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ABSTRACT

The detection of acetone is of great significance for environmental safety and human health.
In this work, a conductometric transducer was developed for the detection of acetone vapor.
For this, interdigitated electrodes were functionalized by electropolymerization of a series of
N-(1-methyl-3-octylimidazolium)pyrrole [PyCsMIm]X monomers that contains different
counter-anions X', namely hexafluorophosphate (PFs’), tetrafluoroborate (BF,;) and
bis(trifluoromethylsulfonyl)imide (TFSI"). The functionalized interdigitated electrodes were
widely characterized. The analytical performances of the microsensors were determined in the
presence of gaseous ethanol, acetone, toluene, chloroform, and methanol, collected from the
headspace above aqueous solutions of known concentration. The gas-sensing responses of the
films were measured at room temperature, through differential conductometric measurements
conducted at 10 kHz. Among the different sensors, the one bearing BF, anions presented the
best analytical performance and was able to selectively detect acetone vapors. The response
time (tres) Of the sensor varied from 6 to 13s from lower to higher concentrations. The
detection limit was 0.76 v/v % (7600 ppm) in the gas phase. The relative standard deviation
for the same sensor was 6% for lower concentrations, and 2% for higher concentrations. The
acetone sensor presented 2 times lower sensitivity for ethanol, and 4 times lower sensitivity
for methanol. A detection of acetone in the headspace of a nail varnish remover sample led to
an acetone content being in good agreement with the value given by the producer.
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1. INTRODUCTION

Acetone, the simplest and smallest ketone is a colorless, volatile and flammable liquid that is
widely used in cleansing purposes both in the chemical industry and research institutes due to
its miscibility with water.! Besides its use as solvent, it is also widely utilized as reactant and
extractant and is applied in the medical, pesticide and paint industries.> The common
household use is in nail polish remover and as a paint thinner. Acetone is considered as the
least toxic industrial solvent.> However, high concentration vapor exposure should be
avoided. Indeed, it has been demonstrated that exposure to acetone for a long time can cause
several health problems such as headache and nausea. Hence, analyzing the acetone
concentration in the environment is important for health and industrial safety. The analysis of
acetone concentration in the breath has great potential for non-invasive diagnosis of the
diabetic state. In healthy people, acetone concentration ranges from 0.2 to 0.9 ppm whereas in
diabetic patients this acetone level ranges from 0.9 to 1.8 ppm.* To date, huge efforts have
been made towards the development of a simple and inexpensive sensor capable of detecting
acetone gas at ppb level.

Sensing materials for conductimetric acetone sensors are usually composed of n-type
semiconductors™ ® such as ZnO,” ® TiO,,? Sn0O,,*® and WO3.'* Conducting polymers such as
polypyrrole (PPy) and polyaniline, that are easily synthesized and can operate at room
temperature, have also been used as acetone sensing materials.*> ** The influence of the
deposition method on PPy-based acetone sensors properties (chemical oxidation casting,
chemical vapor deposition, impregnated oxidation) has been studied by Do et al.** They found
that, in the presence of acetone, the sensors behave differently with acetone acting either as
oxidant or reducing agent thus leading to an increase or a decrease of conductivity. The
response (tres) and recovery times (trec) Of their sensors were in the range 0.5-18 min and 2-30
min, respectively. The group of Sirivat has studied different parameters that controlled the
sensing properties of polypyrrole towards acetone. They prepared different polypyrrole films
using various dopants and discussed their effect on the electrical response of PPy toward
acetone vapor. They evidenced that the PPy structure with the most important proportion of
polaron and bipolaron species presents the highest efficiency toward acetone vapor due to H-
bond formation between the vapor molecules and the PPy chain and reduction of charge
carrier species in the doped PPy sensor.® This mechanism occurs when the solvent molecule
presents a polar molecular function. Some polypyrrole films have also shown to be more

efficient towards alcohol than acetone due to different chemical’s polarity.’® *” However, a



PPy film electrochemically deposited on a piezoelectric crystal, doped by Et;NBF, presented
higher selectivity toward acetone than ethanol with response time of about 60s."® A portable
gas analyzing system has also been developed using PPy to analyze diabetic patient's breath.
19 Polypyrrole nanocomposites sensors containing Ag nanoparticles,?® CdTe,** or WO3** have
also been developed for acetone detection. Recently, a PPy nanotube-based sensor with a

detection limit of 500 ppb at 25°C toward acetone was reported.?®

On the other hand, lonic Liquids (ILs) also present many interesting properties to be used in
sensors design. They have negligible vapor pressure, wide electrochemical potential window,
high thermal stability, and present high solubility for a broad range of gases.?* The remarkable
dissolution of the analytes allows to enhance the sensor’s sensitivity while the non-covalent
IL-analyte interactions permits the reversibility. One of the main key points is that the ILs’
properties can be tuned by an appropriate choice of the cation/anion combination. The field of
ILs-based gas sensors is mainly occupied by the development of amperometric sensors.? 2
However, other sensors for vapor sensing have been developed. In 2002, Dai et al reported for
the first time the use of ILs as sensing device for a quartz crystal microbalance device. Upon
solubilization of the analytes, the viscosity of the IL changed resulting in a frequency shift of
the quartz crystal. These sensors presented a fast response time of less than 2s and an
excellent reversibility. The frequency shift was dependent to the nature of the IL (cation and
anion) and of the nature of the vapors.?” A similar sensor was developed specifically for
acetone using [BMIm]BF,4 IL showing linear range from 7.5 to 705 ppm with fast response
time.?® A colorimetric sensor for acetone detection composed of TiO, particles coated with 1-
H-3-methylimidazolium acetate IL was proposed by Nishan et al. The TiO, particles acted as
photocatalyst while the IL induced electron in the conduction band of the particles. A colored
eosin dye changed color after reaction with acetone in the presence of the TiO,-coated
particles.”® For the development of IL-based gas and vapor sensors, their immobilization on a
solid support is required. In this purpose, Poly(lonic Liquids) (PILs) have also been used for
sensing applications with the objective to combine the sensing ability of the IL with the
mechanical processability of the polymer. Several examples of ions sensing, bio-sensing, gas,
and solvent sensing have been reported.*® For solvent sensing, different detection methods
have been used such as color change, shape, and conductivity.*! PILs are known to behave as
soft actuators and are thus prone to undergo molecular motion when submitted to an external
stimulus.®® The response to acetone vapor of a porous polymer actuator was described by

|.33

Yuan et al.”® The actuation depends on the anion of the PIL and then on the solubility of the



solvent into the PIL and can also be coupled to the different vapor pressure of the solvent.
Finally, PILs nanocomposites have been deposited on interdigitated electrodes to be used as a
conductimetric solvent sensors.** To our knowledge, the electropolymerization method has
never been used to elaborate solvent sensors using ionic liquid-like electroactive monomer. In
this study, we prepared different sensors on gold interdigitated electrodes via the
electrochemical polymerization of a pyrrole-functionalized imidazolium electroactive
monomer bearing different anions (tetrafluoroborate, hexafluorophosphate, and
bis(trifluoromethane)sulfonylimide). The analytical performance of the different sensors was
tested against different solvent vapors (ethanol, acetone, toluene, chloroform, methanol, and
water). The best candidate was then evaluated for the detection of acetone in a commercial

nail varnish remover sample.

2. EXPERIMENTAL SECTION

2.1. Microconductometric chip

The microconductometric chip is presented in Figure 1. This chip is provided by Covarians

company (Gif-sur-Yvette, France). It is fabricated by the printed circuit board technology.
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Fig. 1. Microconductometric chip: two pairs of interdigitated electrodes

The width of the interdigitated electrodes is 100 um and the interelectrode distance is 100 pm.
The electrodes in copper (42 um thick) are deposited on a Printed Circuit Board (PCB)
support, then covered by a layer of nickel (3 to 6 um) and finally a layer of gold is deposited
(50 to 120 nm).



2.2.Synthesis of the pyrrole-functionalized monomers

The synthesis route for the pyrrole-functionalized imidazolium monomers is featured in
Scheme 1. The three monomers [PyCsMIm]BF,4, [PyCsMIm]PFg and [PyCsMIm]TFSI were
obtained by anion metatheses of [PyCsMIm]Br®> % with sodium tetrafluoroborate, potassium
hexafluorophosphate and lithium bis(trifluoromethylsulfonyl)imide (see experimental details
in ESI). The structure and the purity of the synthesized monomers were confirmed by *H, *C,

F and 3P NMR analyses, ATR-IR spectroscopy, and mass spectrometry (Figures S1-S13).
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Scheme 1. Synthesis of Pyrrole-functionalized imidazolium lonic Liquids [PyCsMIm]X (X =
BF,, PFs and TFSI).

2.3 Electrochemical deposition of PPy films onto interdigitated gold electrodes

The microconductometric chip was treated under sonication in ethanol for 30 min and in
acetone for 30 min and then was thoroughly rinsed with Milli-Q water, dried under a nitrogen
flow. The conductometric measurements were carried out in a differential mode between a
working sensor and a reference sensor. The working sensors were prepared by a two-step
successive electropolymerization procedure (see below). This approach was necessary as

attempts to electropolymerize [PyCsMIm]X monomers alone always led to poorly adhesive
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films on the interdigitated electrodes. The reference sensor was covered by a single film of

polypyrrole. By this way, the signal due to the PILs film will be directly measured.

Cyclic voltammetry (CV) experiments were performed with a SP-200 potentiostat from
Biologic controlled with a PC computer via EC-Lab V11.43 software interface.
Electrochemical experiments were performed using a three-electrode setup with interdigitated
gold electrode as working electrode, a Saturated Calomel Electrode (SCE) reference electrode
and a platinum sheet as counter-electrode. The first layer of polypyrrole was obtained via CV
using a 0.1 M acetonitrile solution of the pyrrole monomer containing 0.1 M LiClO, in the

potential range from -0.6 to 1.8V/SCE with a scan rate of 100 mV/s, along 7 cycles.

As shown in Figure 2A, the cyclic voltammogram (CV) obtained for the pyrrole monomer
presents a wide anodic peak at 0.75V/SCE encompassing the oxidation of pyrrole monomers
and the oxidation of polypyrrole, and a cathodic peak at 0 V/SCE corresponding to the
reduction of polypyrrole. The current increases after each cycle with confirmed that our
deposited polymer (PPy) is conductive and that the amount of polymer on the electrode
surface increases upon cycling. A black thin solid film is observed onto the interdigitated
electrode confirming that the electropolymerization has been successfully performed.

For the working sensors, on top of the polypyrrole film, we performed the
electropolymerization of the pyrrole-functionalized lonic Liquids [PyCsMIm]X (X= BF,
PFe’, TFSI") (0.1M in CH3CN) + NaBF4/KPFg/LiTFSI (0.1 M) using cyclic voltammetry in
the range -0.6 to 1.8 V/SCE at a scan rate of 100 mV/s, along 4 cycles. After polymerization,
the films are named accordingly: PPy, PPy-PPyBF,, PPy-PPyPFg and PPy-PPyTFSI.

Figs 2B-D show that the shape of the CVs obtained were very similar whatever the anions
with the presence of oxidation and reduction peaks of polypyrrole. With X = TFSI', the CV
presents a slightly lower current intensity that might be due to less charging-discharging redox
process in the presence of the large TFSI™ anion showing average mobility.>’ In all cases, the
increase of the current intensity confirms the formation of conductive PPy-PPyX films on top

of the polypyrrole one.
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Fig. 2. Comparison between cyclic voltammograms during the electropolymerization of (A)
pyrrole and the pyrrole-functionalized lonic Liquids [PyCgMIm]X (B) X = BFy, (C) X = PF¢,
(D) X = TFSI on top of the PPy film.

2.4 Micro conductometric measurements

Conductometric detection was achieved by applying to each pair of IDEs (sensors) a small-
amplitude sinusoidal voltage (10 mV peak-to-peak at 0 V) at a 10 kHz frequency generated by a
“VigiZMeter” conductometer manufactured by the company “Covarians”, and the responses of
the gas sensor were recorded at room temperature (23 £ 1 °C), as a function of time. The

differential output signal was recorded between the working and the reference pairs of IDEs.

Conductometric measurements were made after introducing the working sensor and the
reference sensor in the headspace (volume of the gas exposure chamber: 15 cm®) over the liquid
phase (volume: 10 cm®) in a cylindrical container for one minute and then withdrawing it
(Figure 3). The differential measurement of conductance (AG) was recorded versus time. The
response time (tres) describes the time necessary to reach 90% of the total change of
conductance and the recovery time (trec) Characterizes the time necessary to recover 10% of the

total change in conductance.
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Fig. 3. Diagram of the experimental setup: measurement in the headspace above the liquid
phase.

2.5 Preparation of VOC samples
Gaseous ethanol, acetone, toluene, chloroform, and methanol samples were collected from the
headspace above aqueous solutions of known concentration (5%-100%). The concentration of
samples in the gas phase above aqueous solutions depends on Henry’s law constants of the

given analyte in water and was calculated from Henry’s law following the equation given by
Sander (25°C) *® (equation 1):

where k) (in M/atm) is the Henry’s law constant for standard conditions; c, is the aqueous
concentration of the analyte in M, and p, (atm) is the partial pressure of the analyte in the gas

phase.

For ethanol, acetone, and methanol, k% values of 1.9 10° M/atm, 0.24 10> M/atm, , 2.2 10?
M/atm , were used, respectively.® In Tables S1, S2, and S3, the used equilibrium gas-phase

concentrations above aqueous ethanol, methanol, and acetone solutions are specified.



2.6 Characterization techniques

Electrochemical Impedance Spectroscopy (EIS) measurements were performed using an
electrochemical cell consisting of three electrodes. The reference electrode was a saturated
calomel electrode, the auxiliary electrode was a platinum sheet and the interdigitated gold
electrodes modified with the polymer film were used as working electrode. EIS measurements
were carried out in the presence of the redox probe [Fe(CN)s]’ /[Fe(CN)¢]* at 5 mM in a
phosphate buffer solution (PBS, pH 7.4), with a frequency ranged from 100 kHz to 1 Hz, two
frequency points per frequency decade, and using a modulation voltage of 10 mV (Ex).
During the measurements, the potential was kept at 0.2 V/SCE (E4). Data fitting on EIS
spectra was performed with Randomize (5000 iterations) + Simplex method (fit stopped on
5000 iterations) and the following equivalent circuit model [Rs + Q2/ R¢] where Rs is the
electrolyte solution’s resistance ([Fe(CN)s]* "), the parallel elements are Q. (the coefficient
of the constant phase element), and R (the charge transfer resistance).

Mechanical Profilometry. The thickness (T) and arithmetic roughness (R,) of PPy or PPy-
PPyX films were measured by profilometry using a stylus (2.5 um)-based mechanical probe
profiler Alpha-Step 1Q from KLA Tencor. Both thickness and roughness were measured on a

1

scan length of 1000 um at a scan speed of 25 um-s . Reported thickness and roughness are

the means of at least 5 measurements done at different places of the samples.

Water Contact Angles (WCA) of the modified and unmodified Au substrates were measured
by using a GBX Scientific Instruments contact angle analyzer (Digidrop Contact Angle Meter
used with Windrop software) with 2 pL water drops with a dosing rate of 0.58 pL s™. The
drop was formed on the tip of a syringe needle and placed onto the sample surface by raising
the sample until contact was made. Contact angles were determined by drawing the tangent

close to the edge of the droplet. For each sample at least 5 measurements were performed.

Infrared Spectra were recorded on a Bruker vertex70 FTIR spectrometer equipped with a
DGTS detector using a Platinum ATR accessory equipped with a diamond crystal. For each

sample, 128 scans were recorded with a 4 cm™ resolution.

Scanning Electron Microscopy (SEM). The surface morphology of PPy and PPy-PPyX
films was obtained, without metallization treatment, using a high-resolution scanning electron
microscope MIRAN3 TESCAN with an electron beam energy of 7 keV.

10



X-Ray Photoelectron Spectroscopy. Chemical surface analyses of the samples were studied
on a Versaprobe 5000 spectrometer (ULVAC-PHI, Inc.) equipped with a monochromatized
and a focalized Al Ka X-ray source (1486.6 eV). For each sample, survey spectra, as well as
high-resolution core-level region were acquired over a spot size of 200 um. To record the
survey spectra and high-resolution regions, pass energies of 187.5 eV and 58.7 eV were used,
respectively. Data processing was done using Casa XPS software “° and energy calibration
was done on Cls CC/CH bonds at 284.6 eV. The quantification was obtained from the
measurement of the corresponding peak area and the use of relative sensitivity factors (RSF),

specific of the spectrometer and provided by the manufacturer.
3. RESULTS AND DISCUSSION

3.1 Characterization of the PPy films using EIS

EIS characterization was used to evidence different charge transfer process occurring at the
electrode-electrolyte interfaces. Fig. 4 presents the impedance data as Nyquist plots. The
charge transfer resistance (R values on the electrode surface were determined after fitting
and all calculated values of the equivalent circuit are presented in Table 1. As expected, the
values of the electrolyte resistance (Rs) are very similar, close to 40 Q and the Q; values that
correspond to a constant phase element associated with the electrical double layer gold/PPy
film/electrolyte solution increased after functionalization of the gold substrates with the
conductive polypyrrole films. The R value decreases from 339 Q for neat gold electrode to
240 Q after electropolymerization of pyrrole. Such a decrease is due to the fact that
polypyrrole is conductive and the electrons are then easily conducted to the interface. This
result is in accordance with those obtained by cyclic voltammetry (see vide supra). In line
also with the results from CV experiments, a decrease of R values is observed after
following polymerization with [PyCgMIm]X monomers due to the formation of more
conductive films. The R values are very close for PPy-PPyPFg and PPy-PPyTFSI samples,
32 and 34 Q, respectively. However, the PPy-PPyBF, sensor presents a higher R value of
121 Q. These differences of charge transfer resistance might be explained by different

morphology features (see vide infra).
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Fig. 4. Nyquist plot obtained after the different steps of polymerization. Neat Au, Neat Au +
PPy), Neat Au + PPy-PPyBF,, Neat Au + PPy-PPyPFs, Neat Au + PPy-PPYTFSI in 5 mM
[Fe(CN)g]* ™, initial potential E = 0.2 V//SCE. Highest Freq = 100 kHz, Lowest Freq = 1 Hz.

Table 1. Results of fitting the Nyquist plots using the model [Rs + Q./ Ry] of the EIS

measurements for the different steps of functionalization; 42 is the error on the fit.

Samples Ry(€) QEFEs™Y)  Ra(@) x
Neat Au 40.47 7(:35;113(6))6 339 8.484x10°
PPy 4158 ?2::7: Z%g; 240 5.110x10°
PPy-PPYBF, 40.72 cz:fg’;%g; 121 3.698x10°
PPy-PPYPF, 4738 igfg’gég; 32 8.470x10-3
PPy-PPYTFSI 39.66 cz:fg’g%g; 34 1.603x10°

3.2 Physico-Chemical Characterization of the films

3.2.1 Infared spectroscopy (FT-IR) analysis

FT-IR measurements were also used to confirm the formation of polypyrrole and the

incorporation of the [PyCgMIm]X moiety. As shown in Fig. 5A, the FT-IR spectrum of PPy
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presents bands characteristic of polypyrrole.*" ** The band at 1548 cm™ is attributed to ring
stretching vibration of C-C and C=C bonds, those at 1296 and 1036 cm™ are due to the = C—H
in-plane vibrations, the band at 1172 cm™ is due to the C—N stretching vibrations, the bands at
905 and 965 cm™ due to C-H (-HC = CH-) vibrations, and the bands from 667-781 cm™
corresponds to C—Haromatic Vibrations. The IR spectra of PPy-PPyBF,, PPy-PPyPF¢ and PPy-
PPYTFSI present similar bands at 2854-2924 cm™ that correspond to v alkyl groups and
bands at 3110-3155 cm™ attributable to v imidazolium ring vibrations.** The bands
characteristic to polypyrrole are less intense. The FT-IR spectrum of PPy-PPyBF, (Fig. 5B)
shows an intense band at 1051 cm™ attributed to B-F stretching vibration that confirms the
presence of BF4 anions,* the one of PPy-PPyPF¢ (Fig. 5C) presents a very strong band at 936
cm™ (vas P-F) *° and finally for PPy-PPYTFSI (Fig. 5D) new characteristic bands of TFSI at
1350 and 1132 cm™ (vas and vs SO2), at 1180 cm™ (vas CFs), and at 615 cm™ (82 SO2) *® are

present.
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Fig. 5. FT-IR spectra of A) PPy; B) PPy-PyBF, C) PPy-PyPFg, and D) PPy-PyTFSI onto the
interdigitated gold electrodes.
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3.2.2 Morphological features

Scanning electron microscopy (SEM) was used to determine the surface morphology of the
polypyrrole films onto the interdigitated gold electrode. Fig. 6A-B show that the whole
surface of the interdigitated gold microelectrodes is coated by a homogeneous film composed
of small aggregates of polypyrrole nodules of few nanometers. Following the
electropolymerization of [PyCgMIm ]BF, (Fig. 6E) onto the gold electrode previously coated
with PPy the obtained film is more compact, homogenous, and of overall uniform surface
morphology when compared to the PPy film. The PPy-PPyBF, electrode is composed of big
PPy aggregates of 10 um of diameter. The structure of the PPy-PPyPF¢ (Fig. 6G-H) and PPy-
PPyTFSI (Fig. 6J-K) electrodes look rather similar with PPy aggregates of about 1 um of

diameter.

Each of the films obtained on interdigitated electrodes was analyzed by Energy-Dispersive X-
Ray spectroscopy (EDX). Results are shown in Fig. 6. C, F, I, L. For PPy, clear signals
characteristic of carbon, oxygen, nitrogen, and chlorine are observed. Carbon and nitrogen
elements are the main components of polypyrrole while the presence of chlorine and oxygen
confirms the doping of the polypyrrole scaffold with perchlorate anions. Additionally, the
EDX spectra of PPy-PPyBF,, PPy-PPyPFs and PPy-PPyTFSI present fluoride, an element
present in the three different anions. The atomic percentages of Cl and O have also decreased
showing that the surface is mainly composed of polypyrrole films bearing BF,, PFs" and TFSI
anions. The EDX spectrum of PPy-PPyPFs presents also additional phosphorous element and

the one of PPy-PPyTFSI presents the sulfur peak.

o

C
Element  Atomic (%) Weight (%)

C 56.2 48.4
N 255 25.6
O 148 17.0
Cl 35 8.9

Intensity (a.u.)

%
0 2 4 6
Energy (KeV)
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Fig. 6. SEM images of A, B) PPy D), E) PPy-PPyBF., G, H) PPy-PPyPFg, J, K) PPy-
PPyTFSI onto the interdigitated gold electrodes with corresponding EDX spectra.

The thicknesses of the electrodeposited films were measured by profilometry (Table 2). The
thickness of the PPy film is 7.1 + 1.2 pm (with a roughness of 1.7 + 0.5 um), while the
thicknesses of the PPy/pyrrole-functionalized lonic Liquid films are 28.8 + 2.3 um with a
roughness of 2.4 + 0.7 um for PPy-PPyBF,, 27.3 = 3.7 um with a roughness of 2.1 + 0.8 um
for PPy-PPyPFg, and 24.2 + 1.7 um with a roughness of 2.3 + 0.9 um for PPy-PPyTFSI.

Table 2. Thickness (T) and average roughness (R,) of the different electrodeposited films.

PPy PPy-PPyBF, PPy-PPyPF; PPy-PPyTFSI
T (um) 71+12pym  28.8+2.3um 27.3+3.7 um 242+ 1.7 um
Ra (um) 1.7+0.5um 2.4+ 0.7 um 2.1+0.8 um 2.3+£0.9 um

3.2.3 Water Contact Angle

The efficiency of the deposition of different imidazolium-polypyrrole films onto the
interdigitated electrodes was further assessed by water contact angle measurements (Table 3).
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For PPy, a water contact angle of 49+1° was found. Following electropolymerization with
[PyCsMIm]X monomers, the water contact angle of PPy-PPyBF, fell to 24+1° due to the
hydrophilic characteristic of the BF, anions. For PPy-PPyPFs and PPy-PPyTFSI the water
contact angles values (50+1° and 55+1°) are much larger than for PPy-PPyBF,. This is in
accordance with the fact that PFs and TFSI™ anions are hydrophobic with TFSI being the
most hydrophobic one.

Table 3. WCA results obtained on different sensors.

Samples PPy PPy-PPyBF, PPy-PPYPF, SPy PRy TES]
WCA (°) ' - ' -

49+1 2412 50+1 551

3.2.4 XPS Analysis

In accordance with EDX analysis, the XPS survey spectrum of PPy revealed the presence of
C1s, N1s, O1ls, and CI2p components as can be seen in Table 4. In addition to these peaks,
PPy-PPyBF, shows signals at 685.6 eV and 193.6 eV with a 4:1 ratio attributable to F1s and
B1s components stemming from the incorporation of BF, anions. PPy-PPyPFg presents also
additional peaks at 631.6 eV (Fls) and 136.6 eV (P2p) with a = 6:1 ratio coming from the
incorporation of PFg anions, while for PPy-PPyTFSI peaks at 686.2 and 166.6 eV are
attributable, respectively, to F1s and S2p components of the TFSI™ anions (ratio 3:1).

Table 4. XPS data (binding energy (BE), and atomic percent) for PPy, PPy-PPyBF,, PPy-
PPyPF¢ and PPy-PPyTFSI.

PPy PPy-PPyBF, PPy-PPyPFs PPy-PPyTFSI
Components Peak BE Atomic Peak BE Atomic Peak BE Atomic Peak BE Atomic
(eV) % (eV) % (eV) % (eV) %
Cls 284.6 64.8 284.6 64.1 284.6 57.2 284.6 48.8
N1s 399.7 15.1 401.6 11.7 401.6 8.9 401.6 10.8
O1s 532.7 17.3 532.6 4.4 531.6 6.1 531.6 18.1
Cl2p 208.7 2.8 207.6 0.5 - - - -
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Fis - - 6856 155 6316 241 6886  17.2
Bls - - 193.6 3.8 - - ; ;
P2p - - - - 1366 3.7 - -
S2p - - - - - - 1686 5.1

The high-resolution XPS spectra of the N1s core level peaks of PPy-PPyBF,, PPy-PPyPFg
and PPy-PPyTFSI shown in Fig. 7 were fitted with two components, one at ca 400.0 eV and
one at ca. 401.8 eV (Table 5). The N1s spectra of polypyrrole is also known to contain two
components at the same binding energy. The one at 400.0 eV corresponds to the amine like
structure (-NH-) while the one at 401.8 eV corresponds to N-H" and =N-H" structures.*” The
ratios’ intensities between the components at 401.8 eV and 400.0 eV is equal to 0.2 for
polypyrrole. The only difference between PPy and the imidazolium functionalized films
stands from the ratio of these two peaks i.e. 1.9 for PPy-PPyBF,, 3.3 for PPy-PPyPFs and 0.4
for PPy-PPyTFSI. The increase of the ratio intensity in the case of PPy-PPyBF, and PPy-
PPyPFs is due to the presence of the imidazolium cation that presents a N1s peak at ca 401.5
eV *" % For PPy-PPyTFSI, the ratio is close to the one of PPy as the increase of the
component at 401.5 eV due to the incorporation of the imidazolium function is counter-

balanced by the presence of TFSI anions that presents a N1s peak at 399.3 eV.*

A) [N1s PPy-PPYBF, B) [n1s Py-pryPF, /\ C) [n1s Pry-PPyTFSI

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

408 404 400 396 408 404 400 396 408 404 400 396
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 7. High resolution N1s XPS spectra of A) PPy-PPyBF,, B) PPy-PPyPFg, and C) PPy-
PPYyTFSI.

Table 5. Assignments of the peaks present in the XPS N1s spectra (binding energy (BE), and

atomic percent of electrodeposited films.

Sample Peak BE (eV) Atomic % Assignment
PPy * 400.0 82.8 N-H
401.8 17.2 N=H" and N-H*
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PPy-PPyBF,4 399.9 33.8 N-H

401.8 66.2 N=H", N-H", Ngation
PPy-PPyPFs 399.6 23.2 N-H

401.8 76.8 N=H", N-H", Nation
PPy-PPyTFSI 399.3 55.9 N-H, N(TFSI)

401.6 44.1 N=H", N-H", Ngation

3.5 Analytical performance of the microconductometric sensors

Fig. 8 shows the comparison of the response of PPy-PPyBF,, PPy-PPyPFgs and PPy-PPyTFSI
at the atmosphere of ethanol, acetone, toluene, chloroform, methanol, and water, respectively.
As can be seen in Fig. 8, the PPy-PPyBF, sensor has a higher response towards acetone than
the other solvent. Contrarily, the other sensors with PFg and TFSI™ anions do not respond to
acetone and to any other solvent. Only some response towards water was registered but to a
letter extent. Different phenomena can occur in the sensing mechanism and one possible
explanation for the differences observed between the different anions may come from
different solubility of a specific vapor in an IL. The difference in hydrophilicity plays an
important role in determining the affinity of an IL toward a chemical vapor. Here, acetone is
more hydrophobic than ethanol or methanol and should thus interact with the more
hydrophobic IL i.e PPy-PPyTFSI. This is clearly the opposite trend that is observed, the more
hydrophilic IL PPy-PPyBF, interacts more strongly with acetone. To explain the highest
selectivity of the films bearing BF, anions one may also invoke difference in morphology.
However, SEM images have evidenced that PPy-PPyBF, is composed of large aggregates,
much larger than in the PPy-PPyPF¢ and PPy-PPyTFSI films. It is known that PPy particles
with smaller size are better gas sensing materials.”® Thus, the difference in morphology
observed in our case is not responsible for the different selectivity among the anions.
Imidazolium-based ILs are known to interact with solvent molecules (acetonitrile, acetone..)
via hydrogen bonding between the protons of the imidazolium ring and the hydrogen acceptor
atoms present in the solvent.>* Simulation studies have evidenced that hydrogen bonding
between imidazolium cations and different anions are stronger with TFSI™ anions than with
BF4ones and other studied have demonstrated higher hydrogen-bond strengths to the 1-n-
butyl-3-methylimidazolium ion for PFs” compared to BF, anions.>® Thus, BF, anions are
freer to interact with molecular solvent. At the same time, the higher selectivity for acetone
than ethanol or methanol might thus be due to the preferential formation of hydrogen bonds
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between the H atoms on the imidazolium cation and the oxygen of the carbonyl group of
acetone >*°* due to the higher polarity of acetone molecule (dipole moment of acetone 2.88 D

dipole moment of methanol or of ethanol =1.9 D).

A) B) 20
350 + Water ™
Acetone 18
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,g 250 | ,é\ 14
2 200} g o S 124 Acetone
(%2 I 2 n
2 Frle 2 104
150 | g "
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Fig. 8. Detection of gas-phase concentration for pure liquid phase of ethanol, acetone,
toluene, chloroform, methanol, and water using differential output signal between the working
A) PPy-PPyBF, sensor) B) PPy-PPyPFg C) PPy-PPYTFSI and the reference (PPy sensor).

We then measured the response of the PPy-PPyBF, sensor towards different acetone/water
solutions at various concentrations (Fig. 9A). The sensor’s conductance increases with an
increase in the concentration of acetone in the liquid phase (from 2.8 v/v to 56.6 v/v%). The
calibration curve of our developed sensor is presented in Fig. 9B. An excellent linearity (R* =
0.9978) and a sensitivity of 5.83 uS.cm™ (v/v%)™ are obtained. The detection limit of the
developed acetone sensor is 0.76 v/v % (7600 ppm) in the gas phase. The relative standard

deviation for the same sensor (five determinations) is 6% for lower concentrations and 2% for
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higher concentrations. The response time (tres) Of the microconductometric PPy-PPyBF,
acetone sensor varies from 0.67 to 13 s from lower concentrations to higher concentrations
(Fig. 6) whereas the time to recover (trec) t0 the baseline immediately after removal from the
headspace varies from 0.5 to 8 s. The measured sensitivity is 2.74 uS.cm™ (v/v%)™ for ethanol
vapor and 1.27 pS.cm™ (v/v%)™ for methanol vapor. This makes our PPy-PPyBF, sensor
twice more sensitive towards acetone than to ethanol and more than four times more sensitive

towards acetone than to methanol.

The reproducibility was studied using 5 different acetone sensors. The sensor keeps its

sensitivity of detection for six months, when kept at room temperature between the

measurements.
A) B)
400 400
Absolute Acetone
350  56.6 vv% 3504 ® ® Methanol
E
s00r 45.3 V9% 3007 2%
= 250} — ] o —
g ) g 250 . il —
@ 200}t 34.0 viv% & 200 s :
3 3 Concentration v/v (%)
(49 150 - 22.6 VIV% 2 150+
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0,
501 11.3 viv% 50
0o —
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Fig. 9. A) Detection of gas-phase concentration for different Acetone/water solutions with
PPy-PPyBF, sensor, using a lock-in amplifier. B) Calibration curve of the gas-phase

concentrations of acetone, ethanol, and methanol.

3.6. Application of the acetone sensor: detection of acetone in the headspace of a
nail varnish remover sample

The acetone content in the gas phase of a nail varnish remover was determined with our PPy-
PPyBF, sensor (Fig. 10). For this, we initially measured the conductivity in the gas phase of
absolute acetone and of an 80% acetone/water mixture. The conductivity found in the nail
varnish remover sample gas phase was 260.8 uS/cm. According to the calibration curve in
Fig.9, this value corresponds to 44.69 £+ 0.75 v/v% in gas phase. The determined
concentration of a nail varnish remover is 10.68 + 0.18 M corresponding to 78.9 =+ 1.4 %

which is in good agreement with the value given by the producer, 75%.
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Fig. 10. Detection of gas-phase concentrations for different acetone/water solutions and

commercial nail varnish remover, with PPy-PPyBF, sensor.

4. CONCLUSION
Conductimetric sensors were prepared by electropolymerization of pyrrole-functionalized
imidazolium ionic liquids (ILs) monomer bearing different anions on gold-coated
microconductimetric chips. An efficient adhesion of the pyrrole-functionalized IL was
obtained thanks to the pre-deposition of pyrrole. The efficiency of the functionalization was
assessed by IR spectroscopy, XPS analyses, and water contact angles measurements. The
morphology of the resulting films depends on the anions used. PFg" and TFSI™ anions led to
the formation of polypyrrole aggregates of about 1 pum of diameter while with BF,,
aggregates of 10 um of diameter were obtained. In line with this different morphological
features, electrochemical impedance spectroscopy measurements have shown that the charge
transfer resistance (R values are very close for PPy-PPyPFs and PPy-PPyTFSI samples,
around 30 Q while the PPy-PPyBF, sensor presents a higher R value of 121 Q. The
analytical performances of the microsensors for the sensing of different solvents (ethanol,
acetone, toluene, chloroform, methanol, and water) were tested in the gas phase at room
temperature. Only the sensor bearing the BF, anions responds to solvent vapor and this
sensor is twice more sensitive towards acetone than to ethanol and more than four times more
sensitive towards acetone than to methanol. The detection limit of the developed acetone

sensor is 0.76 v/iv % (7600 ppm) with a relative standard deviation ranging from 2 to 6% at
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higher and lower acetone concentrations, respectively. The sensor presents good response and
recovery times especially at low acetone concentration (tres= 0.67s and trec= 0.55). The higher
sensitivity for the sensor bearing BF, anions over the other anions is due to less hydrogen
bonding between the imidazolium cation and the anions that are thus more prone to interact
with molecular solvent. The differences in hydrogen bonding also explain the higher
sensitivity of the solvent towards acetone that is more polar. This sensor was further tested to
determine the concentration of a nail varnish remover. The concentration of 78% found is in

good agreement with the concentration of 75% furnished by the manufacturer.

To improve the sensor performance, we now plan to mix our films with gold nanoparticles.
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