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Abstract: Twenty-eight quartz crystal microbalance (QCM) sensors coated with different sensing
films were tested and analyzed in this work; twenty-three sensors were coated in different room
temperature ionic liquids (RTILs) and five additional QCM sensors were coated with conventional
films commonly used as stationary phases in gas chromatography. Four volatile organic compounds
(VOCs), in gaseous phase—hexanol, butyl acetate, 2-hexanone, and hexanoic acid—were measured.
Two transducer mechanisms were used; resonant frequency shift and resistance shift of a QCM
Mason equivalent circuit. The sensors were characterized by their sensitivity to the VOCs and their
discrimination power of the four VOCs. The highest separation among VOCs was obtained when
frequency and resistance information of both RTIL and conventional films was used, a sensor array
composed by two RTILs (1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide and
1-hexyl-3-methylimidazolium hexafluorophosphate) and two conventional films (tricresyl phosphate
and apiezon-L) was found to improve the Wilks lambda separation for the tested gases two orders of
magnitude compared to the Wilks lambda using only a conventional films array.

Keywords: gas sensor; room temperature ionic liquid; polar and non-polar; gas chromatography
stationary phase; electronic nose; quartz crystal microbalance

1. Introduction

Electronic noses are devices that identify and quantify volatile compounds or odors [1]. They
are composed of a gas sensor array, electronics to interrogate the sensors, algorithms to analyze the
measurements data, and some means to acquire the sample gas. These devices are being studied
to monitor atmospheric pollution [2], in the food industry [3], for health diagnosis [4], and for odor
reproduction [5].

A very important part of the work made to improve the electronic noses is done by research in gas
sensors, trying to improve the sensors in important characteristics such as selectivity, sensitivity, and
stability [6], and other characteristics such as response time [7], sensor reproducibility [8], and cost [9].
Other developments on electronic noses try to improve the portability by miniaturization [10]. A very
important part of the research is done by developing better automatic learning algorithms applied to
electronic noses such as deep learning algorithms [11].

In electronic noses, it is a common practice to increase the number of sensors in the sensor array
mimicking biological systems [12]. However, this approach has its limits, as the co-linearity of similar
sensors can be high and decrease the performance. Because of this, many studies have shown that
reducing the number of elements in sensor arrays improves the classification [13]. Other way to
overcome this problem is to develop new sensor materials and configurations [14]. In this line of
work, our group has studied electronic noses using an array of quartz crystal microbalance (QCM)
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sensors [15]. Although stationary phase materials for gas chromatography and lipids were used in
previous studies [16,17], other kind of sensing materials are expected to enhance the selectivity.

Since QCM sensors coated with gas chromatographic stationary phases were used to detect
gases [18], they have been used extensively as gas sensor elements in electronic noses [19]. As gas
sensors, they have advantages such as low cost, commercial availability, easy manipulation, simplicity
of the electronic circuits, and good sensor stability [19] compared to more complex devices such as
surface acoustic waves (SAW) [20], thin film bulk acoustic resonators (FBAR) [21] or cantilevers [22]
that usually have higher sensitivities. Some recent studies focused their research on the electronics by
interrogating the sensors with several harmonics [23], employing diverse data treatments such as deep
learning to link sensor data to human textual fragrance representation [24], or researching new sensing
materials [25].

To increase the range of potential sensing materials available for building sensor arrays, this paper
focuses on room temperature ionic liquids (RTILs) as gas sensing materials. RTILs are salts that remain
liquid at room temperature [26] and in general have several advantages as gas sensor materials. They
are stable and have very low volatility, factors that decrease the effects of drift or sensor poisoning.
They remain liquid in a wide range of temperatures. Since they have a variety of combinations of
cations with anions, they can be fine-tuned to interact differently with different gases. They have been
studied as stationary phases in gas chromatography [27], sensing materials in electrochemical gas
sensors [28], and in a few applications as sensor material coatings for QCM sensors [29].

To investigate RTILs as sensing materials, in this work, twenty-three RTILs were systematically
studied to detect four odorant VOCs; some of these RTILs have never been used as gas sensors
with QCMs. This is the first characterization of RTILs and gas chromatography stationary phases as
sensing films for QCMs using the same procedure, testing every film in the same conditions so RTIL
films and conventional films can be compared. To improve the classification, two different features
were extracted from the sensors—resistance changes and resonance frequency shifts. Moreover, the
discrimination capability using pure RTILs were compared with the discrimination power using pure
gas chromatography stationary phases and with the discrimination power using a combination of RTIL
and gas chromatography stationary phases.

2. Materials and Methods

Twenty-eight QCM (SEIKO EG & G, AT-cut, 9 MHz) sensors coated with different sensing films
were tested and analyzed; twenty-three sensors were coated in different RTILs and five additional
QCMs were coated with conventional sensing films commonly used as stationary phases in gas
chromatography. The details of the sensing materials are summarized in Table 1, where the identifier
used in this paper, the CAS codes, the names, and the frequency shifts caused by the deposition of the
sensing layer are detailed; additional details can also be seen in Supplementary Materials Table S1.

The relative polarity of the RTIL was estimated by several factors: the length of the
cation chains (shorter chains increases polarity), the cation (polarity increases in this order
[Nxxxx]>[Cxmim]>[XmPY]=[Pxxx]>[Pyxx]), and the anion (polarity increases in this order:
[AC]>[Cl]=[Br]=[dca]>[otf]=[BF4>[TfN2]=[PF6]) [30,31], where names correspond to abbreviations
in Table 1 with x representing any number. When studying conventional films, TCP, PEG-1k, and
Siponate DS10 were considered polar and OV-17 weakly polar [32,33].

The sensors were coated by dip coating carrying out the same procedure for all sensors. First,
solutions of the sensing material (RTIL or conventional film) were prepared by adding around 0.1 g to
11 mL of solvent. The solutions were stirred by a magnetic agitator for 5 min. Then, the QCM sensors
were submerged in the solution and a dip coater pulled out the QCM sensor. The deposition was only
characterized by the QCM frequency shift that was measured with the resonant frequencies before
and after the deposition (Table 1). Although no other characterization of the surface was made, the
frequency shift depends on the amount of material deposited on the surface and it is a common way of
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characterizing sensing layers on QCMs. Additional details of the deposition are in the Supplementary
Materials Table S2, including the thickness of the sensing film in nm and the solvent used.

Table 1. Details of the sensing materials used in the study and the quartz crystal microbalance (QCM)
frequency shift of the sensing layer deposition.

Sensing Material Deposition Frequency

Shift
Identifier CAS # Full Name (Hz)
[C2mim][otf] 145022-44-2 1-Ethyl-3-methylimidazolium triflate 1688
. 1-Ethyl-3-methylimidazolium
[C2mim][T£2N] 174899-82-2 bis(trifluoromethylsulphonyl)imide 1184
[C2mim][Ac] 143314-17-4 1-Ethyl-3-methylimidazolium acetate 1584
[C2mim][dea] 370865-89-7 1-Ethyl-3-methylimidazolium 1514
dicyanamide
[C4mim][dca] 448045-50-1 1-butyl-3-methylimidazolium 1300
dicyanamide
[C4mim][otf] 174899-66-2 1-Butyl-3-methylimidazolium triflate 1149
[C4mim][Ac] 284049-75-8 1-Butyl-3-methylimidazolium acetate 967
[C4mim][Cl] 79917-90-1 1-butyl-3-methylimidazolium chloride 1006
. 1-butyl-3-methylimidazolium
[C4mim][TE2N] 174899-83-3 bis(trifluoromethylsulfonyl)imide 1509
[C4mim][Br] 85100-77-2 1-butyl-3-methylimidazolium bromide 1200
. 1-hexyl-3-methylimidazolium
[Comim][TE2N] 382150-50-7 bis{(trifluoromethyl)sulfonylJimide 1194
. 1-hexyl-3-methylimidazolium
[Comim][otf] 460345-16-8 trifluoromethanesulfonate 1268
. e 1-hexyl-3-methylimidazolium
[Cémim][PF6] 304680-35-1 hexafluorophosphate 1042
[C6mim][Br] 85100-78-3 3—hexy1—1—methyl—llH—lmldazohum 1119
bromide
[Cémim][Cl] 171058-17-6 1-hexyl-3-methylimidazolium chloride 1300
. 1-octyl-3-methylimidazolium
[C8mim][PF6] 304680-36-2 Hexafluorophosphate 1438
. 1-octyl-3-methylimidazolium
[C8mim][TE2N] 178631-04-4 bis[(trifluoromethyl)sulfonyl]imide 175
[C10mim][BF4] 244193-56-4 1-Decyl-8-methylimidazolium 1055
tetrafluoroborate
1-Butyl-1-methylpiperidinium
[BmPY][TE2N] 623580-02-9 bis(trifluoromethylsulphonyl)imide 1182
Butyltrimethylammonium
[N4T11][TE2N] 324575-10-2 bis(trifluoromethanesulfonyl)imide 1561
11 1-Butyl-1-methylpyrrolidinium
[Py41][Tf2N] 223437-11-4 bis(trifluoromethanesulfonyl)imide 1163
Tributylmethylphosphonium
[P4441][TE2N] 324575-10-2 bis(trifluoromethanesulfonyl)imide 1293
Methyltrioctylammonium
[N1888][Tf2N] 258273755 bis(trifluoromethylsulphonyl)imide 1156
TCP 1330-78-5 Tricresyl phosphate 1352
APIEZON-L 8009-03-08 Petrolatum (Vaseline) 1339
PEG 1k 25322-68-3 Poly(ethylene glycol) 1,000 1169
OV-17 63148-58-3 Methyl Phenyl Silicone Oil 1179
SIPONATE DS-10 25155-30-0 Sodium dodecylbenzenesulfonate 1230

Most of the films showed a good adhesion to the QCM sensor. Although they were coated on the
surface irregularly, the stability was good. The sensing films remained on the QCM sensor surface, even
if several RTILs ([C2mim][Ac], [C2mim][otf], [C2mim][dca], [C4mim][Br], [C4mim][Cl], [C4mim][Br],
[COmiIm][Cl], and [C8mim][Tf2N]) did not form a good coating on the surface due to dewetting effects.
Other RTILs show stripes ([C2mim][otf], [C2mim][Tf2N], [C4mim][Cl] and [C6mim][Cl]), that could
be related to the evaporation rate of the solvent.

Four volatile organic compounds (VOCs)—hexanol, butyl acetate, 2-hexanone, and hexanoic
acid—were measured by the sensors. These VOCs were selected because they represent odorous
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volatile organic compounds with different functional groups (ketone, alcohol, acid, and ester) but with
same number of carbons.

Because van der Waals force is one of the main factors for the interaction between gas molecules
and sensing films, the partition coefficients of gases with the same number of carbons tend to be similar.
In addition, according to Sauerbrey equation [34], the QCM resonant frequency shift is proportional
to the mass adsorbed on its surface; volatile organic compounds with the same number of carbons
typically cause a similar frequency shift. Since those molecules are difficult to distinguish, they were
used in this study.

The VOC gaseous phases were generated by a continuous flow head space generation and
posterior dilution. The details of the system can be found elsewhere [35], but a short summary is
presented here. A mass flow controller sent 200 mL/min of bottled air thought the system. The flow
was evenly split in 16 paths and the air circulated continuously through them. Eight of the paths had
vials containing VOCs (5 mL), and the other 8 had empty vials. Every path could be switched from
going to the sensor chamber or going to the outlet (bypassing the sensor chamber). At all times, the
sensor chamber received the gases from 8 different paths (for a total of 100 mL/min). In summary, the
system could mix and combine the flow going through the vials into the sensor chamber, keeping a
constant flow rate through both the vials and the sensor chamber. In this experiment, two vials of each
VOC were used together to increase the concentration for each gaseous VOC.

This type of system has been used before to generate odors for olfactory displays by blending
pure chemical compounds [36] showing a concrete application of such device. Another application of
this type of system was odor analysis and recording, where the system was used to simulate complex
aromas with 5 simple components [37].

To calculate each VOC gaseous concentration generated by the odor generation system, a calibration
method similar to the one used in permeation tube instrumentation was used [38]. The weight of the
vials containing the odorant liquids were measured with a balance before and after the experiment.
The mass flow rate per channel (¢) (0.0125 L/min) with uncertainty 5%, the time of the experiment in
minutes (t) with uncertainty 1 s, and the change in mass (AM) in grams with uncertainty 0.002 g, were
used to calculate the concentration in gr/L. Then, the general equation of ideal gases with temperature
(293 K) and pressure (1 atm) and the molecular weight of each gas were used to calculate concentration
in parts per million in volume (ppmv) and its uncertainty [39].

Table 2 shows the full-scale concentrations of the gaseous VOCs (with 2 channels used
simultaneously). Although the gas concentrations are very different, the liquid concentration of
the vials in the odor generation system was the same (100%), so the system tested liquid samples with
the same concentration.

Table 2. Gaseous volatile organic compound (VOC) concentrations at 100% concentration and the
uncertainty associated.

Gas Hexanol Butyl Acetate 2-Hexanone Hexanoic Acid
Concentration (ppmv) 62.9 758.7 753.8 9.0
Uncertainty (%) 25.0 5.3 5.2 148.7

The concentrations of hexanol, butyl acetate, 2-hexanone were also measured by a photo ionization
detector (PID, RAE systems, ppb RAE 3000) (64, 614, and 592 ppmv, respectively), but the concentration
of hexanoic acid was too low to be measured with accuracy. The Supplementary Materials Tables S3,
S4 and S5 show tests for the RTIL calibrations.

One of the main characteristics of liquid sensing films, different from rigid solid films, is that the
gas absorption, in addition to the mass loading effect, also produces a change in the viscosity of the
liquid film, which causes the resonant Q factor to change. The change in Q factor is directly connected
to changes in the resistance of the QCM Mason equivalent circuit [40]. It has been shown that these
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changes can provide additional information about the gas and increase the selectivity and accuracy of
electronic noses [41].

The responses of these sensors are characterized by the mass loading and the change in their
viscosity, allowing a simultaneous two component measurement. The experimental setup in this work
used four Vector Network Analyzers (VNA) (model: DG8SAQ VNWA v3 made by SDR-Kits company)
that measured the QCMs conductance vs frequency curves [42]. This enabled the simultaneous
measurement of the changes on the resonant frequency and the resistance.

The data acquisition, data analysis and visualization were all made in Matlab by software
developed in the laboratory with the Statistics and Machine Learning Toolbox.

3. Results

3.1. Measurements

One set of experiments was done to characterize the sensors. In all of the experiments, the exposure
to the VOC lasted for 5 min and then the sensors were left for 10 min in a flow of carrier gas (dry air) to
recover. The resonant frequency and series resistance of each QCM sensor were measured every 2 s.
The sensor frequency and sensor resistance curves were filtered by a five moving point median filter
and then linearly interpolated to one second period. These curves were used to calculate the responses.
The frequency or resistance baseline was calculated by averaging the sensor measurement during
the 20 s just before the VOC exposure. The difference between the sensor frequency (or resistance) at
a given time and its base line was considered to be the sensor response at that time. This base line
correction was enough to compensate for the lack of sensor recovery observed after the exposition to
some VOCs. With these parameters, the sensor measurement repeatability was calculated in the range
of 15%; more details are in the Supplementary Materials Table S3.

The sensors were tested in batches of four sensors (the number of the sensor slots in the sensor
chamber) within a couple of weeks after fabrication. Every sensor was exposed to each VOC 12 times
at its maximum concentration. Figure 1 shows the typical responses of the sensors. The red and
black lines represent the evolution of the resonant frequency (up) and series resistance (down) of two
sensors (in black [C4mim][dca] and in red [C4mim][otf]. The color bars represent the intervals in
which the sensors were exposed to the gases. The response is not stable; in particular, hexanoic acid
has a long-lasting effect on the sensors. To compensate for this drift, the response was calculated as
the increment with the baseline calculated just before the gas exposure. In addition, to capture the
uncompensated variation, the response and cleaning times were kept constant and the exposures to
VOCs were made in a random order. This can be seen in Figure 1, where the gases are presented eight
times in a random order. In this way, the measurements capture the variation caused by the drift.

When studying all the sensors, the measurements were combined in a large dataset in which each
sensor was a column and each row represented a sample.

To measure the separation power of the different sensor combinations, the Wilks lambda [43,44]
was used. Wilks lambda (A) is given by Equation (1), where Sp, is the between groups variance matrix
and Sy is the within-group variance matrix. Wilks lambda is a measurement of the significance of the
separation among the groups [43]. A lower value of Wilks lambda means a better separation. Wilks
lambda is usually used for significance tests in statistical analysis, such as MANOVA, but in this case
we were only interested in relative values in order to select parameters that minimize it. Because the
experimental setup limits the number of sensors to four, a selection of four sensors was investigated in

all cases.
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Figure 1. (a)Typical response of the sensors [C4mim][dca] and [C4mim][otf]. (b) Frequency response
to the four VOCs. Resistance response to the four VOSs at maximum concentration.

3.2. RTIL Sensors

The Wilks lambda of all the possible combinations of four sensors was calculated and the lower
value (better separation) was used to select the best four sensors (out of the 23 RTIL sensors). Since the
data set was small enough to make this calculation within a practical amount of time, the selection was
made, exploring all the possibilities instead of adding (or removing) one sensor at a time.

The frequency data were studied first: in this case, [C4mim][Cl], [Py41][Tf2N], [C4mim][otf], and
[C4mim][Tf2N] sensors were selected as the best combination of sensors. The polar RTIL ([C4mim][Cl])
and non-polar RTILs ([Py41][Tf2N], [C4mim][otf], and [C4mim][Tf2N]) were selected, probably because
polar RTILs have information to compensate for less polar RTILs, such as ones with [Tf2N] anion.
When resistance data were studied alone, the selection was [C6mim][Br], [Py41][Tf2N], [C6mim][
Tf2N], and [C4mim][dca]. For resistance data, again, polar and non-polar anions were selected.

Frequency data combined with resistance data were also studied. In this case, eight features
were extracted from four sensors, four frequencies and four resistances. Again, in this case, a polar
RTIL ([C6émim][otf]) and three less polar RTILs ([C10mim][BF4],[P4441][Tf2N], and [Py41][Tf2N]) were
selected. The linear discriminant analysis (LDA) bi-plot can be seen in Figure 2. In this plot, each cross
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represents one measurement and they are colored according to the VOC measured. If the separation
among the groups is clear and the groups do not overlap, the system can be said to be able to separate
VOCs samples, and small groups separated as much as possible is preferred. The plot also draws the
LDA loads of the sensor features. A longer distance from the center means that the sensor feature is
contributing more to the separation. In addition, LDA loads close to each other means that the sensor
features are similar. In this case, the separation and it is quantized by the Wilks lambda as 1.2 107%.
Hexanol and hexanoic acid are close together, while butyl acetate and 2-hexanone are close to each
other. Additionally, it can be seen that [Py41][Tf2N] has a very different weight compared to the other
sensors, although [P4441][[T2{N] also has a high loading on the classification.

[C6mim][otf], [C10mim][BF4], [Py41][Tf2N], [P4441][Tf2N]

. LDA Loads Wilks: 1.2e-04
A [C6mim][otf](F)
> [C10mim][BF4](F)
3l O  [Py41][Tf2N](F)
® [P4441][T2N](F)
Vv [Comim][otf(R)
<l [C10mim][BF4](R)
21 O [Pya1][T2N)(R)
X [P4441][T2N](R)
1L &
N \ s
—
I ®
“1F Gas measurements
X Hexanol
2| Butyl Acetate
- 2-Hexanone
X Hexanoic Acid
_3 l 1 l 1 ! 1 | ]
-8 -6 -4 -2 0 2 4 6 8

LD1

Figure 2. Linear discrimination analysis (LDA)of measurements of room temperature ionic liquids
(RTILs) regarding the frequency (F) and resistance (R) data.

3.3. Conventional Films

The same analysis was made for the conventional films. For frequency, the Wilks lambda is higher
than the RTIL, but this is probably related to the fact that only five conventional films were explored,
instead of 23. On the other hand, the Wilks lambda, i.e., discrimination capability, for the resistance
measurements is much larger than the Wilks lambda for the resistance data of the RTIL. In particular,
Table S5 shows that the sensitivity of the resistance measurements to butyl acetate and 2-hexanone is
very similar, making their discrimination very difficult. Finally, when the information of the frequency
shift and the resistance are added together, the discrimination capability increases greatly compared
with that of frequency or resistance. Figure 3 shows the LDA bi-plot for the best four sensors and
the results are summarized in Table 3. Again, the classification is clear (with a lower Wilks lambda
of 2.8 107°) and, again, hexanol and hexanoic acid are close together as well as butyl acetate and
2-hexanone. In this case, OV-17 and TCP contribute more to the LDA classification.
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Figure 3. LDA of array of four best conventional films using frequency (F) and resistance (R) data.

Table 3. Wilks lambda and the best sensor selection of different number of sensor taken from different

sets (first column: RTIL, second column: conventional films, and third column: all sensors). (F) refers

to frequency data and (R) refers to resistance data.

RTIL Conventional Films All Sensors
Sensors Wilks A Sensors Wilks A Sensors Wilks A
[Py41][Tf2N](F) OV-17(F) [Py41][Tf2N](F)
Frequency : " Siponate DS-10(F) i
Data [CAmImIICIIE) 3.5x107° _ Siponate DS-10(F) 1.6 x 107 [CamimIICTIE) 1.3x 1070
(4 features) [C4mim][otf](F) TCP(F) [C4mim][otf](F)
[C4mim][Tf2N](F) Apiezon-L(F) OV-17(F)
[Py41][Tf2N](R) OV-17(R) [Py41][Tf2N](R)
Resistance X T e 1ny -
Data [C4mim][dca](R) 12 % 10-4 Siponate DS-10(R) 12 %10-3 [C6mim][Br](R) 6.8% 105
(4 features) [C6mim][Br](R) TCP(R) [ComIim][T2N](R)
[Comim][Tf2N](R) PEG-1k(R) TCP(R)
Frequency 1 YAUITEZNI(F&R) OV-17(F&R) [Py41][TE2N](F&R)
and Siponate .
Resistance [P4441][Tf2N](F&R) 16x10-6 DS-10(F&R) 92 x 10-6 [C6mim][PF6](F&R) 98 x 10-8
Data [Cémim][otf](F&R) TCP(F&R) TCP(F&R)
(8 features)
[C10mim][BF4](F&R) PEG-1k(F&R) Apiezon-L(F&R)
[C4mim][otf](F) [Py41][Tf2N](F)
[Py41][Tf2N](F) OV-17(F)
[C4mim][C1](F) [C10mim][BF4](F)
[C4mim][Tf2N](F) [C4mim][otf](F)
Frequency 6 - 7
(8 features) [C6mim][Br](F) 56x10 Apiezon-L(F) 17x10
[C4mim][Br](F) [C4mim][CI](F)
[C6mim][Tf2N](F) [C4mim][Tf2N](F)
[N4111][Tf2N](F) [Cémim][otf](F)
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3.4. All Sensors Together

Finally, the combination of the RTIL with conventional films was studied. After adding all sensors
together, the same analysis of Wilks lambda was made.

When using frequency from four sensors, the selection is [Py41][Tf2N], [C4mim][Cl], [C4mim][otf]
and OV-17. The Wilks lambda was 1.3 107, much lower than both the conventional films and the
RTIL sensors. In resistance, the selection of sensors changes and becomes [Py41][Tf2N], [C6mim][Br],
[C6mim][PF6] and TCP, and its Wilks lambda is 6.8 10™°. When combining frequency and resistance,
the sensor selection is [Py41][Tf2N], [C6mim][PF6], Apiezon-L, and TCP, and it gives a Wilks lambda
of 9.8 1078. Figure 4 shows the LDA bi-plot of the frequency and resistance measurements. In this
case, only hexanol and hexanoic acid remain close together, as butyl acetate and 2-hexanone get
separated; this is reflected in the lower Wilks Lambda. In this case, more sensor features contribute to
the separation and RTIL, and conventional films show different loadings.

[C6mim][PF6], [Py41][Tf2N], Apiezon-L, TCP
Wilks: 9.8e-08

4 -
Gas measurements
X Hexanol bw‘
3r Butyl Acetate X
2-Hexanone O
X Hexanoic Acid 3
2 -
LDA Loads
A [C6mim][PF8](F)
1r D> [Py41][Tf2N](F)
a O  Apiezon-L(F)
. @ O TCP(F)
oF vV [C6mim][PF6](R)
< [Py41][Tf2N](R)
%( > O Apiezon-L(R)
1k % TCP(R)
=2
_3 1 1 l 1 l 1 l ]
-8 -6 -4 -2 0 2 4 6 8

LD1
Figure 4. LDA of all sensors and all data points using frequency (F) and resistance (R) data.

In all cases, [Py41][Tf2N] was selected. The combination of sensors includes OV-17 (which is
weakly polar) or TCP, which is polar, so again polar and non-polar materials are selected. In addition,
one RTIL and one conventional film are always selected as part of the sensor array. Table 3 summarizes
all the results.

The less commonly chosen conventional film is Siponate DS-10, despite being selected when
inspecting only conventional films. This is probably because it is an organic salt, similarly to RTILs,
and its information or selectivity is related to them.

3.5. Validation of Sensor Array with Two Aromas

To validate the study, the best selection of a sensor to build an array measuring frequency
and resistance was used to classify two different flavors: banana and pineapple. The aromas were
flavors provided by Hassewaga Corporation, and they were similar as they evoked mature fruits.
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The organoleptic similarity between the two samples is higher than those among the previous four
pure VOCs samples that evoked different aromatics. The same test was made with the best four
conventional films to compare results. Figure 5 shows the LDA bi-plot of both experiments.

OV-17, PEG-1k, Siponate DS-10, TCP

3 Wilks: 3.3e-02
Gas measurements
2r X Banana
Pineapple
1 -
0 -
N
O -1r
|
LDA Loads
21 A ov-7(F) ———
> PEG-1k(F) -~
O  Siponate DS-10(F) e
Sl o TCPF) =7
vV OV-17(R) T =
| < PEG-1k(R) N
- ¢  Siponate DS-10(R) PAN
% TCP(R)
-5 1 ﬁ |
-5 0 5
LD1
(a)
[C6mim][PF6], [Py41][Tf2N], Apiezon-L, TCP
3 G2.W|Iks: 2.6e-03
Gas measurements
2+ i X Banana
Pineapple
1F
O i
—
o
O -1r
- LDA Loads
Pyt / A [C6mim][PF6](F)
D> [Py41][Tf2N](F)
; O  Apiezon-L(F)
3+ O  TCP(F)
ot YV [C6mIm][PF6](R)
< [Py41][T2N](R)
4+ {  Apiezon-L(R)
% TCP(R)
5 1 1
-5 0 =
LD1
(b)

Figure 5. LDA bi-plot for the best sensor array using frequency (F) and resistance (R) data of the

2 scents measured. (a) Conventional films. (b) Best sensing film selection.
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The sensors showed a similar response pattern of the pure VOCs; for conventional films only,
OV-17 and TCP had a higher response. In the case of RTIL combined with conventional films,
[Comim][PF6] had a higher contribution compared with [Py41][Tf2N]. The patterns of these two flavors
were similar, only using the conventional films (with a Wilks lambda of 3.3 1072). On the other hand,
the separation using the selected sensors (from RTIL + conventional films) was larger than those only
using conventional films (with a Wilks lambda of 2.6 1073), getting better separation again even if the
selection of sensors was optimized for the four VOCs samples.

4. Discussion

Looking at Figures 2—4 and the Wilks A, it can be concluded that the addition of resistance data
improves the array discrimination power of the VOCs. In Table 3, it can be seen that, for each column,
the Wilks lambda for frequency together with resistance is lower than frequency alone, and frequency
alone is better than resistance.

To test whether frequency combined with resistance data is better than only frequency, the eight
sensors that gave the lowest Wilks A were selected, taking only frequency data. The Wilks A of this set
of eight sensors is 5.6 107 and 1.72 107 for RTILs and all sensors, respectively (Table 3), slightly higher
values than the Wilks A calculated with the frequency and resistance data of the four best sensors
(4.6 107° and 9.8 1078). This shows that the addition of the four resistance features is slightly better
than adding four more frequency-only sensors.

Several chemical properties of RTILs make them excellent for gas sensor sensing materials;
chemical stability, which lower drift and increases stability; low volatility, which also increases sensor
stability; variety of sensing films’ characteristics that improves sensor specificity as proved in this paper.

However, some other problems need further investigation; the adhesion to the surfaces is not
always good, and their liquid nature could impose limits on the coating stability and could cause
long-term drift that has not been studied in this work. These adhesion and coating stability problems
are alleviated by the small thinness of the sensing film.

Other possible problem that we have not studied is the temperature and humidity influence. They
can limit the stability of the measurements. Although the temperature affects the QCM resonator
characteristics, such as the resonant frequency [45], the resonant frequency of the AT-cut QCM sensors
is stable at a temperature of around 25 °C [46], so the temperature influence will be caused mainly
by the sensing film properties, such as the partition coefficient [47] and its viscoelastic coefficients.
The humidity affects the properties of the sensing film and can act as an interfering compound [48].
In this work, we kept these parameters constant, so this limits the practical applications to uses such as
odor recording [37].

Additional studies can be done to investigate the sensor fabrication reproducibility. While it was
not studied in this paper, many scientific studies have remarked on the high reproducibility of the dip
coating technique [49]. Other studies that have investigated the sensor reproducibility of QCM sensors
coated with conventional films with other methods have shown a reproducibility on the partition
coefficient between 5% and 30% [50], bounding the reproducibility of the film coatings. The frequency
shift caused by the deposition was used to monitor and characterize the sensor fabrication. While this
accurately monitors the amount of material deposited, different sensors will have different responses
and a calibration of each sensor array will be needed. Sensor reproducibility is a common problem of
the electronic noses, making calibrations for each particular array necessary.

5. Concussions

In this paper, 23 RTIL films were studied as sensing films on QCM gas VOCs sensors to evaluate
their performance as sensing elements on an electronic nose. They were also compared to five
gas chromatography stationary phases to determine whether they could improve arrays made by
conventional films.
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Two key points can be obtained from this analysis. First, frequency data are better for classifying
than resistance data, improving the Wilks lambda by a factor of 3.4 for RTILs, but the addition of
resistance data to frequency data improves the array separation of the VOCs, improving the Wilks
lambda by a factor of 7.8 for RTILs.

Second, the addition of conventional films to RTIL films further improves the discrimination
power compared to only RTIL films or only conventional films by a factor between 46.9 (compared to
RTIL using frequency and resistance data) and 93.9 (compared to conventional films using frequency
and resistance data). The best sensor combinations include at least one RTIL and one conventional
film. This indicates that both kinds of sensor films have complementary information that improves
the classification.

These two conclusions open the door to the improvement of electronic noses with the incorporation
of these RTILs as new sensor materials and the interrogation of two different physical parameters on
QCM gas sensors.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/14/4026/s1.

Author Contributions: Conceptualization, M.A. and T.N.; methodology, M.A.; software, M.A ; validation, M.A.;
formal analysis, M.A.; investigation, M.A; resources, T.N.; data curation, M.A; writing—original draft preparation,
M.A; writing—review and editing, M.A and T.N.; visualization, M.A.; supervision, T.N.; project administration,
T.N.; funding acquisition, T.N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by JSPS KAKENHI Grant Number JP18H03773.
Acknowledgments: Banana and pineapple flavors were provided by Akira Nakamura of T. Hasegawa Co. LTD.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gardner, J.W,; Bartlett, PN. A brief history of electronic noses. Sens. Actuators B Chem. 1994, 18, 210-211.
[CrossRef]

2. Jasinski, G.; Wozniak, L.; Kalinowski, P,; Jasinski, P. Evaluation of the electronic nose used for monitoring
environmental pollution. In Proceedings of the 2018 XV International Scientific Conference on Optoelectronic
and Electronic Sensors (COE), Warsaw, Poland, 17-20 June 2018; pp. 1-4.

3. Loutfi, A.; Coradeschi, S.; Mani, G.K.; Shankar, P.; Rayappan, ].B.B. Electronic noses for food quality: A review.
J. Food Eng. 2015, 144, 103-111. [CrossRef]

4. Farraia, M.V.; Cavaleiro Rufo, J.; Paciéncia, I.; Mendes, F.; Delgado, L.; Moreira, A. The electronic nose
technology in clinical diagnosis. Porto Biomed. J. 2019, 4, e42. [CrossRef]

5. Li, H,; Sun, Y.; Luo, D. A method of olfactory display: Odor characterization and reproduction. In Proceedings
of the 2017 ISOCS/IEEE International Symposium on Olfaction and Electronic Nose (ISOEN), Montreal, QC,
Canada, 28-31 May 2017; pp. 1-3.

. Cluster-essc. Available online: http://www.cluster-essc.eu/ (accessed on 20 July 2020).

7.  Wang, L,; Lou, Z.; Zhang, R.; Zhou, T.; Deng, J.; Zhang, T. Hybrid Co304/SnO, core-shell nanospheres as
real-time rapid-response sensors for ammonia gas. ACS Appl. Mater. Interfaces 2016, 8, 6539-6545. [CrossRef]

8. Zang, Y.; Zhang, F.; Huang, D.; Dj, C.; Meng, Q.; Gao, X.; Zhu, D. Specific and reproducible gas sensors
utilizing gas-phase chemical reaction on organic transistors. Adv. Mater. 2014, 26, 2862-2867. [CrossRef]

9.  Kumar, P; Morawska, L.; Martani, C.; Biskos, G.; Neophytou, M.; Di Sabatino, S.; Bell, M.; Norford, L.;
Britter, R. The rise of low-cost sensing for managing air pollution in cities. Environ. Int. 2015, 75, 199-205.
[CrossRef] [PubMed]

10. Aleixandre, M.; Santos, ].P.; Sayago, I.; Cabellos, ]. M.; Arroyo, T.; Horrillo, M.C. A wireless and portable
electronic nose to differentiate musts of different ripeness degree and grape varieties. Sensors 2015, 15,
8429-8443. [CrossRef]

11. Langkvist, M.; Karlsson, L.; Loutfi, A. A review of unsupervised feature learning and deep learning for
time-series modeling. Pattern Recognit. Lett. 2014, 42, 11-24. [CrossRef]

12.  Bernabei, M.; Persaud, K.C.; Pantalei, S.; Zampetti, E.; Beccherelli, R. Large-scale chemical sensor array
testing biological olfaction concepts. IEEE Sens. |. 2012, 12, 3174-3183. [CrossRef]


http://www.mdpi.com/1424-8220/20/14/4026/s1
http://dx.doi.org/10.1016/0925-4005(94)87085-3
http://dx.doi.org/10.1016/j.jfoodeng.2014.07.019
http://dx.doi.org/10.1097/j.pbj.0000000000000042
http://www.cluster-essc.eu/
http://dx.doi.org/10.1021/acsami.6b00305
http://dx.doi.org/10.1002/adma.201305011
http://dx.doi.org/10.1016/j.envint.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25483836
http://dx.doi.org/10.3390/s150408429
http://dx.doi.org/10.1016/j.patrec.2014.01.008
http://dx.doi.org/10.1109/JSEN.2012.2207887

Sensors 2020, 20, 4026 13 of 14

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Pineau, N.J.; Kompalla, J.E; Glintner, A.T.; Pratsinis, S.E. Orthogonal gas sensor arrays by chemoresistive
material design. Microchim. Acta 2018, 185, 1-9. [CrossRef] [PubMed]

Nazemi, H.; Joseph, A ; Park, J.; Emadi, A.; Nazemi, H.; Joseph, A.; Park, J.; Emadi, A. Advanced micro- and
nano-gas sensor technology: A review. Sensors 2019, 19, 1285. [CrossRef] [PubMed]

Ema, K.; Yokoyama, M.; Nakamoto, T.; Moriizumi, T. Odour-sensing system using a quartz-resonator sensor
array and neural-network pattern recognition. Sens. Actuators 1989, 18, 291-296. [CrossRef]

Nakamura, K.; Nakamoto, T.; Moriizumi, T. Classification and evaluation of sensing films for QCM odor
sensors by steady-state sensor response measurement. Sens. Actuators B Chem. 2000, 69, 295-301. [CrossRef]
Nakamura, K. Evaluation of relationship between odorant molecular structures and responses of QCM odor
sensors. In Proceedings of the Technical Digest of the 17th Sensor Symposium, Kawasaki, Japan, 30-31 May
2000; pp. 307-312.

King, W.H. Piezoelectric Sorption Detector. Anal. Chem. 1964, 36, 1735-1739. [CrossRef]

McGinn, C.K.; Lamport, Z.A.; Kymissis, I. Review of gravimetric sensing of volatile organic compounds.
ACS Sens. 2020. [CrossRef] [PubMed]

Matatagui, D.; Fontecha, ]J.; Fernandez, M.J.; Aleixandre, M.; Grcia, I.; Cané, C.; Horrillo, M.C. Array
of Love-wave sensors based on quartz/Novolac to detect CWA simulants. Talanta 2011, 85, 1142-1147.
[CrossRef] [PubMed]

Johnston, M.L.; Edrees, H.; Kymissis, I.; Shepard, K.L. Integrated VOC vapor sensing on FBAR-CMOS array.
In Proceedings of the 2012 IEEE 25th International Conference on Micro Electro Mechanical Systems (MEMS),
Paris, France, 29 Janurary-2 February 2012; pp. 846-849.

Bao, Y.;; Xu, P; Cai, S.; Yu, H.; Li, X. Detection of volatile-organic-compounds (VOCs) in solution using
cantilever-based gas sensors. Talanta 2018, 182, 148-155. [CrossRef]

Speller, N.C,; Siraj, N.; Vaughan, S.; Speller, L.N.; Warner, L M. Assessment of QCM array schemes for mixture
identification: Citrus scented odors. RSC Adv. 2016, 6, 95378-95386. [CrossRef]

Koide, N.; Ichifuji, Y. Fragrance to vector as scent technology. In Proceedings of the 2017 IEEE International
Conference on Big Data (Big Data), Boston, MA, USA, 11-14 December 2017.

Korotcenkov, G. Materials for piezoelectric-based gas sensors. In Handbook of Gas Sensor Materials; Springer:
New York, NY, USA, 2013; pp. 307-328.

Marsh, K.; Boxall, J.; Lichtenthaler, R. Room temperature ionic liquids and their mixtures—A review.
Fluid Phase Equilib. 2004, 219, 93-98. [CrossRef]

Deenadayalu, N.; Thango, S.H.; Letcher, TM.; Ramjugernath, D. Measurement of activity coefficients
at infinite dilution using polar and non-polar solutes in the ionic liquid 1-methyl-3-octyl-imidazolium
diethyleneglycolmonomethylethersulfate at T = (288.15, 298.15, and 313.15) K. |. Chem. Thermodyn. 2006, 38,
542-546. [CrossRef]

Rehman, A.; Zeng, X. Methods and approaches of utilizing ionic liquids as gas sensing materials. RSC Adv.
2015, 5, 58371-58392. [CrossRef]

Xu, X.; Li, C; Pei, K.; Zhao, K.; Zhao, Z.K,; Li, H. Ionic liquids used as QCM coating materials for the
detection of alcohols. Sens. Actuators B Chem. 2008, 134, 258-265. [CrossRef]

Mikami, K. Green Reaction Media in Organic Synthesis; John Wiley & Sons: Hoboken, NJ, USA, 2008.

Ab Rani, M.A.; Brant, A.; Crowhurst, L.; Dolan, A.; Lui, M.; Hassan, N.H.; Hallett, J.P,; Hunt, PA.;
Niedermeyer, H.; Perez-Arlandis, ].M.; et al. Understanding the polarity of ionic liquids. Phys. Chem. Chem.
Phys. 2011, 13, 16831-16840. [CrossRef]

Shinwa Chemical Industries Ltd. Packed Columns Stationary Phases. Available online: https://shinwa-cpc.
co.jp/en/products/gc/packed/stationary/ (accessed on 3 March 2020).

Zondlo, M.M. Final report on the safety assessment of sodium Dodecylbenzenesulfonatel TEA-Dodecy 1
benzenesu Ifonate/ Sodium Decyl benzenesulfonate. J. Am. Coll. Toxicol. 1993, 12, 279-309. [CrossRef]
Sauerbrey, G. Verwendung von schwingquarzen zur wagung diinner schichten und zur mikrowédgung. Z.
Fiir Phys. 1959, 155, 206-222. [CrossRef]

Aleixandre, M.; Nakazawa, K.; Nakamoto, T. Optimization of modulation methods for solenoid valves to
realize an odor generation system. Sensors 2019, 19, 4009. [CrossRef]

Nakamoto, T.; Minh, H.P.D. Improvement of olfactory display using solenoid valves. In Proceedings of the
2007 IEEE Virtual Reality Conference, Charlotte, NC, USA, 10-14 March 2007; pp. 179-186.


http://dx.doi.org/10.1007/s00604-018-3104-z
http://www.ncbi.nlm.nih.gov/pubmed/30488253
http://dx.doi.org/10.3390/s19061285
http://www.ncbi.nlm.nih.gov/pubmed/30875734
http://dx.doi.org/10.1016/0250-6874(89)87036-2
http://dx.doi.org/10.1016/S0925-4005(00)00510-4
http://dx.doi.org/10.1021/ac60215a012
http://dx.doi.org/10.1021/acssensors.0c00333
http://www.ncbi.nlm.nih.gov/pubmed/32410445
http://dx.doi.org/10.1016/j.talanta.2011.06.033
http://www.ncbi.nlm.nih.gov/pubmed/21807207
http://dx.doi.org/10.1016/j.talanta.2018.01.086
http://dx.doi.org/10.1039/C6RA16988K
http://dx.doi.org/10.1016/j.fluid.2004.02.003
http://dx.doi.org/10.1016/j.jct.2005.07.003
http://dx.doi.org/10.1039/C5RA06754E
http://dx.doi.org/10.1016/j.snb.2008.04.039
http://dx.doi.org/10.1039/c1cp21262a
https://shinwa-cpc.co.jp/en/products/gc/packed/stationary/
https://shinwa-cpc.co.jp/en/products/gc/packed/stationary/
http://dx.doi.org/10.3109/10915819309140648
http://dx.doi.org/10.1007/BF01337937
http://dx.doi.org/10.3390/s19184009

Sensors 2020, 20, 4026 14 of 14

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

Yamanaka, T.; Matsumoto, R.; Nakamoto, T. Study of recording apple flavor using odor recorder with five
components. Sens. Actuators B Chem. 2003, 89, 112-119. [CrossRef]

Scaringelli, F.P.; O’Keeffe, A.E.; Rosenberg, E.; Bell, ].P. Preparation of known concentrations of gases and
vapors with permeation devices calibrated gravimetrically. Anal. Chem. 1970, 42, 871-876. [CrossRef]
Uncertainty of Measurement Results from NIST. Available online: https://physics.nist.gov/cuu/Uncertainty/
index.html (accessed on 30 April 2020).

Nakamoto, T.; Moriizumi, T.; Takamichi, N.; Toyosaka, M. A Theory of a quartz crystal microbalance based
upon a mason equivalent circuit. Jpn. J. Appl. Phys. 1990, 29, 963-969. [CrossRef]

Jin, X,; Huang, Y.; Mason, A.; Zeng, X. Multichannel monolithic quartz crystal microbalance gas sensor array.
Anal. Chem. 2008, 81, 595-603. [CrossRef]

Songkhla, S.N.; Nakamoto, T. Signal processing of vector network analyzer measurement for quartz crystal
microbalance with viscous damping. IEEE Sens. J. 2019, 19, 10386-10392. [CrossRef]

Wilks, S.S. Certain Generalizations in the Analysis of Variance. Biometrika 1932, 24, 471. [CrossRef]
Nakamoto, T.; Sasaki, S.; Fukuda, A.; Moriizumi, T. Selection method of sensing membranes in odor-sensing
system. Sens. Mater. 1992, 4, 111-120.

Bechmann, R. Frequency-temperature-angle characteristics of AT-type resonators made of natural and
synthetic quartz. Proc. IRE 1956, 44, 1600-1607. [CrossRef]

Lack, ER.; Willard, G.W.; Fair, I.E. Some improvements in quartz crystal circuit elements. Bell Syst. Tech. .
1934, 13, 453-463. [CrossRef]

Sun, P; Jiang, Y.; Xie, G.; Du, X.; Hu, ]. A room temperature supramolecular-based quartz crystal microbalance
(QCM) methane gas sensor. Sens. Actuators B Chem. 2009, 141, 104-108. [CrossRef]

Yao, Y,; Chen, X,; Li, X.; Chen, X,; Li, N. Investigation of the stability of QCM humidity sensor using graphene
oxide as sensing films. Sens. Actuators B Chem. 2014, 191, 779-783. [CrossRef]

Faustini, M.; Louis, B.; Albouy, P.A.; Kuemmel, M.; Grosso, D. Preparation of Sol-Gel films by dip-coating in
extreme conditions. J. Phys. Chem. C 2010, 114, 7637-7645. [CrossRef]

Muiioz-Aguirre, S.; Nakamoto, T.; Moriizumi, T. Study of deposition of gas sensing films on quartz crystal
microbalance using an ultrasonic atomizer. Sens. Actuators B Chem. 2005, 105, 144-149. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0925-4005(02)00451-3
http://dx.doi.org/10.1021/ac60290a012
https://physics.nist.gov/cuu/Uncertainty/index.html
https://physics.nist.gov/cuu/Uncertainty/index.html
http://dx.doi.org/10.1143/JJAP.29.963
http://dx.doi.org/10.1021/ac8018697
http://dx.doi.org/10.1109/JSEN.2019.2930733
http://dx.doi.org/10.1093/biomet/24.3-4.471
http://dx.doi.org/10.1109/JRPROC.1956.274879
http://dx.doi.org/10.1002/j.1538-7305.1934.tb00674.x
http://dx.doi.org/10.1016/j.snb.2009.06.012
http://dx.doi.org/10.1016/j.snb.2013.10.076
http://dx.doi.org/10.1021/jp9114755
http://dx.doi.org/10.1016/j.snb.2004.05.063
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Measurements 
	RTIL Sensors 
	Conventional Films 
	All Sensors Together 
	Validation of Sensor Array with Two Aromas 

	Discussion 
	Concussions 
	References

