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ABSTRACT

There has been an ever-increasing demand for the development of high-performance
sensing devices for detection and discrimination of volatile organic compounds (VOCs) present
in different environments. Among a number of sensing devices currently available, sorption-
based sensors are particularly attractive because they are simple and inexpensive, require low
power, and are appropriate for fabrication of multisensor arrays. A sorption-based sensor is
comprised of a chemically active coating immobilized on the surface of a physical transducer.
The chemically active film interacts with analytes, and the transducer converts the binding event
into an electrical signal. This dissertation is focused on a sorption-based sensor prepared by
using ionic liquids (ILs) and a group of uniform materials based on organic salts (GUMBOS) as

the sensing materials and the quartz crystal microbalance (QCM) as the transducer.

ILs are defined as organic salts which melt below 100 °C, and similar organic salts with
melting point between 25 and 250 °C are defined as GUMBOS. In this research, a series of films
comprising binary blends of an IL (or GUMBOS) and polymer are deposited onto the QCM
surface in order to evaluate their vapor-sensing characteristics. The QCM sensors on exposure to
organic vapors displayed a change in frequency and motional resistance, and both of these
parameters were simultaneously measured. Examination of the data revealed an interesting
relationship between the QCM parameters and the molecular weight of the absorbed vapors. The
initial findings are reported in Chapter 2 of this dissertation. Additional studies were conducted
in an effort to fully understand the interesting behavior of this type of material. More elaborate
studies along with the theoretical rationale for the relationship between the QCM parameters and

the molecular weight of vapors are presented in Chapter 3.
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Another important aspect of this dissertation is the design of highly sensitive materials
for vapor-sensing applications. Toward this end, two representative GUMBOS were synthesized
using porphyrin and phthalocyanine derivatives. The QCM device coated with these GUMBOS
exhibited a rapid response and high sensitivity toward different organic vapors. Altogether, these

studies demonstrate the true potential of this type of materials for vapor-sensing applications.



CHAPTER 1 INTRODUCTION
1.1 Volatile Organic Compounds and the Need for Monitoring

1.1.1. Volatile Organic Compounds

Volatile organic compounds (VOCs) constitute a large group of organic chemicals that
evaporate easily under normal conditions of temperature and pressure. VOCs are emitted in the
atmosphere from a wide variety of natural and anthropogenic sources. The natural sources of
VOCs are plants, animals, natural forest fires, and anaerobic processes in certain natural
environments; and the major human activities that release VOCs include transportation,
industrial activities, biomass burning, solvent use, and agricultural activities.!® The biogenic
emissions of VOCs are much greater than the anthropogenic emissions. At the global level,
approximately 1300 Tg of carbon per year in the form of VOCs is emitted; and the biogenic
emission accounts for 1150 Tg of C/year, while anthropogenic emission accounts for 142 Tg of
Clyear.* It is quite surprising that more than 1000 VOCs containing only one carbon atom may
be found in the atmosphere.* Some VOCs have no adverse health effects, while some are toxic

and/or carcinogenic to animals.’

1.1.2 The Need for VOC Measurements

The characterization of VOCs emitted from different sources is currently a topic of
intense research. VOC monitoring is essential to many fields ranging from biomedical
diagnostics to environmental monitoring. VOC sensors are particularly attractive in biomedical
research.®2° More specifically, it has been demonstrated that VOCs in breath contain biomarkers
for cancer and certain other diseases, and in this regard VOC profiling is useful in disease
diagnosis and monitoring.*>?° Altered patterns of VOCs in a diseased state as opposed to normal

state are due to changes in the metabolic activity owing to pathological conditions. In addition to



breath, VOCs emitted from urine, skin, and blood also reflect medical status.?’ Several studies

have demonstrated that the VOC profile has potential for the detection and discrimination

21-23 24,25

bacterial species, assessment of food quality, environmental monitoring,”® detection of

diseased plants,?” and detection of explosives,?

1.1.3 Common VOC-Detection Technologies
The most commonly employed conventional technique for VOC detection is GC-MS;
however, the instrument is expensive, bulky, and requires skilled workers for operation. Other

33,34 and

commonly used techniques are ion mobility spectrometry, flame ionization detector,
photoionization detector.®* Recently, there has been upsurge of interest in the development of
simple, facile, and low cost detection technology to monitor VOCs. In this regard, sorption-based
vapor sensors have gained considerable momentum because they are compact and inexpensive,
require low power, and are amenable to the creation of sensor arrays.®***® A sorption-based
sensor comprises a chemically selective material coated on the surface of a non-selective
physical transducer. In other words, a sensor is comprised of two essential components: 1) a
chemically active sensing material that binds with the anlytes of interest and determines the
chemical selectivity of the sensor and 2) a transducer that converts the binding interactions into
an electronic signal. Acoustic wave devices, chemicapacitors, and chemiresistors are among the
most common transducers employed to fabricate sorption-based sensors.*® The most popular
acoustic wave device is the quartz crystal microbalance (QCM). It must be noted that an optimal
combination of sensing materials and transducer is critical to achieve best sensing performance.

The properties of the sensing materials are modulated during vapor sorption, and the transducer

converts this change into a useful analytical signal. More specifically, chemicapacitors measure



36,37 38,39

changes in dielectric properties. chemiresistors measure the changes in electric resistance,

and the QCM measures the changes in mass and/or viscoelasticity.*>*

1.2 Quartz Crystal Microbalance and its Operating Principle
The QCM is a simple, cost effective, and highly sensitive mass sensing technique the
heart of which is an AT-cut quartz crystal with the operating principle based on piezoelectricity.

The technique is discussed in more detail below.
1.2.1 Piezoelectric Effect

Piezoelectric effect was discovered by Pierre and Jacques Curie in 1880. The Curie
brothers observed that certain crystals on mechanical deformation produce an electric voltage,
and this effect was named as the piezoelectric effect which means pressure-electric effect.
Alternatively, the application of an electric field produces a mechanical deformation, and this
effect is known as converse piezoelectric effect. In fact, the piezoelectric effect is exhibited by
certain compounds containing asymmetric crystalline structures such as quartz, Rochelle salt,
ammonium dihydrogen phosphate, and piezoelectric ceramics such as lead titanate-zirconate.*?

Crystalline gquartz is the most common piezoelectric material.
1.2.2 Quartz Cuts

A quartz crystal can be cut in different orientations with respect to the crystallographic
axes, and the type of cut determines the physical and electrical properties. The most popular
types of cut are AT- and BT-cuts; the cutting schemes are displayed in Figure 1.1. A QCM is
comprised of an AT-cut crystal which is inserted between two metallic electrodes, usually gold,
as shown in Figures 1.2(a-c). In this figure, (a) is the top view of the quartz crystal which shows

a circular gold electrode in the center, and (b) is the bottom view of the crystal. The electrode on
3



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. Figure 1.2b is the side view of the crystal, and

the resonance frequency depends on the thickness (ty) of the crystal.

o
% \ / %

Figure 1.1 Diagram illustrating the methods to get AT- and BT-cut crystal plates from a natural
crystal. The lines represent the saw cut positions. This figure is adapted and modified from
http://www.4timing.com/techcrystal.htm (accessed May 12, 2014).

<>

s .
(a) (b) (c)

Figure 1.2 Typical quartz crystal resonator used in a QCM; (a) top view, (b) bottom view, and (c)
side view (tq represents the thickness of the quartz wafer).
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1.2.3 Shear Waves

When an AC voltage is applied across the electrodes, the quartz crystal undergoes
oscillations in the thickness shear mode. Hence, the QCM is more correctly referred to as
thickness shear mode (TSM) 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 surface.
The antinodes of the shear waves lie at the surfaces, while the nodes lie inside the crystal as
shown in Figures 1.3 (a-b).** Since the nodes lie at the surface of the crystal, the crystal vibrates
only at odd harmonics. The wavelength of the wave depends on the thickness of the crystal. The
oscillation frequency is in the megahertz (MHz) region, and this is a critical parameter for

analytical applications. In fact, resonances can occur only at those frequencies where the
wavelength is an odd multiple of half wavelength.**** Under resonance conditions, #,= ';i (1.1)
where tq is the thickness of the crystal, n is the harmonic number which can be only an odd

number, and 4 is the wavelength of the shear wave. For the first harmonic, n = 1 and tq is ’%

(Figure 1.3a). For the third harmonic, n = 3 and tq is 32—1 (Figure 1.3b). For an AT-cut quartz

crystal with a thickness 333 pm, the fundamental frequency will be 5 MHz. The AT-cut crystals
are preferred for the QCM because they exhibit higher frequency stability and very low

temperature coefficient with vibrations in pure thickness-shear mode.***®

1.2.4 Mechanical and Electrical Models for a QCM

A QCM resonator can be represented by a mechanical model as well as an equivalent
electrical model. The mechanical model is shown in Figure 1.4a which is comprised of mass
attached to a spring and a piston. The overall response depends on the mass (m) of the system,

compliance (Cy,) of the spring, and coefficient of friction (r;) of the piston. The piston represents
5



the energy loss during oscillations. Because of the piezoelectric characteristics of quartz, the
mechanical model can be represented by an equivalent electrical model comprising different
lumped parameters as shown in Figure 1.4b. The model is also known as the Butterworth-van
Dyke (BVD) electrical model, and this model has been widely used to simulate the system near
series resonance. The BVD model is comprised of two branches, namely, static and motional
branches. The motional arm consists of resistor (Ry,), capacitor (Cy,), and inductor (L) in series.
Rm represents the dissipation of oscillation energy, L, is related to the displaced mass during
oscillation, and C, corresponds to energy stored during oscillation.*’ The static arm is parallel to

the motional arm, and this comprises the static capacitance (C,) produced due to the presence of

two electrodes on opposite sides of the dielectric quartz crystal.*’*®
! s S
- '~ "'-.,.‘
- ,r"' N - -’
’n‘ \.’d tq ‘,..--"" ..(--}"'
!J" ¢ ""--...(1;...--.‘-“.
(a) (b)

Figure 1.3 Schematic of acoustic shear waves in a TSM resonator displaying (a) fundamental
mode and (b) third harmonic. The red double-headed block arrow shows the direction of particle
displacement, while the purple arrow indicates the direction of wave propagation, red circles
indicate nodes, and tq represents the thickness of the piezoelectric material. The figures are
adapted and modified from reference 43.

1.2.5 Interface Electronics for a QCM

The resonance behavior of a quartz crystal resonator can be described by two essential
parameters, namely, series resonance frequency (f) and motional resistance.”**° The series
resonance frequency (hereafter simply referred to as resonance frequency) is a frequency near

the minimum of electrical impedance (or maximum of electrical admittance) of the quartz
6



resonator.”® In sensing applications, it is in fact the resonance frequency change (Af) and

motional resistance shift (AR) due to interactions of coating with analyte are important. Three

Rm
LJ Piston =] Spring
C —

m - Co
Lm
M
(a) (b)

Figure 1.4 (a) Mechanical model of a TSM resonator (b) Butterworth-van Dyke model of the
unperturbed resonator.

types of interface electronic systems are commonly employed to measure the resonance
parameters of a QCM resonator.”*** A simple, economical, and the most common way to
measure the QCM parameters is by using oscillator circuit which gives resonance frequency and
motional resistance as the output parameters.”**® The quartz crystal is integrated to an
electrical oscillating circuit, and C, is cancelled to achieve the parameters at series resonance.>®
The main limitation of an oscillator circuit is that it is restricted to only one harmonic, which
makes it difficult to interpret the acquired data. However, recently a dual-harmonic oscillator

capable of operating at the first and third harmonics has been described.>



Another improved approach that has been widely used to measure QCM parameters is a
network analyzer which is used to monitor electrical impedance or admittance over a range of
frequencies.”>® Impedance (Z) refers to the opposition to the flow of AC current through a
device or circuit. It is a complex quantity given as: Z = R + jX, where the real part is resistance,
R, and the imaginary part is reactance, X, and j is the imaginary unit. The reciprocal of
impedance is admittance (Y) which is defined as: Y = G + JB, where G is conductance and B is
susceptance. In practice, the complex admittance or impedance of the resonator in a narrow
range of frequency near the resonance is measured by using an impedance analyzer. In Figure
1.5, for instance, the variation of conductance (the real part of the admittance) as a function of
oscillation frequency is displayed. The frequency corresponding to the maximum of the
conductance-versus-frequency curve is resonance frequency, and the bandwith or the full width
at half maximum (27) is related to energy dissipation or motional resistance.*****® The motional
resistance is taken as the inverse of the conductance peak value.”*®® Motional resistance and
bandwidth are equivalent, and they can be derived from each other.®* The network analyzers can
be used to monitor admittance spectra at several harmonics, and these devices provide more

information compared to the oscillator circuits.

A third approach to acquire the QCM resonance parameters is by using a ring-down-
based technique introduced by Kasemo and coworkers.®*®® This is a relatively new approach
which allows the measurement of the series resonance frequency and the series dissipation factor

(D) at multiple harmonics. The dissipation factor (D) is defined as:®

p = Laissipaed (1.2)

2nE, stored



where Egigipatea 1S the energy lost per oscillation cycle, and Eg,.q is the total energy stored in
the oscillation system. The measuring principle of this approach involves abruptly switching off
the driving power to the resonator and measuring the amplitude of the freely decaying oscillator.
The schematic of oscillation decay as a function of time is shown in Figure 1.6. The amplitude

decay is governed by the following equation:®

Conductance

4.980 4.990 5.000 5.010 5.020
Frequency (Hz)

Figure 1.5 Variation of electrical conductance as a function of excitation frequency. The
resonance frequency corresponds to the peak of the curve and bandwidth is the full width at half
maximum as illustrated. The reciprocal of the conductance peak value is motional resistance.

t
A, = Aye” tsin(wt+¢) + constant, >0, (1.3)
Where A; is the amplitude at time t, 4, is the amplitude t = O, 7 is the decay time constant, w is
the angular frequency, ¢ is the phase, and ‘constant’ is the dc offset. The dissipation factor is

then calculated as:

D=2 (L4)



The dissipation factor can be related to bandwidth and motional resistance by the following

equations:®*©2
o
-2 (L5)
— Rm
D= L (1.6)
A
|
Amplitude

Vv

Time

Figure 1.6 Schematic showing the decay of voltage amplitude as a function of time after the
driving voltage is switched off.

1.2.6 QCM Responses under Various Mass Loads

The use of a quartz crystal resonator for mass sensing was first realized in 1959 by a
German physicist, G. Sauerbrey, who discovered that mass deposition on the surface of the
resonator leads to a decrease in its resonance frequency.** This discovery led to the development
of TSM device as a sensitive analytical tool for detection of chemical and biological species, as
well as for probing interfacial properties and phenomena. The Sauerbrey equation states that the

magnitude of the frequency shift (Af) is directly proportional to the amount of mass deposited on

10



the surface of the resonator. It must remembered that this is true for rigid, thin, and uniform films

adsorbed on the surface. Mathematically, the Sauerbrey equation is expressed as:**

A= —ZAm = —gpftf (1.7)

where Am is mass per unit area of the film (in air or vacuum), ps 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). In the

case of rigid mass deposits, the motional resistance change (AR) will be zero.®*

In the 1960s and 1970s, the QCM was used for monitoring of film thickness in gas phase
and vacuum. The general belief in those days was that the quartz resonator would not oscillate in
the liquid phase. However, in 1982 Nomura and Okuhara®® from Shinshu University in Japan
demonstrated that a QCM can be operated in liquid phase, and the authors reported that the
frequency shift is dependent on the viscosity and density of the liquid. This discovery led to a
dramatic increase in the use of QCM in liquid phase-based applications, particularly in
biosensing.*>®® In order to explain the resonant behavior of a QCM operating in liquid phase or
non-rigid overlayers, several theoretical models have been developed depending on the type of

the environment.

It is believed that the Sauerbrey equation is still applicable if a rigid mass is added or
removed from the surface of the resonator that is immersed in a liquid.%” Another commonly
observed case in one where one face of the quartz resonator is completely immersed in a

Newtonian liquid. The mathematical relationship for such a case was derived by Kanazawa and
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Gordon,® and the authors demonstrated that the frequency shift is dependent on the viscosity and

density of the liquid. The Kanazawa-Gordon equation can be expressed as:

A= =3 (ﬂy (1.8)

Ty P,
where f is the resonance frequency of the free crystal, n_ and p, are the absolute viscosity and
density of the liquid, respectively, and pq and pq are the shear modulus and density of the quartz,
respectively. From this equation, it is evident that the decrease in frequency is directly
proportional to the square root of viscosity-density product. The motional resistance in this case
increases, and this increase is again directly proportional to the square root of viscosity-density

product.® "

In many chemical and biological sensing applications, thin viscoelastic films are very
common. Viscoelastic materials show both elastic and viscous properties. The rheological
behavior of viscoelastic materials can be described by a complex shear modulus (G*), and thus
G* =G" +jG", where G' (or W) is the elastic shear modulus and G" is the loss modulus. In order
to explain the viscoelastic characteristics of these materials, a number of mathematical models
have been proposed. Two commonly used models in this regard are the Maxwell model, which is
made up of a series combination of a spring and a dashpot, and the Kelvin-Voigt model, which
comprises a parallel combination of a spring and a dashpot. For a thin layer of Kelvin-Voigt

viscoelastic materials in vacuum, Af and dissipation change (AD) are given as:'%"

~ e tfp’
A== 2mp, tg (1+352(1+X2)) (1.9)
3 I
Ao _ iy _ (ﬁ )5
AD= 37[qutq 30 2(1+X2) ' X on ¢ ! o Py (110)



where the subscript f refers to the film, subscript q refers to the quartz, e is the measured angular
frequency, y is the viscoelastic ratio (ratio of storage modulus and loss modulus), and ¢ is the
viscous penetration depth. For a thin film obeying the Maxwell viscoelastic model, Af and AD

are given as: "

t 2
Af = _E(Hﬁzﬂ) (1.11)
27cpqtq 3,uf
2 20
~ 20 (1.12)
3pqtq:7

The films are assumed to be thin if the thickness of the film is much less than the penetration
depth (8).”” The penetration depth can be understood as follows. As shown in Figure 1.7, the
shear wave propagates perpendicular to the surface of the resonator, and its amplitude diminishes

with distance in the surrounding medium. The penetration depth is defined as the distance at
. ) 1 . . :
which the amplitude of the wave decays to " of the amplitude at the oscillator surface.” It is

evident from equation 1.10 that the penetration depth depends on the viscosity and density of the
medium, and the frequency of the wave. For instance, the penetration depth of a wave at 5 MHz
frequency in water at room temperature is approximately 252 nm. The penetration depth is much
higher in ionic liquids because of high viscosity of these compounds. For example, 1-butyl-3-
methylimidazolium hexafluorophosphate has viscosity 371 mPa.s and density of 1373 kg.m™ at
20 °C.™® The penetration depth at 5 MHz will be approximately 4.15 pum. It should be

emphasized that the penetration depth decreases with an increase in frequency.
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Figure 1.7 Schematic showing the propagation and decay of shear wave in the surrounding
medium.

1.3 Sensing Materials for QCM Chemical Sensor

Sensing materials are essential components of chemical sensors, and the chemical
sensitivity and selectivity of a sensor depends on the sensing materials, while the transducer as
such is non-selective. Hence, most of the current studies focus in designing novel or improved
sensing materials. Two approaches have been used in designing sensing materials.””"® The first
approach is to design materials which exhibit highly selective response to an analyte of interest,
and the materials in this category include molecularly imprinted polymers, zeolites, cavitands,
and others.”” However, the synthesis of highly selective sensing materials is challenging; in
addition, this method not useful to analyze complex mixtures.”® The second approach is to design
sensing materials exhibiting broad and partial selectivity to different chemical species. The idea
is to create an array of sensors (i.e. electronic nose) using these materials to discriminate
individual or complex mixture of chemical species. In other words, an electronic nose comprises

a group of cross-reactive sensing elements. The responses obtained from a sensor array are then
14



analyzed using various pattern recognition techniques such as principal component analysis
(PCA), linear discriminant analysis (LDA), and artificial neural network (ANN). The electronic
nose to discriminate between complex odorant mixtures was first reported by Persaud and Dodd
in 1982.7°%% These days, there is an increasing interest in the use of sensor arrays in multitude of
applications.

As discussed above, the QCM sensor comprises a chemosensitive thin film immobilized
on the surface of the quartz resonator. The interaction of the coating with analyte(s) of interest
causes a change in mass and/or viscoelastic properties of the film which in turn leads to a change
in frequency and/or dissipation of the QCM sensor. In vapor sensing studies, Af as a function of
vapor concentration is monitored. Only in rare cases, both Af and AR as a function of analyte
concentration have been monitored.®*® However, measuring two parameters is much more
informative in vapor analysis. It must be emphasized that a selection of suitable sensing material
is critical to access both of these parameters. A wide array of materials has been utilized to
prepare chemosensitive coatings for QCM sensors to detect and discriminate different organic

83,84

vapors. These sensing materials include ordinary polymers, molecularly imprinted

85-87 82,88

polymers, calixarenes, carbon  nanotubes®®  metalloporphyrins,®  various

93,94

nanocomposites,” organic dendrimers,®* peptides and proteins,®*% ceramic materials,” and

others. In the last decade, a class of materials that has captured increasing attention to prepare

QCM sensing films is ionic liquids.*®**

1.4 An Overview of lonic Liquids and GUMBOS, and Their Applications in QCM Devices
lonic liquids (ILs) are organic salts with melting points below 100 °C.* ILs that remain
in the liquid state below 25 °C are commonly referred to as room temperature ionic liquids

(RTILs), while those that are solid at room temperature are known as frozen ionic liquids. ILs

15



contain bulky and asymmetric ions with large size differences between cations and anions which

ultimately lead to frustrated packing thereby resulting in low melting points.**

A wide range of
cations and anions can be combined to produce potentially 10*® ionic liquids.**> The common
ions used to prepare ILs are given in Figure 1.8. ILs possess outstanding physicochemical
properties such as high thermal and electrochemical stability, broad liquid range, negligible
vapor pressure, high ionic conductivity, and exceptional tunability that make them excellent
candidates for industrial applications."**® The Warner Research Group is currently
investigating numerous applications of ionic liquids and similar organic salts with melting points
extending beyond 100 °C. The organic salts with melting points between 25 and 250 °C have

been recently named as a Group of Uniform Materials Based on Organic Salts (GUMBOS).117

We have recently synthesized ILs and GUMBOS using various dye ions;****° some of these
ions are shown in Figure 1.9. Interestingly, GUMBOS can be easily converted into nanomaterials
which are known as nanoGUMBOS.'"*? GUMBOS/nanoGUMBOS have shown promising

119

applications in biomedical imaging,*** selective killing of cancer cells,**® organic light emitting

123 107,108

diodes,*?? dye-sensitized solar cells,"* and vapor sensing.

The first use of ILs as QCM coating materials to detect organic vapors was reported by
Liang and coworkers in almost a decade ago.*® The authors coated a QCM resonator with a
relatively thick layer of an IL, and exposed the sensor toward a number of organic compounds.
The frequency change due to vapor absorption was found to be positive. The response was fast
with an average response time of 2 s, and the vapor absorption was completely reversible.

According to the Sauerbrey equation, the change in frequency during vapor absorption is

expected to be negative. The authors explained the positive change in frequency by using the
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Figure 1.8 Some common cations and anions used to prepare ionic liquids and GUMBOS.
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Figure 1.9 Some dye ions used to prepare ionic liquids and GUMBOS
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Kanazawa-Gordon equation (equation 1.8). In fact, the absorption of vapors by an ionic liquid
results in a decrease in viscosity and density of the ionic liquid thereby leading to an increase in
frequency. A number of different forces including dispersion interactions, hydrogen bonding,
dipolar, and ©-m interactions exist between ionic liquids and the organic compounds, and the
extent of these interactions depend on the structures of cations and anions of the ionic liquids.
Therefore, ionic liquids are expected to show partial selectivity to different organic vapors, and
the selectivity can be fine-tuned by changing or modifying cation and anion.

The use of ILs as sensing materials for a QCM device continued to grow. In this regard,
Goubaidoulline and coworkers presented the concept of immobilizing ILs inside nanopores of an
alumina layer deposited on the electrode of the quartz resonator.’” This approach eliminated the
problems associated with dewetting and viscoelasticity; however, desorption of vapor was found
to be slow due to the confinement of ILs inside the nanopores. Jin et al.*® developed a QCM/IL
sensor array using seven room temperature ionic liquids to detect organic vapors at ambient and
high temperatures. The sensor array data were subjected to linear discriminant analysis (LDA)
which showed an excellent discrimination between a number of organic vapors. Similarly, Xu et
al.%® devised a QCM/IL sensor array to analyze several organic vapors. The sensor array data
were analyzed using an artificial neural network (ANN) method, and the accuracy of
identification was found to be 100 %. In a separate study, the same research group evaluated the
sensing performance of six imidazolium-based ILs using the QCM, and demonstrated that
imidazolium halides exhibit good selectivity for alcohol vapors.'® Recently, Toniolo et al.*™
developed a QCM sensor array using different RTILs and analyzed 31 VOCs belonging to
several chemical classes. The data were analyzed using principal component analysis (PCA), and

separate clusters for each class of compounds were obtained. In order to demonstrate that such
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sensor array can be useful for discrimination of closely related mixtures, headspaces from two
varieties of cinnamon samples were analyzed. Statistical analysis of the data showed a clear
distinction between these two samples of food.

ILs in the form of composites have also been used to improve the sensing performance of
QCM sensor. In this regard, Seyama et al.!% designed a sensor array by incorporating an IL into
a plasma polymerized film that was prepared using D-phenylalanine. A sensor array was created
by using four sensors. The first sensor contained only the polymer film, while the other three
sensors contained different concentrations of 1-ethyl-3-methylimidazolium tetrafluoroborate
incorporated into the polymer film. The sensor array was then utilized to discriminate four

different n-alcohol vapors. In another study, Jin et al.**

immobilized an IL on a polyaniline
template on the QCM surface, and this greatly improved the sensitivity to methane detection.
The immobilization of ILs on a polyaniline template improved the wettability of ILs on the

surface as well as increased the amount of IL deposits. Ji et al.'®

prepared a layered film using
graphene-ionic liquid composite for highly selective sensing of aromatic vapors.

In all the studies discussed above, organic vapors are absorbed reversibly to the IL films
due to relatively weak vapor-IL interactions. However, the weak interactions limit the sensitivity.
Recently, there have been several attempts to design ILs that exhibit chemical reactions with
specific analytes.*'>**? This approach greatly enhances the sensitivity and selectivity of the
sensor; however, the binding of analyte to the IL is irreversible, and hence the IL film is required
to remove by washing and replace by a new film for each measurement. The foregoing
discussion clearly demonstrates that ILs and GUMBOS are very promising materials to be used

as chemosensitive film for a QCM device. In this regard, further studies are necessary to fully

exploit the potential of these material as chemical recognition elements.
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1.5 Scope of this Dissertation

The objective of this research was to investigate in detail the vapor-sensing applications
of GUMBOS and ILs using the QCM transducer. The QCM is typically used as a very sensitive
mass sensor; however, during the course of this study, very remarkable sensing behavior was
discovered which for the first time shows that QCM can be used for an estimation of molecular
weight of organic vapors. The second chapter of this dissertation is the description of the initial
studies on preparation, characterization, and vapor-sensing applications of a composite film
prepared by using 1-butyl-2,3-dimethylimidazolium hexafluorophosphate and cellulose acetate.
The composite film coated QCM sensor exhibits excellent sensing characteristics, and moreover,
the Af-to-AR ratio, under low vapor concentrations, is directly proportional to the molecular

weight of vapor analytes. A preliminary explanation for this observation is presented.

The third chapter is description of the follow-up studies primarily aimed at understanding
the theoretical basis for the relationship between the QCM parameters and molecular weight of
organic vapors. A number of binary blends of an IL and polymer are prepared on the QCM
surface, and the vapor-sensing characteristics the sensors are evaluated over a wider range of
analyte concentrations. In addition, the response of the sensor at different harmonics are
monitored using a QCM-D system. Based on these data, a more plausible explanation focusing
on how the changes in QCM parameters can be related with the molecular weight of the vapors

is provided.

The fourth chapter is focused on the synthesis of porphyrin- and phthalocyanine-based
GUMBOS and evaluation of these GUMBOS as QCM-coating materials for detection of a
number of organic vapors. A remarkable improvement in sensitivity and other sensing

characteristics are observed. The potential of these GUMBOS for electronic nose applications is
21



discussed. The fifth chapter concludes the dissertation by summarizing the important findings,

their implications and the possible avenues for future research.
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CHAPTER 2 A NOVEL COMPOSITE FILM FOR DETECTION AND
MOLECULAR WEIGHT DETERMINATION OF ORGANIC VAPORS®

2.1 Introduction

The development and evaluation of novel sensing materials for detection and
quantification of volatile organic compounds (VOCSs) is an active area of research. Such VOC
sensors are increasingly important because they find extensive use in environmental monitoring,
health care, agriculture, food safety, defense, and homeland security applications.>® The most
common gas sensor systems comprise an active sensing material immobilized onto the surface of
a suitable transducer device. The sensing layer selectively and reversibly sorbs the analytes of
interest, and the transducer subsequently converts the binding event into an electronic signal.

4

Among possible transducers, we note that acoustic wave devices,>* chemicapacitors,>® and

chemiresistors,” are attractive choices for analyzing a broad range of chemical vapors.
Sensing materials are critical components of sensing devices, and play a key role in the

design and successful implementation of a chemical sensor. A wide range of sensing materials

6,8,10 3

including, carbon nanotubes, conducting polymers,”**? dendrimers,*** metal oxide

14,15 16,17 18,19

nanomaterials, various nanocomposites, and room temperature ionic liquids (RTILS),
among others, have been employed for preparation of chemosensitive coatings. Sensors
constructed from such materials are found to be highly sensitive for detection of various gaseous

analytes. A vast majority of these gas sensors are based on measurement of single-parameter

“This chapter previously appeared as Bishnu P. Regmi, Joshua Monk, Bilal El-Zahab, Susmita
Das, Franscisco R. Hung, Daniel J. Hayes, and Isiah M. Warner. A novel composite film for
detection and molecular weight determination of organic vapors. Journal of Materials Chemistry
2012, 22, 13732-13741. 1t is reproduced by permission of The Royal Society of Chemistry.
http://pubs.rsc.org/en/content/articlelanding/2012/jm/c2jm31623d/unauth#!divAbstract
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response. However, the response of a sensor depends on both the concentration and chemical
characteristics of an analyte. Hence, a single sensor is not able to discriminate between analytes
unless the concentrations or the partial pressures of the analytes are known. As an alternative to
single-parameter-response measurement, Snow and Perkins'® have recently explored the unique
properties of single-walled carbon nanotube (SWNT) to simultaneously measure conductance
and capacitance of an SWNT network in the presence of chemical vapors. In that study, the
authors demonstrated that the ratio of conductance response to capacitance response is a
concentration-independent parameter dependent on the characteristics of the vapor. In fact, the
ratio was found to depend on the charge transfer property and polarizability of the analytes. This
method holds considerable promise for identifying unknown vapors if combined with other
analytical approaches. However, a major disadvantage to this approach is that many vapors and
gases produce weak conductance response in SWNTs.%°

In this chapter, | report on the development and unique gas-sensing properties of a thin
composite film immobilized onto the surface of a quartz crystal microbalance (QCM) substrate.
The materials employed for preparation of our composite sensing film is comprised of cellulose
acetate (CA) and a representative compound from a Group of Uniform Materials Based on
Organic Salts (GUMBOS). GUMBOS are solid phase organic salts with melting points between
25 and 250 °C.** The model GUMBOS used in this study was 1-n-butyl-2,3-
dimethylimidazolium hexafluorophosphate ([BM2Im][PFg]) with a melting point of 43 °C and a
glass transition temperature of -58 °C.?> The film was prepared through co-deposition of
[BM2Im][PFg] and CA on the surface of the QCM substrate. The resonance frequency shift (Af)
and the motional resistance shift (AR) of the QCM sensor in the presence of various organic

vapors were simultaneously measured. The sensor exhibited a rapid and reversible response to all
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analytes tested. Notably, it is demonstrated that the ratio Af/AR, under low to moderate vapor
absorptions, is constant for a particular vapor, and varies directly with the molecular weight of
the absorbed chemical species.

Molecular dynamics (MD) simulations were performed to help rationalize the
experimental results. Evaluation of data from MD simulations indicates weak interactions
between analyte and sensing film, and that these interactions are primarily due to the analyte-
[BM,Im] and analyte-[PFg] interactions. Since these interactions are weak, the same number of
molecules of different analytes may produce similar free volume changes, and consequently
similar changes in R. The analyte-CA interactions are negligibly small, which suggests that CA

only improves the mechanical properties of the composite film.

2.2 Theory of QCM Measurement

The QCM is a highly sensitive piezoelectric transducer with an operating principle based
on alteration of the characteristics of acoustic shear waves propagating through a medium. The
QCM comprises a thin slice of AT-cut quartz wafer that is sandwiched between two electrodes.
When an oscillating electric voltage is applied perpendicular to the surface of the quartz
resonator, an acoustic shear wave is produced that propagates across the thickness of the crystal.
As the sorbent coating interacts with the target analytes, its mass and mechanical properties are
altered, which in turn leads to a phase shift and attenuation of the shear waves. The phase shift
leads to a change in resonance frequency, 4f, that depends on the mass change occurring at the
interface. The relation between Af and the added mass per unit area, Am, is expressed by the
Sauerbrey equation:*®

Af = — CiAm 2.1),
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where C; is a constant that depends on the intrinsic properties of the quartz. The attenuation of
the shear wave is due to dissipation of energy during oscillation. This attenuation can be
estimated by measuring an electrical property known as the motional resistance, R, of the QCM.
Thin and rigid films display less dissipation, and hence result in a small increase in R, while
thick and viscoelastic films exhibit high dissipation and a correspondingly large increase in R.**

It is useful to note that Af and AR are usually obtained simultaneously in a QCM measurement.

2.3 Experimental Section

2.3.1 Materials

1-n-Butyl-2,3-dimethylimidazolium trifluoromethanesulfonate ([BM.Im][OTf]), 1-n-
butyl-3-methylpyridinium hexafluorophosphate ([BMPyr][PF¢]), and [BM2Im][PFs] were
obtained from lonic Liquids Technologies, Inc. as crystalline solids. Cellulose acetate
(molecular weight 30000 Da), 1-ethyl-2,3-dimethylimidazolium hexafluorophosphate
([EM2Im][PF¢]) (as crystalline solid), anhydrous heptane, anhydrous acetonitrile, anhydrous
chloroform, anhydrous carbon tetrachloride, and anhydrous toluene were obtained from Sigma-
Aldrich. Acetone, n-propanol, and anhydrous methanol were obtained from Mallinckrodt

Chemicals; absolute ethanol from Pharmco. All chemicals were used as received.

The QCM200 controller and associated crystals were purchased from Stanford Research
Systems, Inc., Sunnyvale, CA. The crystals used were 5-MHz AT-cut chromium/gold polished
crystals of 1" diameter. Gold-coated silicon wafers were obtained from Sigma-Aldrich. The
polytetrafluoroethylene (PTFE) containers used in these experiments were obtained from SPI

Supplies/ Structure Probe, Inc. United States.
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2.3.2 Preparation of Stock Solutions

Stock solutions of [BM.Im][PFs] (1 mg/mL) and cellulose acetate (0.5 mg/mL) in
acetone were prepared in 20-ml borosilicate glass scintillation vials. Particulate matter was
removed by successive filtration using a glass syringe with a stainless steel filter holder and a

Whatman 0.45 um PTFE/GMF syringe filter.

2.3.3 Cleaning of Gold Surface

The QCM crystal (or gold-coated silicon wafer) was rinsed with water and ultrasonicated
in acetone for 5 minutes; and dried using nitrogen gas. The crystal was then immersed in fresh
piranha solution (3:1 concentrated sulfuric acid and 30% hydrogen peroxide) for 10 minutes,
washed with copious amounts of water, rinsed with acetone, and dried under a stream of
nitrogen. The crystal was further dried by placing in an oven at 100 °C, and allowed to cool to

room temperature. Cleaned crystals were used immediately for preparation of coatings.

2.3.4 Film Preparation

Coatings were prepared using a solvent precipitation method.* To 2 mL of a solution
containing various concentrations of [BM,Im][PFg], was added 6 mL of anhydrous heptane
dropwise while stirring. (In the case of the composite, the mass proportion of [BM,Im][PFg] and
cellulose acetate in the solution was also varied. The optimal mass [BM.Im][PFg]-to-CA mass
ratio was found to be 7.5:1). The mixture was then transferred to a 25-mL PTFE beaker and a
cleaned quartz crystal (or gold-coated silicon) immersed into the mixture and allowed to incubate
for six hours. The crystal was ultrasonicated for one minute, while holding it vertically in a fresh
pool of heptane to remove any loosely adhered material. The coated crystal was stored in a

desiccator for a minimum of 24 hours before mounting it in the crystal holder.
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2.3.5 Scanning Electron Microscopy (SEM) Analysis
The film was imaged using a JEOL JSM-6610 scanning electron microscope in high

vacuum mode.

2.3.6 Laser Scanning Confocal Microscopy (LSCM) Analysis
The heights of the particles were analyzed using a Leica TCS SP2 laser scanning

confocal microscope in the reflection mode with a 488-nm laser.

2.3.7 Powder X-ray Diffraction (XRD) Analysis

Powder XRD data of the films deposited on the gold—coated silicon substrate or glass
substrate were collected using a Bruker/Siemens D5000 automated powder X-ray diffractometer
utilizing Cu Ko radiation and a scintillation point detector. The operating conditions were set at
40 kV and 30 mA, and the data were recorded over a 20 range from 2° up to 70° with an interval

0.02° at 1 second per step.

2.3.8 Fourier Transform Infrared (FTIR) Analysis

IR spectra of the films were recorded on a Bruker Tensor 27 spectrometer equipped with
a PIKE MIRacle single-bounce attenuated total reflectance (ATR) cell. Spectra were collected
over the 3600-530 cm™ region with 256 scans with a resolution of 4 cm™. FTIR data were

analyzed using OPUS 6.5 software.

2.3.9 Electron Probe Microanalysis (EPMA)

EPMA of the films was performed with JEOL Superprobe 733, equipped with
wavelength dispersive spectrometer (WDS), using an accelerating voltage of 15 kV, probe
current of 10 nA, and a beam diameter of 30 microns. Nine different spots in each film and a

blank substrate were analyzed.
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2.3.10 QCM Data Acquisition

The QCM sensor was exposed to various VOC vapors by using a custom-made non-flow
system. A schematic diagram of the experimental setup is shown in Figure 2.1. The volume of
the chamber, excluding the volume of crystal holder, was 4.14 L. The volume of the fan and
filter paper was disregarded. As noted, the glass chamber contained an inlet and an outlet for
argon; and a rubber septum for sample introduction. Ultrapure argon was intermittently blown
through the container until stable frequency and motional resistance were obtained. After
achieving equilibrium, the argon inlet and outlet were closed; and a known volume of liquid

organic sample was injected into the closed container using a Hamilton microsyringe. The rate of

QCM data to controller

Argon gas in _-QCMholder

ampléinjection

septum
Glass
container -
1 ~ Quartz crystal
Fan-.. | _-Filter paper
TR ~'
&
0y

© Argon gas out

Figure 2.1 Schematic of experimental setup

evaporation was enhanced by dropping the sample onto filter paper, and the vapor was
homogenized using a small fan. The frequency and resistance shifts upon introduction of analyte
vapor were simultaneously measured using a QCM200 system. The instrument uses a method to
nullify static capacitance, C,, and hence true values of resonance frequency and motional
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resistance can be obtained.?® The concentration of analyte was successively increased to produce
a response curve. The introduction of analyte into the chamber produces an increase in overall
pressure inside the container, but this pressure change was found to have a negligible effect on
both frequency and motional resistance. All experiments were performed in a temperature-
controlled room at 22 °C. Temperature fluctuations during experiments were measured to be
within £0.2 °C. Sample vapors were removed by blowing a gentle stream of ultrapure argon gas

through the container until the baselines were recovered.

2.3.11 MD Simulations

Classical MD simulations were performed with the GROMACS MD package®’ in the
NPT ensemble. The isotropic pressure coupling with a time constant of 0.2 ps was controlled by
the Berendsen barostat and the improved velocity-rescaling algorithm recently proposed by
Parrinello et al.?®* was used to mimic weak thermal coupling with a coupling constant of 0.05
ps. In all our simulations, the Lennard-Jones interactions were cut at 1.2 nm, and the long-range
Coulomb interactions were handled by the particle-mesh Ewald (PME)*® method with a cutoff of
1.0 nm and a grid spacing of 0.1 nm. Periodic boundaries were applied in all directions. In all

simulations, H-bond lengths were constrained with the LINCS algorithm.*

The system considered in these simulations consists of 500 ([BM2Im][PFs]) pairs with 18
oligomers of CA, so that a mass ratio of 7.5:1 (similar to experiments) was obtained. One single
molecule of analyte was then added to the simulation box. Six different analytes used in the
experiments were considered in different simulations: acetone, acetonitrile, chloroform, ethanol,
methanol, and toluene. All parameters used for modeling were selected from force fields
available in the literature. Intramolecular parameters (bond lengths, valence angles, and torsional

profiles) and intermolecular parameters (Lennard-Jones terms and electrostatic charges) were
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chosen from the OPLS-AA force field® for [BM,Im]*, [PFs]’, CA, and the six analytes. Coulomb
interactions were represented by partial charges placed on the atomic sites as defined by Lopes

33,34

and Padua®*>* and Jorgensen.*?

Simulations were performed at 350 K, such that [BM,Im][PFs] was in the liquid phase.
By running at such a high temperature, all molecules in the system had more thermal mobility
allowing the sampling of properties of interest using shorter simulations. We also ran two
simulations for 4 ns at 295 K (the experimental temperature), and found minimal changes in the
trends of the properties of interest. The simulations were run at 350 K for 2 ns for equilibration
and the properties of interest were collected during another 2 ns. A representative simulation
snapshot for [BM.Im][PFs]-CA and toluene is shown in Figure Ada, in Appendix A. To
determine the electrostatic and van der Waals energies in GROMACS, energy groups were
defined including the ions of [BM,Im]* and [PFe], the single VOC, and the CA oligomers; as
well as a single, randomly—chosen ion/molecule of [BM,Im]*, [PFs ], and CA. The total
interaction energy of any given molecule of VOC with the other species present in the system
(all the [BM,Im]" and [PF¢] ions; and all oligomers of CA) were computed in the simulations.
This total interaction energy was compared against the total interaction energies experienced by

one [BM,Im]" cation, one [PFg] anion and one CA oligomer in the system.

2.4 Results and Discussion

2.4.1 Preparation and Characterization of the Sensing Films

Films were prepared using a ‘solvent precipitation method’, where the materials that form
the films are first dissolved in a binary liquid mixture composed of a volatile solvent and a less
volatile non-solvent. The non-solvent does not dissolve the film-forming constituents, but is

itself miscible with the solvent. In our study, acetone was used as the solvent and heptane was
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used as the non-solvent. Preferential evaporation of acetone left a thin film deposited onto the
substrate. Both [BM,Im][PFs] and [BM,Im][PFs]-CA composite films were prepared and
studied, with the former being used primarily for comparison. In the case of the composite, the
mass proportion of [BM,Im][PFs] and CA in the solution was maintained at a ratio of 7.5:1,

which we found to be a preferred ratio.

Figures 2.2(a-c) provide SEM micrographs of the films deposited on the gold surface. It
is evident from these figures that these films are discontinuous, and composed of isolated
microdroplets with variable size distribution. The shapes of the droplets are observed to be
different for pure [BM,Im][PFs] as compared to those of the composite film. The droplets were
found to be a physically stable solid. A decrease in frequency and an increase in motional
resistance observed upon exposure of the films to organic vapors during QCM measurements
(discussed below) support this contention. In the case of liquid films, under such high loading
conditions, the absorption of organic vapor results in a positive frequency shift due to a decrease
in viscosity and density of the liquid.*®*® In addition, a drop in viscosity and density of the liquid

is likely to produce a decrease in motional resistance,**’

which is contrary to our observations.
The heights of these solid droplets were estimated using LSCM and was found to increase with
size (or radius) of the droplets. The maximum height of [BM.Im][PFs] droplets under
intermediate loading conditions (Figure 2.2a) was found to be 2.6 um. The maximum height of
[BM2Im][PFg]-CA droplets under similar loading conditions (Figure 2.2b) was found to be 2.8
pm. Examination of Figure 2.2c shows that the droplets (maximum height here is 3.2 um) grow

in size as the amount of coating material increases. Powder XRD measurements of the films

deposited on gold-silicon do not reveal additional peak(s) beyond those of the substrate (Figures
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(a) 50 um

(b) 50 um

( C) 50 pm

Figure 2.2 SEM micrographs of approximately a) 73 pg/cm? [BM2Im][PFe], b) 83 pg/cm?
[BM.Im][PFg]/CA, and c) 214 pg/cm? [BM,Im][PFs]/CA films on gold surface.
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Al and A2, in Appendix A), which suggest that both the [BM,Im][PFs] and the
[BM,Im][PFg]/CA films are amorphous. In order to confirm that there is no coincidental overlap
between diffraction peaks of the films and those of the underlying gold-silicon substrate, similar
films were prepared using an amorphous glass substrate. No additional peaks indicating
crystallized regions were observed (Figure A3, in Appendix A), confirming the amorphous

properties of these films.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of
[BM2Im][PFg], CA, and [BM,Im][PF¢]-CA films are shown in Figure 2.3a. CA can be identified
though its strong absorption peaks at 1743-1744 cm™(C=0 stretch), 1370 cm™(C-H bending ),
1233 cm™ (C-O stretch in acetyl), and 1051 cm™ (C-O stretch in pyranose ring).*® [BM,Im][PFe]
absorption peaks are observed at 3188 cm™ and 3156 cm™ (C-H stretching in imidazolium ring):
2968 cm™, 2945 cm™ and 2881 cm™ (CHjs stretching); 1592 cm™ (C=C stretching); 1469 cm™
(CH; bending); 833 cm™ (P-F stretching); and 558 cm™ (F-P-F bending).***° Absorption peaks
from both [BM.Im][PFs] and CA were observed in the IR spectrum of the composite film.
However, the intensity of the broad band centered on 3500 cm™ (hydroxyl region) is decreased,
and the C=0 stretching band is blue shifted by 9-10 cm™ in the composite film (Figure 2.3b).
These observations suggest a disruption of hydrogen bonding between CA molecules, and a
change in the environment of carbonyl functional groups.** The IR patterns of [BM,Im][PF¢] in

the pure and composite films were not notably different.

The ratio of [BM,Im][PFg] to CA in the composite film was measured using electron
probe microanalysis with wavelength dispersive spectroscopy (EPMA-WDS). The ratios of

phosphorus to oxygen (P:O) were analyzed at nine different 30-um spots. Based on the total P:O
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Figure 2.3 ATR-FTIR spectra. a) CA, [BM2Im][PFg], [BM2Im][PF¢]/CA films. b) CA and
[BM2Im][PFg]-CA films illustrating the changes in hydroxyl and carbonyl bands of CA. Inset
shows the magnified plot of 1760-1730 cm™ region.

ratio, the mass ratio of [BM,Im][PFs] to CA was estimated to be 7.8:1. A small oxygen signal

was observed in both the [BM,Im][PF¢] film and the blank substrate (gold-coated silicon). Only
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the excess oxygen present in the composite film as compared to the [BM,Im][PFg] film was
attributed to cellulose acetate. Variations in P:O ratios were observed, indicating a heterogeneous

distribution of [BM.Im][PFs] and CA.

2.4.2 Chemical Sensing Properties of the Films

The chemical-sensing properties of these films were evaluated using a QCM transducer.
Figure 2.4a shows Af as a function of acetonitrile vapor concentrations for three different films:
the first prepared using [BM.Im][PF¢] only, the second prepared using [BM.Im][PFs] and
cellulose acetate at a mass ratio of 7.5:1, and the third prepared using cellulose acetate only. The
approximate mass loads calculated using the Sauerbrey equation were 139 pg/cm? for
[BM,Im][PFs], 176 pg/cm? for [BM.Im][PFs]-CA, and 3 pg/cm? for the CA films. It is evident
from this figure that for the [BM.Im][PF¢] film, Af is substantially smaller in magnitude;
moreover, the magnitude decreases as the concentration of vapor increases. In other words,
above a certain vapor concentration, the frequency increases with an increase in vapor
concentration. By contrast, the [BM2Im][PFs]-CA film shows excellent linearity over a very
wide range of concentrations. Attempts to coat only CA using a similar procedure resulted in a
comparatively low mass loading, which produced negligible frequency response to acetonitrile
vapors. Note that the response would be very low, even if it is linearly normalized to the amount

of cellulose acetate in the composite.

Figure 2.4b is a plot of AR as a function of acetonitrile concentration for [BM,Im][PFs]
and [BM,Im][PFg]-CA films. Both films show an increase in AR as a function of acetonitrile
concentration. However, as shown in Figure 2.4c the ratio AR/Af is much higher for the
[BM,Im][PFg] film than the ratio for the [BM2Im][PFg]-CA film. This observation implies that

the [BM,Im][PFs]-CA film is substantially more rigid than the [BM,Im][PFs] film. Evaluation
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Figure 2.4 a) Frequency change as a function acetonitrile concentration for [BM2Im][PFg]-CA,
[BM2Im][PFg], and CA films. b) Motional resistance shift as a function acetonitrile
concentrations for [BM.Im][PFs] and [BM,Im][PFs]-CA films, ¢) Motional resistance shift
versus frequency change for BM;Im][PFs] and [BM2Im][PFs]-CA films on exposure to varying
concentrations of acetonitrile. Legend in each figure shows the amount of film material on the

QCR surface.
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using MD simulations shows that acetonitrile exhibits negligible electrostatic and van der Waals
interactions with CA. By contrast, stronger interactions are observed between acetonitrile and
[BM,Im]" or [PF¢] ions (Figure Adb inset, in Appendix A). Similar trends were also observed
for other analytes (data not shown). In aggregate, these observations indicate that the sorption
characteristics of the composite film are due to [BM;Im][PFs], while CA plays a key role in
improving the mechanical stiffness of the material. In fact, this increase in rigidity can be
qualitatively rationalized using the simple ‘rule-of-mixtures’, which has often been employed to
estimate mechanical response of composite material from the properties and quantities of
individual constituents. Based on our initial observations, we concluded that the [BM,Im][PF¢]-
CA film is preferred for QCM-based vapor sensing, and hence the composite film was studied in

detail, as outlined below.

The sensitivity of our sensor was found to increase linearly with the amount of sensing

material deposited on the QCM electrode (Figures A5 and A6, in Appendix A). The linear
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relationships between Af and vapor concentration; and between sensitivity and amount of sensing
material indicate that the mass transfer process at the interface is predominantly the bulk
absorption of vapors by the coating material. The mass of the sensing material deposited on the
resonator can be conveniently controlled by changing the concentrations of [BM,Im][PFs] and
CA during film preparation. The maximum amount loaded was approximately 214 ug of the
sensing material per cm? of the electrode surface. While it should be possible to increase the
mass loading using the same coating procedure, higher mass loadings exhibited slow response,
and thus were not studied in detail. In marked contrast to our observations with GUMBOS-CA, it
has been reported that Af, in response to vapors, either plateaus** or becomes positive*® with
RTILs when the thickness of the coating exceeds ~200 nm, corresponding to a mass load of ~20-

25 pglcm?.

Our composite material provided excellent linearity, and varying sensitivity to different
organic vapors (Figure A7, in Appendix A). Moreover, high sensitivity, low detection limit, high
repeatability, and a wide linear range (Table Al, in Appendix A) were obtained. Indeed, the
detection limit improvement was 46-fold for acetonitrile, 8.9-fold for methanol, and 8.1-fold for
toluene as compared to those typically reported in the literature for an RTIL-based QCM
sensor.'® Use of MD simulations predicted that the order of analyte-sorbent interaction energies
for six analytes initially tested was: acetonitrile > toluene > acetone > ethanol > methanol >
chloroform (Figure A4db, in Appendix A). We note that this ordering closely correlated with the
ordering of the experimental slopes (i.e. Hz.L/mg) observed in Figure A7, in Appendix A.
Examination of Figure 2.5 shows a stable baseline and complete regeneration after repeated
exposure to chloroform vapors. All other compounds investigated in this study showed similar

behavior. Interestingly, our composite material exhibited very rapid response; the time to reach
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equilibrium is estimated to be less than one minute (Figure A8, in Appendix A). However, the
actual time is probably substantially less since the measured time also includes the time for
filling the sample chamber. The regeneration time is apparently somewhat higher. Still this time
also depends on how rapidly the analyte vapor is cleared from the chamber. Relative standard
deviations for repeated measurements of both Af and AR were typically less than 4% (error bars
are shown in Figures 2.4a-b). No significant differences in signals were observed on repeating
the experiments several days later. Since temperature variations induce changes in the
viscoelastic properties of the films, a strict control of temperature is required to ensure

reproducible measurements.
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Figure 2.5 Frequency and resistance responses of the QCM sensor to 17.8 mg/L (a), 35.6 mg/L
(b), 53.4 mg/L (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. The amount of coating material on QCR is 207 pg/cm?.
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Here, we demonstrate a very unique and interesting property of our composite material.
The Af and AR of the QCM were simultaneously monitored upon exposure to a number of
common VOCs: methanol, acetonitrile, ethanol, acetone, 1-propanol, toluene, chloroform, and
carbon tetrachloride. We note that analytes investigated include both polar and non-polar
compounds. Figure 2.6a is a display of plots of Af versus AR for all analytes, and it is evident that
all plots are linear over a wide range of vapor concentrations. The data presented in Figures
2.6(a-b) were obtained under intermediate loading of the composite material: 83 g of composite
film per cm? of electrode area. The analyte concentration ranges are i) 1.93-77.0 mg/L for
tetrachloromethane, ii) 0.720-28.8 mg/L for chloroform, iii) 0.209-8.36 mg/L for toluene, iv)
0.194-11.7 mg/L for 1-propanol, v) 0.191-11.5 mg/L for acetone, vi) 0.382-22.9 mg/L for

ethanol, vii) 0.190-4.75 mg/L for acetonitrile, and viii) 0.574-23.0 mg/L for methanol.

Figure 2.6b is a plot of Af/AR against molecular weights of analytes. These data points
were obtained by taking the ratio of Af to AR at 6-8 different vapor concentrations within the
ranges specified above. Interestingly, this plot demonstrates excellent linearity between Af/AR
and the molecular weights, as evident from the high correlation coefficient (r>>0.99). A slight
deviation from linearity was consistently observed for acetone (the fourth point in Figure 2.6b),
possibly due to the presence of impurities. The relationship between Af/AR and molecular weight

(MW) of the absorbed species can therefore be expressed by use of the following equation:
Af/AR =k x MW + C (2.2),

where k is a proportionality constant. For our system, the value of k was found to depend on the

amount of sensing material deposited on the QCR; the relative proportions of GUMBOS and
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Figure 2.6 a) Plots of Af vs AR for various VOCs. Mass of coating material is 83 pg/cm?® Analyte
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 analytes. Error bars represent the standard deviations (n = 6-8).
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CA; and the GUMBOS employed (see below). The intercept, C, is small and practically
insignificant (when C is set to zero, r* becomes 0.9898). In previous studies, Holloway et al.**
used calyx[4]resorcinarene-coated QCM sensor, and measured Af and AR to distinguish between
hexane and toluene vapors. While the authors demonstrated distinctly different parameters for
hexane and toluene, they did not report any correlation between Af/AR and the physico-chemical
properties of the analytes. To the best of our knowledge, the linear dependences of Af to AR, and
Af/AR to the molecular weights of analytes are unique to our material. The simultaneous
measurement of Af and AR therefore offers a simple way to estimate molecular weights, and
discriminate vapor molecules regardless of their concentrations. Note that the measurement of

either Af or AR alone would not provide the molecular identity since the response depends on

both the concentration and characteristics of analyte.

2.4.3 Theoretical Basis for Material Behavior

In this section, we rationalize the observed sensing behavior of our material using the
concepts of free volume and viscoelasticity. According to free-volume theory,* the unoccupied
space (free volume) in solids and liquids constitutes the ‘interstitial’ free volume and the ‘hole’
free volume (holes or vacancies). Another basic assumption of this theory is that the interstitial
free volume is uniformly distributed, while holes or vacancies are discontinuously distributed
throughout the material. It is this ‘hole’ free volume that is primarily responsible for molecular
transport. Although this theory has been generally applied to polymers, Dlubek et al.*® recently
demonstrated the presence of subnanometer-size holes in the solid and liquid states of ILs using
positron annihilation lifetime spectroscopy (PALS). These holes are comparable to the sizes of
the constituent ions, and the estimated ‘hole’ density is 2.0x10% g*. The solubility and diffusion

of gases in ILs have been explained using the concept of ‘free volume’ or ‘void space’ available
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in these materials.** The rapid response and recovery times observed for our sensing material
can be attributed to the presence of free volumes that facilitate the rapid diffusion of analyte

molecules within our films.

Another consideration for our system is the viscoelastic behavior of ionic materials.
Makino et al.*® recently demonstrated that alkyl imidazolium-based ILs having long enough side
chains (> C4) exhibit viscoelastic properties. For viscoelastic materials, the shear modulus (G) is
a complex quantity **: G = G’ + jG”, where G’ is shear storage modulus of the film, G” shear

2 A review of the literature indicates that motional

loss modulus of the film, and j is (-1)
resistance depends upon the following film parameters: shear modulus, thickness, mass density, >
and the particle surface coverage.® The viscoelastic properties of polymer films have been
extensively studied, and substantial changes in G’ and G” have been observed during vapor
absorption.®* Hence, the shear modulus is assumed to be the more important parameter
determining the changes in motional resistance. It is also recognized that gas/vapor absorption
induces a detectable swelling in ionic liquids.> In fact, the increase in R observed during vapor
absorption can be attributed to a decrease in shear modulus as a result of film swelling. As
mentioned earlier, our data show that frequency shifts are directly proportional to the vapor
phase concentration of the analytes (Figure A7, in Appendix A). Based on simple

thermodynamic arguments, the concentration of vapor in the sorbent phase, Cs, is related to the

concentration of vapor in the vapor phase, C,, through the partition coefficient, K:
K=CJC, (2.3)

Equation 2.3, together with the data in Figure A7, implies that Af'is directly proportional to the

mass of vapor absorbed into the film. This conclusion is clearly consistent with the Sauerbrey
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equation. Equation 2.2 then implies that any motional resistance increase is directly proportional
to the number of molecules of analyte absorbed, and that it is largely independent of the
chemical properties of the molecules. Examination of Figure 2.7 shows that AR varies linearly
with the number of moles of analyte absorbed. (In fact, Figure 2.7 and Figure 2.6a are two

different forms of the same information.)
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Figure 2.7 Variation of AR with the moles of analytes absorbed. The dashed line represents the
linear fit. Amount of vapor absorbed is calculated using Sauerbrey equation.

While more rigorous theoretical and experimental studies are needed and underway to

fully rationalize the observed mole-dependent increase in motional resistance, we present here a
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simple theoretical analysis that, at least qualitatively, accounts for our experimental observations.
We assume that any motional resistance increase is due to changes in mass density, thickness,
and shear modulus of the film, since these are the parameters that change during vapor
absorption. Since the amount of vapor absorbed is relatively low (the estimated maximum mass
fraction of analyte in our experiments is approximately 0.01), the density of the sorbent-analyte
system remains essentially the same for all analytes, given an equal number of absorbed
molecules. Examination of data from our MD simulations suggest that the total interaction
energy experienced by any given molecule of analyte with other species present in the system
([BM2Im]", [PFe]” and CA), is much lower than the total interaction energy experienced by one
random cation, anion, or oligomer of CA in the same system (Figure A4b, in Appendix A). Since
an analyte is present in low concentration and does not interact strongly with the sorbent phase, it
is possible that the vapor molecules behave more-or-less as an ideal gas within the free volume
of the sorbent matrix. Consequently, the same number of molecules of analyte should produce
similar thickness and free volume changes, and should be more-or-less independent of the
chemical identity of the analyte. To a good approximation, the motional resistance increase

depends only on the number of molecules that are absorbed.

Preliminary vapor sensing studies were also performed using three other GUMBOS:
[BM,Im][OTf], [BMPyr][PFs], and [EM2Im][PFe]. [BM2Im][OTf]-CA and [BMPyr][PF¢]-CA
showed similar behavior to that of [BM,Im][PF¢]-CA. By contrast, [EM.Im][PF¢] or
[EM,Im][PFs]-CA exhibited decreased sensitivity, very slow response, and negligible motional
resistance shift. These observations support our contention that free volume and viscoelasticity
play an extremely important role in determining the unique response characteristics of our

sensing materials. [EM,Im][PFs] does not show appreciable viscoelastic behavior, and possesses
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less free volume due to a decrease in the length of the alkyl side chain. Since important structural
differences exist between GUMBOS and polymers, these two classes of material should exhibit

very different motional resistance response.

2.5 Conclusions

In summary, we have prepared and characterized a composite film comprising
[BM2Im][PFg] and CA; and investigated its vapor sensing characteristics using a QCM
transducer. The material not only exhibited performance characteristics superior to other
materials, but also provided unique viscoelastic behavior. A remarkable correlation between
Af7AR of the sensor and molecular weight of the absorbed chemical species was observed. Films
with similar sensing properties were also developed using CA and other suitable GUMBOS. In
like manner, it is possible to develop new composite materials with desirable viscoelastic
properties using GUMBOS and other suitable polymers. These novel sensing materials should
facilitate easy detection, discrimination, and molecular weight determination of gaseous analytes.
Since these materials hold considerable promise for constructing reliable chemical sensors,
further development is essential to realize their full potential. More rigorous theoretical and
experimental studies are currently underway to fully understand the observed mole-dependent
increase in motional resistance. Such investigations also include assessing the free volume of the

materials upon exposure to various VOCs.
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CHAPTER 3 MOLECULAR WEIGHT SENSING PROPERTIES OF IONIC
LIQUID-POLYMER COMPOSITE FILMS: THEORY AND EXPERIMENT

3.1 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

““This chapter previously appeared as Bishnu P. Regmi, Nicholas C. Speller, Michael John
Anderson, Jean Olivier Brutus, Yonathan Merid, Susmita Das, Bilal EI-Zahab, Daniel J. Hayes,
Kermit K. Murray, and Isiah M. Warner. Molecular weight sensing properties of ionic liquid-
polymer composite films: theory and experiment. Journal of Materials Chemistry C 2014, 2,
4867-4878. It is reproduced by permission of The Royal Society of Chemistry.
http://pubs.rsc.org/en/content/articlelanding/2014/tc/c3tc32528h/unauth#!divAbstract
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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 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
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cellulose acetate (CA).?° An interesting 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, | 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
quadratic 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
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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.

3.2 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 (A7) at different
harmonics.??* A relatively new approach to QCM measurements introduced by Kasemo and

25,26

coworkers, is a ring-down-based technique, and this allows measurement of frequency shift
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(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 (/), and dissipation factor (D) are equivalent

parameters; all of them represent energy loss during oscillation, and are therefore related as

25-27

follows:
_ Edissipated _ E _ L
D = e (3.1), D== (32), and D=5 (3.3)

where f is the resonance frequency, L is the motional inductance of the Butterworth-van Dyke
equivalent circuit of QCR, Egjssipatea 1S the energy lost per oscillation cycle, and Eg;pyeq i 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:?®
n n

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
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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:*®

~ _ bpPro tr’prw?
Af ~ gL (1+ o ) (3.5), and
3 2
AD =~ ZUPI® (3.6),
3pgtgn

where pq is the density of the quartz, t, is the thickness of the quartz w is the angular frequency,
w1 is the elastic shear modulus of the film, and # is the viscosity of the film_ The first term in
equation 3.5 is in fact the Sauerbrey mass, while the second term represents the viscoelastic
correction to the Sauerbrey mass. It is evident from equations 3.5 and 3.6 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
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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.

3.3 Experimental Section

3.3.1 Materials
Four ILs 1-butyl-2,3-dimethylimidazolium hexafluorophosphate ([BM.Im][PF¢]), 1-

hexyl-3-methylimidazolium hexafluorophosphate ([HMIm][PFg]), 1-hexyl-3-methylpyridinium
hexafluorophosphate ([HMPyr][PFe¢]), and 1-hexyl-3-methylpyridinium
bis(trifluoromethane)sulfonimide ([HMPyr][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][PFs] was obtained from TCl 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 (KPFg) 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
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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).

3.3.2 Synthesis of lonic Liquids

The compounds [HMPyr][PF¢] 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 KPFg was added and stirred overnight at room
temperature to obtain [HMPyr][PFg]. 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.

3.3.3 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.
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3.3.4 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.

3.3.5 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 above. For
preparation of the IL-PMMA film, 80-100 pL 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
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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™.

3.3.6 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 Figure B1, in Appendix
B. 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.
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3.4 Results and Discussion

3.4.1 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 Figures 3.1a-d. Figure 3.1a is the AFM
topographic image of approximately 90 pg.cm™ of [BM,Im][PFe]-PMMA, and Figure 3.1b is the
height profile following the blue line indicated in Figure 3.1a. Similarly, Figure 3.1c is the AFM
topographic image of approximately the same amount of [BM,Im][PFs]-CA, and Figure 3.1d is
the height profile corresponding to the blue line indicated in Figure 3.1c. From these images, it is
evident that the 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).

3.4.2 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 Figure B2, in Appendix B. For each analyte, the best fit for the data is a second-
degree polynomial with a downward curvature. Similarly, a plot of AR against concentration of
analytes is also a polynomial curve, but with upward curvature (Figure B3, in Appendix B). The

plots of Af versus AR for different analytes (only six analytes are shown for clarity) are displayed
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in Figure 3.2. 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 chemical vapors irrespective of their concentration. On the other hand, a
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Figure 3.1 (a) AFM topographic image of [BM.IM][PFs]-PMMA film. (b) Height profile
corresponding to the horizontal blue line drawn in topographic image a. (c) AFM topographic
image of [BM,IM][PFs]-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 },Lg.cm'2

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
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response, as demonstrated here, provides more information in array-based vapor sensing, thereby

greatly enhancing vapor discrimination.
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Figure 3.2 Frequency shift versus motional resistance shift during vapor absorption by a QCM
sensor coated with [HMPyr][PFe].

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
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(Figures B4 and B6, in Appendix B). In contrast, the slope of the AR versus concentration plot
for each composite film decreases as compared to that of the pure ionic liquid film (Figures B5
and B7, in Appendix B). 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
(Figures B2, B4, and B6, in Appendix B). However, the relative values of the slopes for the two
composite films are essentially the same (Figures B4 and B6, in Appendix B). It is noted that the
relative slopes of AR versus concentration plots remain similar for all three films (Figures B3,
B5, and B7, in Appendix B). 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 (Figure 3.3). 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. Figure 3.4 is such a Af/MW versus AR plot for a [HMPyr][PFs]-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 (Figure B8, in Appendix B). 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.
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Figure 3.3 Frequency shift versus motional resistance shift due to vapor absorption by a QCM sensor
coated with [HMPyr][PFs]-PMMA.

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 Figure 3.5; and the response of the [BM.Im][PFs]-PMMA coated sensor to six
different analytes is shown in Figure 3.6. 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 (Figure B9, in Appendix B). Hence, simultaneous

measurements of Af and AR for IL-polymer composite-coated QCM sensors during vapor
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exposure can be used to determine the approximate molecular weight of an unknown vapor with

the following equation:

_ ___—AF
MW = k' ARZ+KAR (3.7)
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Figure 3.4 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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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 Figure 3.4, k' is -0.00104 and k is 0.113. For all
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Figure 3.5 Plot of the ratio of frequency shift to molecular weight against motional resistance shift of a
QCM sensor coated with [HMIM][PFs]-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.

coatings in our study, k' is much smaller than k. Hence, under low vapor absorptions (low values

of AR), Equation 3.7 reduces to

Af _
2 = —kMW (3.8),
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which is consistent with the observations reported in our previous report.?’ In our earlier studies,
[BM,Im][PFg]-CA composite was used as the coating material. It is important to note that
[BM2Im][PFg] 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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Figure 3.6 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.

The sensor displayed a frequency noise of ~0.2 Hz, motional resistance noise of ~10 m£,
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
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evaluating the% ratio. These sensors showed excellent repeatability with relative standard

deviations (RSDs) for three replicate measurements between 1 and 4% (see Figure B10 in

Appendix B).

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 PFg anion-based ILs.**** 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][PF¢] 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 (Figure B11, in Appendix B);
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.

3.4.3 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
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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][PFg]-
PMMA coated QCM-D sensor after exposure to eight different vapors are shown in Figure 3.7a.
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 Figure 3.7b. 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 Figure 3.8a. As expected,
1-propanol and 2-propanol were found to be indistinguishable (Figure 3. 8b). Plots of Af versus
AD for the third and fifth harmonics were also found to be second-degree polynomials (see
Figures B12 and B13, in Appendix B). 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 Figure.
B14, in Appendix B). 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.
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Figure 3.7 (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 3.7a.
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Figure 3.8 (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.
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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

34-36 and

mass and other parameters of the film has been described in detail by several authors,
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 (x?) value, which is

defined as y° = Zizl[{yi(theory)—yi(experiment)} /o], where y; (theory) and

yi(experiment) represent modeled and measured values of Af or AD, respectively, and o;
represents the associated noise. A smaller y* 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 (i) were fit by the model.?**® The experimental Af and AD values
were not consistent with the fit values (see Figure B15, in Appendix B). The film was then
assumed to be purely viscous by setting p to zero, and fitting t; and » to the model. The
experimental Af and AD values were again not consistent with the fit values, (see Figure B16, in
Appendix B) suggesting that a purely viscous model cannot accurately describe the film. 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;, , and W, 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
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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 Figures.
B17 and B18, in Appendix B). 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 assumed to follow a power law, and hence the
relationshi )" and fn)* d. Th hosen during modeling f
PS pn=Ho () @nd ma=1o (7" ) were used. The range chosen during modeling for

a' 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 (Figures 3.9a-c). Attempts to fit these data using the extended Voigt
viscoelastic model (see Figures B19a-c, in Appendix B) 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 appropriate for liquids and amorphous solids,? and indeed

the viscoelastic properties of ILs have previously been described using the Maxwell model.*

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
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Figure 3.9 (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][PFs]-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.
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Figure 3.9 (continued)

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.2>** 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 u 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 3.5 and 3.6, respectively. However, these equations are

for thin film where the thickness of the film (t;) is much less than the viscous penetration depth
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2 . . . . .
©0),8 = fp—"w , of the acoustic wave.?®*** For thicker films, an increase or decrease in
f

resonance frequency or dissipation can occur depending on the thickness and viscoelasticity.**4°

ILs exhibit a wide variation in viscosities; for instance, at ambient pressure and 25 °C the
viscosities of [HMIm][PFs] 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][PFg] at 25 °C, therefore, the penetration depth of the acoustic shear wave for the
first (SMHz), third (15 MHz), and fifth (25 MHz) harmonics will be 5.47, 3.16, and 2.44 pum,
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.*3*° 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 (Figure B20, in Appendix B). However, substantial
deviations can be seen at higher harmonics (Figure B20, in Appendix B). 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 (Figure B21, in Appendix B); 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,
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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 % ratio. For a Maxwell

viscoelastic material, as shown in equation 3.5, 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

3
film.?*° Upon rearranging equation 3.6, we obtain AD ~ (3;“: ) X (T:—fn) where my is mass per
atq f

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. m¢, p;r, and n 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 pg 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 pg.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
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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 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
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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.

3.5 Conclusions

The vapor-sensing applications 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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CHAPTER 4 PHTHALOCYANINE- AND PORPHYRIN-BASED GUMBOS FOR
RAPID AND SENSITIVE DETECTION OF ORGANIC VAPORS

4.1 Introduction

Cyclic tetrapyrroles such as phthalocyanines and porphyrins are an interesting class of
materials that have attracted considerable attention because of their unique properties and
flexible synthesis. These macrocyclic compounds are particularly noted for their high thermal,
chemical, and photochemical stabilities and have thus found diverse uses in various fields. Such
uses include, but are not limited to, as sensing materials for chemical sensors,* photosensitizers
for dye sensitized solar cells,>” photoconductors,®® light-emitting materials,° photosensitizers in

1112 and many other uses.” In particular, these macrocycles and their

photodynamic therapy,
metal complexes have been shown to interact with a large number of gases and vapors, and
hence they have been widely employed as molecular recognition elements for gas-phase
detection of a wide range of analytes through implementation of different transduction
principles.* To clarify, the interaction of vapors with these materials perturbs the electrical and
optical properties of these macrocyles, and the resulting changes in mass, optical, or electrical
properties can be measured by a suitable transducer in order to obtain qualitative and/or
quantitative information about the target chemical species. Among previously used transducers,
the quartz crystal microbalance (QCM) has been particularly attractive, and in this regard, cyclic
tetrapyrroles and their metalloderivatives have been shown to be very promising coating

materials for sensitive detection of a wide array of organic vapors.***’

The key component of a sensor system is the sensing material since it determines the
selectivity and sensitivity of a chemical sensor. Therefore, much attention has been focused on

the design and evaluation of novel or improved sensing materials. Two approaches have been
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commonly employed to design sensing materials.”®>*® The conventional approach involves the
development of highly selective materials such as molecularly imprinted polymers, zeolites, and
cavitands which strongly bind to an analyte of interest.”® However, the synthesis of a highly
selective material for each analyte is challenging, and at the same time this approach is not useful
for analyses of complex mixtures.”® A more modern approach involves development of materials
that show broad and partial selectivity toward a wide range of analytes. A group of cross-reactive
sensors is then used to obtain a response pattern specific to an analyte or complex mixture. The
collection of such sensors is known as a sensor array or electronic nose, and the first electronic
nose to discriminate between complex odorant mixtures was reported by Persaud and Dodd in
1982.% Phthalocyanine and porphyrin derivatives are ideally suited for sensor array applications
because they absorb a large number of chemical species; moreover, the selectivity of these
materials can be finely tuned by altering the central metal atom as well as the peripheral
substitution pattern.”**#2% As an illustration, Di Natale et al.** have developed an electronic
nose comprising eight QCM sensors, each coated with a different metalloporphyrin derivative,
and have demonstrated with high accuracy that the breath of lung cancer patients is different
from that of healthy individuals. Although cyclic tetrapyrroles have been demonstrated as
excellent sensing materials for QCM sensors, some aspects of this class of materials still require
further improvement. For example, imperfect adhesion of the film to the transducer surface, low
sensitivity, complex deposition procedures, and slow response times are major limitations

associated with such materials.*>?

The QCM is a common mass-sensitive transducer whose operating principle is based on
the converse piezoelectric effect. It comprises a thin circular plate of AT-cut quartz crystal

sandwiched between two circular metallic electrodes. Applying an AC voltage across the
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electrodes causes the quartz crystal to undergo thickness shear mode (TSM) oscillations with
resonance frequencies in the megahertz (MHz) region. The resonance frequency of the crystal is
the central parameter that provides important information regarding analytical measurements.
The use of the QCM transducer as a sensor, however, requires immobilization of a thin film of
suitable sensing material on the surface of the crystal. The frequency and amplitude of the shear
wave are then altered as it propagates through the film. Interaction of an anlayte with the coating
material causes a change in mass and/or viscoelastic properties of the coating; as a result, further
alterations in the wave characteristics will occur. The relationship between the frequency shift
(Af) and the surface mass was first derived by Sauerbrey, which is mathematically expressed

as:>!

A = —2Am = —%pftf , 4.1)

where Am is mass per unit area of the film (in air or vacuum), px 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). It should
be noted that this relationship is applicable only for a small mass which is rigidly and uniformly
deposited on the surface. For viscous and viscoelastic films, some modifications to the Sauerbrey
equation have been proposed.®3* In addition, for such films, the wave also undergoes
attenuation which can be estimated by measuring another parameter known as motional

resistance (R) or dissipation (D).***

Herein, we report the synthesis and vapor-sensing characteristics of two representative

GUMBOS, one derived from porphyrin and the other derived from phthalocyanine. GUMBOS,
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an acronym for a ‘group of uniform materials based on organic salts’, is a collective term that we
use to refer to solid phase ionic liquids and related organic salts with melting points up to 250
°C, while ionic liquids (ILs) are defined as organic salts that melt below 100 °C.***® Thus,
GUMBOS are solids at room temperature and have a melting point range of 25 to 250 °C.
Specifically, copper () meso-tetra (4-carboxyphenyl) porphyrin (Cu-TCPP) tetrasodium salt
was reacted with trihexyl(tetradecyl)phosphonium chloride ([P66614][CI]) to produce
[P66614],JCUTCPP]. Similarly, copper phthalocyanine-3,4',4",4"-tetrasulfonic acid (CuPcS,)
tetrasodium salt was reacted with [P66614][Cl] to obtain [P66614]4[CuPcS,]. Both of these
compounds were found to be solids at room temperature. Thin films of these compounds were
deposited on the surface of the quartz crystal resonator by dipping the crystal into a
solvent/nonsolvent/GUMBOS ternary mixture, and subsequently evaporating the more volatile
solvent. The vapor-sensing characteristics of these films were then evaluated by exposing each
sensor to 11 different organic vapors over a wide range of concentrations. Each sensor exhibited
high sensitivity, rapid response, and partial selectivity toward all vapors. Moreover, the two
sensors exhibited cross-reactivity patterns, thereby making these materials promising candidates

for array-based vapor sensing applications.

4.2 Experimental Section

4.2.1 Materials

Copper phthalocyanine-3,4',4" 4"-tetrasulfonic acid (CuPcS,) tetrasodium salt,
trihexyl(tetradecyl)phosphonium chloride ([P66614][CI]), lithium N,N-bis-
(trifluoromethane)sulfonimide (LiTFSI), heptane, acetonitrile, chloroform, toluene, methanol,
1-propanol, 2-propanol, 1-butanol, dichloromethane (DCM) and 3-methyl-1-butanol were

obtained from Sigma-Aldrich (St. Louis, MO, USA). Copper (Il) meso-tetra(4-
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carboxyphenyl)porphyrin was obtained from Frontier Scientific, Inc. (Logan, UT, USA).
Acetone was 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 any further purification.

In these studies, two different types of QCM instruments were employed. A QCM200
system and the associated AT-cut polished chromium/gold quartz crystals were purchased from
Stanford Research Systems, Inc. (Sunnyvale, CA, USA). A quartz crystal microbalance with
dissipation monitoring (QCM-D) E4 system and the associated gold-coated quartz crystals were
obtained from Q-Sense AB (Gothenburg, Sweden). For both the instruments, AT-cut quartz
crystals with the fundamental resonance frequency of 5 MHz were used. Mass flow controllers
(Model 5850E), along with instrument control and read out equipment (Model 5878) were
purchased from Brooks Instrument, LLC (Hatfield, PA, USA), and polytetrafluoroethylene
(PTFE) containers were procured from SPI Supplies/Structure Probe, Inc. (West Chester, PA,

USA).

4.2.2 Synthesis of GUMBOS and IL

The GUMBOS and IL were synthesized by using metathesis reactions in a binary solvent
mixture.*” Briefly, copper (I) meso-tetra(4-carboxyphenyl)porphyrin (Cu-TCPP) was
neutralized using an excess of sodium hydroxide in water to obtain the water soluble tetrasodium
salt. The other reactant [P66614][CI] was dissolved in DCM, and subsequently these two
solutions were mixed and stirred for 24-48 hours to obtain [P66614],JCuTCPP]. Likewise,
[P66614]4[CuPcS,4] was prepared by reacting CuPcS,and [P66614][Cl]; and [P66614][TFSI] was
prepared by reacting [Li][TFSI] and [P66614][CI]. In all three reactions, the water-soluble

reactant was used in slight excess. After completion of reaction, the product was washed several
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times with water, and DCM removed by rotary evaporation under reduced pressure. Finally,
residual water was removed by freeze drying. Among these three compounds,
[P66614],JCUTCPP] and [P66614]4CuPcS,] are found to be solid, while [P66614][TFSI] is

found to remain in a liquid state, i.e. an IL.

4.2.3 Characterization of GUMBOS

All compounds were characterized using thermal analysis i.e. differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). The phase transition behaviors of
these compounds were investigated using a Q100 differential scanning calorimeter (TA
instruments, New Castle, DE). Analyses were performed by heating the sample from -40 to 275
°C at a rate of 10 °C min™. Thermogravimetric analyses were performed by using a Hi-Res
Modulated TGA 2950 instrument (TA instrument) in the high-resolution mode. Samples were
heated from room temperature to 600 °C at a heating rate of 10 °C min™. Melting points were
determined using a DigitMelt MPA 160 apparatus obtained from Stanford Research Systems,

Inc.

4.2.4 Preparation and Characterization of Sensing Films

Before preparation of a coating, the quartz crystal was cleaned using a piranha solution
(3:1 concentrated sulfuric acid and 30% hydrogen peroxide). Both GUMBOS were dissolved in
acetone (solvent). Then, 1 ml of freshly prepared 0.6-1.3 mg/ml of GUMBOS solution was
added dropwise to 6 ml of anhydrous heptane (non-solvent), under ultrasonication, contained in a
25 ml PTFE beaker, and further ultrasonicated for 20 minutes. A freshly cleaned quartz crystal
was dipped into this mixture, and left undisturbed for approximately 5 hours to remove the
acetone solvent. After 5 hours, the crystal was removed and ultrasonicated while holding it

vertically in a fresh pool of heptane for approximately 1 minute. The lower surface of the crystal
104



was then wiped using acetone-soaked cotton. The coated crystal was stored in a desiccator for at
least 24 hours before performing vapor sensing studies. Films were imaged using a JEOL JSM-
6610LV scanning electron microscope operating in a high vacuum mode. Both secondary

electron and backscattered electron images were acquired simultaneously.

4.2.5 Vapor Sensing Studies

The QCM200 instrument was used for most of the vapor sensing studies. In these studies,
the analyte vapors were generated using a static method. In addition, a few studies were
performed using a QCM-D E4 system, where a dynamic method was used to generate analyte
vapors. The experimental setups employed in both cases are described in detail in our previous
publications.®**® Eleven different organic vapors were tested in these studies. All experiments

were conducted at 22 °C.

4.3 Results and Discussions

4.3.1 Preparation and Characterization of GUMBOS

Two representative GUMBOS, namely, [P66614]4,[CuPcS,] and [P66614]4CuTCPP],
were synthesized and used for vapor-sensing studies. These compounds were prepared using ion
exchange reactions which are outlined in Figures 4.1a-b. Tetrasodium salts of phthalocyanine
and porphyrins are soluble in water, but insoluble in DCM. By contrast, [P66614][CI] is soluble
in DCM, but insoluble in water. Therefore the sodium salts of phthalocyanine and porphyrin
were dissolved in water, and [P66614][Cl] was dissolved in DCM; and these two solutions were
subsequently mixed to obtain the desired products. Both GUMBOS are soluble in DCM, but are
insoluble in water; and hence they remained in the DCM layer. While preparing these

compounds, the water soluble reactant was used in 10 % excess as compared to the
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stoichiometric ratio of the two reactants. The excess reactant and byproduct (NaCl) were
removed by repeated rinsing with water. The products in both cases are found to be solids. The
yield was close to 100 percent for phthalocyanine-based GUMBOS and ~90 percent for

porphyrin-based GUMBOS.

Thermal properties of our GUMBOS were evaluated using TGA and DSC. The
thermogravimetric (TG) curves for these compounds are shown in Figure. 4.2. Both of these
compounds exhibited high thermal stability. The onset temperature of decomposition for
[P66614]4[CUTCPP] is found to be 349 °C. The compound [P66614]4[CuPcS,] was found to
decompose in two steps; the onset temperature for the first step is 236 °C, and that for the second
step is 418 °C. DSC thermogram of [P66614],[CuTCPP] exhibited a single endothermic peak
that corresponds to the melting point of the compound (Figure 4.3). The melting point, taken as
the onset of melting, is 129 °C. The melting point of [P66614]4[CuPcS,] is measured by using a
simple melting apparatus, and it was found to be 135 °C. These melting points are considered to

be very low as compared to melting points typically observed for porphyrins.*®

4.3.2 Preparation and Characterization of the Sensing Films

Our GUMBOS films were prepared using a procedure similar to one previously
outlined.**3® Both GUMBOS used in this study are soluble in acetone, but insoluble in heptane.
Hence, these compounds were first dissolved in acetone, and then added dropwise to heptane
under sonication, followed with further sonicated for 20 minutes. Afterwards, the quartz crystal
was dipped into this mixture and allowed to sit for several hours. Since acetone is more volatile
than heptane, preferential evaporation of acetone occurs, leading to deposition of a thin film on

the crystal. This procedure for film preparation may be classified as a nonsolvent-induced phase
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Figure 4.3 Differential scanning calorimetry (DSC) curve for [P66614]4[CuTCPP]. The negative
peak corresponds to an endothermic process.

108



separation (NIPS) or evaporation-induced phase separation (EIPS).>**° The resultant film was
found to be strongly adhered to the surface since we see no effect when dipped in heptane and
ultrasonicated. The amount of film material can be controlled by changing the concentration of
the coating material, while keeping the volumes of both solvent and nonsolvent constant. Films
obtained were then analyzed using scanning electron microscope (SEM). SEM images are shown

in Figures 4.4a-b, which reveal that the surface is almost completely covered with GUMBOS.

Figure 4.4 Backscattered SEM micrographs in COMPO mode. (a)[P66614]4[CuPcS,] film and
(b) [P66614]4CuTCPP] film. The coated regions appear black, while the uncoated regions
appear bright.

4.3.3 Evaluation of Vapor-Sensing Characteristics of the Films
Vapor-sensing characteristics of these novel materials were evaluated by exposing the
QCM sensors to a number of different organic vapors in a closed environment. The details of the

experimental setup have been described in a previous manuscript, i.e. chapter 2 of this
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dissertation.® In the present studies, we selected 11 different organic vapors; and the change in
resonance frequency (Af) of the sensor as a function of vapor concentrations is monitored. The
different vapors studied included methanol, ethanol, 1-propanol, 2-propanol, 1-butanol,
3-methyl-1-butanol, acetonitrile, acetone, nitromethane, chloroform, and toluene. The Af-versus-
concentration plots, for a QCM sensor coated with [P66614],JCuTCPP], upon exposure to these
vapors are summarized in Figures 4.5a-b. It is evident from Figure.4.5a that each plot for the
alcohol vapors can be best described as a second-degree polynomial with downward curvature.
In other words, the sensor exhibits a higher sensitivity at lower concentrations and a lower
sensitivity at higher concentrations. This type of behavior is characteristics of a sorption process
consisting of both specific and non-specific interactions between the analytes and the sorbent
material.** The specific interactions are stronger, and are assumed to obey Langmuir-type
behavior, while the non-specific interactions are weaker and are believed to obey Henry’s law.*
In fact, previous studies relating vapor sensing using metalloporphyrin-coated QCM have shown
roughly similar type of curves.'®?! Figure 4.5b is the response of the sensor towards five
nonalcohol vapors. Among the five vapors tested, toluene and nitromethane showed linear

response, while chloroform, acetone, and acetonitrile showed nonlinear response curves.

As noted in Figures 4.5a-b, the coating responds to all organic vapors tested, and is found
to be much more sensitive toward alcohol vapors. For example, the sensitivity for methanol
is0.167 Hz.ppm™, which represents up to 130-fold improvement in sensitivity as compared to the
sensitivity obtained by QCM employing various metalloporphyrins as the coating materials.®
Note that in the case of alcohols, there is a drastic increase in sensitivity with an increase in

molecular weight and boiling point of analytes. The sensitivity for ethanol is 0.529 Hz.ppm™,
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Figure 4.5 (a-b). Plots of frequency change as a function of concentration of different organic
vapors for a QCM sensor coated with [P66614],CuTCPP]. Amount of film material on the
crystal surface is 163 pg.cm™. In Figure 4.5b, methanol is shown just for comparison purposes.
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which is an up to 320-fold improvement, as compared to previous reports employing various
metalloprophyrins as the coating materials.”® Overall, this coating provides excellent sensitivity
as compared to similar systems reported in the literature. The baseline of our sensor was found to
be very stable, with a noise of approximately 0.2 Hz. The approximate detection limits and the
ranges studied for all analytes are shown in Table 4.1. Among different analytes tested, the
coating was found to be most sensitive to 3-methyl-1-butanol with a detection limit of 0.264

ng.L™%, which corresponds to approximately 70 ppb by volume.

Table 4.1 Summary of concentration ranges investigated and estimated detection limits for all
organic vapors for [P66614]4]CuTCPP]-coated QCM sensor.

. Range studied Detection limit
Organic compound

(mg/L) (ng/L)
Acetone 0.191-19.1 35.8
Acetonitrile 0.190-19.0 18.7
Nitromethane 0.275-19.3 25.4
Toluene 0.209-20.9 27.3
Chloroform 0.357-17.9 14.3
Methanol 0.191-11.5 5.06
Ethanol 0.114-115 2.3
2-Propanol 0.114-11.5 2.39
1-Propanol 0.116-5.94 0.911
1-Butanol 0.117-1.88 0.363
3-Methy-1-butanol 0.117-1.17 0.264

We have also examined the vapor-sensing properties of the [P66614]4,[CuPcS,]-coated
QCM sensor. The response curves for all organic vapors are shown in Figures 4.6a-b. As noted
in these figures, the Af-versus-concentration relationships are linear, with R>>0.99 over a wide
range of vapor concentrations. The ranges studied and the estimated detection limits for each
vapor are listed in Table 4.2. It is important to again note that the two films show cross-

reactivity, which is an important requirement for use of these materials as recognition elements
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in array-based vapor sensors.?’ Although the response of the sensor coated with porphyrin-based
GUMBOS does not strictly vary linearly with the concentration, suitable pattern recognition
techniques, e.g. artificial neural network (ANN), can be used to best handle data arising from
such sensor array-based systems.?® In fact, Di Natale and coworkers?* have analyzed the data
from metalloporphyrin-coated QCM sensor array with an ANN technique to evaluate fish

storage time .

After determining that these GUMBOS are highly sensitive materials, we sought to
examine the constituent ion responsible for vapor absorption. To this end, further vapor-sensing
studies were performed using an ionic liquid that contained the same cation, but different anion.
Hence, we prepared [P66614][TFSI] using a similar procedure as was used to prepare GUMBOS
in our studies. This compound is found to be liquid at room temperature. The IL was dissolved in
acetone, and the solution was drop casted on the surface of the quartz crystal resonator. Then,
two QCM sensors, one coated with [P66614],JCuTCPP] and the other coated with
[P66614][TFSI], were simultaneously exposed to 10 percent saturated vapor of methanol using a
flow system, which has been described in a previous publication, i.e chapter 3 of this
dissertation.® Changes in the first harmonic frequency for both the sensors upon repeated
exposure to methanol vapors are shown in Figures 4.7a-b. As evident from Figures 4.7a-b, the
[P66614][TFSI] film exhibits very low response as compared to the [P66614]4 CuTCPP] film.
Therefore, we conclude that the QCM response to vapors is almost exclusively due to the
counteranion of the GUMBOS. Moreover, Figure 4.7a shows that the sensor exhibits excellent
baseline stability, rapid response and recovery times, and excellent repeatability. The response

time, tgo, taken as the time required to reach 90% of the steady-state value is 30-35 s in the case
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Figure 4.6 (a-b). Plots of frequency change as a function of concentration of different organic

vapors for a QCM sensor coated with [P66614]4[CuPcS,]. Amount of film material on the crystal
surface is 136 pg.cm™.
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of methanol. Interestingly, this time is similar to what is observed for ionic liquids. Similar

sensing characteristics are also exhibited by [P66614]4,[CuPcS,] film (data not shown).

Table 4.2 Summary of concentration ranges investigated and estimated detection limits for all
organic vapors for [P66614]4]CuPcS4]-coated QCM sensor.

. Range studied Det.ecpon
Organic compound (mg/L) limit
(ng/L)
Acetone 0.955-47.8 636
Acetonitrile 0.380-39.1 228
Methanol 0.191-38.2 64
Toluene 0.209-20.9 55
Nitromethane 0.275-27.5 59
Chloroform 0.357-35.7 43
Ethanol 0.191-38.1 38
2-Propanol 0.190-38.0 34
1-Propanol 0.184-16.7 11
1-Butanol 0.196-5.09 4.9
3-Methy-1-butanol 0.196-2.15 2.7

It is clear that these GUMBOS offer several distinct advantages as possible sensing
materials. As mentioned above, the chemical selectivity of porphyrins and phthalocyanines can
be easily tuned by changing the central metal atom and/or peripheral substituents. This would
allow creation of a number of different compounds exhibiting slightly different selectivity
characteristics to be used in gas-sensor arrays. In fact, converting these macrocyclic molecules to
ionic liquids or GUMBOS offers additional flexibility in tuning the sensing properties by
changing the structures of both the cation and anion. These macrocyclic compounds can also be

42
l.

used in the cationic form. As an illustration, Xu et al.” recently synthesized a number of liquid

and solid-phase salts using cationic porphyrins. Another advantage of using GUMBOS is that
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Figure 4.7 Changes in the first harmonic frequency of QCM-D sensors on repeated (3 times)
exposure to 10% methanol. Amount of coating materials: (a) 70 pg.cm™ of [P66614],[CuTCPP]
and (b) 13 pg.cm™ of [P66614][TFSI]. Downward arrows represent the point where the sensor is
exposed to methanol, and the upward arrows represent the start of removal of methanol by
blowing argon.

these materials provide much higher sensitivity compared to nonionic porphyrins and
phthalocyanines. One reason for obtaining higher sensitivity is an increase in amount of coating
material, and another reason is an increase in free volume within these materials. As a result, we

saw an overall improvement in sensitivity up to two orders of magnitude. A decrease in response
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time was obtained with these materials which may be attributed to the increase free volume.
Finally, the deposition procedure for GUMBOS onto the surface of the quartz crystal is simple
and the thickness can be easily controlled. We note that complex deposition procedures such as
thermal evaporation, plasma polymerization, and electropolymerization have been practiced by
others in the past.>'"?° Drop casting is a simple procedure that has also been widely used.
However, major concerns in previous studies are lack of reproducibility and imperfect adhesion

of the film on the substrate.?

4.4 Conclusion

In this study, we have synthesized two novel GUMBOS using cyclic tetrapyrroles, and
have evaluated the vapor-sensing characteristics of these compounds using a QCM transducer.
One GUMBOS was synthesized using a porphyrin derivative, while the other was synthesized
using a phthalocyanine derivative. These GUMBOS showed excellent sensing characteristics. In
addition, these compounds exhibited cross-reactive responses to different vapors, making these
type of materials ideal for array-based differential sensing. Porphyrins and phthalocyanine are
versatile classes of compounds, and a large set of compounds can be easily synthesized by
changing the central metal atom and the peripheral substitution pattern in order to tune the
selectivity pattern towards different chemical analytes. Hence, these materials show considerable
promise for use in construction of cross-reactive sensor arrays for detection and discrimination of
a wide range of organic vapors. Future work includes synthesizing a diverse range of GUMBOS

and creating sensor arrays to analyze real-world samples.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK

5.1 Conclusion

Volatile organic compounds (VOCs) are emitted from a wide array of natural and
anthropogenic sources. There is an urgent need for the development of reliable sensors for
accurate and real-time monitoring of VOCs in different environments. A typical vapor sensor
comprises a chemosensitive layer immobilized onto the surface of suitable physical transducer.
Among a number of different transducers, the quartz crystal microbalance (QCM) has become
popular in recent years because it is a simple and low-cost device that is amenable to
miniaturization and creation of sensor arrays. With regard to the sensing materials, the use of
ionic liquids (ILs) and a group of uniform materials based on organic salts (GUMBOS) for the
QCM device is rapidly growing. Tunable physicochemical properties, negligible volatility,
thermal and chemical stabilities, and ease of preparation make ILs attractive for use in highly

sensitive chemical sensing devices..

Preparation, characterization, and vapor-sensing characteristics of a GUMBOS-polymer
composite film immobilized on the QCM surface are presented in Chapter 2. These studies
revealed for the first time that the QCM device can act not only a mass sensor but also a
molecular weight sensor. In particular, the frequency shift (Af) and motional resistance change
(AR) of the sensor were simultaneously measured during exposure to a number of VOCs. The
Af-versus-AR plot was observed to be distinct for each vapor. Interestingly, the Af-to-AR ratio
was found to be proportional to the molecular weight of vapor absorbed, provided that the sensor
is exposed to relatively low concentrations of vapors. These interesting observations led us to

conduct further studies in this area.
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More detailed studies aimed at understanding the theoretical basis for the aforementioned
observations are described in Chapter 3. In this regard, a number of different ILs and two
different polymers were evaluated. An extended range of concentration of analytes was
investigated, and a quadratic equation to estimate molecular weight of organic vapors was
developed. Additionally, the frequency and dissipation at multiple harmonics were measured
during vapor absorption, and these data were fitted to different materials models. It revealed that
the composite films behave like Maxwell viscoelastic materials. With these data, a plausible
explanation is proposed to account the relationship between QCM variables and molecular

weight of vapors.

Synthesis and vapor-sensing applications of two representative GUMBOS prepared from
cyclic tetrapyrroles are described in Chapter 4. One of these GUMBOS was prepared from
porphyrin, while the other was prepared from phthalocyanine. The vapor-sensing studies of these
compounds were conducted using the QCM transducer, and a significant improvement is
sensitivity and response time was observed compared to previous reports. In addition, these two
sensors display cross-reactive responses to different analyte vapors, thereby showing great

promise for electronic nose applications.

5.2 Suggestions for Future Research

The results presented in this dissertation demonstrate the true potential of ILs and
GUMBOS for sensing applications. Future research is needed to extend these findings and
develop high performance sensing devices. As discussed above IL or GUMBOS-based QCM
sensors exhibit two-parameter response i.e. Af and AR (or AD). TwoO responses per sensor
element provide more information during array-based vapor sensing. It must be noted that

currently reported QCM-based sensor arrays are based on the measurement of only Af. Future
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studies should therefore focus on creating sensor arrays using these materials for efficient
discrimination of closely related samples. This approach should be useful for discrimination
between different organic compounds belonging to the same class. The discrimination between
the members—since they possess similar chemical structures—of a homologous series is

difficult using currently available sensor arrays which are based on difference in binding affinity.

In addition, preliminary studies indicate the possibility of discrimination of different
analytes based on the multiple harmonic data obtained using an IL-coated QCM-D sensor.
Further studies should focus on devising more experiments and analyzing the data using suitable
pattern recognition techniques. Again, this approach should be useful for the discrimination of
compounds within a given chemical class. In Chapter 4, it has been demonstrated that GUMBOS
based on cyclic tetrapyrroles are very sensitive for vapor detection. Additional experiments
should be designed focusing on synthesis of similar new GUMBOS and creating sensor arrays

for characterization of real samples.
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APPENDIX A SUPPORTING INFORMATION FOR CHAPTER NUMBER TWO:
TABLE AND FIGURES

Table Al: Detection limits, sensitivities, and ranges studied for different VOCs

VOC Detection limit (mg/L) Range studied (mg/L)  Sensitivity (Hz.L/mg)
acetone 0.0806 0.19-60.8 6.7
acetonitrile 0.0267 0.19-15.2 24.6
chloroform 0.1271 0.36-57.0 4.1
ethanol 0.1189 0.19-60.8 5.4
methanol 0.1611 0.19-61.1 3.8
toluene 0.0508 0.21-16.7 11.2
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Figure A1 XRD diffractograms of gold-coated silicon, and [BMIm][PF¢] film deposited on the
same substrate.
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Figure A2 XRD diffractograms of gold-coated silicon, and [BM,Im][PFg]-CA film deposited on
the same substrate.
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Figure A3 XRD diffractograms of glass slide, [BM2Im][PFs], and [BM.Im][PFg]-CA films
deposited on the glass slide.
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Figure A4 (a) Simulation snapshot showing 500 [BM2Im][PFg] pairs with 18 oligomers of CA
and one molecule of VOC (toluene, circled in yellow). (b) Total interaction energy (i.e., sum of
electrostatic and van der Waals interactions) exerted by all molecules present in the system to a
single molecule of any given species. Shown in order (x-axis): a randomly chosen cation; a
randomly chosen anion; a randomly chosen oligomer of cellulose acetate; and a molecule of
analyte (in order: acetone, acetonitrile, chloroform, ethanol, methanol and toluene). The inset
shows the electrostatic and van der Waals interactions experienced by a molecule of acetonitrile
due to all the cations, anions and oligomers of cellulose acetate present in the system; the sum of
all these energies give the total interaction energy experienced by the molecule of acetonitrile.
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Figure A7 Frequency shift as a function of vapor concentrations for various VOCs.

[In Figure A4b, interaction energies are expressed in units of kJ/mol, while the slopes here are in
units of Hz/(mg/L). For comparison, the slopes should be converted to moles of analyte absorbed
per cm® for the same molar concentration of each vapor. Since Af/(mg/L) is proportional to
(moles/cm?)/ (moles/L), the order remains the same].
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APPENDIX B SUPPORTING INFORMATION FOR CHAPTER NUMBER
THREE: FIGURES
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QCM-D
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Figure B1 Schematic of experimental setup used for vapor generation and measurement.
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Figure B2 Plots showing the variation of Af with concentration of VOCs for a QCM sensor
coated with [HMPyr][PFs]. Amount of coating material: 83 pg.cm™ Each analyte exhibits a
second-degree polynomial relationship between Af and concentration.
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AR and concentration.

133



250
A Methanol
y =9.7615x / @ Chloroform
200 Re =0.9995 5’ AEthanol
/ O Toluene
/
/ OAcetone
’, @ Acetonitrile
/
150 - /
= P
L / y = 0.0149x2 + 2.236x
< E R2=1
y = 9.2764x ;
T .” Rt= 00939 Y= 2.9366X o
100 + /] R2=0.9998 L’
! 3l
r'd
¥ y=32034x v ]
»  Re=099%8 g 7 & o
J - .-
50 " Pl P _ - -
f' ”‘Aa’ -7 _ - y = 0.0079x2 + 1.1995x
., 40, - .- R2=1
¢ . - _ - -
$_.¥ _«
e
0

0 10 20 30 40 50 60
Concentration of VOCs (mg/L)

Figure B4 Plots showing the magnitude of frequency shift of a QCM sensor coated with
[HMPyr][PFs]-PMMA on exposure to varying concentration of organic vapor. Amount of
sensing material: 90 pg.cm™. Methanol and ethanol are slightly more polynomial, while others
are linear.
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Figure B5 Plots showing the motional resistance shift of a QCM sensor coated with
[HMPyr][PFe]-PMMA on exposure to varying concentration of organic vapor. Amount of
sensing material: 90 pg.cm?. Each analyte shows a second-order polynomial relationship
between motional resistance shift and the vapor concentration.
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Figure B6 Plots showing the magnitude of frequency shift of a QCM sensor coated with
[HMPyr][PFg]-CA on exposure to varying concentration of organic vapor. Amount of sensing
material: 85 pg.cm™. Each analyte shows a second-order polynomial relationship between the
frequency shift and the vapor concentration.
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Figure B7 Plots showing the frequency shift of a QCM sensor coated with [HMPyr][PFs]-CA on
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organic vapor. Amount of sensing material: 85 pg.cm™.
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Figure B8 Plot of the ratio of frequency shift to molecular weight against motional resistance
shift of a QCM sensor coated with [HMPyr][PF¢]-CA 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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Figure B9 Plot of the ratio of frequency shift to molecular weight against motional resistance
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139



6
o [HMPyr][PF6]-PMMA
; {9-{ o [HMIM][PF6]-PMMA
t {

~ 4 -
% {Ii ¢ 3 :
3 - $
L3
D: &
Z
<,

1

0 ' ' r '

5 5 15 25 35 45
AR (Ohms)

Figure B10 Plot of % versus AR (mean) for two different coatings during the absorption of

acetonitrile vapors. Error bars represent the standard deviation of three replicate measurements.
Except for the first point, for each coating, which lies near the detection limit, the relative
standard deviation of other points lies between 1 to 4 percent. For [HMPyr][PFs]-PMMA coated
sensor each set of measurements were taken in an interval of three hours, while for
[HMPIm][PFg]-PMMA the measurements were taken in an interval of 1 hour. The larger
standard deviations may be due to fluctuations in temperature.

140



140
© Methanol
120 - @ Acetonitrile
OAcetone y = 1.719x
2 =
@ Toluene R?=0.9993 y = 1.6913x
100 - A Chloroform R2=0.9994
80 y = 1.5071x
N Rz =0.9991
=
3
60 -
y =0.9937x
40 - R?=0.9974
20 -+
y =0.4713x
R2?=0.9982
0 L] L] L] L] L] L] L]
0 10 20 30 40 50 60 70 80
AR (Ohms)

Figure B11 Plots showing the variation of Af with AR for a QCM sensor coated with
[HMPyr][TFSI] upon exposure to five different organic vapors. Concentration ranges of the
vapors are 0.191 to 19.1 mg L™ for methanol, 0.114 to 5.70 mg L™ for acetonitrile 0.191 to 11.4
mg L™ for acetone, 0.210 to 6.27 mg L™ for toluene, and 0.360 to 36.0 mg L™ for chloroform.
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Figure B12 Third harmonic Af versus AD plots for different analytes.
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Figure B14 Frequency shift versus dissipation shift plots for the first harmonic of a QCM-D
coated with [HMPyr][PFs]-PMMA during absorption of methanol and ethanol vapors. For each
compound, three replicate measurements were performed in the concentration range of 1.5% to

40% of the saturated vapor concentration. The relative standard deviation of % for each
concentration tested was found to be between 0.1% and 1%.
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Figure B15 Representative QCM-D data displaying experimental and fit values frequency and
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viscoelastic model.
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Figure B18 The experimental and fit values of Af and AD by assuming the film follows the
Maxwell viscoelastic model.
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AD shown for clarity.
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Figure B20 Mass of the film before and after the uptake of vapors as determined by the
Sauerbrey equation at the first, third, and fifth harmonics. The fit mass obtained by using the
extended Maxwell viscoelastic model is represented by the bold line.
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