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Abstract

lonic liquids (ILs) are rapidly emerging as important coating materials for highly sensitive chemical
sensing devices. In this regard, we have previously demonstrated that a quartz crystal microbalance
(QCM) coated with a binary mixture of an IL and cellulose acetate can be employed for detection and
molecular weight estimation of organic vapors (J. Mater. Chem. 2012, 22, 13732). Herein, we report
follow-up studies aimed at formulating the theoretical basis for our previously observed relationship
between molecular weight and changes in the QCM parameters. In the current work, we have investigated
the vapor sensing characteristics of a series of binary blends of ILs and polymers over a wider
concentration range of analytes, and a quadratic equation for estimating the approximate molecular
weight of an organic vapor is proposed. Additionally, the frequency (f) and dissipation factor (D) at
multiple harmonics were measured by use of a quartz crystal microbalance with dissipation monitoring
(QCM-D). These QCM-D data were then analyzed by fitting to various models. It is observed that the
behavior of these films can be best described by use of the Maxwell viscoelastic model. In light of these
observations, a plausible explanation for the correlation between molecular weight of absorbed vapors
and the QCM parameters is presented. Our previous findings appear to be a special case of this more
general observation. Overall, these results underscore the true potential of IL-based composite materials

for discrimination and molecular weight estimation of a broad range of chemical vapors.
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molecular weight determination
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Introduction

At present, there has been a rapid increase in interest in the development of high performance sensors for
volatile organic compounds (VOCs) owing to the ever expanding need to monitor a wide array of
chemical vapors in different environments. Specifically, VOC vapor sensors have proven to be very
useful for 1) analysis of exhaled breath in evaluating medical conditions and environmental exposure to
volatile toxins, 2) detection and discrimination of bacterial pathogens in medicine and industry, 3)
examination of quality of food and beverages, and 4) assessment of environmental pollution.™® In this
regard, several research groups are involved in developing improved sensing devices for detection and
discrimination of pure as well as complex mixtures of VOCs. The vast majority of these studies have
employed the concept of sensor arrays.”*” In a sensor system, sensing materials are important components
that play a key role in successful design and implementation of the sensor. Therefore, there is a recent
upsurge of interest in the design and synthesis of improved sensing materials to couple with a variety of
physical transducers. In this regard, the best combination of a sensing material and transducer is often
sought to obtain optimal sensing performance.

Among a number of sensing technologies, sensors built on the use of acoustic wave-based
transducers are favored for detection and discrimination of chemical vapors because such devices are
often sensitive, compact, and amenable to creation of sensor arrays. In an acoustic wave sensor, a
piezoelectric substrate is excited using an AC voltage to generate an acoustic wave that subsequently
interacts with the surrounding medium, thereby probing its properties. Among different classes of
acoustic wave devices, the thickness shear mode (TSM) resonator, better known as a quartz crystal
microbalance (QCM), has been demonstrated to be a sensitive analytical tool for detection of chemical

and biological species, as well as for probing interfacial properties and phenomena.

The use of a QCM device for chemical sensing entails immobilization of a thin film of sensing
materials on the surface of the quartz crystal resonator (QCR), and the successful use of a QCM sensor
relies on the performance of these materials. In this regard, ionic liquids (ILs) have emerged as promising
sensing materials for QCM-based detection of a wide variety of organic vapors.'***? |Ls are organic salts
with melting points below 100 °C. ILs that are liquid at room temperature are commonly known as room
temperature ionic liquids (RTILs), whereas those that are solid at room temperature are referred to as
frozen ionic liquids. In our studies, we define frozen ionic liquids and related organic salts with melting
points up to 250 °C collectively as a group of uniform materials based on organic salts (GUMBOS). High
thermal stability, non-volatility, tunable physicochemical properties, chemical stability and ease of

synthesis make ILs and GUMBOS ideal candidates for gas sensing applications. In addition, these
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materials provide rapid and reversible response to various VOCs. More importantly, ILs and GUMBOS
promote viscoelastic properties in composites which allow measurement of two QCM responses, thereby

providing greater analytical information for vapor sensing studies.

We have recently reported results of vapor sensing using a QCM sensor prepared by depositing a
thin film of a composite material comprising a binary mixture of GUMBOS and cellulose acetate (CA).%
Interestingly, a very notable relationship between the ratio Af/AR (where Af refers to frequency change
and AR refers to motional resistance change) and the molecular weight of the absorbed analytes was
discovered. While this observation was very useful, the data were not sufficient to fully explain the
unique vapor sensing characteristics of these films. It must be emphasized that a fundamental

understanding of the material characteristics is essential to realizing the full potential of these

materials.

In the present study, we have systematically investigated a number of IL-polymer combinations to
fully evaluate the superior vapor sensing capabilities of this class of materials. A series of heterogeneous
thin films comprising binary blends of an IL and polymer were immobilized on the QCR surface, and the
reponse of the sensor toward a wide array of organic vapors over an extended concentration range was
monitored. Solid phase (i.e. GUMBOS) as well as liquid phase ILs with a range of viscosities were
investigated. Two different polymers—cellulose acetate (CA) and polymethylmethacrylate (PMMA)—
were utilized to prepare these composite films. In addition, two types of interface electronics, one based
on the use of an oscillator circuit and another based on a ring-down approach, were used to measure the
QCM responses. Based on these new observations over an extended concentration range of analytes, a
guadratic equation for estimation of the molecular weight of organic vapors is proposed. Additionally, the
frequency (f) and dissipation (D) at multiple harmonics, as measured by use of a quartz crystal
microbalance with dissipation monitoring (QCM-D), were fitted to different materials models. Excellent
agreement between the experimental data and theoretical values predicted by use of the Maxwell
viscoelastic model was observed. In light of these observations, we propose a theoretical model to explain
our previous as well as current observations relating QCM parameters with the molecular weight of
absorbed volatile analytes. Assessment of our overall data suggests that the observed molecular weight
relationship for this class of materials has a sound theoretical basis. Overall, these materials exhibit truly
unique sensing characteristics which make the QCM sensor an even more promising tool with capabilities

for detection, discrimination, and molecular weight determination of a wide range of chemical vapors.
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Theory of QCM

The QCR comprises a thin plate of AT-cut quartz crystal coated on each face with thin metallic
electrodes. Owing to the piezoelectric properties of quartz, application of an AC voltage across the quartz
crystal causes oscillations in the thickness shear mode with resonance frequencies in the megahertz
(MHz) range. This shear wave experiences a frequency shift and attenuation as it is transmitted through
the sensing film immobilized on the electrode surface. The mass and mechanical properties of the coating,
which determine the acoustic load at the interface, are perturbed as an analyte interacts with the coating
material resulting in alteration of the propagation characteristics (phase and amplitude) of the shear
waves. The resonance behavior of the QCM is described by two essential parameters, and in this regard
three different types of interface electronics have been commonly employed to measure these quantities.
A simple way to accomplish QCM measurements is by use of an oscillator circuit which gives frequency
shift (Af) and motional resistance shift (AR) as output parameters.”** However, oscillator circuits are
limited to only one harmonic, which makes it difficult to interpret the acquired data. Another kind of
interface electronics used to acquire QCM parameters employs an impedance analyzer, and this provides
frequency shift (Af) and bandwidth shift (AI') at different harmonics.?** A relatively new approach to

25,26

QCM measurements introduced by Kasemo and coworkers, is a ring-down-based technique, and this

allows measurement of frequency shift (Af) and dissipation factor shift (AD) over a range of odd
harmonics. In fact, the QCM-D instrumentation is based on this ring-down approach.

Motional resistance (R), bandwidth (1), and dissipation factor (D) are equivalent parameters; all of

them represent energy loss during oscillation, and are therefore related as follows:***’

__ Edissipated _r _ R
D=—— (), D= - (2), and D= s (3)

InEgtored

where f is the resonance frequency, L is the motional inductance of the Butterworth-van Dyke equivalent

circuit of QCR, Eg;izziparsa IS the energy lost per oscillation cycle, and E;:o-s IS the total energy stored

in the system.

It is well documented that the resonance frequency of a QCR system decreases when the surface of
the crystal is loaded with a mass. For a thin and rigid film uniformly coated on the surface, the
relationship between resonance frequency shift (Af) and the mass adsorbed can be expressed by the well-

known Sauerbrey equation as follows:?®
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Af = —ZAm = ——p;t; 4)

where Am is mass per unit area of the film, p; is the density of the film, t; is the thickness of the film, n is
the harmonic number which can only be an odd integer, and C is the mass sensitivity or Sauerbrey
constant which depends on the fundamental resonance frequency and properties of the quartz (C = 17.7
ng.cm?Hz™ for a 5 MHz AT-cut quartz crystal). If the film is thin and rigid, it has the properties of an
ideal mass layer and the change in dissipation factor is zero. However, the films used in many QCM-
based applications are viscoelastic, and hence dissipate energy during oscillations. For such films, the
frequency change is a function of both mass and viscoelastic properties of the coating material. The
rheological behavior of viscoelastic materials can be characterized by a complex shear modulus (G*), and
thus G* = G” + iG'," where G' (or ) is the elastic shear modulus and G" is the loss modulus. Several
mathematical models have been proposed for simulation of the viscoelastic properties of materials. Two
commonly used models in this regard are the Maxwell model, in which a spring and dashpot are
connected in series, and the Kelvin-Voigt model, in which the spring and dashpot are arranged in parallel.

The frequency and dissipation changes of a QCR coated with a thin layer of Maxwell viscoelastic

material, which is consistent with the present study, is given as follows:*

AF ~ —LEFe (1 + *f“””‘) 5), and
Impgty Ju
AD nZfPr (6)
3pqtgn !

where pq is the density of the quartz, t; is the thickness of the quartz  is the angular frequency, u is the
elastic shear modulus of the film, and # is the viscosity of the film_The first term in equation 5 is in fact
the Sauerbrey mass, while the second term represents the viscoelastic correction to the Sauerbrey mass. It
is evident from equations 5 and 6 that the mass correction depends on the elasticity of the film, while the
dissipation depends only on the viscosity of the film. Similar equations have been derived for Kelvin-
Voigt materials where the mass correction, as well as dissipation factor, is found to depend on both the
elasticity and viscosity of the film.*>*° Despite the fact that these two parameters can be simultaneously
obtained in QCM measurements, the vast majority of previous studies have focused only on measuring Af
as a function of analyte concentration. However, it is clear that monitoring both parameters in QCM
studies is much more informative for many applications. It should be noted that not all sensing materials

provide this two-parameter response, and hence the selection of suitable sensing materials is important.
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Experimental section

Materials

Four ILs 1-butyl-2,3-dimethylimidazolium hexafluorophosphate  ([BM.Im][PF¢]), 1-hexyl-3-
methylimidazolium hexafluorophosphate (IHMIm][PFs]), 1-hexyl-3-methylpyridinium
hexafluorophosphate ([HMPyr][PF¢]), and 1-hexyl-3-methylpyridinium bis(trifluoromethane)sulfonimide
(IHMPyr][TFSI]); and two polymers cellulose acetate (CA) and poly(methyl methacrylate) (PMMA)
were used to prepare coatings for the present studies. The compound [BM,Im][PF¢] was obtained from
lonic Liquids Technologies, Inc. (Tuscaloosa, AL, USA) as a crystalline solid and [HMIm][PF¢] was
obtained from TCI America, Inc. (Portland, OR, USA) as a liquid. PMMA (molecular weight ~500,000
Da) was obtained from Polysciences, Inc. (Warrington, PA, USA). CA (average molecular weight
~30,000 Da), anhydrous heptane, anhydrous acetonitrile, anhydrous chloroform, anhydrous toluene,
anhydrous methanol, anhydrous ethyl acetate, anhydrous 1-propanol, anhydrous 2-propanol, anhydrous 1-
butanol, p-xylene, 3-picoline, 1-bromohexane, lithium N,N-bis-(trifluoromethane)sulfonimide (LiTFSI),
potassium hexafluorophosphate (KPFs) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Acetone and dichloromethane were obtained from Avantor Performance Materials, Inc. (Center Valley,
PA, USA). Absolute ethanol was obtained from Pharmco Products, Inc. (Brookfield, CT, USA). All

chemicals were used as received without further purification.

Two different QCM instruments, one based on an oscillator circuit (QCM200) and the other based
on an impulse excitation technique (QCM-D), were used in the studies presented here. Crystals with a
fundamental resonance frequency of 5 MHz were used in both instruments. The QCM200 system and
optically polished chromium/gold AT-cut quartz crystals with a diameter of 1" were purchased from
Stanford Research Systems, Inc. (Sunnyvale, CA, USA). The QCM-D E4 system and optically polished
gold-coated AT-cut quartz crystals with a diameter of 14 mm were obtained from Q-Sense AB
(Gothenburg, Sweden). Mass flow controllers (Model 5850E) and instrument control and read out
equipment (Model 5878) were obtained from Brooks Instrument, LLC (Hatfield, PA, USA). The
polytetrafluoroethylene (PTFE) containers were purchased from SPI Supplies/ Structure Probe, Inc. (West
Chester, PA, USA).

Synthesis of ionic liquids
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The compounds [HMPyr][PFs] and [HMPyr][TFSI] were synthesized using a two-step procedure.®
Briefly, equimolar amounts of 3-picoline and 1-bromohexane were refluxed at 65 °C for 40 hours. The
resulting product was washed several times with ethyl acetate and finally rotovaped to obtain a viscous
light yellow liquid [HMPyr][Br]. Then, [HMPyr][Br] was dissolved in water and a slight excess of
aqueous KPFgwas added and stirred overnight at room temperature to obtain [HMPyr][PF¢]. The product
was washed several times with water and freeze-dried to remove water in order to obtain a highly viscous
light yellow liquid. [HMPyr][TFSI] was prepared similarly by reacting [HMPyr][Br] with LiTFSI. The
product was found to be a colorless liquid of low viscosity.

Preparation of stock solutions

Stock solutions of 1 mg/mL ionic liquids were prepared in acetone. A stock solution of 0.5 mg/mL
cellulose acetate was prepared in acetone, and a stock solution of 1 mg/mL PMMA was prepared in

dichloromethane.
Cleaning of quartz crystals

The quartz crystal was rinsed with distilled water followed by acetone and finally with dichloromethane.
The crystal was carefully dried using flowing nitrogen, and then immersed in fresh piranha solution (3:1
concentrated sulfuric acid and 30% hydrogen peroxide) until no bubbles were seen (usually 5-10
minutes), followed by rinsing with copious amounts of distilled water. The crystal was further rinsed with
acetone and then dichloromethane followed by drying under a stream of nitrogen. The crystal was placed
in an oven at 100 °C until it was completely dry, and subsequently allowed to cool to room temperature

before film deposition.
Thin film preparation and characterization

Thin films were deposited on the surface of the QCR using a solvent precipitation method that has been
previously described.?’ Freshly prepared stock solutions were used for all coatings. To prepare an IL-only
coating, a 600 pL stock solution of IL was diluted with acetone to a final volume of 2 mL, followed by
addition of 6 mL of anhydrous heptane to the solution while stirring. The entire solution was placed in a
25 mL PTFE beaker, and a freshly cleaned crystal was dipped into the solution (the Q-Sense sensor
crystal is smaller in diameter, and hence it was placed on top of the SRS quartz crystal) and left
undisturbed for 6 hours. All ILs used in this study are soluble in acetone but insoluble in heptane.
Acetone is more volatile and evaporates more rapidly, ultimately depositing a thin film on the substrate.
To prepare IL-CA films, 160-200 pL of CA solution was added to 600 pL of IL solution and the mixture

diluted with acetone to a final volume of 2 mL, while the subsequent steps were the same as defined

7
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above. For preparation of the IL-PMMA film, 80-100 uL of PMMA solution (in dichloromethane) was
added to 600 pL of IL solution and the mixture diluted with acetone to a final volume of 2 mL, and all
subsequent steps were as defined above. Both cellulose acetate and PMMA are insoluble in heptane, and
hence each is co-deposited with the IL. After incubation, residual heptane was drained and the crystal was
ultrasonicated in a vertical position within a fresh pool of heptane for approximately 1 minute. The lower
surface of the crystal was wiped using solvent-soaked cotton, and left to dry in a desiccator for at least 24
hours. The films were imaged using atomic force microscopy (AFM+, Anasys Instruments, Santa
Barbara, CA) in tapping mode. An area of 80x80 um” was scanned with 0.5 Hz scan rate using N-type
tapping mode tips (AppNano, Mountain View, CA, ACCESS-NC, resonant frequency: ca 250 kHz) with
a tip radius of 6 nm and nominal spring constant of 78 N.m™.

Vapor sensing studies

Two types of vapor delivery systems, static and dynamic, were used during vapor sensing studies. For
measurements using the QCM200, a static system was used, while a flow system was used for QCM-D
measurements. The experimental arrangement for the static system is reported in our previous
publication.?® All experiments were performed at 22 °C. A schematic diagram of the experimental setup
with the flow-type system is shown in Fig. S1, ESIf. Again, all experiments were conducted at 22 °C.
Each analyte vapor was generated by bubbling ultrapure argon through the liquid sample in a sealed
container and the vapor was diluted with an additional stream of argon. The diluted vapor was then
allowed to flow through a 1-meter-long tube to ensure complete mixing before reaching the sensor
chamber. The flow rates of each of the two streams of argon were changed using two mass flow
controllers (MFC1 and MFC2), while the total flow rate was adjusted to 100 sccm. The QCM-D E4
system was fitted with a flow module, and data acquired using the QSoft401 software.

Results and discussion

Chemosensitive film preparation and characterization

All sensing films used in these studies were prepared using the solvent precipitation method as previously
described.?® These films were characterized by optical microscopy (OM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM). Representative AFM images of two of the several films are
shown in Fig. 1a-d. Fig. 1a is the AFM topographic image of approximately 90 pug.cm™ of [BM,Im][PF¢]-
PMMA, and Fig. 1b is the height profile following the blue line indicated in Fig. 1a. Similarly, Fig. 1c is
the AFM topographic image of approximately the same amount of [BM,Im][PF¢]-CA, and Fig. 1d is the

height profile corresponding to the blue line indicated in Fig. 1c. From these images, it is evident that the
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coatings comprise isolated microdroplets of varying size with heights reaching 2.7 um. Coating-to-
coating mass variations were found to be less than 10 percent. The heights measured by AFM and the
heights measured by laser scanning confocal microscopy, as reported in our earlier publication,? are in
very good agreement. All other films were characterized using OM and SEM, and all had similar isolated

microdropets of varying dimensions (data not shown).
Vapor sensing studies using QCM

All QCM sensors were exposed to a variety of organic vapors as pure analytes, and changes in frequency
and motional resistance were monitored simultaneously. Plots of the magnitude of Af versus the
concentration of VOC for a QCM sensor coated with [HMPyr][PF¢] are shown in Fig. S2a, ESIt. For

each analyte, the best fit for the data is a second-degree polynomial with a downward curvature.
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Fig. 1 (a) AFM topographic image of [BM,IM][PF¢]-PMMA film. (b) Height profile corresponding to the
horizontal blue line drawn in topographic image a. (c) AFM topographic image of [BM,IM][PF¢]-CA
film. (d) Height profile corresponding to the vertical blue line drawn in the image c. Amount of film
material in each case is approximately 90 pg.cm™.

Similarly, a plot of AR against concentration of analytes is also a polynomial curve, but with upward
curvature (Fig. S2b, ESIt). The plots of Af versus AR for different analytes (only six analytes are shown
for clarity) are displayed in Fig. 2. It is evident that each analyte shows a unique polynomial relationship
between Af and AR with a coefficient of determination (R?) of unity or very close to unity. Therefore,

simultaneous measurements of Af and AR for a single QCM sensor enable an excellent discrimination of

10
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chemical vapors irrespective of their concentration. On the other hand, a conventional QCM sensor,
which is based on measurement of Af alone, requires multiple sensors in order to achieve the same level
of discrimination. In fact, a sensor based on two-parameter response, as demonstrated here, provides more

information in array-based vapor sensing, thereby greatly enhancing vapor discrimination.

180
¥y =-0.0075x2+ 2.6252x
160 - R*=10.9999 O Chloroform
®Toluene
O Acetone
140 - ¢ Ethanol
A Acetonitrile
120 - AMethanol

Y =-0.0123x2+ 3.9125x

R:=1
<100 -
= y = -0.0046x2 + 1.2549x
- R* = 0.9999
1 80 A
y =-0.0038x2 + 1.0146x
60 R* = 0.9998
Yy = -0.0038x2 + 0.9234x
40 - R? = 0.9995
~0.0027x2 + 0.5501x
20 R?=0.9995
0 L] L] L] L]
0 20 40 60 80 100 120 140

AR (Ohms)

Fig. 2 Frequency shift versus motional resistance shift during vapor absorption by a QCM sensor
coated with [HMPyr][PFs].

An obvious question arises regarding a comparison of the above data involving pure ILs to binary
mixtures similar to those obtained in our previous study. Thus, we evaluated the vapor sensing
characteristics of a QCM coated with binary blends of [HMPyr][PF¢] and polymers. Two polymers
including CA and PMMA were used for this study. Some notable differences in the sensing performance
of the composite films as compared to that of the pure ionic liquid films were observed. Specifically, the
slope of Af versus concentration for composite films is found to increase for each analyte as compared to

that of pure IL films, and these plots are primarily linear (Fig. S4 and S6, ESI¥). In contrast, the slope of
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the AR versus concentration plot for each composite film decreases as compared to that of the pure ionic
liquid film (Fig. S5 and S7, ESIt). The relative values of the slopes of the Af versus concentration plots
for different analytes are quite different for pure IL films as compared to those of composite films ( Fig.
S2, S4, and S6, ESIT). However, the relative values of the slopes for the two composite films are
essentially the same (Fig. S4 and S6, ESIt). It is noted that the relative slopes of AR versus concentration
plots remain similar for all three films (Fig. S3, S5, and S7, ESI¥). In short, all these observations imply
that the ionic liquid is largely responsible for vapor absorption, whereas PMMA or CA modulates the
viscoelastic properties of the ionic liquid.

A plot of Af versus AR for the composite films, similar to the pure IL film, follows a second-
degree polynomial for each analyte (Fig. 3). More importantly, when the Af-AR plots for each vapor are
divided by the molecular weight (MW) of the respective vapor, all curves merge into a single second-
degree polynomial curve, and this is true only for the composite-coated QCM sensors. Fig. 4 is such a
Af/MW versus AR plot for a [HMPyr][PF¢]-PMMA coating exposed to nine different analytes—methanol,
acetonitrile, ethanol, acetone, 2-propanol, nitromethane, dichloromethane, toluene, and chloroform—over
an extended range of vapor concentrations. This plot has a R? of 0.998, which is a very remarkable
correlation. Similar results were obtained for the [HMPyr][PF¢]-CA coated sensor (Fig.S8, ESIY). It is
important to note that IL-PMMA film displayed better correlation as compared to IL-CA film. This could
possibly be due to better mechanical stability of the IL-PMMA films; additional studies are needed to

fully understand this observation.

To illustrate further, we investigated the vapor sensing characteristics of composite films prepared
using other ionic liquids. The response of a [HMIm][PFs]-PMMA coated sensor to 11 different analyte
vapors (p-xylene and ethyl acetate in addition to the above-mentioned analytes) is shown in Fig. 5; and
the response of the [BM,Im][PF¢s]-PMMA coated sensor to six different analytes is shown in Fig. 6. It is
clear that the composite films prepared from all three ILs show similar behavior. The relationship
between QCM parameters and molecular weight is not evident in the pure IL films (Fig. S9, ESIY).
Hence, simultaneous measurements of Af and AR for IL-polymer composite-coated QCM sensors during
vapor exposure can be used to determine the approximate molecular weight of an unknown vapor with the
following equation:

MW= O
In this equation, k' and k are constants that are coating dependent. For instance, for the data from the
[HMPyr][PFs]-PMMA coating displayed in Fig. 4, k' is -0.00104 and k is 0.113. For all coatings in our

12
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study, k' is much smaller than k. Hence, under low vapor absorptions (low values of AR), Equation 7

reduces to

ar _ _
o= kMW (8),

which is consistent with the observations reported in our previous report. ?° In our earlier studies,
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Fig. 3 Frequency shift versus motional resistance shift due to vapor absorption by a QCM sensor coated
with [HMPyr][PFes]-PMMA.

[BM,Im][PF¢]-CA composite was used as the coating material. It is important to note that [BM,Im][PFe]
is in the solid state at room temperature, and thus our previous studies were limited to solid phase ILs
only. The present study confirms that highly viscous liquid phase ILs also show sensing characteristics

similar to the solid phase ILs.
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The sensor displayed a frequency noise of ~0.2 Hz, motional resistance noise of ~10 m<Q, and

minimal drifts of both these parameters. The repeatability of the sensor response was evaluated by

repeatedly exposing the sensors to various concentrations of acetonitrile and then evaluating theﬁ ratio.

These sensors showed excellent repeatability with relative standard deviations (RSDs) for three replicate

measurements between 1 and 4% (see Fig.S10, ESIT).
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Fig. 4 Plot of the ratio of frequency shift to molecular weight against motional resistance shift of a QCM
sensor coated with [HMPyr][PFs]-PMMA for nine different organic vapors. Concentration ranges of the
vapors are 0.574 to 45.9 mg L™ for methanol, 0.114 to 11.4 mg L™ for acetonitrile 0.382 to 38.2 mg L™
for ethanol, 0.191 to 19.1 mg L™ for acetone, 0.190 to 26.6 mg L™ for 2-propanol, 0.138 to 6.88 mg L™
for nitromethane, 0.321 to 64.2 mg L™ for dichloromethane, 0.125 to 20.9 mg L™ for toluene, and 0.216
to 29.0 mg L™ for chloroform.
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As pointed out above, an important parameter that greatly influences the sensor responses is the
viscosity of the IL. Therefore, we decided to study the effects of changing the viscosity of the IL on the
sensing performance of the sensor. It has been shown that TFSI anion-based ILs are much less viscous
than PFsanion-based 1Ls.*2** Hence, [HMPyr][TFSI] was selected as a representative low viscosity IL for
our studies. A film of [HMPyr][TFSI] exhibited slightly lower Af (almost 20 percent lower), but much
higher AR (more than five times) as compared to similarly prepared [HMPyr][PFs] film. The
[HMPyr][TFSI]-coated sensor upon exposure to different organic vapors produced a positive Af as well as
a positive AR. A plot of Af versus AR was found to be linear with slopes dependent on the vapors (Fig.
S11, ESIY); however, a correlation with the molecular weight was not apparent. In addition, binary blends
of this IL with polymers did not improve the relationship of QCM parameters with molecular weight.
Based on these observations, we conclude that ILs with higher viscosities (or solid phase equivalents, i.e.
GUMBOS) are essential materials for achieving a direct correlation between molecular weight of
measured analytes and changes in QCM parameters.
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Fig.5 Plot of the ratio of frequency shift to molecular weight against motional resistance shift of a QCM
sensor coated with [HMIm][PF¢]-PMMA for 11 different organic vapors. Concentration ranges of the
vapors are 0.574 to 30.6 mg.L™ for methanol, 0.114 to 11.4 mg.L™ for acetonitrile 0.382 to 38.2 mg.L™
for ethanol, 0.229 to 15.3 mg.L™ for acetone, 0.190 to 26.6 mg.L™ for 2-propanol, 0.138 to 6.88 mg.L™
for nitromethane, 0.643 to 80.3 mg.L™ for dichloromethane, 0.218 to 17.4 mg.L™ for ethyl acetate, 0.125
to 20.9 mg.L™ for toluene, 0.125 to 12.5 mg.L™ for p-xylene, and 0.360 to 36.0 mg.L™ for chloroform.
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Fig. 6 Plot of the ratio of frequency shift to molecular weight against motional resistance shift of a QCM
sensor coated with [BM,Im][PF¢]-PMMA for six different organic vapors. Concentration ranges of the
vapors are 0.574 to 57.4 mg.L™ for methanol, 0.114 to 15.2 mg.L™ for acetonitrile 0.382 to 45.8 mg.L™
for ethanol, 0.267 to 28.6 mg.L™ for acetone, 0.125 to 20.9 mg.L™ for toluene, and 0.360 to 36.0 mg.L™
for chloroform.

QCM-D studies and the theoretical basis for molecular weight estimation

In order to further elucidate the unique sensing behavior of these types of materials, additional studies
were conducted using a QCM-D. For these QCM-D studies, a flow-type system was used to generate the
analyte vapors where a stream of ultra-pure argon was bubbled through a liquid sample, and the vapors
generated were subsequently diluted with another stream of argon to produce vapor of a desired
concentration. Assuming the primary gas stream contains the saturated vapor of the analyte, the minimum
concentration obtained was 1.0% of the saturation vapor pressure. Plots of Af versus AD for the first

harmonic of a [HMPyr][PFs]-PMMA coated QCM-D sensor after exposure to eight different vapors are
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shown in Fig. 7a. Similar to the Af versus AR plots, all Af-AD plots are second-degree polynomials, and
each exhibits an R? close to unity. A plot of Af-to-MW ratio versus AD is shown in Fig. 7b. The
relationship for molecular weight with Af and AD is observed to be very remarkable. Some analytes have
slight deviations at high vapor concentrations. It is noted that the correlation of molecular weight with
QCM-D parameters is even better with compounds belonging to the same class. For instance, the
response for the five alcohols is shown in Fig. 8a. As expected, 1-propanol and 2-propanol were found to
be indistinguishable (Fig. 8b). Plots of Af versus AD for the third and fifth harmonics were also found to
be second-degree polynomials (see Fig. S12 and S13, ESIf). However, much larger deviations from the
molecular weight relationship were observed. The frequency noise for the first harmonic was less than 0.1
Hz and dissipation noise was less than 0.02x10°. The response time was less than 20 seconds, while the
recovery time was approximately 5 seconds. The repeatability of the sensor was assessed by repeating the
measurements three times for methanol and ethanol vapors (see Fig. S14, ESI{). The RSD for both
analytes was between 0.1 to 1%. The much higher repeatability of the QCM-D is attributed to better
temperature control. We believe that a similar RSD is achievable for other analytes. Such high precision

measurements are particularly important in differentiation of closely related analytes or mixtures.

Our QCM-D data were modeled using QTools software 3.0.17.560 provided by the manufacturer (Q-
Sense AB). The Af and AD values of the first, third, and fifth harmonics (higher harmonics were not
obtained) were used to model the data both before and during vapor uptake by the sensing films. The
modeling of QCM-D data, acquired at different harmonics, to extract mass and other parameters of the

film has been described in detail by several authors,***

and similar procedures were applied to modeling
our data. The film was treated as a single layer, and the density of the film was assumed to be 1300 kg.m™
and also assumed to remain unchanged during vapor absorption.®” These data were fit to different

mathematical models, and the goodness of fit for each model was judged by comparison of the chi-square
(%) value, which is defined as x> =Z::1[{}’:‘ (theory) — v;(experiment)}/a;]*, where y; (theory) and
yi(experiment) represent modeled and measured values of Af or AD, respectively, and a; represents the

associated noise. A smaller %’ indicates a better fit to the data set.*** As a first assumption, the film was
treated as if it were purely elastic, and hence » was set to zero, while the thickness (t;) and elasticity (u)
were fit by the model.*** The experimental Af and AD values were not consistent with the fit values (see
Fig. S15, ESIt). The film was then assumed to be purely viscous by setting [ to zero, and fitting t; and #
to the model. The experimental Af and AD values were again not consistent with the fit values, (see Fig.

S16, ESIT) suggesting that a purely viscous model cannot accurately describe the film.
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Fig. 7 (a) Frequency shift versus dissipation shift plots for the first harmonic of a QCM-D sensor coated
with [HMPyr][PFs]-PMMA during absorption of eight different organic vapors. Each analyte shows a
second-degree polynomial curve with the coefficient of determination (R?) nearly 1 (R* not shown in the
graph). Concentration ranges of the vapors are 1.5 to 40% for methanol, 1 to 20% for acetonitrile, 1.5 to
40% for ethanol, 1 to 50% for 2-propanol, 1 to 15% for nitromethane, 1 to 15% for dichloromethane, 1 to
30% for toluene, and 1 to 15% for chloroform. Percentage refers to the percentage of saturated vapor
concentration (b) Plot of the frequency shift-to-molecular weight ratio versus dissipation shift for the data

from Figure 7a.
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Fig. 8 (a) Frequency shift-to-molecular weight ratio versus dissipation shift plot for the first harmonic of a
QCM-D sensor coated with [HMPyr][PFs]-PMMA during absorption of five different alcohols.
Concentration ranges of the vapors are 1.5 to 40% for methanol, 1 to 50% for all other alcohols and (b)
plots of the frequency shift versus dissipation shift for n-propanol and isopropanol.

Given the fact that neither purely elastic nor purely viscous models could be used to explain our
observations, we attempted to fit our data using viscoelastic models. This meant that all three parameters,
t;, 7, and |, were required for a fit to the model. The ranges of the fitting parameters were kept as follows:
film viscosity between 0.0005 and 10 kg.m™.s™, film shear between 10 and 1x10™ Pa, and film thickness
between 1x10™ and 1x10° m (or corresponding mass between 1.3x107 and 1.3x10° kg.m™). Our data
were then fit to both the Voigt and Maxwell viscoelastic models. Although we saw some improvements
as compared to purely viscous or purely elastic models, the experimental Af and AD values do not agree
well with the fit values (see Fig. S17 and S18, ESIT). It must be stressed here that while fitting the data
with the viscoelastic models, # and p were assumed to be frequency independent. However, as pointed
out by Reviakine, Johannsmann, and Richter,?® this assumption cannot be justified for most of the
viscoelastic materials. In fact, it has been recently demonstrated that the viscoelastic properties of ILs are
frequency dependent.®® In order to account for the frequency dependence of viscoelastic parameters, Q-
Sense has introduced a new modeling option known as “extended viscoelastic model”, which has been

included in the QTools software. The frequency dependence of viscoelastic properties of the film was
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@ o
assumed to follow a power law, and hence the relationships pi,,= ,u.u.{%) and 1= ng{?) were used.
o o

The range chosen during modeling for &' was between 0 and 2 and for & between -2 and 0. Interestingly,

we observed excellent agreement between the fit and experimental values of Af and AD upon using the
extended Maxwell viscoelastic model (Fig. 9a-c). Attempts to fit these data using the extended Voigt
viscoelastic model (see Fig. S19a-c, ESIt) resulted in a several fold increase in y° Hence, we conclude
that the best model for describing the sensing response of our composite films is the extended Maxwell

viscoelastic model. This inference is quite logical since the Maxwell viscoelastic model is more

29

appropriate for liquids and amorphous solids,” and indeed the viscoelastic properties of ILs have

previously been described using the Maxwell model.*
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Fig. 9 (a) Representative QCM-D data displaying frequency and dissipation changes for the first, third,
and fifth harmonics. Arrows represent: (1) bare quartz crystal, (2) after coating with [HMPyr][PF¢]-
PMMA, (3) during exposure to methanol vapors, and (4) during exposure to chloroform vapors. The
figure shows both the experimental and fit values of Af and AD. The data were fit using extended
Maxwell viscoelastic model. (b) Experimental and fit values of Af and (c) experimental and fit values of
AD during exposure to methanol and chloroform shown for clarity.

We should emphasize here that the viscoelastic models used above to analyze the QCM-D data
assume a laterally homogeneous film. However, the films in our studies comprise isolated microdroplets
of varying dimensions, and we are not aware of any model that can correctly describe the behavior of
such laterally heterogeneous films. We note that it has been previously assumed such laterally
heterogeneous films can be appropriately analyzed with models that have been used for laterally
homogeneous films.*>*? While this assumption has been shown to be questionable in liquids, the models
based on laterally homogeneous films have been suggested to be applicable for laterally heterogeneous
films in air.?** Here, we simplify our analyses by assuming the film to be an “effective medium”.
However, it must be remembered that when analyzing heterogeneous films using models based on
homogeneous films, the effective values of x and # also depend on the heterogeneity of the film. Based on
these discussions, we assert that our heterogeneous films are analogous to films of Maxwell viscoelastic
fluids. For such films, Af and AD are given by equations 5 and 6, respectively. However, these equations
are for thin film where the thickness of the film (t;) is much less than the viscous penetration depth

(0),6 = IIF
\ere

. of the acoustic wave.?***® For thicker films, an increase or decrease in resonance

frequency or dissipation can occur depending on the thickness and viscoelasticity.**® ILs exhibit a wide
variation in viscosities; for instance, at ambient pressure and 25 °C the viscosities of [HMIm][PF¢] and
[HMIm][TFSI] are 607 and 68 mPa.s, respectively.*” The densities of [HMIm][PFs] and [HMIm][TFSI]
at 25 °C are 1293 and 1372 kg.m™ respectively.”” For [HMIm][PF¢] at 25 °C, therefore, the penetration
depth of the acoustic shear wave for the first (5MHz), third (15 MHz), and fifth (25 MHz) harmonics will
be 5.47, 3.16, and 2.44 um, respectively. Similarly, the penetration depth for [HMIm][TFSI] will be 1.78,
1.03, and 0.794 um for the first, third, and fifth harmonics, respectively. The PFg-based ILs are much
more viscous than TFSI-based ILs, and pyridinium-based ILs are found to be more viscous than the
equivalent imidazolium-based 1Ls.”*“° It is observed that the modeled mass of the film before and during
vapor absorption (or the mass of vapor absorbed) is very close to the Sauerbrey mass for the fundamental

resonance frequency (Fig. S20, ESIt). However, substantial deviations can be seen at higher harmonics
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(Fig. S20, ESI¥). These observations are consistent with the studies reported by Vogt et al.*® for hydrated
polyelectrolyte films. It is further noted that both the elastic shear modulus and viscosity of the film
decrease during vapor absorption (Fig. S21, ESIt); and similar behavior has been reported during addition
of water to ILs.*® The pure IL films could not be correctly modeled. However, a rough estimation is that
the effective viscosity of the IL-PMMA may have increased up to six times as compared to that of the
pure IL film. This ensures that the thickness of the composite film remains much lower than the decay
length of the shear wave. Both PMMA and CA can increase the effective viscosity of the film. However,
not all polymers were found to be equally effective; for example, polystyrene does not appear to modulate
the viscoelastic properties of the IL films (data not shown).

After concluding that the sensing film behaves like a Maxwell viscoelastic fluid, we attempted

to rationalize the relationship between molecular weight and ﬁ ratio. For a Maxwell viscoelastic

material, as shown in equation 5, Af is the sum of two terms; the first term depends on mass, while the
second term depends on the elastic modulus and density of the film. Hence, during analyte absorption, the
first term varies as a function of mass absorbed independent of the analyte, whereas the second term,
which comes as a small correction, may depend to some extent on the type of analyte absorbed. It is quite
interesting to see that Af'is independent of the viscosity change so long as the film remains in the thin-film
regime. It is also important to note that 4D depends on viscosity, but is independent of elastic modulus.
However, in the case of Voigt viscoelastic materials, both 4f'and 4D depend on the elasticity as well as

- ]
viscosity of the film.?** Upon rearranging equation 6, we obtain AD & (E;—Nr) >< (:‘; ), where my is
gtq

mass per unit area of the film. For a fixed harmonic, the first factor in this equation is constant, and hence
AD depends on mass, viscosity, and density of the film. During vapor absorption, these three parameters
i.e. my, pr, and » undergo a change, and the total change in D is the sum of the contributions from the
changes in all three parameters. For example, we have observed that deposition of 100.7 ug of composite
film per cm? causes a dissipation factor change of 18.9 D (where D=10°) at the first harmonic.
Absorption of 1.6 pug.cm™ of methanol by this film causes an increase in the dissipation factor to 51.9 D
(change = 33.0 D). The increase in dissipation due to mass change, if viscosity and density were constant,
would be only 0.89 D. Similarly, the change in dissipation due to density change would be much less than
that contributed by mass change. Therefore, we conclude that the dissipation change is almost exclusively

due to the viscosity change of the coating material.

We note that there have been extensive theoretical and experimental efforts to understand the
viscosities of binary mixtures of ionic liquids and common molecular solvents; and many studies have

demonstrated a dramatic decrease in the viscosity of an IL in the presence of molecular species.”® One
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of the most notable studies to predict viscosity of binary mixtures of IL and molecular solvent is that by
Seddon and coworkers.” In that study, the authors systematically examined the influence of water and a
number of organic solvents with different polarities on the viscosity of room temperature ionic liquids.
Interestingly, the viscosity of the binary mixture was found to depend primarily on the mole fraction of
the molecular component, irrespective of its polarity or dielectric constant. Hence, the authors proposed a
single exponential equation to estimate the viscosity of such mixtures. This finding has been repeatedly
confirmed in subsequent studies by many other research groups.®>***® More rigorous rules have also been
applied for more accurate predictions of the viscosities of mixtures.”®®" For example, Wang et al.*®
examined the viscosity of a wide range of IL-molecular solvent systems by combining Eyring’s absolute
rate theory with activity coefficient models, and the results were compared with those obtained by use of
Seddon’s equation. The authors concluded that the Seddon equation always achieves satisfactory
estimates of the viscosities of mixtures in IL-rich regions. Based on these discussions, we assert that the
viscosity change of films in our study depends on the number of moles of vapor absorbed irrespective of
their chemical characteristics. Such an assumption clearly explains the mole-dependent change in
dissipation observed in our studies. Hence, simultaneous measurements of Af and AD or AR of an IL or
GUMBOS composite coated QCM sensor during vapor absorption provides a reasonable approximation
of molecular weight of the vapor. Our findings should provide a sound foundation for further studies with

respect to the discrimination of vapors based on molecular weights using these composite films.
Conclusions

The vapor-sensing application of a number of IL or GUMBOS-polymer composite films were studied
with a QCM/QCM-D transducer. As many as 13 analytes were tested, and the data clearly demonstrate
that an IL or GUMBOS-based QCM sensor offers an outstanding capability for estimating the molecular
weight of organic vapor analytes. Viscoelastic modeling of the QCM-D data suggests that our composite
films follow the Maxwell viscoelastic model. Based on this observation, a theoretical explanation for the
observed relationship between the molecular weight of analytes and the QCM parameters is proposed.
These types of materials when combined with QCM show considerable promise for discrimination of
vapors based on their molecular weights. Further work is warranted to develop a sensor for more accurate
prediction of molecular weights of vapors. Future work will focus on evaluation of viscosities of an
extended range of IL-organic solvent mixtures and comparison of these data with the QCM observations.
In addition, further understanding of the viscoelastic behavior of such films should be the focus of future

studies.
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