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ABSTRACT: Priority substances likely to pollute water can be characterized
by mid-infrared spectroscopy based on their specific absorption spectral
signature. In this work, the detection of volatile aromatic molecules in the
aqueous phase by evanescent-wave spectroscopy has been optimized to
improve the detection efficiency of future in situ optical sensors based on
chalcogenide waveguides. To this end, a hydrophobic polymer was deposited
on the surface of a zinc selenide prism using drop and spin-coating methods.
To ensure that the water absorption bands will be properly attenuated for the
selenide waveguides, two polymers were selected and compared: polyisobu-
tylene and ethylene/propylene copolymer coating. The system was tested with
benzene, toluene, and ortho-, meta-, and para-xylenes at concentrations ranging
from 10 ppb to 40 ppm, and the measured detection limit was determined to
be equal to 250 ppb under these analytical conditions using ATR-FTIR. The
polyisobutylene membrane is promising for pollutant detection in real waters due to the reproducibility of its deposition on selenide
materials, the ease of regeneration, the short response time, and the low ppb detection limit, which could be achieved with the
infrared photonic microsensor based on chalcogenide materials. To improve the sensitivity of future infrared microsensors, the use of
metallic nanostructures on the surface of chalcogenide waveguides appears to be a relevant way, thanks to the plasmon resonance
phenomena. Thus, in addition to preliminary surface-enhanced infrared absorption tests using these materials and a functionalization
via a self-assembled monolayer of 4-nitrothiophenol, heterostructures combining gold nanoparticles/chalcogenide waveguides have
been successfully fabricated with the aim of proposing a SEIRA microsensor device.
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H INTRODUCTION quality of the world’s waters, whether groundwater, surface
water, or seawater, is affected by these priority substances
(PSs). Many molecules must therefore be monitored
frequently to control water quality. They constitute a real
threat to the environment and human health according to the
European Union Directive 2013/39/EU and the Watch List of
Decision 2015/49S5/EU with concentrations ranging from a
few ng/L to a few hundred mg/L in the case of accidental
pollution on site. In this work, we were interested in benzene,
toluene, and ortho-, meta-, and para-xylenes (BTXs). Indeed,
the BTX group presents a strong point of environmental

For several years, environmental problems caused by
population and industrialization growth have been at the
heart of the news. In particular, ocean pollution is one of the
most important challenges. It is common knowledge that a
huge amount of plastics is present in the oceans. However,
plastics are not the only pollutants present in natural water,
and even more invisible, other molecules of concern for the
health of ecosystems and humans must be carefully monitored.
In addition to industrial pollution with the discharge of
chemical products from factories, such as hydrocarbons or
persistent organic pollutants (POPs), environmental organ-

izations have highlighted an important source of water Received: September 2, 2022
pollution generated by shipping and off-shore oil and gas Accepted: November 22, 2022
operations contamination.”” These various origins of pollution Published: December 9, 2022

require the implementation of different control and remedia-
tion strategies depending on the nature of the products spilled
and the characteristics of the affected environments. The
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vigilance because of its mobility and toxicity. Exposure to BTX,
even at low concentrations, can cause damage to the nervous
system. They act as depressants and can cause drowsiness,
dizziness, fatigue, and even death. They can also cause
respiratory, genetic, and cardiac damage, as well as damage
to the excretory system.” BTXs share some acute effects but
differ significantly in chronic toxicity. These are the reasons
why their sensitive detection is the current aim of several
research groups.*™’

Currently, most of the monitoring is carried out in the
laboratory after water sampling. Detection of diluted BTXs in
water, which are often referred to as volatile organic
compounds (VOCs), with a high vapor pressure and low
water solubility, is usually performed using gas chromatog-
raphy-mass spectrometry (GC-MS) analysis or high-pressure
liquid chromatography (HPLC).*” Although the methods
used are reliable and sensitive, they are time-consuming, the
equipment is expensive, and there is always a risk of
degradation and/or contamination of the samples during
collection and storage. To carry out these mandatory
monitoring measurements, the development of technological
tools allowing rapid in situ measurements appears necessary.

Indeed, there is a growing demand for portable monitoring
systems with high stability, high sensitivity, wide detection
range, and short response times.'’”'® A number of chemical
sensors are commercially available for field measurements (e.g.,
portable gas chromat0§ra hs, surface acoustic wave sensors,
optical instruments).'>'°~"® However, in situ chemical sensors
suitable for contaminant-monitoring applications are still
lacking due to cost, multiple detection failures, actual
portability, and/or reliability for long-term detection in a
complex aquatic environment.”'” Infrared spectroscopy is a
powerful tool: a simple, reliable, fast, cost-efficient, and
nondestructive method for detecting and determining the
composition of complex samples.”> Due to the intrinsic
characteristics of optical sensors, the evanescent field is
sensitive to the changes induced by the analyte on the sensor
surface such as scattering, fluorescence, and notably
absorption. Indeed, evanescent field spectroscopy using
infrared absorption is a versatile and nondestructive analysis
technique, and pretreatment steps of samples are not required
(Figure 1)." Tt is commonly used for the detection of organic
molecules due to the presence of fundamental vibrational
transitions of these molecules in the mid-infrared spectral
range (2.5—25 pm).'>'**°

The laser beam is totally internally reflected at both sides of
the waveguide if the incident light beam is at an angle of
incidence 6, larger than the critical angle 6.. This means that
the refractive index of the waveguide n; has to be superior to
the refractive index of the surrounding medium #,, as defined
by the law of Snell-Descartes 1

n
6. = arc sin—2
n 1)

A
2xlntsin® O — nl (2)

The evanescent field has a penetration depth (d) that depends
on the angle of incidence and the refractive index of the
selenide waveguide or selenide prism #; and the polymer layer
n, (2), while the intensity of the evanescent field inside the
polymer layer follows a decreasing exponential law. The

d=
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Figure 1. Schematic of light propagation in (a) an ATR crystal and
(b) an optical waveguide.

probed thickness of the surrounding medium is of the order of
a few hundred nanometers to a few micrometers. If the
thickness of the waveguide used is of the same order as the
infrared wavelength, then the individual reflections allowed in
the ATR prism are no longer distinguishable from each other
and the evanescent field appears continuously along the surface
of the waveguide durin§ the propagation of the infrared light
within it (Figure 1).”' 7>° Due to their wide transparency in the
infrared range and their tailored refractive index, chalcogenide
glasses are attractive materials for mid-infrared (MIR) sensing
applications.”*” The feasibility of fabricating chalcogenide
waveguides for MIR detection of organic molecules in water
has been reported previously.”*”*® The surface of the
chalcogenide waveguide needs to be coated with a hydro-
phobic film to avoid the large absorption bands of water
present in the MIR range, which interfere with the specific
absorption features of the analyzed molecules. Although
different materials can be used to functionalize a surface, it
has been shown that polymers are the most suitable for the
detection of hydrocarbons.”” Functionalization is achieved by
coating the polymer on the surface of the transducer to capture
the analytes through specific affinity interactions. Several
studies have been conducted on different polymers.’*~**
According to the literature, two polymers were expected to be
suitable for the functionalization of chalcogenide-based IR
sensors: polyisobutylene (PIB) and the ethylene-propylene
copolymer (EP-co). Indeed, the polymer should not show IR
absorption bands in the characteristic regions of the molecules
to be analyzed. It should be mechanically robust, insoluble in
aqueous media, and resistant to organic compounds. It is also
necessary that the time constant of the enrichment process
does not exceed a certain limit to obtain short response times.
The polymer must also be easy to prepare, must not react with
the components being analyzed, and must have good adhesion
to a selenide-based surface. It has been reported that polymers
with low density, low glass-transition temperature, and
amorphous structure appear to be the most efficient for
hydrocarbon extraction. The most suitable polymers are those
with a high partition coeflicient, indicating the difference in
solubility of the compound between two phases. This
coefficient is significant from a thermodynamic point of view
of the preconcentration of the molecules. However, it does not

https://doi.org/10.1021/acsomega.2c05502
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reveal the kinetics influencing the response time of the sensor,
which is rather associated with the diffusion coeflicient of the
hydrocarbons in the polymer. The crystallinity, glass-transition
temperature, or density of the polymer will have a pronounced
effect on the speed of the diffusion process. Thus, for the
detection of BTX pollutants using a selenide-based transducer,
we will exploit their chemical properties and their interaction
with the polymer layers, which will thus be brought into
intimate contact with the chalcogenide waveguide and its
evanescent infrared wave. The functlonahzatlon of chalcoge-
nide planar waveguides by PIB, tested for BTX,”' needs to be
further investigated to be definitively transferred to the final IR
microsensor. In particular, it is essential to determine the limit
of detection (LOD) in the case of the ATR-FTIR spectrometer
to confirm a theoretical LOD of the IR microsensor, to
estimate precisely the analysis time, and, above all, to check the
repeatability of the cycle and its regeneration. It also seemed
important to compare the PIB to another promising copolymer
EP-co, which could replace PIB in the final device for reasons
of postprocess compatibility in microfluidics. To easily transfer
the polymer coating process without encountering any
particular difficulty when switching to selenide waveguides, a
selenide ATR prism is chosen to perform detection measure-
ments by evanescent-wave spectroscopy via ATR-FTIR
spectroscopy.

The detection sensitivity is limited when using conventional
infrared absorption detection. For example, by FTIR-ATR
spectrometry or evanescent-wave spectroscopy via IR fiber
(FEWS), an LOD in the range of 60—339 ug/L has been
demonstrated for toluene in an aqueous medium.'”"> This
LOD can be improved using an IR microsensor with an
optimized evanescent field; a theoretical study shows that the
detection threshold of toluene dissolved in water will reach a
value equal to 26 pg/L at A = 6.66 um.”>** The use of plasmon
resonance to increase the sensitivity of the IR microsensor has
not yet been studied despite the interest that can represent the
improvement of IR absorption to reduce the duration of
interaction necessary between the analyte and the light beam.
When noble metal nanoparticles are illuminated with
approprlate light, localized plasmons are generated within the
particles.’® The electric field around the particles is then
stronger than the incident field. The absorption of light being
proportional to the square of the electric field is then
reinforced, and this phenomenon is called surface-enhanced
IR absorption (SEIRA). Developments in microfluidic infrared
detection involving a SEIRA effect are promising approaches
for studying liquids with low analyte concentrations,'”* as
illustrated by Figure 2.

Nanostructured SEIRA interfaces for these microfluidic
chips are needed to give the possibility to improve the LOD by
an IR absorption enhancement effect.**® The specific
chemical affinity of chalcogenide with gold may be a key
point to develop an integrated chalcogenide optofluidic
platform with quantum cascade laser sources for exalted IR
spectroscopy.’’ "

The optical design and fabrication of the chalcogenide
waveguide proposed as the IR transducer were previously
described.”>*¥*%*! Single-mode selenide ridge waveguides
fabricated by RF sputtering and reactive ion etching coupled
with an inductive conductive plasma process were thus
designed according to the dimensions previously obtained by
simulation. Light injection and confinement experiments were
performed and optical losses were determined at 7.7 ym. The
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Figure 2. Various stages of detection and regeneration using
chalcogenide (Chg) waveguides for the propagation of the evanescent
IR wave whose sensitivity is increased by the presence of gold
nanoantennas (NAs) for IR absorption enhancement and a
hydrophobic polymer freeing from detrimental water absorption
(Step 1: SEIRA IR sensor in contact with complex water; Step 2:
hydrocarbon detection by the SEIRA IR sensor; Step 3: regeneration
of the hydrophobic polymer).

study of the coupling between the mid-IR evanescent wave
from the chalcogenide waveguide and the gold nanostructure
allowing the SEIRA effect has been previously demonstrated
theoretically.*”

Here, we will present the last achievements involving the
functionalization of chalcogenide waveguides used as IR
transducers. The aim of this study was to optimize the
functionalization of a selenide surface waveguide to improve
the sensitivity of future MIR chalcogenide sensors dedicated to
the in situ detection of organic molecules by means of a
hydrophobic polymer membrane and a SEIRA effect (Figure
2).

B EXPERIMENTAL METHODS

Polymer Coating Functionalization. The PIB was
purchased from Sigma-Aldrich, while EP-co (60:40) was
purchased from Boc Science.

The polymers were dissolved in a xylene mixture (>98.5%)
by the reflux heating method. Heating of the solution was
carried out under stirring by means of a magnetic rod and a
magnetic stirrer. Solutions of 10% w/v for PIB and around
2.3% w/v for EP-co were obtained. Trapezoidal ZnSe prisms
from PIKE Technologies (Madison, WI) were used as MIR-
transparent multireflection waveguides. They were 80 mm
long, 10 mm wide, and 4 mm high, and the angle of incidence
was 45°. The PIB was deposited on the top surface of ZnSe
prisms by spin-coating (WS-400B-6NPP-Lite Spin Processor,
Laurell Technologies, North Wales, PA), while the EP-co was
deposited by drop-coating.

The appropriate polymer thickness was estimated according
to the penetration depth d, of the evanescent field that
emanates from the ZnSe prism 3.’

i = A
P 2an[sin® 0 — (n,/n)*T? (3)

where 1 is the wavelength of the incident light, n, and n, are
the refractive indices of the waveguide (i.e., ZnSe) and the
superstrate (i.e., polymer), respectively, and 6, is the angle of
incidence. It was previously shown that polymer thickness
should be roughly three times the penetration depth to ensure
high detection sensitivity and short response times.’”** In this
configuration, the appropriate hydrophobic polymer thickness
should be around 4 ym. The polymer thickness was calculated
using a gravimetric technique 4%
m

dA (4)
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where ¢ is the thickness of the deposited polymer film, m is the
film mass, d is the polymer density, and A the coated surface
area.

BTX and 4-Nitrothiophenol (4-NTP) Solution Prep-
aration. Benzene (>99.0%), toluene (>99.5%), and ortho-
(>99.0%), meta-(>99.5%), and para-xylenes (>99.5%) were
purchased from Sigma-Aldrich. Compounds were diluted in
methanol at 50,000 mg/L each to obtain benzene, toluene, and
the three xylenes’ stock solutions. Aqueous solutions in
concentrations ranging from 10 weight ppb to 40 weight
ppm (10, 25, 50, 100, 250, S00 ppb, 1, S, 10, 20, and 40 ppm)
were prepared by diluting appropriate volumes of the stock
solutions in Milli-Q water under stirring. A solution of 4-
nitrothiophenol of concentration 107> mol-L™" was prepared.

Instrumentation and Data Processing. A Nicolet 6700
spectrometer equipped with a horizontal ATR accessory (Pike
Technologies), a ZnSe prism, and a fluid flow cell were used to
perform Fourier transform infrared measurements. Aqueous
solutions containing BTX molecules were directed onto the
functional surface of the ZnSe prism using a peristaltic pump at
a flow rate of approximately 3 mL/min. The measurement data
were recorded in the spectral range 400—4000 cm™' using a
spectral resolution of 4 cm ™. To avoid loss of hydrocarbons by
evaporation, all solutions were freshly prepared and contained
in quasi-hermetically sealed glass bottles before and during the
measurements. The characteristic bands for BTX determi-
nation are 674 cm™! for benzene, 692 and 727 cm™! for
toluene, and 741, 767, and 794 cm™! for ortho-, meta-, and
para-xylenes, respectively. The same spectrometer was used to
perform transmission measurements in order to assess the
advantages of SEIRA. The gold-coated planar waveguide was
immersed into a solution of 4-NTP and dried on air, and then,
its transmission was measured.

SEIRA Interface Fabrication and Enhancement Factor
Calculations. Gold microstructures were fabricated using the
laser interference lithography (LIL) technique with a two-layer
resin followed by a lift-off. The gold microstructures were
prepared on a chalcogenide planar waveguide deposited on a
silicon substrate. The planar waveguide consists of a cladding
layer of composition Gey SbsSeq; (named Se2) and a guiding
layer of composition Ge;oSb;;Seq, (named Se4), allowing MIR
light propagation. Fabricated gold micro- and submicrometer
structures were dots with a typical diameter of 1.4 ym and
ellipses with dimensions of about 1.4 ym for the major axis and
0.9 pym for the minor axis. As for submicrometer ellipses,
dimensions are 0.85 and 0.62 ym for the major and minor axes,
respectively. After fabrication of the gold structures on the
chalcogenide planar waveguide by the LIL technique, ridge
waveguides of different widths were then fabricated using a
classical i-line photolithographic process (MJB4 Suss Micro-
tech mask aligner) followed by a two-step dry etching
procedure using Ar (Corial 200IL) first to remove the gold
structures from the unwanted area and then a dry etching
procedure at low pressure combining reactive ion etching
(RIE) and inductively coupled plasma (ICP) etching (S sccm
CHF;, S mTorr, 75 W ICP, 25 W RF) to etch the chalcogenide
guiding layer.

Several methods exist to estimate the value of the
enhancement factor. For this purpose, we compared the
transmission results obtained with 4-NTP on gold nano-
particles and on KBr pellets. Thus, for the estimation of the
enhancement coefficient from these experiments, the following
equation was used (5).

Article
&
k SEIRA

£ (%)

According to the Beer—Lambert law, any monochromatic
radiation passing through a sample of thickness I at a fixed
wavelength satisfies the following equation (eq 6)

A =¢€lC (6)

where A is the absorbance, & is the molar absorption
coefficient, [ is the length of the sample through which the
light beam passes, and C is the concentration of the absorbing
element in the sample.

Therefore, the absorption of the SEIRA spectrum can be
expressed as follows 7

n
A =& — =€ -C
SEIRA SEIRA'g SEIRA" L 7)

where 7 is the number of analyzed moles, S is the irradiated
surface, and C, is the surface concentration, which is 3.106
mol/um? in the case of the self-assembled monolayer of 4-
NTP.*

KBr pellets containing different concentrations of 4-NTP
were thus synthesized to determine €. Indeed, the slope of the
A = {(C) curve gives us the value of &/ and I, which is the
thickness of the pellet, and can be calculated using the
following formula (formula 8)

m
prd* (8)

where m and p are the mass and the density of KBr (4-NTP
neglected), respectively, and d is the diameter of the pellet.

I=4

B RESULTS AND DISCUSSION

The various stages of BTX detection and regeneration using
chalcogenide waveguides for the propagation of the evanescent
IR wave are presented in this study (Figure 2). The objective is
to increase the detection sensitivity of the selenide-based
transducer. Two ways are explored and tested. The first is the
functionalization by a hydrophobic polymer of the surface of
the transducer in selenide, allowing one to overcome the
detrimental absorption of water, limiting the sensitivity of
detection. The second way of improving the sensitivity is
studied by considering the presence of a gold nanostructure for
IR absorption enhancement. The possibility of depositing a
hydrophobic film on a chalcogenide waveguide has been
previously demonstrated.”’ However, it remains to optimize
the nature of the polymer envisaged as well as its deposition to
determine the limit of detection of individual BTXs, to discuss
the competitivity of different polluting molecules and to
confirm its regeneration in an easy way. The coupling of these
two types of functionalization to increase the sensitivity is
possible insofar as the feasibility of the fabrication of
nanoantennas on a chalcogenide waveguide is demonstrated.
These different aspects are approached and discussed to tend
toward the manufacture of IR chalcogenide sensors of high
sensitivity and selectivity.

Detection of Aromatic Hydrocarbons by Means of
Polymer Functionalization of the Selenide IR Trans-
ducer. Comparison between PIB and EP-co Membrane. In
this study, we started by comparing the results obtained with a
PIB film with those obtained with an E/Pco film to determine
which of these two polymers allowed optimal detection. To
obtain a polymer film about S ym thick, PIB was coated on the
top surface of the ZnSe prism using a rotation speed of 500

https://doi.org/10.1021/acsomega.2c05502
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rpm and then dried overnight at room temperature under a
fume hood. The viscosity of the EP-co solution was too low to
obtain a film of about 5 ym on the surface of the ZnSe prism
by spin-coating. Using the drop-coating method, an EP-co film
with a thickness of about 5 ym was also successfully obtained
on the top surface of a ZnSe prism. However, as shown in
Figure 3, the surface appearance of the EP-co film obtained by
drop-coating is less smooth than the spin-coated film obtained
in the case of the PIB polymer membrane.

| |

2 mm

Figure 3. Microscopic images of the selenide prism top surface
(yellow part) coated with the EP-co polymer deposited by drop-
coating (a) and the PIB polymer deposited by spin-coating (b).

Then, a solution containing BTXs at 5 ppm was studied
using a ZnSe prism covered by the PIB film or the EP-co film.
Figure 4 shows the absorption peaks obtained after the
solution containing BTXs was circulated for 90 min. Detection
was slightly less efficient with the EP-co polymer membrane
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Figure 4. MIR-ATR absorption spectra of the BTX obtained with

ZnSe prisms coated with 5.0 ym PIB (in black) and 5.2 yum EP-co (in
red).

compared to that with the PIB. The fact that only the peak at
727 cm™' has a higher intensity with EP-co compared to PIB
can be explained by absorption of the polymer itself. Indeed,
the EP-co has an intrinsic absorption peak at about 720 cm™,
which, if it does not completely overlap with the one of the
BTX peaks, will nevertheless disrupt the measurement of the
peak at 727 cm™' by adding an additional contribution. The
spectra are therefore corrected for the intrinsic polymer
absorption bands using the water spectrum as a reference.

Figure 5 shows the enrichment curves of the BTX mixture at
a concentration of S ppm using a prism covered with PIB and
EP-co films about 5§ pm thick each.
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Figure S. Enrichment curves for the BTX mixture at a 5 ppm

concentration using a prism covered with PIB (a) and EP-co (b)
films.

The BTX diffusion is fast and BTXs were detected as soon
as the solution was in contact with the polymer coating (t = 0
min). Enrichment by the polymer corresponds to the pollutant
molecules extracted from the water that diffuse through the
hydrophobic polymer, i.e., the quantity of hydrocarbons in the
PIB or the EP-co. After 50 minutes of enrichment, there was a
plateau for each monoaromatic hydrocarbon. This plateau can
mean that the diffusion process reaches an equilibrium
between the incoming and outgoing molecules, ie., an
equilibrium between the molecules in solution and the free
sites in the polymer coating. Thus, benzene reached the
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Figure 6. MIR-ATR absorption spectra of the BTX mixture at 250 ppb, S ppm, and 40 ppm after an enrichment times of 90 min with PIB of S pm.

plateau after 10—20 min of enrichment, toluene after 20—30
min, followed by xylenes after 40—S0 min.

The response rate is directly related to the diffusion
coeflicient, which depends on molecule size. Therefore, the
response was nearly instantaneous for benzene, toluene, and
xylenes, which are all small molecules. Moreover, smaller
compounds (i.e., benzene) appeared to diffuse faster and
therefore reached the plateau first. It can be noticed that the
peak area of ortho-xylene was higher than those of meta- and
para-xylenes.

For concentrations from 40 ppm to 250 ppb (Figure 6),
BTXs were simultaneously and quickly detected. Spin-coating
deposition of the polymer leads to a better control of thickness
and homogeneity of the hydrophobic coating, putatively
leading to faster diffusion and therefore faster equilibrium
times. In conclusion, the limit of BTX detection obtained on a
PIB-coated ZnSe crystal was experimentally measured at 250
ppb. These results are comparable to those of other infrared
evanescent field sensors for detection of volatile organic
compounds in an aquatic environment in the literature.”

To conclude, the measurement analysis determined that PIB
was better suited considering the sensitivity for BTX detection
than EP-co. In addition to its higher sensitivity, its deposition
is also more homogeneous and is more easily achieved since its
adjustable viscosity in xylene allows deposition by spin-coating.
On the other hand, the EP-co has an absorption peak around
720 cm™', which induces additional data processing and
greater uncertainty in the detection of the peak at 727 cm™'
(toluene). However, the adhesion of EP-co on selenide
materials is confirmed, which allows an easy functionalization
of a chalcogenide platform. Moreover, the EP-co allows BTX
detection in aqueous media and could be a good candidate for
surface functionalization of chalcogenide sensors dedicated to
the detection of other pollutant organic molecules such as
chlorinated hydrocarbons.*

Subsequently, all of the results presented thereafter were
obtained using a prism covered with a PIB film about 5 um
thick.

Detection Linearity versus Concentration of the PIB
Polymer. The peak area increased with the concentration of
BTXs; as shown in Figure 7, the response is linear (correlation
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Figure 7. Peak areas of BTXs as a function of concentration after 90
min of enrichment.

coefficient greater than 0.99 for all of the BTXs) in the range
from 1 to 20 ppm as expected by the Beer—Lambert law. The
PIB response is generally linear over the 0—80 ppm
concentration range.44’48

As the response is linear in the used concentration range,
one can determine the LOD for each pollutant molecule. Thus,
LODs of 250, 235, 170, 162, and 110 ppb were obtained for
benzene, toluene, p-xylene, m-xylene, and o-xylene, respec-
tively.

Regeneration of PIB Membrane. The hydrophobic PIB
coating appears to be promising for the detection of
monoaromatic hydrocarbons; however, it has to be regen-
erated. To develop a reusable microsensor, it is necessary to
remove all molecules from the sensing surface. Figure 8 shows
the MIR-ATR spectra of a three-xylene mixture at S ppm of
each compound after 60 min of enrichment following a 60 min
rinse with distilled water. This molecule concentration was
chosen because it allowed the absorption peaks to be observed
very distinctly without using a high quantity of harmful
analytes. This rinse step leads to a total regeneration of the PIB
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Figure 8. MIR-ATR absorption spectra of xylenes (ortho-, meta-, and para-xylenes) obtained after the circulation of solutions at S ppm and distilled

water both during 60 min.

coating ready for use to detect pollutants using the same ZnSe
ATR prism in less than 40 min.

The curves are not shown here, but the same experiment
was conducted with benzene and toluene separately. The
results were similar; the regeneration times obtained were even
slightly shorter due to the fact that benzene and toluene
molecules are smaller in size than xylene ones.

Competitive Absorption Studies. Competitive absorption
studies of different polluting molecules were also conducted.
First, a solution containing one type of pollutant only
(benzene, toluene, or the three isomers of xylene) was used.
Then, a solution containing the first type of molecules plus
another one was used with the same PIB-coated ZnSe prism.
The third investigated solution was a solution of benzene,
toluene, and the three isomers of xylene together. The
pollutant concentrations were the same, ie., 5 ppm for each
molecule.

It can be seen in Figure 9 that the area of the toluene peak at
727 cm™' is almost constant during the experiment. The
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Figure 9. ATR measurements with alternatively a toluene (T)
solution, a benzene and toluene (BT) solution, and a solution with
benzene, toluene, and xylenes (BTX) at S ppm each.

toluene peak area at 692 cm™' increases with the addition of
xylenes. This is due to the overlap of this peak with the 690
cm™! meta-xylene peak. Finally, the obtained absorption peak
areas are pretty much the same as those obtained when all of
the pollutant molecules are inserted at the same time.

The measurements were also carried out by changing the
order of introduction of the BTX molecules. These experi-
ments do not reveal any significant competition between these
different volatile hydrocarbon molecules. Indeed, the peaks are
not impacted by the addition of other molecules, and the peak
areas corresponding to the first molecules introduced are
almost constant during the experiment, whatever the order of
introduction of the molecules.

Detection of BTX in Seawater. Studies were carried out to
ensure that the constituents of salt matrices did not interfere
with the detection of the molecules nor with the regeneration
of the polymer. ATR measurements were carried out with a 5
ppm solution of BTX in seawater followed by a rinse with a
distilled water (Figure 10). The results are in agreement with a
previous study performed in complex matrices such as seawater
and groundwater.”!

Although rarely studied, a major aspect enabling selenide
sensor development is the possibility of regenerating the
polymer for such complex matrices. The PIB polymer
regeneration after immersion in complex natural matrices is
achieved without particular difficulty in about 30 min.

Functionalization of the Selenide IR Transducer by
Gold Nanostructures for SEIRA Effect. However, the
detection limit currently reached using the polymer membrane
by ATR-FTIR (BTX LOD range: 300—50 ppb) is still too high
if it is to be used not as a warning sensor but as a real-time
measurement for lower concentrations. Thus, the sensitivity of
future sensors must be improved using an IR integrated
platform to decrease the LOD in the range of 50—10 ppb. If we
want to gain further in the detection limit because some optical
sensors must be able to detect BTX concentrations on the
order of a few ppb, it is then time to look for a new
technological breakthrough.

Previous studies showed that chalcogenide glasses are
efficient substrates for carrying out SEIRA experiments.
Indeed, gold nanoparticles and gold nanoantennas were
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Figure 10. ATR measurements with alternatively a 5 ppm BTX in
seawater solution and a distilled water.

deposited on chalcogenide glasses (Ge,sSb,(Sess and As,S;) by
direct current sputtering and electron-beam lithography,
respectively. These heterostructures have resulted in an
enhancement factor for the detection of the NO, symmetric
stretching vibration band of 4-NTP at 1336 cm™" of about 24
(nanoparticles) and nearly 10° (nanoantennas).”” >

Nanostructure Fabrication on a Selenide Surface. The
approach developed for this study consisted in fabricating the
nanostructures before transferring the waveguide, allowing it to
work on flat chalcogenide substrates. This approach made
possible the use of photolithography techniques and in
particular LIL technique, which, combined with the lift-off
technique, allowed for obtaining structures of high reprodu-
cibility and well controlled dimensions. To date, while LIL is
large-scale compatible, it has been for a while until 2014*
seldom used for plasmonic structure fabrication.’® The
structures were also modeled and characterized after
fabrication, and in a free field, a network effect or coupling
between particles is rather observed. The quality of the
structures is attested by the homogeneity of the diffraction at
the edge of the structures (Figure 11).

SEIRA Effect of Heterostructure Selenide Planar Wave-
guide. To assess SEIRA benefits on prepared selenide planar
waveguide, we used a self-assembled monolayer of 4-NTP
randomly oriented with the strongest absorption bands located
at 1336 and 1512 cm™' assigned to NO, symmetric and
antisymmetric stretching modes, respectively. Figure 12 shows
that 4-NTP was detected with a substrate coated with gold,
which was not the case with the bare substrate. An exaltation
factor of around 150 could be observed. The results obtained
in our study are comparable to those obtained with As,S; bulk
glass.”

Described results are promising for the possible improve-
ment of the sensitivity of the future sensor. Nevertheless, it has
to be noted that the results were obtained by infrared
spectroscopy on a planar waveguide.

SEIRA Chalcogenide Sensor Manufacturing. To realize the
SEIRA chalcogenide sensors, a theoretical study was performed
to design single-mode structures in the MIR and to optimize
the evanescent part of the waveguide modes.*””" Indeed, the
3D model described the section of the waveguide before the
region containing the transducers (ie, metallic particles
arranged on the surface of the waveguide for mid-infrared

Figure 11. Holographic ellipses and integrated dots. Background
image in the dark field of an array of micron gold ellipses resonating at
7 um (a). Example and submicron ellipses achievable by LIL and the
lift-off technique (b). Integrated holographic dots on a chalcogenide
waveguide (c).
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Figure 12. Absorbance spectra of 4-NTP on a chalcogenide
waveguide coated by gold nanoparticle substrates.

detection), the transducer region itself, and the downstream
part of the selenide waveguide. To fabricate depicted SEIRA
integrated sensor, the gold nanoplots deposited by LIL on the
surface of the planar chalcogenide guides were locally etched
with argon plasma. The riblike waveguides were then
fabricated by photolithography and dry etching with CHF;
plasma (Figure 13). The dimensions of the selenide wave-
guides were fixed (height h = 2.2 ym, width w = 14 pm for a
wavelength of 7.7 ym) with an array of gold microdots of 1.5
pum diameter with a periodicity of 2 ym.

Since the etching of planar waveguides coated with gold
nanostructures has been successfully performed, detection
measurements using etched and functionalized waveguides
should be performed in the near future.

Bl CONCLUSIONS

In this study, it was shown that PIB was more suitable
(sensitivity, spin-coating deposition) than EP-co for the
functionalization of a selenide transducer surface, allowing
detection of BTXs in water. LODs of 250, 235, 170, 162, and
110 ppb were determined for benzene, toluene, p-xylene, m-
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Figure 13. Main steps of the technological procedure for the
fabrication of SEIRA integrated selenide waveguides: (1) deposition
of gold nanostructure; (2) photolithography; (3) development of the
resin; (4) etching of the gold nanostructure; (S) fabrication of the rib
waveguides by local etching of the chalcogenide guiding layer (a);
SEM image of the SEIRA interface on selenide Se4/Se2 rib
waveguides (b).

xylene, and o-xylene, respectively. The ease of regeneration of
the polymer coating, even in the case of seawater, has also been
confirmed. Finally, in addition to the interest in BTX detection
and regeneration demonstrated by polymer functionalization
of an IR optical transducer, the SEIRA effect to gain sensitivity
has been demonstrated on a chalcogenide waveguide coated
with gold nanostructures. Gold nanoantennas with an
appropriate ratio between the short and long axes deposited
on a planar selenide waveguide achieved an enhancement
factor of order 10%

Presented results will lead to the development of a
chalcogenide-based optical microsensor device that can couple
polymer or gold nanostructure functionalization for in situ
monitoring of pollutants in natural waters offering high
selectivity and enhanced sensitivity.
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