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This study investigates a new kind of sensitive layer composed of choline chloride—urea deep eutectic
solvent for microwave gas sensor application to detect HCl vapor. The sensing microwave device is
based on a quarter-wavelength stub resonator operating in C-band with its gap filled with the sensitive
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layer. Accordingly, the microwave response of such a device depends on its exposure time to HCl vapor.

Furthermore, the dielectric characteristics (¢, and tgd) of the sensitive layer and their variation related to
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HCl vapor exposure have been retrieved and checked through another microwave device specifically
developed, namely a 50 Q transmission line with a gap.

Today, air quality surveillance is a major societal issue for the protection of the population and a large number of detection methods are developed. Among
them, there are gas sensors known for their immediate detection time and their ease-of-use. Lots of different categories of gas sensors exist such as electro-

chemical sensors, optical sensors, microwave sensors, etc. This work presents a new promising approach in the design of microwave-based green gas sensors by
using deep eutectic solvents. They are a new class of green solvents known for their low toxicity, low production cost and non-volatility. Thereby, this work

enables the development of a sustainable microwave gas sensor, which aligns with the 11th goal of the UN (sustainable cities and communities).

1. Introduction

The development of microwave-based gas sensors appears to be
attracting increasing interest in the application field of air
quality control.”® Such a sensor technology is based on the
modification of the dielectric characteristics of an active layer
implemented in a microwave device, caused by its interactions
with the surrounding volatile chemical species. The radio-
frequency (RF) signal transduction is ensured by the electro-
magnetic response variation of the sensitive layer under
microwave excitation (from 300 MHz to 300 GHz), as it interacts
with the chemical gaseous compounds.**

The use of microwave gas sensors for the detection of volatile
organic compounds (VOCs) or other atmospheric pollutants,
such as CO, and NH;, was already mentioned in the
literature.>** The detection measurements were associated with
various microwave transduction technologies differing from
their microwave topology and the sensitive material used for the
gas—-sensor interactions. The nature of the selected sensitive
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material (such as carbon nanotubes, metal-oxides, conducting
polymers, polydimethylsiloxane (PDMS), etc.) sets the dielectric
characteristic values of the active layer, namely the dielectric
permittivity ¢, and the loss tangent tgd, which will evolve during
its interactions with the volatile chemical species. Thereby, the
microwave response of the sensitive layer-based device will
evolve too.

In the green microwave sensor development area, an active
material with relevant dielectric characteristic variation capa-
bilities and high interacting abilities with gaseous compounds
is investigated here. Accordingly, deep eutectic solvents (DESs)
were selected as sensitive layers.'® The use of DESs for micro-
wave sensor application is justified by their ionic soft material
referencing," used in environmentally friendly transistors'® and
involved in the development of biosensors.’ DESs are also
a new variety of green solvents first mentioned by Abbott et al.>®
and known for their low toxicity, non-volatility and low cost of
production.>?® Their organization can be described through
non-covalent molecular networks associating a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD).””"** Exam-
ples of DES applications in chemistry were described through
extraction and microextraction techniques,**° electrochem-
istry,*” and catalysis.*®* Several studies have also shown that
DESs based on choline chloride were able to absorb air
contaminants such as sulfur dioxide*>** or ammonia.*?
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The present paper deals with the use of a new sensitive DES-
based material for the development of microwave gas sensors
based on a printed quarter-wavelength stub resonator. The
implementation suitability of such an active layer based on
green chemistry is tested through the use of a choline chloride-
urea mixture referenced as an archetypical DES. By referring to
recent published studies on efficient absorption of gaseous
hydrogen chloride (HCl) by deep eutectic solvents,” the
frequency analysis and dielectric characteristic assessment of
this new sensitive material can be performed with and without
interaction with gaseous HCI produced close to the DES-based
microwave gas sensor at room temperature. Note that for the
present work, gaseous HCl is produced by a simple evaporation
of aqueous HCI droplets positioned near the sensitive layer.

2. Experimental section

2.1. Chemicals

Chemicals used for the synthesis of DES are choline chloride
(purity = 98%) and urea (purity = 99%) purchased from Sigma-
Aldrich (Saint Quentin Fallavier, France) and used without any
purification. Hydrochloric acid (37% purity) was supplied by
Sigma Aldrich and diluted with distilled water to reach a 1 mol
L~ molar concentration.

2.2. DES preparation

The DES choline chloride/urea was obtained from a mixture of
choline chloride (ChCl) as the HBA and urea (U) as the HBD
(Fig. 1). It was synthesized by mixing ChCl and Uin a 1: 2 molar
ratio at T = 65 °C under stirring for 4 hours until a homoge-
neous, transparent and viscous liquid was obtained. Then, the
DES was cooled down to room temperature. This led to
a supramolecular network made by the association of one
cholinium chloride salt and two urea molecules.>”**"%>

2.3. Microwave device design

The microwave devices, designed for testing the performance of
DES-based sensitive materials in the application field of gas
sensors, were fabricated on an 18 um-thick copper layer printed
on a 0.5 mm-thick polytetrafluoroethylene (PTFE) substrate
(Rogers 5880) characterized by a dielectric permittivity ¢, = 2.1
and a loss tangent tgé = 10> at 10 GHz. As shown in Fig. 2, the
microwave devices consisted of a 1.8 mm-wide 50 Q trans-
mission line with a 200 pm-wide gap located in its center. A 0.3
mm-wide quarter-wavelength stub resonator supplied by a 1.8
mm-wide 50 Q line was also printed. A 0.08 mm-wide gap is
located near the center of the stub. It provides different reso-
nances whose frequency values depend on the material filling

i i
/\/
HEY S . HoN” NH;
cl
Choline chloride salt (ChCl) Urea (U)
HBA HBD

Fig. 1 Chemical structure of ChCl/U reagents.
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Fig. 2 Top side of the printed circuit of the microwave devices
composed of a 50 Q transmission line with a gap and a quarter-
wavelength line stub associated with a gap (grey: substrate; yellow:
copper layer).

the gap (air or DES). It is worth noting that the bottom side not
shown in Fig. 2 corresponds to a metallic ground plane. More-
over, Py, P, P,/ and P, in Fig. 2 are the ports of the transmission
line and of the quarter-wavelength stub resonator, respectively.

Table 1 shows the dimensions of the H, w,, w,, gap, L; and L,
parameters.

Accordingly, the present study enables (i) the validation of the
proper functioning of the developed microwave devices when the
DES, filling the gap, interacts with HCl vapor and (ii) the retrieval
of the dielectric characteristics (e, and tg6) of the DES before and
after its interactions with HCI vapor. A change in the resonance
frequencies of the open quarter-wavelength stub resonator is ex-
pected since their values depend on the dielectric characteristic
variations of the liquid filling its gap. The basic responses concern
the unfilled gap (or that filled with air) and the gap filled with
distilled water. As depicted in Fig. 3, the simulated S,; trans-
mission coefficient responses of the quarter-wavelength stub
resonator change from 9.24 GHz (unfilled gap with ¢, = 1 and tg6
= 0 for air) to 4.32 GHz (gap filled with water with ¢, = 85 and tgo
= 0.8 in the simulated frequency range*). The numerical simu-
lations were achieved through the electromagnetic CST Micro-
wave Studio software.*

2.4. Experimental setup and protocol

The effects of the gaseous HCI interactions with DES are based
on a simple exposure protocol that consist in the deposition of

Table 1 Dimensions of the H, wy, w,, gap, L; and L, parameters in
Fig. 2

50 Q Quarter-wavelength

Parameters transmission line with a gap  stub resonator with a gap
H 0.5 mm 0.5 mm
Wy 1.8 mm 1.8 mm
wy — 0.3 mm
Gap 0.2 mm 0.1 mm
Ly — 5.7 mm
L, — 4.2 mm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Simulated transmission coefficient magnitudes of a quarter-
wavelength stub resonator with an unfilled gap (air) and gap filled with
water.

a 1 pL droplet of HCI aqueous solution with a concentration of
1 mol L ™" (10° pmol L") near the DES droplet. It should be
specified that the main aim of the present study is to describe
a proof of concept of the use of DESs as active surfaces for
microwave gas sensors. Therefore we do not focus on the rela-
tive humidity effect on the microwave device responses towards
HCI interactions. Also note that the working temperature was
maintained at 20 °C £ 1 °C.

The device used for validating the DES-based microwave gas
sensor is shown in Fig. 4. The microwave devices were supplied by
a Vector Network Analyzer (VNA) N5222A from Keysight and
connected through a measurement V-Anritsu cell. Before each
measurement, a short-open-load-through (SOLT) calibration step
was performed to remove cabling and connector involvement of
the microwave device response. After calibration, a 15 uL DES
droplet was dropped onto the gap of the stub resonator. The S,;
transmission coefficient was then recorded. Afterwards, 15 pL of
HCl at 1 mol L ™" was placed close to the DES droplet without any
contact. It is worth noting that the deposition of a single HCI
droplet near the sensitive material was meant to simplify the gas
sensing protocol of the study and allowed us to work safely. The
gas under test was therefore a mixture of gaseous hydrogen

Fig. 4 (a) Experimental setup (VNA + V cell) used to validate the DES-
based microwave gas sensor concept and to retrieve the dielectric
characteristics (¢, and tgd) of the DES sensitive material; (b) details of
the V-Anritsu cell after the deposition of the DES and HCl droplets.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chloride and water vapor. The effect of water vapor alone will also
be assessed. Fig. 4(b) presents details of the V-Anritsu cell after the
deposition of the DES droplet onto the gap of either the 50 Q
transmission line or the stub resonator, whereas the HCI droplets
are spotted near these two gaps (see Fig. 2). The only possible
interaction between the two liquid droplets is therefore HCI
evaporation. The total exposure time was 15 min and two
measurements were carried out, the first one at an intermediate
time of 4 min and the second one at the final time. These exposure
times were selected to get significant response variations between
each measurement. The microwave measurements were carried
out from 1 GHz to 15 GHz.

3. Results and discussion

3.1. Frequency analysis of ChCl/U DES dropped onto the gap
of the quarter-wavelength stub resonator

Fig. 5 presents the variation of the S,, transmission coefficient
magnitude of the quarter-wavelength stub resonator when its
gap is filled with the liquid that has to be tested. With water, the
measured resonance frequency shifts from 9.20 GHz to 4.28
GHz, as expected by the numerical simulation (see Fig. 3). In the
diagram in Fig. 5, the minimum magnitude is —14.6 dB. This
value remains higher than the simulated one of —20 dB (Fig. 3).
This difference can be due to the water loss tangent value
considered for the numerical simulation, which underestimates
the experimental value. In the case of the so-called ChCl/U DES
droplet, the resonance frequency (f;es) shifts from 9.20 GHz to
6.68 GHz with a S,; magnitude of —8.6 dB. When the DES
droplet is exposed to gaseous HCI, the resonance frequency
shift still increases and its magnitude decreases during the
exposure time of 15 min. The reduction of the resonance
magnitude associated with the enlargement of the S,; peak
shape demonstrates an increase in the loss tangent of the
sensitive material.

Regarding Fig. 6, the S,; magnitude difference (AS,,) versus
frequency is computed before and after exposure to HCI for
4 min and 15 min (Fig. 6). The presence of minima and maxima
is explained by the shift of the resonance’s frequency, previously

S

-15

S (dB)

-20

2] 11

ChCI/U + HCl t= 4min
55 X fo=5.8
ChCI/U + HCl t= 15min

fes=4.9

res’

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)

Fig. 5 Measured transmission coefficient magnitudes of the quarter-
wavelength stub resonator with its gap unfilled (air), and filled with
water and ChCl/U droplets (non-exposed and exposed to HCl vapor
for 4 and 15 min).
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highlighted in Fig. 5. For exposure times of 4 min and 15 min,
the minimum levels are —2.24 dB at 4.89 GHz and —4.19 dB at
4.55 GHz, respectively. In the case of the maximum levels at the
identical exposure time, these ones are 3.99 dB at 7.03 GHz and
5.46 dB at 6.98 GHz, respectively (see Fig. 6).

Note that the open literature reports the same phenomenon in
the case of ammonia microwave gas sensors based on TiO, and
SnO,/bionic porous (BP) carbon sensitive layers. For TiO, layers,
the magnitude response of the gas sensor was limited to 0.0007
dB.? For BP carbon, it was 2.5 dB.*® In addition, for other sensitive
layers based on metal-organic frameworks, a maximum sensi-
tivity of 24 kHz per percentage of CO, was obtained.””** In the
present study, the maximum magnitude difference reaches 5.5 dB
after only 15 min of exposure to gaseous HCl, demonstrating great
sensibility of the DES layer to HCI.

As mentioned in the Experimental section, the studied gas is
hydrated HCI in the gas phase that will be denoted as gaseous
HCI further in the text. A study of the effect of H,O vapor alone
on the sensor response was also performed by dropping 15 pL of
pure H,O near the DES (in the same way as the HCI droplet).
The S,; transmission coefficient was recorded after 4 and 15
min.

In this context, Fig. 7 presents a comparison of the magni-
tude differences obtained when the DES interacts with gaseous
HCI and H,O at the vapor state. By focusing on the maximum
level of the curves, distilled H,O vapor has an effect on the
sensor response. Indeed, the sensor maximum level interacting
with distilled H,O vapor, after 4 min and 15 min of exposure
time, is 3.32 dB at 7.06 GHz and 5.52 dB at 6.95 GHz,
respectively.

This behavior was predictable through studies which high-
lighted that water decreases the DES viscosity. Moreover, viscosity
is related to the DES conductivity.*** Thus, water affects the
conductivity of DES, meaning that it also modifies the trans-
mission coefficient values. Nevertheless, the magnitude difference
calculated after 4 min of HCI vapor exposure is greater than that
after 4 min of distilled H,O vapor exposure (AS,; = +0.67 dB).
Thereby, the microwave sensor is sensitive to a small amount of
HCI (only 1 mol L™"). After 15 min of exposure, there is no
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Fig. 6 Magnitude differences of transmission coefficients (AS,)

versus frequency values for HCl vapor exposure times of 4 min (dashed
line) and 15 min (straight line). The ChCl/U DES is used as a sensitive
material.
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Fig.7 Magnitude differences of transmission coefficients (AS,,) versus
frequency values for exposure to HCl (orange lines) or water (blue
lines) at two exposure times of 4 min (dashed lines) and 15 min (straight
lines). The ChCl/U DES is used as a sensitive material.

difference between the S,; values. Presumably, water absorption
by DES has a more significant impact on the resonator microwave
signal and hides that of HCL

This experiment demonstrates two phenomena. First, there
is a sensitivity effect of the microwave sensor. Its response
differs depending upon the species interacting with the DES.
Second, a mixture of H,O and HCI gives a stronger microwave
response compared with that of H,O. Therefore, this response
would be even more significant with hydrogen chloride gas.

3.2. Dielectric characteristic assessment of the ChCl/U DES

The dielectric characteristics (e, and tgd) of ChCl/U have been
obtained by numerical simulations from the quarter-
wavelength stub resonator measurements. The results of the
CST simulations are illustrated in Fig. 8. The assessment was
performed by matching the S,; numerical simulations with the
measurements of resonance frequencies and magnitudes.

Table 2 shows the best agreement between simulation and
measurement results. As shown in Table 2, in the case of the
single DES droplet, the differences are equal to 0.1 GHz and 1.3
dB, respectively. The simulated S,; parameter computed from
the dielectric characteristics is displayed in Fig. 9. As shown in
Fig. 3 and 5, water and air are used as references.

As shown in Table 3, the dielectric permittivity of ChCl/U
used as the sensitive material is ¢, = 4.0. This value increases
under HCI exposure, reaching 6.0 at ¢ = 4 min and 6.5 at ¢t =
15 min.

Despite a clear shift of the resonance peak after 15 min of
HCI vapor exposure, the dielectric permittivity evolves slightly
(er = 6.5 against 4.0 for the ChCl/U DES). This is also due to the
DES loss tangent value variation since, in addition to the
dielectric permittivity value variation (see above), the tgé value is
1.5, whereas the value is 0.7 prior to HCI exposure. Thus, the
simulated ChCl/U dielectric values (e, and tgd) and their
respective variation under HCl vapor fit with the measured data.
This behavior is illustrated through the comparison of Fig. 5
and 9.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a) b)

Fig. 8 Numerical simulation setup (CST software) of the ChCl/U
dielectric characteristics (e, and tgd) based on the quarter-wavelength
stub resonator measurements with (a) an unfilled gap, (b) a gap filled
with a water droplet (see the blue half-sphere) and (c) DES droplet
deposition (see the green half-sphere) exposed to HCl vapor (see the
pink half-sphere).

Table 2 Comparison of the theoretical and experimental S,; reso-
nance frequencies and magnitudes

Resonance
magnitude (dB)

Resonance
frequency (GHz)

Exposure time to

gaseous HCI Simul. Meas. Simul. Meas.
t = 0 min 6.60 6.68 —7.28 —8.60
t =4 min 5.49 5.67 —7.54 —6.80
t =15 min 4.71 4.89 —8.19 —6.10

3.3. Application to a 50  transmission line with a gap

The sensing applications have been also tested on a simple
microwave device, composed of a 50 Q transmission line with
a 200 pm-width gap previously shown in Fig. 2 and whose
characteristics are regrouped in Table 1. The sensing behaviors
have been numerically simulated through CST software, as
illustrated in Fig. 10.

Two numerical simulations were performed. The first one
takes solely into account the ChCl/U droplet spotted onto the

-25

-30
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)

Fig. 9 Simulated transmission coefficient magnitudes of the quarter-
wavelength stub resonator with its gap unfilled (air), and filled with
water and ChCl/U droplets (non-exposed and exposed to HCl vapors
for 4 and 15 min).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Values of numerical simulations of the ChCl/U dielectric
characteristics (¢, and tgd) at different times of gaseous HCl exposure

Exposure time to Dielectric permittivity

gaseous HCI & Loss tangent tgo
t = 0 min 4.0 £ 0.2 0.7 = 0.05
t =4 min 6.0 + 0.2 0.9 & 0.05
t =15 min 6.5 = 0.2 1.5 £ 0.05

transmission line gap, i.e. without HCI exposure for which the
studied microwave device reacts like a capacitor (Fig. 11).
Indeed, it appears that at low operating frequencies, the RF
signal was not transmitted (S,; magnitude lower than —20 dB).
At high frequencies, the simulation's results lead to a short-
circuit behavior (S,; magnitude lower than —10 dB). The
second numerical simulation, based on the dielectric charac-
teristics of the DES after 15 min exposure to HCI vapor (see
Table 3 for the DES dielectric characteristic values), shows an
increase of the RF signal transmission at low operating
frequencies (S,; magnitude reaches —10 dB at 1 GHz) and
a better RF signal transmission at higher frequencies (S,;
magnitude close to —7 dB at 15 GHz). This behavior is due to the
increase in the ChCl/U dielectric permittivity value (e, = 6.5
against 4.0 for the raw DES).

The microwave measurements at ¢t = 0 min and after 15 min
gaseous HCI exposure, such as those shown in Fig. 11, disclose
that the numerical simulation's results agree with the

S e ———

Fig. 10 Numerical simulation setup (CST software) of the 50 Q
transmission line with (a) an unfilled gap and (b) a gap filled with the
ChCl/U DES droplet (see the green half-sphere) and exposed to HCl
vapors (see pink half-sphere).

0
-5
3—10
2t
< Chcl/u
»n-15 €,=6.5, tgd=1.5
—— ChCl/U + HCl t= 15min
€,=4.0, tgd=0.7
20 1 v , 1g
| SUNER NN NRNIT ERNUR EAEN NN gt Simul.
—— Meas.
-25

1 2 3 4 }0 11 12 13 14 15

5 6 7 8 9

Frequency (GHz
Fig. 11 Comparison of the simulated and measured transmission
coefficient magnitudes of the 50 Q transmission line with its gap filled
with a ChCl/U DES droplet considered as a sensitive layer, before and
after 15 min exposure to HCl vapor.
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experimental data, validating the dielectric characteristic (e,
and tgo) values of the studied DES (see Table 3). As a result, it
can be claimed that a viscous materiel based on the deposition
of a ChCl/U DES droplet can be used as a sensitive layer to
gaseous HCI exposure.

4. Conclusion

The present paper highlights that a quarter-wavelength stub
resonator with its gap filled by a DES can be used to get relevant
dielectric characteristics (¢, and tgd) of deep eutectic solvent
exposed to gaseous HCL. This DES is composed of a mixture of
choline chloride and urea, and can be considered as a sustain-
able sensitive material in the application field of green micro-
wave gas sensors. The fair values are indeed 4.0 and 0.7 for &,
and tgd, respectively, in the case of the non-exposed DES,
whereas they increase up to 6.5 and 1.5, respectively, after
15 min of exposure to gaseous HCI. This has been also disclosed
through complementary microwave measurements based on
a simple device made of a 50 Q transmission line with a gap. In
this case too, the ChCl/U material exhibits high sensitivity to
gaseous HCIl. With the aim of active layer elaboration for
microwave gas sensor application, further studies should be
performed to assess not only the reversibility of the interaction
between gaseous HCI and such DES-based microwave gas
sensors, but also their responses towards HCl exposure,
considering then the influence of the working temperature and
the composition of the exposure medium. The applications to
sensitivity assessments of other hazardous air contaminants,
such as sulfur dioxide or ammonia, are in progress. Moreover,
the implementation of such a sensitive material into microwave
systems based on printed antennas would be also useful for the
development of wireless gas sensor systems. Note that the use of
sensitive layers based on DESs for microwave and antenna gas
sensor application has been recently patented by some of us.*
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