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Abstract: Organic vapor sensors are used in diverse applications ranging from environmental
monitoring to biomedical diagnostics. Among a number of these sensors, quartz crystal microbalance
(QCM) sensors prepared by coating ionic liquids (ILs) or their composites are promising devices
for the analysis of volatile organic compounds (VOCs) in complex chemical mixtures. Ionic liquids
are remarkable materials, which exhibit tunable physico-chemical properties, chemical and thermal
stability, multiple interactions with diverse group of molecules, and enormous structural variability.
Moreover, ILs exhibit viscoelastic properties, and hence these materials are ideal for creation of
QCM virtual sensor arrays. While the scientific literature on IL-coated QCM sensors is rapidly
growing, there is still much to learn. This manuscript provides a comprehensive review on the
development of IL-coated QCM sensors and multi-sensor arrays as well as their applications for
the analysis of VOCs in complex mixtures. Furthermore, IL-coated QCM virtual sensor arrays and
their applications are presented. A short overview of some of the QCM designs, future research
areas, and recommendations are also discussed. This short review is a necessary first step towards
standardization and further development of QCM for the analysis of VOCs.

Keywords: volatile organic compounds; QCM; piezoelectric; ionic liquids; composites; multi-sensor
arrays; virtual sensor arrays

1. Introduction

Volatile organic compounds (VOCs) are organic chemical compounds which evaporate
under normal conditions of temperature and pressure [1]. VOCs are also defined as the
organic compounds with an initial boiling point of 250 °C or less at a standard atmospheric
pressure of 101.3 kPa [1]. VOCs are found both in indoor and outdoor environments. They
are emitted in the atmosphere from a wide variety of natural and anthropogenic sources;
the natural sources include plants, animals, natural vegetation fires, and volcanoes, while
the anthropogenic sources include transportation, industrial activities, biomass burning,
solvent use, and agricultural activities. Each VOC has its own toxicity and potential of
causing adverse health effects. While some VOCs have no known health effects, others
are highly toxic and carcinogenic; for example, benzene and 1,3-butadiene are known
human carcinogens, acrylonitrile is a probable human carcinogen, and dichloromethane is
carcinogenic to animals [2,3].

Different types of VOC analyzers are used in monitoring of air quality [4], detection
of food adulteration [5], detection of fuel adulteration [6], detection of explosives [7], dis-
crimination of microbial species [8], and diagnosis of plants [9] and human diseases [10,11].
The gold standard technique for VOC detection is gas chromatography coupled with
mass spectrometry (GC-MS). However, GC-MS is generally bulky, expensive, requires
high maintenance cost and efforts, and requires a skilled technician for operation and
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maintenance. An alternative tool that has attracted considerable interest recently is an elec-
tronic nose (eNose) device, which comprises an array of cross-reactive sensors (multisensor
arrays) and an appropriate pattern-recognition system that is able to recognize simple
or complex odors [12]. Commonly used pattern recognition systems include principal
component analysis (PCA), factorial analysis (FA), linear discriminant analysis (LDA),
artificial neural network (ANN), partial least square regression (PLS), and support vec-
tor machine (SVM) [13,14]. Quartz crystal microbalance (QCM), which works based on
gravimetric detection principle, is an excellent device that is amenable for the creation
of low cost and portable eNose systems [15]. A QCM sensor comprises a piezoelec-
tric AT-cut quartz crystal that is sandwiched between two metallic electrodes, and the
front electrode is coated with a suitable chemically selective material known as a sensing
material. Sensing materials are essential components of a QCM sensor since the sensi-
tivity and selectivity of a sensor is dependent on the sensing materials used. A wide
range of materials, including polymers [16,17], molecularly imprinted polymers [18,19],
metal-organic frameworks [20,21], carbon nanotubes [22,23], dendrimers [24,25], por-
phyrins/metalloporphyrins [26-28], phthalocyanines/metallophthalocyanines [29-31],
calixarenes [32,33], nanocomposites [34-36], and ionic liquids (ILs) [37,38], among others,
have been investigated as sensing materials for a QCM sensor. Among all of these, ILs are
a remarkable class of materials, which have received widespread attention as QCM coating
materials in the last two decades. ILs are nonvolatile, chemically and thermally stable, and
exhibit synthetic flexibility and multitude of interactions with analyte molecules, and these
unique characteristics of ILs make them ideal sensing materials.

Here, we provide a comprehensive review of the rapidly growing scientific literature
on the development of IL-coated QCM sensors/sensor arrays and their applications for
the analysis of complex mixtures of VOCs. Interested readers are referred to recently
published reviews that cover other QCM sensing materials [39—43]. This manuscript
summarizes: (i) The working principle of QCM and QCM-D (quartz crystal microbalance
with dissipation monitoring); (ii) ILs and their characteristic properties that make them
suitable sensing materials for QCM; (iii) recent advances in IL-coated QCM sensors and
multi-sensor arrays; and (iv) recent advances in IL-coated virtual sensor arrays and their
applications. Finally, future prospects of IL-based QCM/QCM-D sensors in the field of
organic vapor sensing and recommendations for the improvement of the QCM sensors
are also discussed. This short review is a necessary first step towards standardization and
further development of QCM for the analysis of volatile organic compounds (VOCs).

2. Operating Principle of a QCM Sensor

A QCM comprises a thin disc of piezoelectric AT-cut quartz crystal that is sandwiched
between two metallic electrodes (usually gold electrodes). The application of an alternating
electric field across the two metallic electrodes induces the crystal to vibrate in the thickness
shear modes with resonant frequencies in the megahertz region (MHz). Figure 1 shows the top,
bottom, and side views of a quartz crystal resonator. The direction of the particle displacement
is parallel to the surface of the crystal, while the direction of wave propagation is perpendicular
to the crystal surface. The shear wave is characterized by frequency and amplitude.
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Figure 1. A typical quartz crystal resonator used in a QCM sensor (a) the top view of the quartz crystal,
which shows a circular gold electrode in the center, (b) the bottom view of the crystal, and (c) the side
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view of the crystal. Figure is reproduced from [44]. The electrode on the bottom side is also circular
but smaller than the top electrode. The electrical contact to both the electrodes is provided from the
bottom side. The resonant frequency depends on the thickness (¢7) of the crystal.

The frequency of the acoustic wave under resonance condition is inversely propor-
tional to the thickness of the crystal [45]. The thickness of the crystal (t;) is related to
the velocity of acoustic wave in quartz (V) fundamental resonant frequency (f) by the
following equation [46].

ty=5! <1>
77 9 f

The thickness of the quartz crystal is 334 pm for a 5 MHz crystal, 167 um for a 10 MHz
crystal, and 11 um for a 150 MHz crystal. While thinner crystals provide higher sensitivity,
they are fragile and hence difficult to handle [47].

Upon addition of a uniform layer of a foreign material to the surface of the crystal,
the frequency of the acoustic wave decreases due to an increase in the thickness. The
change in resonant frequency due to the deposition of a film is given by Sauerbrey equation
developed by G. Sauerbrey in 1959 [48].

Af:—gAm )

where Af is the change in resonant frequency, # is the harmonic number that is an odd
integer, Am is the mass per unit area of the film (in air or vacuum), and C is the Sauerbrey
mass sensitivity constant which is dependent on the fundamental resonant frequency and
the properties of the quartz. The value of C is 17.7 ng cm~2 Hz~! for a 5 MHz AT-cut
quartz crystal; this means that 17.7 ng cm ™2 mass on the surface of a 5 MHz AT-cut quartz
crystal produces a frequency change of 1 Hz. The smaller the value of C, the greater is
the mass sensitivity. Thinner crystals provide better mass sensitivity as they have higher
fundamental resonant frequency. However, thinner crystals are more fragile and difficult
to handle; in addition, an increase in the fundamental resonant frequency of the crystal
also leads to an increase in measurement noise. Thus, a compromise must be made while
choosing the crystals. Typical operating range of commercially available crystals are
5-10 MHz [49]. When a QCM sensor is exposed to analytes, the absorption/adsorption of
analytes leads to a change in mass of the film, thereby decreasing the resonant frequency,
which can be correlated to analyte’s concentration in a sample. It should be remembered
that Sauerbrey equation is valid for thin and rigid films.

Another case that is commonly observed is the one in which one face of the quartz
crystal resonator is in contact with a Newtonian liquid. The change in the resonant
frequency in this case is given by the Kanazawa-Gordon equation (developed by Kanazawa
and Gordon in 1985) [50].

1
Af— 3/2( nLoL >2
f=-f P ®)
where, f is the fundamental resonant frequency of the free (dry) crystal, 77, is the absolute
viscosity of the liquid, o, is the density of the liquid, j( is the elastic modulus of the quartz,
and pg is the density of the quartz.

Ionic liquids are viscoelastic, as they show both elastic and viscous properties. In the
case of viscoelastic films, in addition to resonant frequency, the quality factor (Q factor)
can provide additional information. The Q factor is defined as the ratio of stored energy
over dissipated energy per oscillation cycle. The commonly used parameter is dissipation
factor (D), which is reciprocal of the Q factor [51]. Some QCMs use motional resistance
(Ry) instead of dissipation factor, and Q and Ry, are related by Equation (4) [52].

1 Edissipated
D=~ = _tesipated @)
Q 27tEstored
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where, R, represents the resistance and L;, represents the inductance of the Butterworth-
Van-Dyke (BVD) equivalent circuit model for quartz crystal resonator.

For the rigid films, the change in dissipation factor (AD) or motional resistance (AR)
is zero [53,54]. However, in the case of viscoelastic films, both Af and AD (or AR) de-
pend on the thickness as well as the viscoelastic properties of the films. For Maxwell
viscoelastic fluids, Af and AD (which can be simultaneously measured) are related to other

parameters as [54]:
t tPor w?
Af ~ — fPfo 1+ rere (6)
27topQ 3u f
where, t;is the thickness of the film, py is the density of the film, w is the angular frequency

of oscillation, g is the thickness of the quartz wafer, p is the density of the quartz, and p¢
is elastic shear modulus of the film.

©)

2P w

AD
3tapol

@)

where, 77 is the shear viscosity coefficient of the film, and other parameters are the same
as those in Equation (6). Equations (6) and (7) are particularly useful in explaining the
changes in resonant frequencies and dissipation factor in ionic liquid-based QCM sensors.

3. Ionic Liquids

Ionic liquids (ILs) have emerged as an attractive class of sensing materials for a QCM
device. They are organic salts, which melt at or below 100 °C. The ILs that exist as liquids
at room temperature are commonly referred to as room temperature ionic liquids (RTILs),
while those which exist as solids are sometimes referred to as frozen ionic liquids [55].
These materials typically comprise low symmetry organic cation that is weakly bonded by
electrostatic forces to an inorganic/organic anion [56]. ILs have low vapor pressure, high
thermal stability, high chemical stability, and moreover, they are nonflammable and their
selectivity can be easily tuned by altering the cation and/or anion [57,58]. The thermal
stability of ILs depends on their structure, and it has been reported that anion is a major
determinant of thermal stability [58]. A large number of ILs can be prepared by combining
cations and anions; thus, an estimated one million simple ILs can be synthesized [59,60]. ILs
show a multitude of interactions with organic compounds, which include dispersion, dipole
type, hydrogen bond, and electron lone pair interactions [61]. The attraction between an IL
and organic molecule is dependent on the relative contributions of these interactions, which
depend on the structure of ILs; and hence, the chemical selectivity of ILs to organic vapors
can be tuned by modifying the structures of ILs. For example, it has been demonstrated
that 1-butyl-3-methylimidazolium chloride (BMImCI) preferentially interacts with alcohols
as compared to other classes of organic compounds [62]. Oxygen in alcohol has partial
negative charge and can form hydrogen bonding with positively charged hydrogen atom
(attached to nitrogen) of BMImCI; in addition, the positively charged hydrogen atom of
alcohol can interact with negatively charged chloride ion [62]. The hydrogen atoms, which
are bonded to carbon, for example, do not interact strongly with the chloride ion. Because
of their unique properties, ILs have been widely employed as stationary phases in gas
chromatography columns, and IL-coated columns are being commercially produced since
2008 [63-67]. In addition, ILs have been used in a wide range of applications, such as in
electrochemical sensing [68], MALD-MS [69], catalysis [70], liquid-liquid extraction [71],
and others [72]. There is a rapid diffusion of VOCs in ILs and the absorptions is reversible.
ILs, almost exclusively RTILs, have been widely used for coating on a QCM device. Figure 2
shows chemical structures of some typical cations and anions commonly employed in the
synthesis of ILs.
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Figure 2. Some typical cations and anions used for the synthesis of ILs. Figure is reproduced from [44].

4. Advancements in Ionic Liquid-Based Materials for QCM Sensors

Different compounds and/or mixtures analyzed by IL-based QCM sensors and sensor
arrays are summarized in Table Al. Below we discuss some details of these studies.

4.1. lonic Liquid-Based QCM Sensors and Multi-Sensor Arrays

The first use of ILs to develop QCM sensors was reported by Liang et al. [37] in 2002.
The authors employed several ILs comprising imidazolium-based cations paired with bis
(trifluoromethylsulfonyl) imide and tetrafluoroborate anions. The ILs were spin-coated on
the surface of a 6 MHz AT-cut quartz crystal (12.5 mm diameter). Liang et al. [37] tested
11 different organic vapors, and the sensors displayed a rapid response with a response
time of approximately 2 s; the vapor sorption was fully reversible, as shown in Figure 3. It
is evident from this figure that on exposure to acetone vapors (which is also true for other
vapors), the resonant frequency of the QCM sensor increases. The Sauerbrey Equation,
however, predicts a decrease in resonant frequency during the sorption of vapors by the
IL films owing to an increase in the mass of the film. The increase in resonant frequency
during vapor sorption was explained by using Kanazawa-Gordon equation. Upon vapor
sorption, the viscosity and density of the film decrease, resulting in an increase in resonant
frequency. The decrease in viscosity of ILs is much more pronounced than a decrease in
their density. A plot of frequency change of the sensor as a function of concentration of
organic vapors was found to vary linearly.
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Figure 3. The response of an IL-coated QCM sensor on alternate flushing with saturated acetone
vapors and dry air. Figure is reproduced from [37].

The IL films used by Liang et al. [37] were relatively thick, and the long-term stability
of these films were not reported. Some potential problems of IL films include dewetting
and flow of ILs, thereby compromising the integrity of the films. Goubaidoulline et al. [73]
presented a concept of immobilizing an IL inside the pores of a nanoporous alumina
layer, which was grown on the front electrode of the quartz crystal through anodization
process. ILs were then immobilized inside these nanopores through spin coating using
a 10% IL solution in acetonitrile. The resonant frequency was found to decrease during
vapor absorption—as predicted by the Sauerbrey equation—While the bandwidth of the
resonance remained unchanged indicating the absence of viscoelastic effects. The response
was found to be linear with the activity of vapors. Goubaidoulline et al. [73] also determined
Henry’s constants for six organic solvents (acetonitrile, cyclohexane, isooctane, methanol,
tetrahydrofuran, and toluene). While the authors were successful in eliminating problems
related to liquid’s softness, dewetting, and liquid flow, the desorption rate of vapors was
found to be slow due to the confinement of ILs inside alumina nanopores.

Subsequent studies on IL-coated QCM sensors have been focused on increasing the
sensitivity of the sensors as well as developing multi-sensor arrays for the analysis of com-
plex samples. Toward this end, Seyama et al. [74] prepared plasma-polymerized films by
radio frequency sputtering of D-phenylalanine on the surface of quartz crystal resonator.
The authors incorporated 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-TFB) to this
plasma-polymerized film by dropping a solution of EMI-TFB on the surface of the films. They
created a sensor array containing four sensor elements; one sensor element contained only
D-phenylalanine film, while other three elements contained different amounts of EMI-TFB.
This sensor array was used for the discrimination of four normal alcohols, including methanol,
ethanol, n-propanol, and n-butanol with concentrations ranging from 16 to 84 ppmv. The
PCA scores plot exhibited separate areas for these alcohols, as displayed in Figure 4.

Jin et al. [75] developed an IL-coated QCM sensor array using seven ILs for the
detection of organic vapors at ambient and high temperatures (e.g., 120 °C). The authors
used two imidazolium ILs, four phosphonium ILs, and one ammonium IL to construct the
sensor array. The thickness of the IL films was kept less than 200 nm; and, a decrease in
resonant frequency was observed on exposure to organic vapors. Four analytes, including
ethanol, dichloromethane, benzene, and heptane were selected as analytes. Figure 5 shows
LDA canonical scores plot of four organic vapors of different concentrations; seven replicate
measurements were taken for each vapor. A classification accuracy of 96% was achieved
for unknown concentration (1 misclassified out of 28 measurements), while 100% accuracy
was achieved for known concentrations. The response of IL-coated sensors was found
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to decrease exponentially with temperature, and this can be attributed to a decrease in
absorption with an increase in temperature [75]. Rehman et al. [76] developed a sensor
array comprising eight sensor elements each coated with an IL. The sensor array was used
for the discrimination of a closely related explosive compounds; and the authors were
able to discriminate nitromethane, 1-ethyl-2-nitrobenzene, and a mixture of these two
compounds with a reasonably high accuracy using LDA algorithm. Jin et al. [77] prepared
a multichannel monolithic quartz crystal microbalance (MQCM) which was fabricated
by using four pairs of electrodes on a single 10 MHz quartz crystal. Each of the four
QCM in the MQCM was found to behave like an independent sensor. To construct a
sensor array, two of the four electrodes were coated with ILs, the third electrode one was
coated with a conductive polymer poly(vinylferrocene), and the fourth electrode was left
bare. The MQCM exhibited 100% accuracy for the classification of ethanol, hexane, and
dichloromethane using LDA.
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Figure 4. Principal component analysis (PCA) scores plot obtained with sensor array responses
resulting from exposure to different vapors. Numbers indicate the concentration of each alcohol in
ppmv unit. Figure is reproduced from [74].
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Figure 5. Linear discriminant analysis (LDA) canonical scores plot of four organic vapors with
different concentrations tested with an IL-coated QCM sensor array. Seven replicate measurements
were taken for each vapor. Figure is reproduced from [75].
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Xu et al. [78] investigated six ILs as QCM sensing materials to detect a number
of organic vapors, including acetone, benzene, dichloromethane, ethanol, hexane, and
toluene. The authors found that chloride- and bromide-containing imidazolium ILs
were 2.6-30 times more selective to ethanol as compared to other vapors. These halide-
containing ILs were further used to detect methanol and propanol; and, as low as 6.0 ppmv
of propanol and 10 ppmv ethanol have been detected. The high sensitivity of imidazolium-
based halides was attributed to hydrogen bonding interactions between the ILs and al-
cohols [62,78]. The response of these sensors was, however, found to decrease with wa-
ter vapors; and the calibration curves were found to remain linear. In separate studies,
Xu et al. [79] further developed a QCM sensor arrays, where three QCM sensor elements
were prepared by coating imidazolium-based ionic liquids and one QCM sensor element
by coating silicone oil. The sensor array was used for the discrimination of acetone,
dichloromethane, ethanol, and toluene with 100% identification accuracy using artificial
neural network (ANN) algorithm. After the identification of an analyte, the sensor array
was also employed for quantitative analysis of these four analytes, and the prediction
errors were found to be less than 8%.

There have been attempts to use an IL-coated QCM sensor array for the analysis
of food flavors. In this regard, Toniolo et al. [80] developed a QCM sensor by coating
seven commercially available ionic liquids. The sensor array was first applied to classify
31 compounds belonging to different chemical classes including hydrocarbons, terpenes,
alcohols, aldehydes, esters, phenols, ketones, amines, and acids. These compounds were
selected as representative compounds present in a range of food flavors. PCA of the data
showed a separate cluster for each chemical class. The sensor array was then applied for
the analysis of headspace vapors of two different botanical varieties of cinnamon including
Cinnamon zeylanicum and Cinnamon cassia. Three batches of cinnamon sticks with two
replicate measurements were analyzed. PCA showed two separate clusters for these two
botanical species, as shown in Figure 6. These studies demonstrated an IL-coated QCM
sensor array provides high enough sensitivity and selectivity for the differentiation of
odors released from quite similar flavor sources.

0.8

0.6

0.4+

0.2

PC2 (14.13%)
=)

T T T T T T T T T T
-1 -08 -06-04-02 0 02 04 06 08 1
PC1 (70.96%)
Figure 6. Loading plot obtained by PCA for headspace vapors from ground samples of C. zeylanicum
(CZ) and C. cassia (CC). Numbers are used to indicate different cinnamon batches, while letters
(a) and (b) are used to indicate replicate measurements on different portions of the same cinnamon
batch. Figure is reproduced from [80].

Ionic liquids are amenable to form composite materials [81-83]. Considering this
property of ILs, several efforts have been made to enhance the sensitivity and selectivity
of a QCM sensor by using ILs in conjunction with other materials [84-86]. For example,
Jin et al. [84] attempted to increase the sensitivity of a QCM sensor by using a polymer
scaffold, because just simply changing the thickness of the IL film does not increase the
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sensitivity. The authors created a scaffold on the surface of quartz crystal by electrochem-
ically depositing partially oxidized polyaniline (PAn) (emeraldine salt) film, which was
then used as a template to immobilize an IL, butylmethylimidazolium camphorsulfonate
(BMICS). The IL was deposited on the surface of PAn film using solutions of the IL in
ethanol. The sensor was employed to detect methane, and a detection limit of 115 ppm
was achieved. As shown in Figure 7, there is a significant enhancement in sensitivity of
the sensor prepared by depositing BMICS on the PAn film. The interactions between IL
and charged PAn could have possibly increased the wettability of IL films. Hou et al. [85]
have recently reported immobilization of ILs on polyvinyl ferrocene films with varied
oxidation states to enhance sensitivity and selectivity towards several VOCs. Ji et al. [86]
presented a concept of using composites of graphene/ILs for highly selective sensing of
aromatic vapors. The film graphene/ILs were deposited on the QCR surface by reduction
of graphene oxide in the presence of ILs followed by layer-by-layer assembly.

100 7
- Bare gold
e B e N s W S r T~ PAn
[ [, | “——BMICS
U] G N T
o™ o/ 1 o ~PANBMICS
~J | [ | { {1 sl {
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8% || | ‘
o |
=200 7 Ci |
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Figure 7. Frequency changes upon methane absorption and desorption on bare gold, PAn, BMICS, and
emeraldine salt PAn/BMICS-coated QCM devices at room temperature. Figure is reproduced from [84].

4.2. Reaction-Based Sensing lonic Liquids for QCM Sensors

The ionic liquids that we discussed above show reversible response, meaning that the
analytes can be easily desorbed by blowing an inert gas [37]. There are several attempts
to develop QCM sensors using specific chemical reactions of ILs with analytes, which
can significantly increase the sensitivity and selectivity for several organic vapors; and,
this type of ILs has been referred to as ‘sensing ionic liquids’ (SILs) [87-93]. Tseng and
Chu [87] synthesized three SILs and used them for highly sensitive and selective detection
of aldehyde, ketones, and amines. For example, one of the SILs contains an amine group in
the side chain, and this readily reacts with aldehyde and ketone gases to produce covalent
imine adducts; and, by using this SIL the authors estimated the sensitivity of detection to be
4.5 ppb for butyraldehyde. In another set of studies, the authors reported highly sensitive
and selective detection of organic azide gases through the use of [3+2] cycloaddition
reaction with an SIL at room temperature [88]. The sensitivity of detection was found to be
5 ppb for benzyl azide and 35 ppb for butyl azide [88]. Similarly, Liu et al. [89] synthesized
SILs for QCM-based detection of cyclic and acyclic ketones, and the sensitivity of detection
was 0.6 ppb for cyclohexanone and 1.1 ppb for acetone. The research in the synthesis
of SILs and their use to develop QCM sensors continued to grow. Li et al. [91] reported
detection of aldehydes and ketones gases by using silver ILs. Hsu et al. [92] reported
the detection of alkenes gas through the use of Diels-Alder [4+2] cycloaddition reaction
of alkenes with so-called functional ionic liquids, and the sensitivity of detection was
reported to be 1.5 ppb for cyclopentadiene. Li and Chu [93] reported detection of alcohol
and amine gases by utilizing triazine-based ILs and nucleophilic aromatic substitution
reactions. These reaction-based IL systems provide high sensitivity, high selectivity, and
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no sensitivity to moisture as compared to the ILs discussed in Section 4.1. However, the
binding organic molecules to the ILs is irreversible, and hence the IL film on the QCM
surface is required to remove by washing after each measurement and replace with a new
film. In addition, reaction-based ILs are not ideal for the development of sensor arrays [94].

4.3. Ionic Liquid-Based QCM Virtual Sensor Arrays

The QCM sensors and multi-sensor arrays discussed so far are based on the measure-
ments of only one signal response, i.e., frequency shift, per sensor. Since ILs exhibit viscoelastic
behavior, a change in motional resistance (AR) or change in dissipation factor (AD) takes
place in addition to Af during vapor absorption. Moreover, Af and AD can be measured
at multiple harmonics to obtain many signal responses per sensor. A device containing a
single physical sensor that is able to produce multiple signal responses has been named as
a virtual sensor array (VSA) or multivariable sesnors [95-98]. These types of sensors have
emerged in fundamentally different perspective to minimize several limitations associated
with the existing sensors [97]. Recently, there have been significant progress in developing
VSAs using IL-coated QCM sensors [98-104]. Regmi et al. [99,100] developed QCM sensors
by depositing composite materials made by mixing of an IL and a polymer, such as cellulose
acetate and polymethylmethacrylate (PMMA). These materials were co-deposited on the
QCM surface by using a solvent precipitation method to obtain thin films comprising isolated
microdroplets of varying sizes. As shown in Figure 8, the frequency of the QCM sensor
coated with an IL-polymer composite decreased, while the motional resistance of the sensor
increased on exposure to organic vapors [99]. An intriguing observation of these studies is the
correlation of the molecular weight of a vapor to Af-to-AR (Af /AR) ratio [99]. Figure 9a shows
a linear relationship between the magnitude of Af and AR, and this relationship is found
to be concentration independent for relatively low vapor concentrations. Figure 9b shows
that the magnitude of the ratio Af/AR varies linearly with the molecular weight of vapors.
Simultaneous measurements of these two parameters is therefore very useful in determining
molecular weight of a compound, thereby facilitating its identification. Measurement of either
Af or AR alone is not sufficient to know about the molecular identity as the response depends
both on the concentration and the identity of the vapor. Viscoelastic modeling using the
data obtained from quartz crystal microbalance with dissipation monitoring (QCM-D) for
different harmonics showed that these films can be best described by the Maxwell viscoelastic
model [100]. The polymers cellulose acetate and PMMA were found to increase the effective
viscosity of the IL materials. It should be noted that if the film remains in the thin-film regime,
Af varies as a function of mass. On the other hand, AR (or AD) depends on the viscosity of the
film. The observation that the molecular Af /AR is directly proportional to molecular weight
indicates that AR, and hence viscosity of the film, depends on the number of moles of a vapor
absorbed irrespective of the vapor identity. This observation is clearly consistent with the
studies by Seddon and coworkers [105] who reported that the viscosity of a mixture of IL and
organic solvent depends primarily on the mole fraction of the solvent in the mixture rather
than the identity of the solvent. These studies provided a new dimension in the analysis of
vapors by using a QCM sensor.

Speller et al. [98,101-103] conducted in-depth studies in the development of IL-based
QCM VSAs and applied these sensor arrays for the discrimination and classification of
challenging real-world mixtures, such as gasoline and essential oil samples. In their
initial studies, Speller et al. [98] coated the surface of QCM-D crystal with an IL using
an electrospray process. The coating thickness was varied by changing the coating time.
This resulted heterogeneous films comprised isolated microdroplets of different sizes.
The prepared sensor was tested with 18 different organic vapors of the same or different
chemical class, including alcohols, aromatic hydrocarbons, chlorinated hydrocarbons, and
nitriles. The Af values obtained at different odd harmonics were then analyzed using PCA
and discriminant analysis (DA). The VSA allowed to a classification accuracy of nearly
100% was obtained using the VSA. The VSA was further employed for the discrimination
of petroleum ether and kerosene—two representative similar complex mixtures.
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Figure 8. Frequency and resistance changes of a QCM sensor coated with a composite of cellulose

acetate and 1-n-butyl-2,3-dimethylimidazolium hexafluorophosphate on exposure to 17.8 mg L~
(a), 35.6 mg L1 (b),53.4 mg L1 (c¢), and 71.3 mg L~ (d) of chloroform vapors. In each case, the
liquid sample was injected into the chamber and allowed to vaporize; after equilibrium, the vapor

was removed by flushing with UHP argon. Figure is reproduced from [99].
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Figure 9. (a) Plots of Af against AR for a QCM sensor coated with a composite material on exposure to different or-
ganic vapors. The vapor concentration ranges: 1.93-77.0 mg/L for tetrachloromethane, 0.720-28.8 mg/L for chloroform,
0.209-8.36 mg/L for toluene, 0.194-11.7 mg/L for 1-propanol, 0.191-11.5 mg/L for acetone, 0.382-22.9 mg/L for ethanol,
0.190-4.75 mg/L for acetonitrile, and 0.574-23.0 mg/L for methanol. (b) Variation of Af/AR as a function molecular weight
of organic vapors. Error bars represent the standard deviations (n = 6-8). Figure is reproduced from [99].

Figure 10 shows Af at different harmonics on exposure to petroleum ether and
kerosene for two VSAs, one coated with 1-octyl-3-methylimidaolium bromide ([OMIm][Br])
and the other coated with 1-octyl-3-methylimidaolium thiocyanate ([OMIm][SCN]). Note
that the changes in frequency is negative at lower harmonics and positive at higher har-
monics. Quadrative discriminant analysis (QDA) was used to classify the petroleum ether
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and kerosene samples. The classification accuracy was found to be 100%. These studies
demonstrated that a VSA based on an IL-coated QCM-D is a promising technology for the
discrimination and classification of very similar chemical compounds or mixtures.
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Figure 10. Frequency change at different harmonics and QDA, and canonical plots for petroleum
ether and kerosene. (A) VSA coated with [OMIm][Br] and (B) VSA coated with [OMIm][SCN]. Figure
is reproduced from [98].
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Speller et al. [102], in another set of studies, compared the performance of multi-sensor
array (MSA), VSA, and MSA and VSA combination (referred to as virtual multisensory
array and abbreviated as V-MSA) developed by coating four different ILs. Five essen-
tial oil samples, as representative complex mixtures, were used as analytes, and it was
demonstrated that the accuracy of classification of these very similar mixtures by V-MSA
was superior (accuracy = 100%) compared to that of MSA or VSA alone indicating that
IL-coated V-MSA is a very promising tool for the analysis of organic vapors in complex
mixtures. Speller et al. [103] further developed a V-MSA for accurate discrimination of
gasoline grades and adulterated (adulterated with methanol, ethanol, toluene or xylene)
gasoline samples. In order to develop the V-MSA, the authors coated four QCM-D sur-
faces with different ILs. The QCM-D data were analyzed by PCA and LDA. The V-MSA
accurately discriminated different gasoline grades as well as gasoline adulterated with
several industrial solvents. As low as 1% adulteration could be accurately discriminated,
indicating that the V-MSA could be an exceptional tool for discrimination of highly complex
mixtures. Figure 11 shows an LDA canonical plot for the discrimination of gasoline adul-
terated with different solvents at a 1% v/v ratio. Vaughan et al. [104] recently developed
three VSAs using polydimethylsiloxane (PDMS) incorporated phosphonium ILs. Two of
the three VSA discriminated five chlorinated VOCs—dichloromethane, trichloromethane,
tetrachloromethane, chloropropane, and chlorobutane—With 100% accuracy. These stud-
ies demonstrated that incorporating polymers in ILs could improve the discrimination
accuracy of IL-coated QCM sensor arrays.
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Figure 11. Linear discriminant analysis (LDA) canonical plot showing the discrimination of low-level
gasoline adulteration using a V-MSA. Three concentrations of each sample were analyzed in triplicate.
Adulterated samples are denoted as Ethanol, Methanol, Toluene, and Xylene. Each sample contains
1% v/v adulterant; 9 measurements per each adulterant were taken making 36 total measurement for
four adulterated sample. The sample denoted as Gasoline contained all measurements (9 for each)
for Exxon Regular, Exxon Plus, and Exxon Supreme making 27 total measurements. In this plot, there
a total of 63 measurements. Figure is reproduced from [103].

Recently, Aleixandre and Nakamoto [106] studied twenty-eight QCM sensors; twenty-
three of them were coated with ILs, and the remaining five were coated with common
GC stationary phase materials. The authors measured both frequency shift and resistant
shift of Mason equivalent circuit. A sensor array was then developed using two sensors
coated with ILs and two sensors coated with GC stationary phases, and the sensor array
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was used for the discrimination of four organic vapors. It was demonstrated that using
both the frequency and resistance data provided better discrimination capability for the
sensor array. These studies further demonstrate that obtaining two or more parameters
from a single sensor should be a viable alternative for the construction of efficient sensor
arrays. The authors obtained the best sensor combination by employing at least one IL film
and one conventional film.

4.4. Ionic Liquid-Like Materials for QCM Sensors and Multi-Sensor Arrays

Amorphous solid salts (which are solid-state analogues of ILs; also named as Group
of Uniform Materials Based on Organic Salts or GUMBOS) and poly(ionic liquid)s have
been also investigated as QCM sensing materials for the detection of a number of differ-
ent organic vapors [107-110]. Regmi et al. [107] synthesized two solid phase amorphous
materials, namely copper (II) meso-tetra (4-carboxyphenyl) porphyrin tetra (trihexylte-
tradecylphosphonium) salt and copper phthalocyanine-3,4’,4”,4'”-tetrasulfonic acid tetra
(trihexyltetradecylphosphonium) salt. The QCM sensors developed by coating these two
salts were used for sensing of eleven organic vapors. The sensor exhibited very fast re-
sponse and recovery times to all these analytes, and this response times were similar
to what is found in liquid phase ILs. Up to 320-fold improvement in sensitivity (for
porphyrin-based GUMBOS) was observed as compared to the previous reports using met-
alloporphyrins as coating materials, thereby indicating the potential of these materials for
a significant enhancement in sensitivity [107,111]. Recently, Vaughan et al. [108] prepared
four compounds by pairing copper (II) phthalocyaninetetrasulfonate anions with tetrabuty-
lammonium, tetrabutylphosphonium, 3-(dodecyldimethyl-ammonio)propanesulfonate,
and tributyl-n-octylphosphonium cations. A QCM sensor array was created and used for
the discrimination of ten analytes belonging to four different classes. The accuracy for the
classification of these ten analytes into four classes was found to be 98.6%. There a few
studies on the use of poly(ionic liquid)s as QCM coating materials for detection of organic
vapors. Zhang et al. [109] synthesized imidazolium-based poly(ionic liquid)s and used
them as QCM coating materials for detection of VOCs, and a theoretical detection limit of
3.1 ppb is reported for volatile organic acids. The recovery time was found to be less than
40 s. Sipka et al. [110] have recently reported the use of poly(ionic liquid)s as QCM coating
materials for the detection of a number of gases including organic vapors.

5. Conclusions and Future Perspectives

This article provides an overview on the current state of research in the use of ILs as
QCM sensing materials for the detection and classification of complex chemical mixtures
comprising VOCs. IL-coated QCM sensors have undergone a significant transformation
since they were first introduced by Liang et al. in 2002. Due to a broad diversity of the
constituent ions, ILs exhibit remarkable flexibility in tuning their chemical selectivity. There
is continuing interest in the development of sensitive and selective QCM sensors using ILs
toward the analysis of complex chemical mixtures. Detection limits in lower ppb range have
been attained by using IL-coated QCM sensors. Moreover, gasoline samples containing as
low as 1% adulterant have been discriminated. However, the reproducibility and long-term
stability of these sensors have not been fully evaluated. Note that the response of a QCM
sensor was found to decrease with an increase in humidity and temperature; a strict control
of these conditions should be maintained during measurements.

While IL-coated QCM sensors and sensor arrays have potential to analyze much
wider range of complex mixtures, a limited number of mixtures have been evaluated under
laboratory conditions. In future research works, it would be beneficial to develop more
effective MSAs, VSAs, and V-MSAs for fingerprinting of very similar chemical mixtures
over a broader range of analytes. Designing more efficient sensor arrays by employing
new ILs and optimizing number of sensor elements and optimal sensor combinations
by performing in-depth statistical analysis using various statistical algorithms would
expand the application of these sensors. In addition, the use of solid-phase amorphous
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Appendix A

organic salts, poly(ionic liquid)s, and diverse IL-based composite materials could be further
investigated to improve sensitivity and selectivity for the analysis complex VOC mixtures.
Computational chemistry can be used as a tool to estimate the interaction energies between
different ILs and different classes of VOCs. This approach will be beneficial for preliminary
screening of selective and sensitive sensing materials for eventual development of efficient
sensor arrays for the analysis of complex mixtures. An important area of future research is
the detection of VOCs emitted from the human body, and these VOCs offer unique insights
into the metabolic condition of an individual. The development and use of IL-based QCM
for such applications would be a significant step in biomedical analysis. In addition,
development of IL-coated QCM chiral sensors by employing chiral ILs as chiral receptors
holds great potential as chiral sensing is of fundamental importance in many areas.

Funding: This research received no external funding. The article processing charged was funded by
the College of Science and Technology, Florida A and M University.

Conflicts of Interest: Bishnu Regmi holds a patent on detection and molecular weight determination
of organic vapors using a QCM sensor coated with GUMBOS-polymer composite materials. Puspa
Adhikari and Beni Dangi declare no competing financial interests.

Table Al. Summary of analytes detected by IL-based QCM Sensors.

VOCs or Complex Mixtures Analyzed QCM Sensor Type

Reference

Acetone, acetonitrile, 1-butanol, chloroform,
dichloromethane, ethanol, ethyl acetate, methanol,
2-propanol, tetrahydrofuran, and toluene.

Single sensor

Liang et al., 2002 [37]

Acetonitrile, cyclohexane, isooctane, methanol,

tetrahydrofuran, and toluene. Single sensor

Goubaidoulline et al., 2005 [73]

Methanol, ethanol, n-propanol, and n-butanol. Multi-sensor array

Seyama et al., 2006 [74]

Benzene, dichloromethane, ethanol, and heptane. Multi-sensor array

Jin et al., 2006 [75]

Methane Single sensor

Jin et al., 2008 [84]

Acetone, benzene, dichloromethane, ethanol, methanol,

propanol, and toluene. Single sensor

Xu et al., 2008 [78]

Acetone, dichloromethane, ethanol, and toluene. Multi-sensor array

Xu et al., 2009 [79]

Dichloromethane, ethanol, hexane, and water. Multichannel monolithic sensor array

Jin et al., 2009 [77]

Acetone, benzene, cyclohexane, ethanol, hexane, pyridine,

and toluene. Single sensor

Jietal., 2010 [86]

Benzene, formaldehyde, methane, and natural gas. Multi-sensor array

Hou et al., 2011 [85]

Acetic acid, acetone, butylamine, butylformate, butyric acid,
p-cresol, p-cymene, ethanol, ethylacetate, ethylbutanoate,
eugenol, hexane, hexanal, guaiacol, limonene, linalool,
menthol, methanol, methylacetate, 3-methyl-2-butanone,
methyl-isopropylketone, i-octane, octylamine, pentanal,
phenol, propanal, 1-propanol, 2-propanol, propionic acid,
propylamine, and x-terpineol; headspace from Cinnamon
zeylanicum and Cinnamon cassia.

Multi-sensor array

Toniolo et al., 2013 [80]

Benzaldehyde, 2-butanone, butyraldehyde, formaldehyde,

formic acid, propionaldehyde, and propylamine Single sensor

Tseng and Chu 2010 [87]

Acetone, 2-butanone, cycloheptanone, cylohexanone,

cyclopentanone, 3-pentanone, and propionaldehyde. Single sensor

Liu et al.,, 2013 [89]

Allyl azide, benzyl azide, butyl azide, pentyl azide, phenyl

azide, and propyl azide. Single sensor

Tseng and Chu 2014 [88]

Acetone, acetophenone, acrolein, benzaldehyde,
butyraldehyde, crotonaldehyde, cyclohexanone,
2-cyclohexen-1-one, cyclopentanone, p-fluorobenzaldehyde,
formaldehyde, isobutyraldehyde, 3-methylcrotonaldehyde,
pivalaldehyde, p-tolualdehyde, and valeraldehyde.

Single sensor

Li etal,, 2015 [91]
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Table A1. Cont.

VOCs or Complex Mixtures Analyzed

QCM Sensor Type

Reference

Acrolein, acryloyl chloride, cyclopentadiene, cyclopentene,
methyl acrylate, 1-pentene, and propylamine.

Single sensor

Hsu et al., 2016 [92]

Dimethylamine, ethanol, ethylamine, ethylmethylamine,
isoamylamine, isobutylamine, isopropylamine,
2-methoxyethylamine, and propylamine.

Single sensor

Li and Chu 2020 [93]

Acetone, acetonitrile, 1-butanol, chloroform, ethanol,
methanol, 3-methyl-1-butanol, nitromethane, 1-propanol,
2-propanol, and toluene.

Single sensor

Regmi et al., 2015 [107]

Benzene, chloroform, dichloromethane, ethanol, hexane,
heptane, methanol, 1-propanol, toluene, and xylenes.

Multi-sensor array

Vaughan et al., 2018 [108]

Acetone, acetonitrile, chloroform, ethanol, methanol,
1-propanol, tetrachloromethane, and toluene.

Virtual sensor array

Regmi et al., 2012 [99]

Acetone, acetonitrile, chloroform, dichloromethane, ethanol,
ethyl acetate, methanol, nitromethane, 2-propanol, toluene,
and p-xylene.

Virtual sensor array

Regmi et al., 2014 [100]

Methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol,
1-hexanol, 1-octanol, dichloromethane, chloroform,
tetrachloromethane, 1,2-dichloroethane, 1-chlorohexane,
toluene, p-xylene, cyclohexane, n-hexane, acetonitrile, and
acrylonitrile; petroleum ether and kerosene.

Virtual sensor array

Speller et al., 2015 [98]

Lemon, lemon eucalyptus, lemongrass, lime, and orange
essential oils.

Virtual multi-sensor array

Speller et al., 2016 [102]

Methanol, ethanol, 1-propanol, 2-propanol, 1-butanol,
2-butanol, 3-methyl-1-butanol, and 1-hexanol.

Virtual sensor array

Speller et al., 2017 [101]

Diesel, gasoline, kerosene, and petroleum ether; three
gasoline grades including Exxon plus, Exxon regular, and
Exxon supreme; samples of gasoline adulterated with
methanol, ethanol, toluene, and xylene.

Virtual multi-sensor array

Speller et al., 2017 [103]

Dichloromethane, chloroform, chloropropane, chlorobutane,
and tetrachloromethane.

Multi-sensor array and virtual sensor array

Vaughan 2020 [104]
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