration of BTEX-water mixture

The concentration of BTEX (Benzene, Ethylbenzene, Toluene, Xylene) in water solutions was
measured using UV-visible spectroscopy, with a Perkin Elmer Lambda 365 instrument. To do this,
we first determined the molar absorption coefficient for each BTEX molecule in water. These
coefficients are as follows: Benzene absorbs at 254 nm with a coefficient of 1491 L-mol!-cm!,
Toluene at 261 nm with a coefficient of 300 L-mol!-cm!, Ethylbenzene at 261 nm with a

coefficient of 223 L-mol!'-cm!, and Xylene at 261 nm with a coefficient of 335 L-mol!-cm™!.



Then, the concentration of BTEX in the water samples used for exposing the BTEX sensor was
determined. This was achieved by sampling the mixture and analyzing it using UV-visible

spectroscopy.

RESULTS

BTEX molecules belong to the family of volatile organic compounds, characterized by their
construction around a monocyclic aromatic hydrocarbon ring comprised of six carbon atoms (refer
to Table 1). Due to the aromaticity of their core skeleton, BTEX molecules exhibit low reactivity.
Primarily, they undergo electrophilic aromatic substitution reactions, necessitating Lewis acids
(such as AICI3) or strong Bronsted acids (like sulfuric acid) as catalysts.?* This low chemical
reactivity makes BTEX molecules useful solvents in various reactions. However, this also makes
them resistant to most degradation processes by living organisms and environmental factors,
leading to their long-term persistence and consequent high toxicity.

Due to the limited chemical reactivity of BTEX molecules, developing sensitive layers with high
selectivity for these compounds is still challenging. Nonetheless, the central monocyclic aromatic
hydrocarbon ring of BTEX imparts specific physicochemical properties to these molecules. It is
notable that BTEX molecules exhibit a dual nature, acting as persistent pollutants in soils due to
their hydrophobicity (as indicated by their low organic carbon-water partition coefficient, Ko, see
Table 1), while also being soluble in water (evidenced by their low n-Octanol/Water Partition
Coefficient, Log P, see Table 1). This intriguing duality is fully elucidated by the structure of
BTEX molecules.

The higher electronegativity of carbon compared to peripheral hydrogen atoms results in an

accumulation of electron density in the delocalized n-bonds within the carbon skeleton of BTEX



molecules (see Table 1). Consequently, these molecules possess a negatively charged quadrupole
moment, facilitating strong interactions with water molecules, which are dipolar, thereby
enhancing their solubility in water.2* However, despite the importance of electrostatic interactions,
existing BTEX sensors have predominantly relied on dispersion forces, sacrificing selectivity. We
propose leveraging the specific charge distribution of BTEX molecules to design a sensitive and
selective polymer. Given that electrostatic interactions depend closely on the charge distribution
within the involved molecules, a precise understanding of molecular charge distribution is essential
for harnessing these interactions effectively. Given the electron-rich nature of the aromatic core in
BTEX molecules, they have the capability to engage in electrostatic interactions with molecules
possessing an electron-deficient aromatic ring. This interaction can be achieved by replacing
peripheral hydrogens with more electronegative elements such as fluorine, which alters the
electron distribution within the m-bond system, resulting in an electron-deficient state and
consequently generating a positive quadrupole moment for the molecule. This process creates a n-

electron-deficient void in the central region of the molecule, commonly referred to as a =-

Hole 25,26,27

Benzene Toluene Ethylbenzene | Xylenes
Formula CeHs C7Hs CsHio CsHio
Structure () é Ej (Y
Molecular
weight (¢/mol) 78.12 92.15 106.18 106.18
Density 0.8765 0.8669 0.8670 0.8685




Solubility  in
water (g/L) 170 0.50 0.15 0.15
Soil-water
partitioning
coefficient (log 1.99 2.38 2.79 2.76
Koc)
Octanol-water
partitioning
coefficient (log 2.03 2.52 3.17 3.15
P)
.. Carcinogen: | Carcinogen: | Carcinogen: | Carcinogen:
Toxicity group 1 group 1 group 1 group 1

Table 1. Physical and chemical properties and toxicity of BTEX molecules. Koc measures the
mobility of a substance in soil (low K. = strong mobility). Ko is a very important input parameter
for estimating environmental distribution of a chemical substance. P (also named Kow) measures
the ratio of the concentration of a chemical in n-octanol and water at equilibrium at a specified

temperature. Low log P (below 4.5) indicates a good affinity for water.

With the above concerns as context, we have designed a polymer, the 2,3,4,5,6-
pentafluorobenzylmethacrylate (pPPFBMA), that can be used as highly-selective layer towards
BTEX on a direct detection sensor including SAW by using m-hole interaction. Our molecular
design is based on a perfluorophenyl group, acting as the n-hole site (highlighted in red, Figure

la) and a methacrylate group, which can be easily polymerized (in blue, Figure 1a).
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n-hole group:
[~ pentafluorophenyl
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Polymerizable group:
methylmethacrylate
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Figure 1. Scheme caption. a) Molecular design for the BTEX detection. b) CPK model of a trimer
of pPFBMA including no (left) or one toluene molecule (right) and corresponding electrostatic
potential map, coloured surface from positive (blue) to negative charge (red). c) The color scale
has been chosen to highlight the increase of the electrostatic potential map of perfluorophenyl
groups of the polymers due to the presence of one toluene molecule, as highlighted by the two

arrows.
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To assess whether the molecular design we conceived can effectively detect BTEX molecules
through n-hole interaction, we optimized the geometry of a trimer of pPPFBMA using Gaussian 09
software at the B3LYP/6-311G(d,p) density functional level.?® The optimized geometry shows a
cavity formed by two pentafluorophenyl groups, resulting from the displacement of the
pentafluorophenyl ring that was initially situated between the other two rings. The distance
between two pentafluorophenyl moieties surrounded the cavity remains at 0.74 nm (see Figure 1b
and video in SI). Then, the geometry of a trimer of pPFBMA including a molecule of toluene in
the cavity was optimized. Upon calculation, the distances between the pentafluorophenyl moieties
and the toluene molecule were found to be 0.36 and 0.38 nm, respectively, whereas initially, the
toluene molecule was placed near one of the two pentafluorophenyl moieties (see Figure 1b).
These distances are longer than those calculated in the case of a C¢Hg'**CsFg dimer (0.33 nm).?’
However, toluene is found at an equidistance between two pentafluorophenyl moieties to interact
with both of them. Regarding the total interaction energy, defined as the difference in total energy
between the trimer with a toluene molecule and the trimer without a toluene molecule, the presence
of the toluene molecule leads to a stabilization of 4.46 kJ-mol!. This energy is slightly lower than
that calculated in the case of a CsHe:*-C¢Fs dimer (6.3 kJ-mol!)?’, which aligns with the longer
distance between toluene and pentafluorophenyl moieties compared to the C¢He - -CeF¢ dimer. The
five other molecules of the BTEX family can fit into the cavity formed by two pentafluorophenyl
moieties (see Figure S8 in SI).

To emphasize the role of n-Hole interaction, we depicted the electrostatic potential map of a
trimer with and without a toluene molecule (see Figure 1c and Figure S9 in SI). The color scale
for both images was chosen to highlight the pentafluorophenyl ring surrounding the toluene

molecule (Figure lc, right). It is observed that the pentafluorophenyl rings of the trimer
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surrounding a toluene molecule are more electron-rich than those without any toluene molecule in
the cavity. In addition, there is also a charge transfer from the nodal plane of pPPFBMA trimer
(including fluorine atoms) to the nodal plane of the toluene molecule included in the cavity (See
Figure S9 in SI). This reorganization of the electron density of pPFBMA trimer and toluene
molecules results from the m-hole interaction between them. To confirm this result, we also
performed DFT simulations on a trimer in which the three pentafluorophenyl rings were replaced
by phenyl rings. In this case, the toluene molecule does not remain within the cavity as observed
in the pPFBMA trimer. Instead, it is ejected from the cavity and adopts a parallel-displaced
geometry?’ to optimize electrostatic interactions between the toluene molecule and the phenyl
rings (see Figure S10 in SI). Finally, DFT simulations indicate the existence of a cavity formed
between the pentafluorophenyl groups within pPFBMA. This cavity possesses dimensions and
electronic characteristics that are suitable for selectively capturing BTEX molecules by n-hole
interactions.

pPFBMA was synthesized in two steps (Figure 2). 2,3,4,5,6-pentafluorobenzylmethacrylate
(PFBMA) molecule was prepared in high yields from methacrylic anhydride and 2,3.,4,5,6-
pentafluorobenzyl alcohol (see method section and Figures S1-3 in SI). Then, pPPFBMA was
synthesized by radical polymerization without any solvent.? pPFBMA was then isolated by

precipitation into methanol (See method section and Figures S4-5 in SI).
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Figure 2. Scheme of synthesis of the designed polymer pPFBMA.

The weight-average molecular weight (My), number-average molecular weight (M,), and
dispersity (Mw/Mu) of pPPFBMA were determined using Size Exclusion Chromatography (SEC)
analysis. For a typical polymerization time of 4 hours, My equals 117,800+1,000 g-mol!. The
corresponding M, is 30,000+5,000 g-mol!, resulting in a dispersity of 4.4+1. This dispersity is
larger than expected for a radical polymerization, which can be attributed to the absence of a

solvent that would limit monomer diffusion at the end of the polymerization process.*

The glass transition temperatures (Tg) were also determined using differential scanning calorimetry
(DSC). The experimental value of Tg is 77.5+0.5°C, falling within the range of values measured
for other fluorinated polymers.’! The low Tg of pPFBMA is due to the presence of fluorine atoms.
A polymer with low Tg is a much better candidate for sensing applications because the

absorption/diffusion/desorption of analytes is promoted by the mobility of polymer chains.!

Sensing of BTEX in water solution by using a SAW sensor
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A SAW sensor is based on SAW electrodes, which are patterned onto a lithium tantalate (LT)
substrate, acting as a reflective delay line with four Bragg mirrors introducing delays varying with
the acoustic velocity tuned by mass loading (density) and polymer stiffness.3? The sensitive layer
is made of a thin film (thickness: 700 + 100 nm) of pPFBMA deposited by spin coating onto the
LT substrate (see details in Method section). The operating frequency of the SAW sensor is 100
MHz. Since pPFBMA is spin coated and globally covers the whole SAW sensor, we have opted
for echo number 3, as it offers the optimal balance between maximizing delay and signal level
(See Figures S6-7). Hence, in all further charts, the phase evolution from its baseline is displayed
as a function of time as experiments are being conducted of exposing the SAW sensor to various
solutions. In a first experiment, we aim at demonstrating the capability of a thin solid film of
pPFBMA to detect efficiently BTEX molecules in a water solution. A typical experiment is based
on the immersion of a functionalized SAW sensor in a water solution including a chosen BTEX
molecule. The complex (real and imaginary part) transfer function of the SAW delay line is
recorded by an Agilent technologies E5S071B Vector Network Analyzer (VNA) in the 100+10
MHz range (See Figures S11-12 in SI) leading to a phase measurement with a noise (one standard
deviation) of 0.3° with a 30 second sweep duration (measurement refresh rate). The first
experiment was made by exposure of the SAW device to water containing toluene (34 ppm),
leading to a strong decrease of the phase (- 165°, Figure 3). After 45 min of exposure, the decrease
of the phase is stopped as the asymptotic limit is reached and then the SAW device is rinsed with
pure water (Figure 3) until the phase reached again the starting baseline. Then, five other cycles of
exposure to water solution including toluene molecules and rinsing with pure water have been
performed. For each concentration of toluene (varying from 10 to 35 ppm), a phase decrease is

observed (varying from -67 to -165°), depending with the concentration of toluene. After each
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rinsing, the starting baseline is reached again. The duration of the last rinsing step is 14h, in order
to investigate the stability of the thin solid film of pPFBMA grafted onto the surface of the SAW
sensor. To strengthen our hypothesis regarding the significant role of electrostatic interactions,
enhanced by the presence of a perfluorophenyl ring, we coated an acoustic sensor with a
polystyrene layer and exposed it to an aqueous solution containing 46 ppm of toluene (see Figure
13 in the SI). This exposure led to a minor phase shift of 3°, which can be attributed to nonspecific
adsorption and represents less than 1% of the phase variation observed with the pPPFBMA polymer.

The baseline was fully restored after rinsing the sensor with pure water.
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Figure 3. a) Detection of toluene in water solution. Evolution of the phase as a function of time of
a SAW sensor, functionalized by a layer of pPFBMA, exposed to water containing different
concentrations of toluene. Each concentration is indicated in ppm. All exposures are followed by
a rinsing with pure water solution. b) Evolution of the phase as a function of toluene concentration.

The slope of the red line is -4.2 + 0.1 (°/ppm), as determined by linear regression.

The capability of pPFBMA polymer to detect the four other molecules constituting the BTEX
compounds is then investigated. As in the case of toluene, each molecule has been diluted into
water and the concentration is determined by UV-visible spectroscopy. The SAW sensor is
sequentially exposed to benzene, toluene, ethylbenzene and xylene with a rinsing step with pure
water between each exposure to assess that the signal returns to baseline. The corresponding results

are depicted in Figure 4.
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Figure 4. Detection of BTEX in water solution. Evolution of the phase as a function of time of a
SAW sensor, functionalized by a layer of pPFBMA, exposed to water containing different
concentrations of isolated BTEX molecules. Each exposure is followed by a rinsing with pure

water solution.

Finally, the selectivity of pPPFBMA polymer has been investigated. The main interferents which
are commonly found in groundwater with BTEX molecules are methyl tert-butyl ether (MTBE),
ethyl tert-butyl ether (ETBE) and cyclohexane because they have been added to gasoline to replace
tetra alkyl-lead before 2000°s.%* Therefore, the effects of these interferents have to be managed
because they are expected to interact with typical sensitive coatings used in BTEX sensors. After
an exposition of the SAW sensor to a water solution containing 40 ppm of toluene (phase variation
of -148°) followed by a rinsing with pure water, the SAW sensor was then exposed to a water
solution containing 26,000 ppm of MTBE. No phase variation was observed (Figure 5). The SAW
sensor was then exposed to 12,000 ppm of ETBE, and again, no detectable phase variation was
observed. Finally, the SAW sensor is exposed to a mixture of MTBE (26,000 ppm) and toluene
(34 ppm). The phase variation is -254°. The sensor is then rinsed with pure water during 1.5h
(Figure 5). The same procedure was applied using cyclohexane (250 ppm) as an interferent. As

with MTBE and ETBE, no phase shift was observed (see Figure S14 in SI). The sensor's ability to
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detect toluene in water is not affected by exposure to these three interferents, as demonstrated by

the final exposure to water-toluene solution (see Figures 5 and S14).
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Figure 5. Specific detection of toluene in water solution. a) Evolution of the phase as a function
of time of a SAW sensor, functionalized by a layer of pPPFBMA, exposed to water containing
toluene and then MTBE or ETBE as interferent. Each exposure is followed by a rinsing with a

pure water solution. b) Insertion losses corresponding to the complete sequence described in a).
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Regarding insertion losses, when the SAW sensor coated with pPFBMA is exposed to 40 ppm of
toluene in water, the insertion losses rise by 2.3 dB. No insertion losses occur when the SAW
sensor is exposed to MTBE or ETBE in water. However, when exposed to a mixture of toluene
(40 ppm) and MTBE (26,000 ppm) in water, the insertion losses raise by 10.2 dB (Figure 5b). A
final experiment was conducted to investigate the effect of exposing the sensor, functionalized
with the pPFBMA polymer, to chlorinated solvents such as chloroform (8,000 ppm) and
tetrachloromethane (1,000 ppm). Chloroform is an excellent solvent for this polymer while
pPFBMA polymer is poorly soluble in tetrachloromethane. Following the same experimental
protocol used for standard interferents, it was observed that exposure of the sensor to an aqueous
solution saturated with either chloroform or tetrachloromethane resulted in a significant shift in

the phase of the acoustic signal (see Figure S15 in SI).

DISCUSSION

The experimental results highlight the efficiency of n-Hole interaction for the BTEX sensing.
Indeed, when the sensor coated with the polymer pPFBMA encounters varying levels of BTEX
ranging from 10 to 264 ppm, it shows significant changes in phase decrease (-67° to -350°, Figure
4). In the absence of a perfluorophenyl ring, as observed when functionalizing SAW sensors with
a polystyrene layer, exposure to an aqueous solution containing 46 ppm of toluene results in only
negligible phase shifts (approximately 3°). In addition, our system measurement noise stands at
around 0.3°, which is much lower than the fluctuations observed when exposed to different BTEX
substances. To determine the detection threshold for toluene using this pPPFBMA-coated SAW
sensor, we consider the slope of the phase variation line relative to toluene concentration, which

is approximately -4.2 £ 0.1 (°/ppm). This yields a detection threshold of around 0.1 ppm. This
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value aligns very well with the threshold of one part per million (ppm) required by environmental
agencies worldwide.® Measurements remain plagued by environmental fluctuations, most
significantly temperature, when the polymer coated areas exhibit different temperature sensitivities
than the uncoated areas used for reference, as well as hydrostatic pressure. Additionally, the
reversible nature of BTEX capture by pPFBMA is evident from the phase returning to its initial
state after rinsing with pure water. The very good sensitivity and the complete reversibility of the
BTEX sensing observed with the SAW sensor functionalized by pPFBMA is based on the n-Hole
interaction. While BTEX molecules are somewhat soluble in water, the perfluorophenyl ring's
presence of pPPFBMA results in significantly stronger electrostatic interactions with the electron-
rich aromatic rings of BTEX than with water molecules. The sensor response times and phase
variations increase with the size of the BTEX molecules (Figure 4), closely align with those
observed in a SAW sensor functionalized with a polystyrene-plasticizer pair.!” All experimental
data and numerical simulations strongly support the hypothesis that the diffusion of BTEX
compounds into the pPPFBMA polymer is enhanced, even in its glassy state, due to the stronger

electrostatic interactions facilitated by the perfluorophenyl rings of the pPFBMA polymer.

In terms of selectivity, the SAW sensor remains unresponsive to MTBE, ETBE and cyclohexane
interferents, even at high concentrations of up to 26% by mole, due to their aliphatic nature,
coupled with their high miscibility in water. However, their presence enhances the sensor acoustic
response to toluene. Notably, the phase decrease doubles when the sensor is exposed to a
toluene+tMTBE mixture compared to toluene alone (Figure 5a). However, the presence of these
interfering molecules enhances the response of the SAW sensor when simultaneously exposed to
BTEX. As demonstrated, upon exposure of pPFBMA thin solid film to a water-toluene mixture,

toluene diffuses within the polymer layer, causing a change in its viscoelastic properties, as
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indicated by the insertion losses of 2.3 dB (Figure 5b). This alteration also facilitates the diffusion
of MTBE molecules into the polymer layer, further intensifying the changes in its viscoelastic
properties as highlighted by the increase in insertion loss variations from 2.3 dB to 10 dB (Figure
5b). However, the diffusion of MTBE also increases the mass loading, resulting in a doubling of
the phase decrease as well. A similar approach was made by adding plasticizer in polymer to
increase their sensitivity thanks to the tuning of the viscoelastic properties.!” Consequently, the
presence of interferents such as MTBE or ETBE enhances the sensor sensitivity to BTEX while
maintaining its selectivity. The presence of chlorinated solvents, such as chloroform or
tetrachloromethane, also alters the viscoelastic properties of the polymer layer, leading to a phase
shift in the sensor signal. While this phenomenon might initially appear as a lack of selectivity of
the sensor toward chlorinated solvents, it is important to highlight that their presence in

groundwater represents a significant environmental pollution hazard.

CONCLUSION

In summary, this study demonstrates that n-Hole interactions serve as an effective method for
detecting BTEX molecules in water by using acoustics sensors. m-Hole interactions leverage
unique properties to enable sensitive detection that meets the standards set by global environmental
agencies. Additionally, the method is highly selective, capitalizing on the inherent characteristics
of BTEX molecules. This innovative approach paves the way for precise and sensitive detection

of BTEX in water.
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Supporting Information. All NMR spectra are fully described in the SI section (pdf file). The
additional experimental data concerning the exposition to interferent are described. The cavity in

the PFBMA trimer is highlighted in two video files (avi files).

The Supporting Information is available free of charge on the ACS Publications website.
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