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ABSTRACT
PLASTICIZED POLYMER COATINGS FOR SH-SAW SENSORS FOR HIGH
SENSITIVITY AND LONG-TERM MONITORING OF BTEX ANALYTES IN
LIQUID PHASE

PINTU ADHIKARI
MARQUETTE UNIVERSITY, 2016

BTEX compounds (benzene, toluene, ethylbenzene, and xylene) are constituents of
crude oil and hazardous to human health. Among them, benzene has the lowest maximum
contaminant level for drinking water because of its carcinogenicity. Spills or leakage from
underground storage tanks or hazardous waste sites can contaminate nearby groundwater
with these volatile organic compounds. Therefore, it is very important to detect the
presence of BTEX contamination as early as possible in order to start the remediation
process and maintain a healthy environment.

To develop an in-situ continuous monitoring sensor system, shear horizontal
surface acoustic wave (SH-SAW) sensor devices are being investigated and have shown
promising results with the use of suitable coatings for BTEX analyte sorption. However,
commercially available polymers that can be used as suitable coatings for BTEX detection
directly in the aqueous phase are limited in sensitivity and long-term stability. To improve
the sensitivity of a suitable polymer, the addition of a plasticizer is a convenient means to
lower the glass transition temperature and thus increase sensitivity. The best coatings for
acoustic-wave chemical sensors will be those which are rubbery in the low-frequency
range, resulting in good analyte sorption, but glassy at the operating frequency of the sensor
device, resulting in low acoustic-wave attenuation. Plasticized polymer coatings allow
adjustment of the shear modulus of the coating by varying the polymer-plasticizer mixing
ratio; this enables the use of thicker coatings with larger analyte sorption capacity and,
ultimately, higher sensitivity. This work investigates polymer-plasticizer blends as sensor
coatings for detection of BTEX in water at low concentrations (parts per billion range).
Two polymers and two plasticizers were studied. For each polymer-plasticizer
combination, the influence of the mixing ratio of the blend on the sensor response was
investigated. The sensitivity to benzene for each polymer-plasticizer blend was compared
with commercially available polymers that had been used for BTEX detection in previous
work. The highest sensitivity and lowest detection limit for benzene were found for a 1.25
um-thick sensor coating of 17.5% diisooctyl azelate-polystyrene. This work demonstrates
that by varying type of plasticizer, mixing ratio and coating thickness, the properties of the
coating can be conveniently tailored for BTEX analyte sorption. Thus, the addition of
plasticizers increases significantly the number of suitable coatings available for use with a
single sensor or a sensor array.
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1. INTRODUCTION

1.1 Importance of Monitoring for BTEX

The acronym BTEX stands for the four volatile organic compounds (VOCs)
Benzene, Toluene, Ethylbenzene and Xylene usually found in petroleum products. BTEX
compounds are naturally found in crude oil, and also occur in petroleum products such as
gasoline and diesel fuel [1]. These four BTEX components are often found together in
contamination sites and the average percentages (% weight of total amount of BTEX
compounds) of these chemicals in gasoline are given below (note that xylene exists in the
form of three chemical isomers: 0-, m-, and p-xylene). Note that these four compounds
will not always be found together. These chemicals can also be found in the environment

individually.

Benzene
Xylene 11% Ethylbenzene

S52% D 11%

Toluene
26 %

Figure 1.1: BTEX compounds of gasoline (% weight) [2].

Benzene can be found in gasoline as well as in products such as synthetic rubber,
plastic, nylon, insecticides, furniture wax, cosmetics, etc. It can also be found in

automobile exhaust and smoke. Around 20% of the total nationwide exposure to benzene



is found in automobile exhaust and industrial exposure. Tobacco smoke accounts for
about 50% of the nationwide exposure to benzene [1].

Toluene can be found naturally in petroleum products and it is used as a solvent
for paints, coatings, gums and oils. Similar to toluene, ethylbenzene can be found in
gasoline but it is also used as aeronautics fuel additive. It can also be found in customer
products such as paints, plastics, pesticides etc. Xylene can be found in petroleum as well
as in paints, rubber and leather industries [1].

BTEX compounds are almost ubiquitous in ambient air at small concentrations
because these are volatile chemicals and most importantly benzene can be found in auto
exhaust and smoke. But high concentrations of BTEX pose a danger to the environment.
BTEX contamination can occur from different sources. One of the main sources of BTEX
pollution is the accidental release of gasoline from faulty and poorly maintained
underground storage tanks [2]. In addition, overfilling of storage tanks, surface spills,
pipeline leaks, fuel spills from vehicle accidents and landfills can be sources of BTEX
contamination. BTEX compounds can easily pollute the environment by evaporation, and
can contaminate groundwater and public and private drinking water systems by moving
through soil and dissolving into water [1].

BTEX can be hazardous to human health depending on how much, how long and
how often a person is exposed to it. Exposure to BTEX can occur by drinking
contaminated water, breathing contaminated air or absorption through the skin,
potentially resulting in face skin and sensory irritation, central nervous system (CNS)
problems such as tiredness, dizziness, headache, loss of coordination, etc. It can also have

effects on the respiratory system and cause eye and nose irritation. Extended exposure to



these chemicals has effects on kidney, liver and body systems. Most importantly, the U.S.
Environmental Protection Agency (U.S. EPA) has identified benzene as a human
carcinogen [2].

The Safe Drinking Water Act (SDWA) protects human health by guaranteeing the
quality of drinking water whether from above ground or underground in the USA [3].
Because of SDWA and the health hazards of BTEX, the U.S. EPA has set up Maximum
Contaminant Levels (MCLs) for chemical contamination in drinking water. The MCL set
by U.S. EPA is 5 parts per billion (ppb) or Sug/L for benzene, 1 part per million (ppm) or

Img/L for toluene, 10 ppm for ethylbenzene and 700 ppb for xylene, respectively.

1.2 General Background of Sensor Techniques

1.2.1 Sensors and Sensor Systems

In a broader sense, a sensor is a device that receives a signal or stimulus that
could be physical, chemical or biological, and responds usually with an electrical signal
[4]. The electrical response signal of the sensor can be in the form of a voltage, current,
amplitude, resistance, frequency, and/or phase. This signal can be processed by an
electronic device such as a network analyzer and/or computer. Thus, a sensor can work as
an interface between the real world and electronic devices.

A sensor is usually a part of a larger data acquisition system which may consist of
detectors, signal processor, signal conditioner, data recorders, memory devices, actuators
and some other devices. The measurands of a sensor or sensor system can be physical,
mechanical, thermal, chemical or bio-chemical. A sensor system may be very complex; a

typical sensor system is illustrated in the Fig.1.2.



Signal
Measurands » Sensors > Processing » Output —»
A
Actuators [« Controllers

Figure 1.2: A schematic diagram of a sensor system.

1.2.2 Categories of Sensors

Sensors can be divided into many different categories such as natural and man-
made sensors, active and passive sensors, contacting and non-contacting sensors etc.
Alternatively, according to the applications and measuring quantities sensors can be
classified into many different types, for example: pressure sensor, position sensor, level
sensor, strain sensor, flow sensor, temperature sensor, chemical sensor, bio-chemical

sensor etc. In this research work, the main focus is on chemical sensors.

1.2.3 Chemical Sensors Overview

A chemical sensor is a device that can determine the detectable presence,
concentration or quantity of a given chemical analyte in liquid or gas phase [5]. Basically,
chemical sensors can identify and/or quantify chemical species. Like all other sensor
systems, a chemical sensor is a part of a larger data acquisition system. It consists of a
recognition element (often a coating), a transduction element (that can convert energy or
signal from one form to another) and a data collection technology that is used to monitor

the changes of chemical concentrations. The choice of the recognition element of a



chemical sensor — which is typically a coating or film that will interact with the

chemical(s) of interest — depends on various factors.

Many different sensor platforms can be used to identify and quantify the changes

caused by the interaction of a chemical analyte with the coating element. The platforms

can be resistive, capacitive, optical or acoustic wave-based. The acoustic wave sensor

platform is studied in this thesis. Chemical sensors can be characterized by some

parameters regardless of these platforms. Those parameters are sensitivity, selectivity,

response time constant, dynamic range, linearity, stability, repeatability and detection

limit.

Sensitivity is defined as the change in the measured signal per unit
concentration of analyte, such as Af/Ac, where Af is frequency shift and Ac
is the change in analyte concentration [6]. In other words, it can be defined
as the change in sensor output signal divided by the change in the
concentration or mass of the analyte, i.e. the slope of the response vs
concentration curve. For chemical sensors, it is mainly the product of the
sensitivity of the coating element to the analyte and the sensitivity of the
transduction element to its operating characteristic.

Selectivity is the ability to distinguish between the target analyte and non-
target analytes. This property mainly depends on the coating or film of the
sensor. In general, bio-chemical sensors are more selective than chemical
Sensors.

Response time constant is the time taken by a sensor to reach 63% of its

final value of the response after exposing to a step change in



concentration. Usually, it is denoted by ts. Alternatively, too (the time
taken by the sensor signal to reach 90% of its final value when exposed to
a step change in concentration) can be used [7]. Response time relies on
the sorption rate and properties of analyte-coating interactions. For
exponential sensor responses, Tgo = 2.3* Ts.

Detection limit is often expressed as limit of detection (LOD) and defined
as the smallest concentration of analyte that can be detected reliably by a
chemical sensor. The response change by this smallest concentration
should be no smaller than three times the root-mean-square (RMS) noise
level of the baseline [8].

Dynamic range is defined as the range of analyte concentrations where the
sensor shows a significant sensitivity (i.e., a significant change in sensor
output with a change in analyte concentration) [7].

Linearity: The relative deviation between an experimentally determined
calibration and an ideal straight line in the dynamic range is stated as
linearity [7].

Stability can be described as the ability to uphold its performance during a
particular period of time.

Repeatability is stated as the degree in which a sensor can repeatedly
provide the same response for the same analyte concentration while the
measurement has been taken place under the same conditions [8].

Reliability is similar to repeatability except the measurements are taken



under a variety of conditions to test whether the sensor device will show
the same response for the same analyte concentration.

= Reproducibility: Although it is often confused with repeatability, it is
defined as the ability of fabricating identical sensor devices or sensor
coatings (films) by the same procedure but at different times or at different
places with different instruments or facilities, yielding the same sensor
response for the same analyte concentration. If a sensor coating has a high
degree of reproducibility, then a single coated sensor from a batch of
sensors is capable to yield calibration data that are valid for all other

sensors in that batch [8].

1.2.4 Acoustic Waves

An acoustic wave is a disturbance in an elastic medium that propagates in space
and time, thus transferring the energy supplied by an excitation source along the medium
in the form of oscillation or vibration [9]. Unlike electromagnetic waves, acoustic waves
propagate through a medium and their speed depends on the mechanical properties of the
medium. Theoretically, all materials support acoustic wave propagation but piezoelectric
materials offer the advantage of simple excitation and detection of the acoustic wave. As
a result, piezoelectric materials are often chosen as acoustic substrate for many acoustic

wave devices because of their electromagnetic energy conversion properties.

There are mainly two types of acoustic waves, one is surface acoustic waves
(SAW) and the other is bulk acoustic waves (BAW). A surface acoustic wave (SAW) is a

wave that propagates along the surface of the material and is confined to that surface, and



a bulk acoustic wave (BAW) is a wave that propagates through the bulk of the material.
Variations of these two waves are found in many different waves such as longitudinal,
shear, mixed longitudinal-shear Rayleigh waves, Love waves, Lamb waves, etc.
Although the velocity of an acoustic wave depends on the properties of the medium, in
general it is much slower than electromagnetic waves. Fig. 3 shows schematic
illustrations of acoustic waves with their typical range of wave velocities. In (a) and (b)
bulk waves are shown where bulk longitudinal waves have particle displacement parallel
to the wave propagation direction and bulk transverse waves have particle displacement
normal to the wave propagation direction. In case of surface waves, shear horizontal
surface acoustic waves have particle displacement polarized normal to the wave
propagation direction and parallel to the wave propagation surface whereas shear vertical
surface acoustic waves have particle displacement polarized normal to the propagation

direction and perpendicular to the surface [8].
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Figure 1.3: Schematic representation of acoustic waves in solids [8].

1.3 Acoustic Wave Sensors

Acoustic wave devices have been used since world war I and the first application of
piezoelectric acoustic devices was sonar (sound navigation and ranging) application in
1917 [10]. After that, the improvement of interdigital transducers (IDTs) made acoustic
wave based sensors much easier to fabricate. In the 1960s, acoustic transduction of IDTs
based on SAW and other modes of acoustic wave propagation was first demonstrated by
White & Voltmer [11]. In the 1980s, SAW devices compatible with VLSI technology had
reached their maturity and have been commercially used since then.

Both SAW and BAW are widely used in acoustic wave sensors. In SAW devices the

energy conversion (acoustic to electric) is happening on the side of the material that is in
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contact with the sensing medium but in BAW devices the energy conversion can happen
on the other side of the acoustic material [12]. When the acoustic wave is travelling
through the device or on the surface of the device, any kind of perturbation will affect the
velocity, amplitude and/or phase of the wave. These changes are related to frequency,
insertion loss or phase of the response signal of the device. By monitoring any of these
changes it is possible to identify and/or quantify the physical or chemical quantity which
is the reason for the perturbation.

There exist various acoustic wave sensors such as thickness shear mode (TSM)
resonator, surface acoustic wave (SAW) device, shear horizontal surface acoustic wave
(SH-SAW) device, shear horizontal acoustic plate mode (SH-APM) device and flexural
plate wave (FPW) device. All acoustic wave sensors work properly in vacuum or gaseous
phase but only few of them work properly in liquid phase. Those devices that have shear
horizontal particle displacement work well in liquid and include TSM, SH-SAW and SH-
APM. The other devices that have compressional wave components to couple with
liquids dissipate substantial amounts of energy into liquids. Although FPW sensors have
such a component, they can work well in liquid phase because the velocity of the wave is
considerably lower than the compressional velocity of sound in liquids. A brief review of

these four types of sensor and a pictorial representation are given below [8].
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Figure 1.4: Schematic representation of TSM, SAW, FPW and APM acoustic sensors
[13].

1.3.1 Thickness Shear Mode (TSM) Resonators

The oldest and simplest acoustic wave device is the Thickness Shear Mode (TSM)
Resonator [14], also widely known as quartz crystal microbalance (QCM). Usually, this
device consists of a thin disk of AT-cut quartz crystal with parallel circular metal
electrodes patterned on both sides of the crystal [15]. The TSM resonator supports a
standing bulk shear acoustic wave between the two surfaces of the plate, and the particle
displacement is parallel to the surface of the device. As the displacement is maximum at
the crystal surface of a TSM resonator, it is used as a gravimetric mass sensor. It can also
be used as a chemical sensor by using a chemically sensitive coating on the surface of the
QCM that will absorb the target analyte. Consequently, the absorbed added mass will

change the resonance frequency and therefore be detected by the sensor.
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1.3.2 Surface Acoustic Wave (SAW) Sensors

SAW sensors exploit SAW propagation and electromagnetic transduction
performed by two or more metallic electrodes and a piezoelectric substrate/layer [16]. In
SAW sensors metallic electrodes also known as IDTs are fabricated in a ‘delay line’
configuration as shown in Fig. 4. When an alternating voltage is applied between two
successive electrodes, a periodic mechanical strain is produced in the piezoelectric crystal
due to the periodic electric field of the alternating voltage. As a result of mechanical
strain, a surface acoustic wave will be generated that can propagate from the input
transducer to the output transducer. The velocity of this wave depends on the material,
orientation and cut of the crystal. The properties of this wave such as velocity and
amplitude will change by any perturbation on the surface of the device. The typical
frequencies of SAW resonator based applications are in the UHF band and below 1GHz
but some commercial SAW devices have frequencies up to 3GHz [16]. Particularly, the
typical frequencies of operation of SAW sensors are 30 to 1000MHz. The fundamental
frequency of SAW sensors depends on the pitch of the IDTs and velocity of the acoustic
wave. The pitch is basically the transducer periodicity, d referred as the center-to-center
distance between the successive fingers of one comb of the IDT and this pitch is chosen
as equal to the wave length of the SAW wave, A. Thus, the fundamental frequency of the
SAW device is defined as, fo= v/A, where v is the velocity of the wave [8]. However,
SAW sensors have both vertical and horizontal components. The vertical component can
couple with any media in contact with the device. This will not produce significant

attenuation in the gas phase but will lead to unacceptable insertion loss in the liquid
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phase. For liquid phase sensor application, a special case of SAW, called SH-SAW has

generally been used and has much better performance as described below.

1.3.3 Shear Horizontal Surface Acoustic Wave (SH-SAW)

The SH-SAW sensor is a device which has particle displacement parallel to the
surface of the device and normal to the wave propagation direction. This device uses a
piezoelectric substrate with a special crystal orientation, and the wave is generated and
received in input and output IDTs like on a SAW device. To perform well in liquid, the
SH-SAW should not have any particle displacement component perpendicular to the
crystal surface. However, common piezoelectric materials do not yield pure shear waves
and additionally, the SH-SAW propagates slightly deeper (1~5 A) within the substrate
[17], resulting in lower sensitivity and increased insertion loss. To increase the sensitivity
and trap the energy near the surface, a guiding layer is often used that can work as an
acoustic waveguide. A material which has lower acoustic velocity has to be used for the
guiding layer. This design operates effectively in liquid. SH-SAW devices can be made
more sensitive than TSM devices because most of the energy is trapped near the surface
of the device where the sensing takes place. The back side of the device can be bonded to
the sensor package whereas in TSM devices both sides interact with the bulk wave and

can be used for sensing.

1.3.4 Shear Horizontal Acoustic Plate Mode (SH-APM) Sensors

SH-APM sensors use a single piezoelectric crystal as waveguide that confines the
acoustic wave in between the upper and lower surface of the crystal. Both surfaces of the

device can be used for sensing in contrast to SH-SAWSs where only one surface is used
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for sensing [14]. The thickness of the plate is typically around 10 wavelengths. Similar as
for an SH-SAW, this wave also has particle displacement parallel to the surface and
normal to the propagation direction. The absence of the vertical component allows this
wave to propagate along the surfaces of the device without coupling excessive energy
into an adjacent liquid [8]. The SH-APM has higher sensitivity than TSMs but lower than
SH-SAWSs because the acoustic energy is not confined to the surface. Moreover, the
sensitivity of the sensor increases with decreasing thickness of the plate which is limited

by the need for robustness of the device and by the manufacturing process.

1.3.5 Flexural Plate Wave (FPW) Sensors

The Flexural Plate Wave device is an acoustic wave device where the acoustic wave is
produced in a thinned membrane [8]. This device is fabricated in a standard silicon wafer.
On one side of the wafer a membrane layer (silicon nitride, silicon dioxide, oxy-nitride,
aluminum nitride or diamond) is deposited, then piezoelectric material (zinc oxide) is
sputtered on the surface of the membrane and finally metal electrodes (IDTs) are patterned
on top of the surface. On the backside of the wafer, the silicon is etched to release the
membrane [ 18]. The thickness of the membrane is much less than the acoustic wavelength.
The wave has elliptical particle displacement similar to Rayleigh waves and it is referred
to as Lamb wave. The FPW propagates from one IDTs to the other in a delay line
configuration and any perturbation on the surface changes the properties of the wave such
as velocity or amplitude. FPW sensors have many advantages on chemical sensing and can
be operated in liquid phase because the wave velocity is lower than that of compressional
waves in water (operating frequencies are in 100’s of KHz to few MHz). But the big

disadvantage of the device is the thin membrane that tends to be fragile.
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1.4 SH-SAW Devices as Chemical Sensors

Acoustic wave devices have been available for commercial use for 65 years and
have many applications in chemical and bio-chemical sensing. The most common
piezoelectric materials used to fabricate the AW devices are lithium niobate (LiNbO3),
lithium tantalate (LiTaO3) and quartz (Si0.). Every crystal has its own advantages. SH-
SAW sensors perform very well in liquid phase and, for this case, have the highest
sensitivity among the other AW devices mentioned in this chapter. To generate this mode,
a specific crystal orientation is needed. Some commonly used piezoelectric materials with
their crystal orientation and other properties are given below.

Table 1: Commonly used piezoelectric crystal materials with their characteristics
[19],[20].

Piezoelectric | Orientation SH-SAW Temperature Electromagnetic
crystal Velocity Coefticient coupling
(m/s) (ppm/°C) coefficient (%)

64°/41° YX- | 64°/41° rotated, Y- | 4478/4389 81/80 11.3/17.2
LiNbO; cut, X-propagating
36° YX- 36° rotated, Y-cut, | 4112 32 4.7
LiTaO3 X-propagating
LST-quartz | 15° rotated, Y-cut, | 4990 0 0.11

X-propagating

SH-SAW sensors can detect chemicals in trace concentrations (ppm to ppb levels) in
liquid phase. They can be used as small, in situ, portable and continuous chemical

identifying and quantifying systems.
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1.5 Importance of SH-SAW Sensor Coatings

As mentioned above, to trap all the acoustic energy near the surface of the device,
a thin film that acts as a guiding layer is coated on the surface of the SH-SAW sensor,
made of a material that has a lower acoustic wave velocity than the substrate. If the film
is (bio)chemically sensitive, it will turn the device into a (bio)chemical sensor. This film
will determine the selectivity of the device and contribute to the sensitivity of the sensor.
For a chemically sorptive film, the presence of chemical species changes the physical
properties of the film. Thus, this film works as a chemical to physical transducer by
inducing changes in its physical properties in the presence of a specific chemical analyte
in the sensing medium. Selecting the materials for this film or coating is one of the most
important steps to optimize a sensor for a particular application. Depending on the
coating materials, the sensor can be used for a variety of applications such as
environmental monitoring (e.g., detecting pesticides), in-situ industrial process
monitoring and control (to detect a specific chemical), counterterrorism (in airport
security, chemical and biochemical weapons detection), personal health safety, etc. As an
example, to detect BTEX chemicals, a specific type of material is needed for the coating,
possessing suitable properties such as chemical structure, glass transition temperature,
etc. The performance of the SH-SAW sensor will depend on the choice of the coating
material. As the theory behind SH-SAW sensors has already been established, selecting
and blending the right coating materials is the main objective of the research for this

thesis.
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1.6 Sensor Arrays

The selectivity of a chemical sensor varies for different coatings and usually is
lower than for biosensors. To solve the selectivity issue, one approach that had been
proposed by Zaromb and Stetter in 1984 is to use an array of sensors with various
coatings [21]. Different sensor coatings have different sensitivities for the same chemical
analyte. Therefore, an array of chemical sensors with various coatings, each possessing
partial selectivity to the analytes, can be designed to detect and quantify chemicals in a
sample containing multiple analytes. Sometimes one sensor is enough to detect and
quantify the analytes, specifically if more than one sensing parameter is used, but a
sensor array is always better for the confirmation of the result obtained from the first
sensor. In addition, if each coating is selected to give high sensitivity for a specific
analyte, a sensor array exposed to a mixture of these analytes will give better results
compared to a single sensor. As an example, for detection and quantification of mixtures
of BTEX compounds in water, a sensor array of four coatings with different partial
selectivities (i.e., different ratios of sensitivities to different BTEX compounds) can be
designed to obtain precise concentration measurements of each BTEX analyte from the
mixture. Furthermore, it is important to select coatings materials that are stable in water
and capable to sorb specific analytes rapidly and reversibly. The investigation of diverse
SH-SAW sensor coatings is a high priority in the development of an in-situ continuous
BTEX identification and quantification system for groundwater monitoring. However,
because of the limited number of commercially available polymer coatings showing good

performance in BTEX detection, finding additional coatings based on polymer-plasticizer
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blends provides an opportunity to greatly improve this BTEX monitoring sensor

technology.

1.7 Problem Statement and Objective of Research

Section | described the various sources of contamination with BTEX and the
hazards associated with such contamination. The objective of this research is to detect
and quantify the presence of BTEX contamination in groundwater as early as possible,
with the goal to minimize contamination, to permit rapid remediation, and to maintain a
healthy environment. To perform the research work, the SH-SAW sensor platform has
been used to establish a real time in-situ and cost effective BTEX monitoring system. The
primary objective of this research is to develop sensor coatings based on suitable
polymer-plasticizer blends that can detect BTEX compounds in groundwater in a very
low concentration range (ppb to low ppm). Also investigated were the repeatability,

reproducibility and long term stability of the coatings.

1.8 Present Status of the Problem and Solution Approach

At present, the standard for analyzing a groundwater sample [22] is to collect the
groundwater sample and transport it to a laboratory where the sample can be tested and
analyzed. This procedure is time consuming and expensive. In addition, as the BTEX
compounds are volatile and can be degraded by microorganisms [23], there is a
possibility of analyte loss during transport to the laboratory for analysis. Therefore, an
urgent need exists to develop an in-situ BTEX measurement technique to analyze
groundwater and to protect the environment from possible hazardous impacts. For this

methodology, sensor devices are being investigated and shear horizontal surface acoustic
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wave (SH-SAW) sensor devices have shown promising results with the use of suitable
polymer coatings for analyte sorption [24]. So far, only two polymers have shown
promising results in long-term measurements on BTEX detection; however, to implement
a sensor array and to confirm the presence of BTEX in aqueous phase in the presence of
potential interferents, a larger variety of coatings is needed. To select polymers as
coatings for SH-SAW devices, the glass transition temperature of the polymer has to be
considered. If the polymer is too glassy, it will not effectively absorb the analyte, and if it
is too rubbery, it will strongly attenuate the SH-SAW. By varying the mixing ratio of
plasticizer to polymer, the glass transition temperature can be adjusted to the desired
value. Blending diisooctyl azelate (DIOA) plasticizer with polystyrene polymer is
showing promising results for BTEX detection. Some plasticizers are not suitable for
aqueous environment because of leaching. Plasticizers that have very slow or
undetectable leaching rates and also have the ability to lower the glass transition
temperature of polymers have been proposed for use in SH-SAW sensor coatings.
Plasticizer-polymer combinations (DIOA-PS, DIOA-PMMA, DINCH-PMMA) are being
investigated to create a stable and sensitive coating for SH-SAW sensors to detect BTEX

compounds in groundwater.

1.9 Organization of the thesis

This thesis is comprised of six chapters. Chapter 1 is an introduction that describes
the problem of BTEX exposure, general background of sensor systems, current status of
the problem and objective of this research. Along with SH-SAW sensors, several other
types of sensor devices have been reviewed briefly in this chapter. The importance of

coatings for SH-SAW sensors has been explained. Chapter 2 discusses a theoretical review
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of SH-SAWs, various geometries of IDTs for SH-SAW sensors, sensing mechanism and
effect of analyte sorption on coating parameters. Chapter 3 offers a detailed theoretical
discussion of coating materials. Properties of polymer and plasticizer materials, glass
transition temperature of the materials, solubility parameters and polymer-plasticizer
selection criteria are discussed in this chapter. Plasticizer theories and effect of
plasticization on coating materials are also discussed in chapter three. In chapter 4,
experimental methods, setup and procedure are discussed in detail. Along with the
description of the instruments used for this research, coating solution preparation, device
preparation and analyte sample preparation are also discussed in chapter four. Chapter 5
contains the results and discussion. Detailed characterizations of devices with specific
coatings are presented in this chapter, as well as a comparison of coating sensitivities found
in this research with existing coatings. Finally, in Chapter 6, a summary of the results and

the conclusion are presented along with suggestions for future work.
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2. THEORETICAL REVIEW OF SH-SAW

2.1 Introduction to SH-SAW Devices

In the first chapter, a general overview of acoustic wave sensors has been given.
In this chapter, only shear horizontal surface acoustic wave (SH-SAW) sensors will be
discussed as this research work is based on this type of sensor. As discussed in chapter
one, guided SH-SAW sensors are based on a piezoelectric crystal (e.g., LiTaOs)
substrate, metal electrodes (IDTs) and a thin film to guide the shear horizontal surface
acoustic wave. This film (coating) can be selected to act as both the guiding layer and
chemically sensitive layer. For bio-chemical sensing, biologically sensitive receptors can
be deposited on the coating to provide bio-chemical selectivity to the sensor. For this
research, only chemical sensing will be discussed. In order to understand the response of
the sensor to the target chemical analyte, it is essential to look at the function of each
layer of the sensor before understanding the sensor system as a whole. In addition, it is
important to understand the characteristics of the perturbed acoustic wave. In this chapter,
a theoretical review of the SH-SAW sensor platform is presented based on acoustic wave
theory. In addition, the geometry and fabrication of SH-SAW sensors, mass loading and
viscoelastic effects, as well as transduction and sensing mechanisms of SH-SAWs are

reviewed in detail.
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2.2 Sensor Geometries and Fabrication

A schematic diagram of the two-port SH-SAW sensor device is shown below.

Receiver IDT

‘w‘ =

‘Waveguiding
coating and/or
chemically sensitive
polymer-plasticizer
Substrate coating

Transmitter IDT

ST

Figure 2.1: A schematic diagram of SH-SAW sensor with different layers [19].

The sensor geometry used in this work consists of a piezoelectric crystal substrate, a film,
and a liquid layer. It is a three-layer geometry because the film acts as both waveguide
and chemically sensitive layer. If a sensor needs two films, one for wave guiding and
another for sensing, it is said to have a four-layer geometry. A schematic view of three

layer and four layer geometries is shown in the Fig.2.2.
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Figure 2.2: Schematic view of four-layer and three-layer sensor geometries.
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There are various kinds of piezoelectric crystals available as SH-SAW sensor substrates,
and because of a better electromechanical coupling coefficient, high dielectric constant
and acceptable temperature coefficient of delay (TCD), 36° rotated Y-cut X-propagating
lithium tantalate (LiTaOs3) is used in this work. By using this orientation of the crystal, the
particle displacement will be in the y direction which is parallel to the surface and wave
propagation direction will be in the x direction. A three-layer structure along with the
coordinate system is given below [20], [25], [26].

Y

/ > X

ZA >
Propagation

Liquid

Waveguiding and
Sensing layer

Substrate

Figure 2.3: A schematic view of general three-layer sensor geometry with the
coordinate system.

In this three-layer geometry, the 2" layer, shown above as the wave-guiding and
sensing layer with thickness h, is coated on top of the surface of the device. This layer is
made of polymer materials or a polymer-plasticizer blend, and a detailed discussion about
polymers and plasticizers is given in chapter 3.

The 3" layer of this geometry is the liquid layer and is assumed to be a Newtonian
fluid where the viscosity is constant with respect to frequency. The liquid contains the

target chemical analyte to be detected, and the concentration of the chemical analyte will
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be very low (ppm or ppb range) for this research. Here, low concentration means the
absorption of the analyte obeys the linear sorption isotherm equation [27]. As a result, the
frequency response can be assumed to be linear with the change in concentration [27]. In
this sensor geometry, the liquid layer and substrate are assumed as semi-infinite layers
(thickness —) but the coating layer is considered as a finite layer with thickness h.

The fabrication process of the SH-SAW sensor is similar to that of MEMS devices. After
choosing a 36° rotated Y-cut X-propagating LiTaOs3 crystal as substrate, the metal
electrode pattern is deposited in the form of a transmitting and a receiving transducer by
using standard photolithography. The metal IDT can be deposited onto the substrate

surface by using lithography, metal deposition and etching techniques [11].

2.3 Review of IDT Geometry

It is important to have an optimum IDT finger arrangement for a specific application.
General SAW devices have a one-one IDT finger pair geometry shown in the Fig.2.4

below with acoustic wave generation from the IDTs.

(2)

Vl : . s : 12
(b)

Transmitter Receiver

Figure 2.4: Single pair IDT finger geometry [19].
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However, it is possible to reduce the unwanted acoustic wave reflections and
phase distortions in an SH-SAW device. A multi-electrode transducer can be used to
reduce baseline noise. The number and polarities of electrode fingers in multi-electrode
transducers need to be arranged in such a way that most of the reflected waves will cancel
each other [28]. In SH-SAW devices an Au metal electrode is used in a transducer
structure on the surface of a piezoelectric substrate. In IDTs, every electrode finger is a
potential source (reflection edge) of acoustic wave reflection. Both changes in
mechanical and electrical boundary conditions can lead to reflections and distort the
signal. If the piezoelectric material has a high coupling factor, this signal distortion will
be significant. Some common piezoelectric materials used for SH-SAW devices, LiNbO3
and LiTaOs3, have high coupling factors. In order to reduce unwanted reflections, double-
electrode IDTs (“split-finger”/ “two-two finger pair”) are used [29]. A double-electrode
IDT has four electrode fingers per electric period (Se=4) which cause a 180° phase
difference for reflections from adjacent electrode fingers, meaning that the reflections
effectively cancel each other. For weak piezoelectric coupling materials where the
amplitudes of the reflected waves from adjacent electrodes are approximately equal, a
double-electrode IDT is sufficient for reducing unwanted reflections, but for strong
piezoelectric coupling materials, there still remains significant reflection even if using
double-electrode IDTs. In liquid phase, because of their high dielectric constants, LiNbO3
or LiTaOs3 substrates are used for SH-SAW devices, but their high coupling factors lead to
unwanted wave reflection even if using double-electrode IDTs. To improve the SH-SAW
pass band, the number of electrodes can be reduced to minimize overall reflection, but

this will lead to a larger SH-SAW bandwidth and increased mode overlap. A more
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promising approach is to change the polarity of some electrodes in order to make them
opposite in phase to the SH-SAW, thus reducing the overall coupling of the SH-SAW to
the IDT while still obtaining a narrow bandwidth. A detailed design approach has been
discussed in a previous work of this research group [30] to achieve the desired transfer
function based on multi-electrode IDTs [31]. The SH-SAW device used for this work has
a two-ten electrode fingers arrangement. The double-electrode and two-ten-electrode
IDTs with their associated measured passband are shown in the Fig.2.5 below [30]. Fig.
2.5b shows a less distorted SH-SAW passband and reduced interference between adjacent

modes.
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Figure 2.5: Schematic diagram of a) double electrodes and b) two-ten electrodes
with their measured pass band frequency spectrum [30].
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The SH-SAW sensor platform used in this work was previously described in [30], [24]. It
is a two-ten finger IDT and the IDT periodicity is 120 pm. The third harmonic of the SH-
SAW was used for this work, resulting in a wavelength of A =40 um and a frequency of
103-MHz. A 36° YX-LiTaOs piezoelectric crystal serves as a substrate for the sensor

platform. The center-to-center IDT separation is 8 mm (200 1).

2.4 Review of Acoustic Wave Theory

Before utilizing the acoustic wave device as a sensor, it is important to review the
theoretical modeling of the device and analyze the acoustic mode in the system. It is also
important to review the changes of the characteristics of the acoustic wave as a result of
any perturbation on the sensor surface. In this research, a composite sensor system with
three-layer geometry will be used. The overall sensor sensitivity to mechanical and
electrical perturbations from the analyte solutions of interest can be analyzed using two
methods. As described in detail in the dissertations of former students of our research
group [19], [32], the first method involves numerical analysis and the second is based on
perturbation theory. Although the rigorous numerical analysis method is effective and
accurate, it is difficult to relate the numerical changes used in this model with the
physical changes of the sensor system. On the other hand, the perturbation method
attributes all the small physical changes in the sensor system to specific changes in
ambient parameters, and involves the calculation of resulting changes in acoustic wave
properties. This method is one of the most commonly used methods in liquid and gas
phase sensing and will be used in this work. It is described in more detail in the following

section.
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2.5 Transduction and Sensing Mechanism

With a chemically sensitive guiding layer, shear horizontal surface acoustic wave
sensors are very effective chemical sensors in liquid phase because of the shear horizontal

movement of the particles.

Substrate

Figure 2.6: Schematic of a three-layer SH-SAW sensor system with coordinates.

The three-layer geometry of a SH-SAW sensor, shown in the above Fig.2.6, indicates that
the sensing and guiding polymer / polymer-plasticizer layer (coating/film) has contact
with both the liquid environment and substrate layer. The properties of the coating affect
the acoustic wave, and the coating confines the wave to the surface of the substrate. The
liquid contains analyte molecules, which are absorbed (and adsorbed) by the coating from
the liquid sample by the process of diffusion. This absorption of analyte molecules
changes the properties of the coating. As a result, the velocity and attenuation of the

acoustic wave will also change. This velocity and attenuation change can be related to the
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measured frequency shift and loss change, respectively [19], [32]. The shear horizontal
surface acoustic wave travelling along the surface of the device has particle displacement
in the y direction; for this wave, particle displacement is a function of x, y and time and

the wave can be described by the following expression [33],
u, (x,y,t) = uy,(z,t)e/*rx (2.1)

where, ® = 2mnf represents the angular frequency of the wave and vy is the complex
coefficient of the propagating wave, encompassing the attenuation (o) and wave number

(k) of the wave [8],

W
y=a+jk=a+j; (2.2)

The wavenumber (k) is defined as the angular frequency (@ ) divided by wave velocity
(v). The change of the properties of the propagating wave at a specific frequency can be
characterized by measuring the change of attenuation (a) and velocity (v) of the wave.
Therefore, the changing complex coefficient of the wave is a function of changing

attenuation and velocity of the wave and can be expressed as
Ay = Aa + jbk = Aa — jko = (2.3)
0

where k, and v, are the wavenumber and phase velocity of the wave before
perturbation, respectively. The above expression is usually written in normalized form by

dividing by the unperturbed wavenumber as
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A network analyzer is used to measure the frequency spectrum of the device. The

relationship between the frequency and velocity is given below as,

(2.5)

vl <

where P is the periodicity of the IDT of the SH-SAW sensor device. The vector network
analyzer is used in continuous monitoring of the frequency spectrum while the sensor
device is exposed to the analyte, and because of the sorption of analyte into the coating,
the velocity and attenuation of the wave change. If P is constant for a particular device,
the normalized frequency change is equal to the normalized change in the wave velocity,

assuming phase velocity and group velocity are equal.

—=— (2.6)

By measuring the frequency change, the change in velocity due to film perturbation can
be measured, thus enabling analyte detection and quantification.
Changes in velocity and attenuation are due to the change in mass (m), viscoelastic

constant (¢), dielectric constant (¢), conductivity (o), temperature (T) and pressure (P) for
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an SH-SAW device. The total change in velocity and attenuation, for small perturbation,

can be expressed as a sum of partial derivatives with respect to these parameters as [32],

ov ov ov ov ov ov
AU—aAm-FEAC-l'gAE-FEAO'-FEAT-FEAP. (27)
A —&XA +6aA +6 A +6 AT+6 AP. (2.8)
R e e 7 > '

These two equations are basically the sum of all the parameters that cause the change in
velocity and attenuation, except attenuation is either not a function of mass accumulation
(gas phase) or depends only weakly on mass accumulation (liquid phase) [32]. However,
by using an appropriate experimental design, some terms in the above equations can be
minimized or eliminated. A grounded metalized delay line can eliminate the
acoustoelectric interactions, and as a result Ae and Ac become zero. The experiment can
be performed at a constant temperature in a temperature controlled setting such as using a
cooler box. Finally, by using a dual delay line configuration of the device, it is possible to
eliminate the temperature (AT) and pressure (AP) effects from the equation by making a
differential measurement. Note that SH-SAW devices are very sensitive to temperature;
specifically, devices fabricated on a lithium tantalate crystal substrate have a temperature
frequency coefficient of between -30 ppm/°C and -40 ppm/°C [34]. Temperature changes
on the order of tens of millidegrees will not significantly affect the frequency shift and
small ambient pressure changes will also not produce a change in frequency because of
the shear horizontal motion of the SH-SAW. By eliminating those terms from the above

two equations, the equations can be simplified to
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ov ov
Av= —Ac+ —Am (2.9)
oc om
o)
Aa = 2Zac (2.10)
oc

i.e., the change in velocity depends on both the change in viscoelastic coefficient and
mass loading, but the change in attenuation only depends on the change in viscoelastic
coefficient. The sensor response is solely dependent on the coating because the mass
loading and viscoelastic changes are due to analyte sorption of the coating.

Changes in viscoelastic properties (Ac) of the coating can be characterized by the
material’s modulus changes. For an SH-SAW, the coating undergoes a shear deformation,
so only the shear modulus (G) has to be considered, which is a complex term that can be

expressed as

G=G'+jG" (2.11)

where G’ and G" are the storage modulus and loss modulus, respectively. The storage
modulus is associated with the energy stored and released as the coating displacement
occurs with the oscillation of the shear horizontal surface acoustic wave. The loss
modulus is associated with the energy that is being lost from the system, usually in the
form of heat because of the deformation of the material. From equation (2.6), the

frequency shift is related to the change in velocity. Assuming that the shear modulus is
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the only component of viscoelastic changes, the frequency shift and attenuation change

can be expressed as a function of shear modulus [32]:

Af = f,(Am, AG’, AG") (2.12)

Aa = f,(AG',AG") (2.13)

Because of the adsorption of analyte, the shear modulus of the coating changes and that
change contributes to the response of the sensor.

For this experimental work, a network analyzer is used to measure insertion loss instead
of attenuation. However, the change in insertion loss is directly related to the change in

attenuation by the equation below [29]

Aa AL
— =" 2.14
k 54.6N @19

where AL and N are change in insertion loss and length of the transmission line in units
of wavelength, respectively. Because the size of the device and wavelength are constant
for this experimental work, change in insertion loss can be used to calculate change in

attenuation.
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2.6 Analyte Absorption, Mass Loading and Viscoelastic Effect

The response of a polymer coated SH-SAW device depends on both mass loading
and change of polymer modulus [32]. The characteristic response of the device is a function
of the nature of the interaction between the chemically sensitive layer and analyte and the
mass transport (sorption) process. The sorption process is a combination of adsorption and
absorption processes. Analyte sorption by the coating from the liquid environment results
in mechanical loading which is a combination of added mass and change in the complex
modulus of the coating [8], [19]. It is difficult to evaluate the contribution of the change of
polymer modulus due to the unknown actual value of polymer modulus before and after
the analyte sorption. The mass loading is expressed as the change in the product of the
coating density and thickness, A(ph), after exposure to analyte solution. The coating
thickness and density vary with the absorption of the analyte solution, and this has been
analyzed in the references [19], [32]. Although mass loading often provides the dominant
contribution to the sensor response for polymer coated acoustic sensor devices, some
studies have shown that the viscoelastic effect can have an equal or greater contribution in
both gas and liquid phase [35], [36], [37]. Analyte sorption causes the polymer coating to
swell and soften, or plasticize, and as a consequence the viscoelasticity of the coating
changes. In a glassy, highly cross-linked or crystalline polymer, these changes are minimal,
but in a lightly cross-linked or rubbery polymer these changes are significant. In the
plasticized polymers used in this work, viscoelastic changes can be quite significant. The
viscoelastic change in a plasticized polymer coating indicates a change in the shear
modulus, resulting in changes in both phase velocity and attenuation. When the plasticized

polymer coating is exposed to the sample, the absorption (and adsorption) of analytes from
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the sample changes the mass as well as the viscoelastic properties of the coating, resulting

in changes in SH-SAW frequency, phase and loss.
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3. POLYMER AND PLASTICIZER THEORIES

3.1 Introduction

The response of a sensor eventually depends on the properties of the coating
materials. The sensitivity and selectivity of a chemical or bio-chemical sensor are
governed by the interactions between the coating materials and the target analytes.
Therefore, in order to predict the sensor response, it is important to understand the
physical and chemical properties of the coating materials. In this research, polymer-
plasticizer blends are used as coating materials. In this chapter, basic physical and
chemical properties, viscoelastic properties, glass transition temperature of polymer-
plasticizer blends, effect of plasticization on polymers and solubility parameters of the
materials will be discussed in details. Finally, the selection criteria of polymers and
plasticizers for BTEX detection as well as the polymers and plasticizers used in this work

will be discussed.

3.2 Polymers

3.2.1 Basic Properties and Characterization of Polymers

In order to gain control over the sensing characteristics of a polymer-coated SH-
SAW sensor, an understanding of the properties of the polymer is first required. The
properties of a polymer are influenced by various factors such as inter and intra molecular
forces that bind the polymer molecules together, size of the polymer chain and the
average molecular weight of the polymer [8]. Inter molecular forces are the attraction

produced between neighboring molecules as a result of synchronization of electron
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motion in the interacting atoms. Physical properties of the polymer mainly depend on this
force. Intra-molecular forces on the other hand are covalent bonds that hold the repeating
units or monomers of polymer together.

Polymers can be divided into three main groups, which are thermoplastics,
thermosets and elastomers [38]. Thermoplastics can be further divided into two types:
crystalline and amorphous. Crystalline polymers are more rigid, have higher melting
point temperature and are less affected by solvent penetration as compared to amorphous
polymers. Overall, thermoplastic materials have relatively weak inter-molecular force
which is why this material softens when exposed to heat, and usually returns back to its
original state upon cooling. Thermoplastic polymers are homogeneous, non-volatile and
can be repeatedly softened and solidified by heating and cooling, and therefore can be
used as coatings in acoustic wave (bio-) chemical sensors [39]. Thermoplastic polymers
have only secondary bonds between polymer chains but no cross-links. Examples of
thermoplastic polymers are polyvinyl chloride (PVC), polystyrene (PS) etc. Unlike
thermoplastics, thermosets are irreversibly softened and solidified when heated and
cooled, respectively. Thermoset polymers are usually three dimensional networked
polymers, which have a greater number of cross-links, making them more rigid. For this
reason, they have slower response times and longer recovery times which is undesired for
sensing. Examples of thermoset polymers are epoxides, polyesters, etc. The other group
of polymers, elastomers, are basically rubbery polymers which can be easily stretched
and will return to their original shape by applying and removing stress. This type of

polymer has less cross-link density than thermosets, but these cross-links are enough to
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prevent polymer chains to move permanently relative to each other [32]. Examples of

elastomers are natural rubber, polyurethanes, polybutadiene, neoprene, etc. [40].

3.2.2  Viscoelastic Properties of Polymers

Viscoelasticity is a property of materials that combine both the viscous and elastic
properties of a liquid and solid, respectively [41]. An elastic solid has a definite shape but
deforms and restores its original shape when external forces are applied and removed. A
viscous liquid shows resistance to shear flow but has no definite shape, i.e. it flows
irreversibly when external forces are applied [42]. The viscoelastic behavior of a polymer
can include all intermediate ranges of properties between an elastic solid and a viscous
liquid. Additionally, viscoelastic properties depend on temperature and experimental time
scale, which means the material possesses a memory (fading) of past events, i.e.
mechanical properties are a function of time because of the intrinsic nature of polymers.
Viscoelasticity of a polymer describes the polymer deformation when stress is applied. In
an acoustic wave sensor, the stress is caused by the passage of an acoustic wave. The
relationship of stress and strain for different materials is shown in the Fig.3.1 below.
From the Fig.3.1 it is clearly seen that polymer materials combine the behavior of elastic
and viscous materials. The loading frequency o is in phase with the strain for elastic
materials, 90° out of phase for viscous materials and for viscoelastic material, it is out of

phase by an angle ¢, where 0<¢p<90°.
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Figure 3.1: Schematic view of cyclic stress and strain vs time for various types of
materials [43].
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A polymer’s basic mechanical properties depend on the bulk modulus (K) and shear

modulus (G). Both parameters are complex and can be expressed as:

K =K'+ jK" 3.1)

G=G'+jG" (3.2)

where K' and G’ are storage moduli that represent the elastic behavior of the material and
K" and G" are loss moduli, which represent the viscous behavior of the material. For SH-
SAW sensors, the shear deformation is dominant and that is why only the shear modulus
of the polymer is considered. Therefore, any change in the viscoelastic behavior of the
polymer will influence the shear modulus of the polymer coating, which will affect the

Sensor response.

3.2.3 Glass Transition Temperature

One of the most important properties of a polymer is its (static) glass transition
temperature (Tg). The glass transition temperature is the temperature range where the
polymer transitions from a hard, rigid or glassy material to a soft, rubbery material.
Although it is a (usually narrow) temperature range where the mobility of the polymer
chains increases substantially, the convention is to describe it as a single temperature
defined as the midpoint of this temperature range [44]. The glass transition temperature
depends on several factors such as the chemical structure of the polymer, the molecular

weight of the polymer, the thermal history, age and other factors. The transition occurs
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only in the amorphous region of the polymer. If the polymer has any crystalline region, it
will remain crystalline during the glass transition.

The glass transition temperature (Tg) is often confused with melting point (Trm),
but there are some clear differences between these phase transitions. Glass transition
occurs in the amorphous region whereas melting happens in the crystalline region. Below
and above Ty, disordered amorphous materials have immobile molecules and partially
mobile molecules, respectively. On the other hand, below and above Tm the crystalline
region is solid and deformed due to melting respectively. Additionally, Tm is a first order
phase transition and Ty is a second-order transition [45]. The Fig.3.2 shows the first and

second order transition of crystalline and amorphous materials.

Crystalline Amorphous
First Order Second Order

Figure 3.2: First order and second order change of crystalline and amorphous
materials [45].

Typically, over a broad temperature range most polymer materials can be found in four
different regions of state or phase, referred as glassy, transition, rubbery and viscous, as
shown in Fig. 3.3, which shows a modulus vs temperature curve for linear and cross-

linked amorphous polymer materials.
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Figure 3.3: Schematic of various phase regions of a polymer over a broad range of
temperature [46].

This transition of polymer material is called the (static) glass-rubber transition or
simply the glass transition. At the glass transition temperature, physical properties of the
material such as the Young’s and shear moduli, specific heat, coefficient of expansion and
dielectric constant are changed [47]. Below this temperature, the molecular chains of the
polymer are immobile and there is no rotational or translational motion of the molecule.
This behavior of polymers is reflected in their storage and loss modulus. For this region
(glassy) the loss modulus is much lower than the storage modulus, such that for a typical
glassy polymer film, G' =10° Pa and G"<< G' [32]. At this region, polymers become hard,
brittle and glassy because the energy barrier for inter-chain motions of the polymer is
greater than the thermal energy of the polymer molecule, which is why the chain of the
molecule can no longer move or wiggle around. When the temperature increases to a
point above the glass transition temperature, the loss modulus also increases and storage

modulus decreases. Above Ty, the polymer becomes soft, rubbery and viscoelastic. A
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typical rubbery film exists when G'<10” Pa and G” < G' [32]. Moreover, the polymer’s
glassy or rubbery behavior can be determined by its relaxation time. Most particles in a
material eventually reach equilibrium state regardless of their initial states, and the time
to reach equilibrium is called relaxation time, t. Given a material is probed with the
angular frequency, o, then if ot >> 1 it behaves like a glassy material, and if ot <<1 it
behaves like a rubbery material, and when wt =~ 1, then the material is in the transition
region [48], [49].

Based on this frequency dependent behavior, a dynamic glass transition
temperature can also be defined over T(Tg) = 1/ w [48]. The same polymer can behave
rubbery at low (near static) frequencies but glassy at higher frequencies, such as the
frequency of measurement, f, which is on the order of 100 MHz for the sensors used in
this work. For one of the polymers used for comparison in this research,
poly(isobutylene) (PIB), this is reported to be the case [48], [50]. At this frequency, it is
desirable that the polymer is glassy in order to minimize acoustic-wave attenuation due to
inter-chain motion. Thus, the best coatings for acoustic-wave chemical sensors will be
those which are rubbery in the low frequency range, resulting in good analyte sorption,
but glassy at the operating frequency of the sensor device, resulting in low acoustic-wave
attenuation and a good signal-to-noise ratio. If the polymer used as a SH-SAW sensor
coating has a very high static glass transition temperature, this coating will be glassy
during normal experimental temperature. This glassy coating will have low and slow
analyte adsorption rates, and as a result, the sensor will have a longer response time and
lower sensitivity. On the other hand, if the polymer coating is in the rubbery state at

measurement frequency, i.e. has low glass transition temperature, then the coating will
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have fast and high adsorption rate of analyte. As a result, the sensor will have high
sensitivity but may also have high insertion loss, which will produce high baseline noise.
Therefore, to be an ideal coating for acoustic-wave sensors, the polymer needs to be a
compromise between these two extremes, and the static glass transition temperature
needs to be slightly below ambient temperatures. In that case, there is a high probability
that the polymer will behave glassy at the operating frequency of the acoustic wave.

For a polymer which has a high glass transition temperature, adding a plasticizer
can lower the glass transition temperature. The plasticizer gives the polymer molecules a
higher mobility, turning the polymer into a suitable film for the sensor in chemical
sensing applications. Plasticizers and the theory of plasticization will be discussed in the

next section.

3.3 Plasticizers

3.3.1 Introduction

A plasticizer is a chemical substance which, when added to a material (usually
polymer), increases the fluidity, plasticity, flexibility or resiliency of the material [51].
Plasticizers have many different uses in various applications. There are more than 300
plasticizers that exist and 50 to 100 of them have commercial applications. In general, a
plasticizer works by increasing the free space between the polymer chains, as a result
lowering the glass transition temperature of the polymer and making it softer. Various

theories have been published to explain the plasticizing mechanism [52].
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3.3.2 Properties of Plasticizers

Plasticizers have the ability to change the thermal and mechanical properties of a
polymer. A plasticizer lowers the rigidity of a polymer at room temperature so that the
polymer can be easily deformed without large forces. It also increases the elongation
necessary to break the polymer at room temperature and extends the range of high polymer
toughness to lower temperatures. This can be achieved when the polymer is blended with
a lower molecular weight compound (a plasticizer) that reduces the crystallizability and
increases the chain flexibility [53]. A plasticizer’s properties are defined in terms of the
polymer-plasticizer system. As an example, a property might be defined for a compound
that gives intermediate flexibility to the coating, i.e. not too rubbery and not too glassy.
Another example might be a plasticizer that, if added to elastomeric materials, has the
characteristic to reduce the stiffness of the polymer. It is ultimately not possible to exactly
characterize the behavior of a plasticizer in terms of fundamental properties because a
plasticizer’s behavior strongly depends on the polymer it is added to, and the properties of
the polymer slightly depend on its previous history. As an example, two samples of film
prepared from the same batch of polymer-plasticizer might not have exactly the same
behavior because the orientation of the polymer chains, the effect of the plasticizer, or a
combination of those might be different. Although it is very difficult to get exactly the
same behavior from the polymer-plasticizer blend, by always preparing the polymer-
plasticizer solution in exactly the same way, it is possible to get nearly reproducible

properties for the resulting coatings.
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3.3.3 Types of Plasticizers

Plasticizers can be divided into two groups: internal plasticizers and external
plasticizers. Internal plasticizer is a monomer that is copolymerized into the polymer
structure, making it less ordered and more flexible. For this reason, the polymer becomes
softer, and will have a lower modulus and glass transition temperature (Tg). Another
internal plasticization may consist of a side chain that can be either a substituent or
grafted branch [53]. For example, BPA-HMTS (bisphenol A-hexamethyltrisiloxane): in
this internal plasticization, HMTS acts as porous backbone that increases the free volume
and flexibility [54]. External plasticizers are chemical compounds which have low vapor
pressure and can interact with the polymer to reduce its glass transition temperature (Ty)
without involving chemical reactions, by means of their solvent or swelling potential
[53]. External plasticizers are more important because their combination with polymers
gives more satisfactory properties and flexibility for formulation. Additionally, external
plasticizers are used more for commercial applications and in this project, only external
plasticizer will be used. There is another classification of plasticizers which divides the
plasticizers into primary and secondary plasticizers. Primary plasticizers are chemical
plasticizers which, when added to the polymer, change the properties of elongation and
softness of the polymer; secondary plasticizers are referred to as plasticizing oil. The
secondary plasticizers are not used alone and usually used in combination with primary
plasticizers resulting in an enhancement of the plasticizing performance of the primary

plasticizer.
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3.3.4 Plasticizer Theories

There are several plasticizer theories that can explain the plasticization
mechanism, but all of them agree that the addition of a plasticizer to a polymer material
results in increased flexibility or mobility of rigid polymer molecules and makes them
softer. The main four plasticizer theories are lubricity theory, gel theory, free volume

theory and mechanistic theory. Those theories are explained in the following sections.

3.3.4.1 Lubricity Theory:

According to lubricity theory, “Plasticizer works as a lubricant to ease the
intermolecular friction between polymer molecules liable for rigidity of the polymer”
[55]. This theory states that the rigidity of a polymer depends on the intermolecular
friction force between the polymer molecules, and the addition of plasticizer decreases
this friction force, reducing the rigidity. It increases the mobility of the polymer chains
and decreases the resistance of a polymer to deformation. Addition of plasticizer reduces
cohesion forces between polymer molecules and intensifies the movement and rotation of
the molecules which increases the overall flexibility of the polymer [52]. The lubricity
theory presumes that the bonding among polymer-plasticizer molecules is very weak and
the bonding among the macromolecules of the polymer beyond the surface irregularities
is almost zero [56]. Briefly, a polymer without plasticizer is rigid due to the friction
between the chains of the polymer and when plasticizer is added, the smaller molecules
of the plasticizer are able to slide in between the chains of the polymer and act as a

lubricant between the chains, allowing them to ‘slip’.
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3.3.4.2 Gel Theory:

Gel Theory states that polymers are formed by an internal three dimensional
honeycomb-like structure and this three dimensional structure is the main reason for their
rigidity. The plasticizer molecules reduce this rigidity by breaking the polymer-polymer
interaction between the chains of the polymer. According to this theory, polymer-polymer
interactions occur at centers of attachment and plasticizer molecules break the attachment
and mask these centers from each other, preventing re-formation of a polymer’s
honeycomb-like structure. By adding the plasticizer to the polymer, the number of centers
of attachment is reduced, permitting an increase in the regions of aggregation of polymer
molecules. This will enable the polymer chains to move, thus increasing the overall
flexibility of the polymer. However, this theory is not sufficient to describe the interaction
between polymer chains and the resulting increased flexibility, therefore it needs to be

combined with lubricity theory.

3.3.4.3 Free Volume Theory:

Free volume is defined as the fraction of volume not occupied by the polymer.
According to free volume theory, a plasticizer lowers the glass transition temperature of a
polymer, and as a result increases the movement of polymer chains and flexibility of the
polymer [55]. Actually, the free volume of a polymer is an internal empty space that is
available for the movement of the polymer chains and this free volume is seen at its
maximum at the glass transition temperature. Usually, plasticizer molecules are smaller
than the polymer molecules and have lower glass transition temperatures [52]. By adding

a plasticizer to polymer, the glass transition temperature of the polymer decreases,
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resulting in increased flexibility at room temperature and a polymer that is softer and
rubbery.

The volume of a polymer is decreasing linearly with temperature below the glass
transition temperature. For all polymers, the volume changes between absolute zero and
the transition temperature is a constant 0.0646 cm®/g [52]. The free volume of a polymer
can be calculated by taking the difference between the volume of polymer at absolute
zero temperature and the volume at a specific temperature. This can be expressed by the
following equation,

Vr =V — Uy (3.3)

where vris the is free volume of the polymer, v, is the volume at a specific temperature
and v, is volume of the polymer at absolute zero temperature. The inclusion of plasticizer
decreases the glass transition temperature, which increases the free volume, resulting in

increased flexibility and ability to absorb analyte species.

3.3.4.4 Mechanistic Theory:

The mechanistic theory states that plasticizer molecules are not bound
permanently to the polymer molecules in a specific form. They could be inserted between
the chains of the polymer or anywhere in the polymer structure, preventing the polymer
molecules or chains from being bound tightly among themselves. As a consequence,
flexibility improves, increasing softness and decreasing the glass transition temperature

of the polymer-plasticizer mixture [55].
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3.4 Effect of Plasticization on Sensing Parameters

All the plasticizer theories discussed in the above section can be used to explain
the condition of a plasticized polymer. For SH-SAW chemical sensors or any other
chemical sensor, it is important to know the effect of plasticization on the sensing
parameters. All the theories showed almost the same type of behavior of plasticized
polymer, in that flexibility is increased, or in other words, the polymer becomes softer.
This flexibility can be increased by increasing the mobility of the chains of a polymer, by
increasing free volume, or by decreasing the glass transition temperature. This effect of
the addition of plasticizer is actually helpful in increasing the sensitivity of the chemical
sensor where a polymer film is needed. Adding plasticizer to a polymer film has a
positive effect on sensing parameters of a sensor. As an example, if a polymer is hard and
rigid, it will be difficult for that polymer to absorb analyte. In this case, adding plasticizer
to that polymer will help the coating absorb analyte because the plasticized polymer has
increased free volume and increased chain mobility. This will allow for absorption of
more analyte and a faster rate of analyte absorption. The extra analyte absorption will
create added mass loading, which will increase the sensitivity of the sensor by increasing
the frequency shift. In addition, the faster absorption rate might shorten the time response
of the device.

The plasticized polymer has increased flexibility, which increases the sensitivity
(or frequency shift) but at the same time will result in higher device insertion loss due to
the increase in the loss modulus. If the coating of the SH-SAW sensor platform is rigid
and hard, the device insertion loss is low because the coating oscillates synchronously

with the substrate of the device. But with the addition of plasticizer to increase the
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analyte absorption, the coating becomes more rubbery, leading to a phase lag across the
thickness of the oscillating coating. The resulting periodic deformation of the coating
causes an increase in loss. Therefore, a tradeoff between glassy and rubbery coating is
very important so that the sensitivity of the device is increased but at the same time the

insertion loss does not increase beyond a certain limit.

3.5 Solubility Parameters

Since the coatings of SH-SAW devices are prepared as solutions, solvent and
solubility parameters of all coating materials have to be carefully considered. To obtain a
repeatable and stable coating for the device, solubility parameters of the polymer,
plasticizer, and solvent need to be known. To determine the solubility of materials,
specifically for nonpolar materials such as many polymers, the Hildebrand solubility
parameter () is a good indicator. The Hansen solubility parameter enables even more
reliable prediction of the miscibility of the materials in a solution. These methods of
predicting solubility are based on a general rule of thumb, “like dissolves like”” where
“like” 1s defined by the molecular characteristics of two materials.

The first method indicates that a polymer will dissolve well in a solvent if their
Hildebrand solubility parameters (9) are very similar [57]. The Hildebrand solubility
parameter is calculated from the cohesive energy density (c), which is the amount of
energy needed to completely separate a unit volume of molecules from its neighbors like
in an ideal gas. This parameter is the simplest indication of solubility and is calculated

from the equation below,

§=C = VH-RT\ /2
= c_( ) (3.4)
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where, AH is heat of vaporization, R is the universal gas constant, T is the temperature
and V,, is molar volume [57].

A more accurate and detailed method to calculate the solubility parameter is to
use the Hansen solubility parameters (HSP). HSP is named after Charles M. Hansen who
developed this theory in his PhD dissertation in 1967. HSP starts from the idea of
Hildebrand solubility and divides it into three components, which are usually measured in
(MPa)"> [58]. The components are derived from energy from dispersion forces (&,),
dipole forces (8,,) and hydrogen bonds (6;,) between molecules. Hansen solubility
parameters relate to the sum of these three components, which can be considered as

coordinates of a space called Hansen space.

52 = 83 + 6% + 67 (3.5)

Each individual component of this equation is compared between materials, and those
that have comparable solubility parameters usually show good miscibility.

For two materials (e.g., solvent and polymer), the equation of a sphere was
introduced by Skaarup [57] using partial solubility parameter components to calculate the

‘distance’, R, between the Hansen parameters of the two materials in Hansen space.

(R)? = 484z — 841)* + (82 — 81)" + (Bnz — Sp)? (3.6)
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After calculating the distance, R, this value is compared with the experimentally
determined radius of the solubility sphere, Ry, which is also called the interaction radius.
To be completely soluble or in other words for high affinity, the interaction radius R,
must be greater than the calculated radius, R,. The ratio between calculated radius R, and
interaction radius R, is defined as the relative energy difference (RED) of the system, as

shown in the equation below.

RED === (3.7)

0

If RED is less than one (RED < 1), the molecules are alike and will be completely
miscible or dissolve completely; if RED > 1, the system will not be miscible, and the case
where RED is equal to one or close to one, which is the boundary condition for solubility,

indicates a decrease in affinity between the materials and that system will partially

dissolve [59].

3.6 Selection Criteria for Polymer and Plasticizer

The film, or coating, of the sensor is important for the partially selective detection
of a specific analyte or a class of analyte, and choosing the coating materials is a critical
issue for the chemical sensor. Interactions between the coating and analyte need to be
well understood, and studies of chemical and physical properties of coating materials are
necessary for this research. In order to achieve maximum sensitivity and optimum
(partial) selectivity of a chemical sensor, covalent bonds between coating materials and
analytes would be necessary. However, those bonds cause the analyte to become

permanently attached to the sensor coating, resulting in irreversible sensor responses. For
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a reversible response, the interactions between coating materials and analytes are limited
to dispersion, dipolar and hydrogen-bonding interactions [60], [61]. For the purpose of a
coating of an SH-SAW sensor, polymer and plasticizer materials should have certain
specific properties. Chemical structure and other physical and chemical properties of the
polymer are important for partially selective detection of a specific analyte. Before
choosing a plasticizer, three criteria must be considered: compatibility of the plasticizer
with the polymer, efficiency of the plasticizer and permanence of the plasticizer in the
polymer or leaching of the plasticizer from the plasticized polymer. Moreover, anti-

plasticization also needs to be considered.

3.7 Chemical Structure & other properties of Polymer

Materials that will make the sensor response fast, highly sensitive and selective
are good candidates for the coating of the device. Before selecting a polymer as a coating,
low material density, low crystallinity and rubbery properties of that polymer need to be
considered, because these properties will dictate the polymer’s high permeability and fast
response [60]. The polymer needs to have a Ty below operating or ambient temperature
to be a good candidate material. This is because the polymer needs to be in the rubbery
regime for the sensor response to show good reversibility [62]. In addition, the polymer
should show good adhesion and wetting properties with the surface of the device,
otherwise acoustic wave coupling is poor, resulting in a loss in acoustic wave energy, an
increase in the response time, and a lack of reproducibility of the sensor response [62].

The chemical structure of the polymer has a high impact on the sensitivity and
selectivity of the sensor response for a specific analyte. Similarities in the chemical

structures of polymer and analyte help to achieve good analyte absorption into the
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coating. As an example, for the detection of BTEX compounds, a polymer which has a
benzene ring in its structure is preferred as coating material because the BTEX
compounds have a benzene ring in their chemical structure, and an attractive interaction
between the delocalized m-electron systems of these benzene rings is expected (“n

stacking”) [63].

3.8 Compatibility and Efficiency of Plasticizer

When choosing the plasticizer, it is essential to check its compatibility with the
selected polymer. Compatibility of a plasticizer relates to the structural configuration,
polarity and molecular weight (Mw) of that plasticizer. Indications of good compatibility
between a specific polymer and plasticizer are similar chemical structures and Hansen
solubility parameters [56]. A suitable plasticizer needs to be non-toxic and should have
low leaching rate in water as well as low vapor pressure. If the plasticizer is not
compatible with the intended polymer, syneresis (leaching of plasticizer) occurs from
their blend coating. A good way to evaluate the compatibility is to calculate the relative
energy difference (RED) from the Hansen solubility parameters of polymer and
plasticizer.

Efficiency of plasticizer is related to the amount of plasticizer required to achieve
the desired modification of the properties of a given blend. For example, plasticizer
efficiency can be evaluated by relating the decrease in glass transition temperature of the
polymer to the volume fraction of the added plasticizer, to the weight percentage of the
plasticizer, or to a given molar ratio [53]. However, there is no absolute value or
established system to measure or express the efficiency of plasticizers because the

modification is relative and also depends on the properties of the polymer. Molecular
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weight (Mw), size or diffusion rate into the polymer matrix are also related to the
efficiency of a plasticizer. The higher the diffusion rate of plasticizer molecules is into the
polymer matrix, the higher the efficiency of the molecules is as plasticizer. Usually,
smaller plasticizer molecules have higher diffusion rates, but have higher volatility, which
leads to high leaching rates [64]. In general, a good plasticizer should have higher
efficiency, giving high plasticization at low concentration, and little or no leaching from

the blend.

3.9 Stability of Plasticizer in Water (Permanence/Leaching)

Plasticizer permanence means the tendency of the plasticizer to remain in the
plasticized material and not leach out from the blend coating. One of the goals of this
research is to find a coating that is suitable for long-term, repeatable measurements, thus
requiring permanence of the plasticizer in the coating. Permanence of a plasticizer
depends on the size of the plasticizer molecule and its diffusion rate in the polymer [53].
If the size of the plasticizer molecule is large, then its vapor pressure or volatility will be
low. For application of plasticizers with low polarity in water, this means the leaching
rate will also be very low, 1.e. permanence will be high. The vapor pressure of the
plasticizer also depends on the polarity and hydrogen bonding of the molecule. Another
factor that determines the permanence of the plasticizer molecule is diffusion rate of the
plasticizer in a polymer material. Unfortunately, while a high diffusion rate of the
plasticizer gives greater efficiency, it leads to lower permanence of the plasticizer.

Studies have been done previously on leaching rates of plasticizers from

plasticized polymers. Many commercially available plasticizers have high leaching rates.
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Plasticizer such as diisooctyl phthalate (DOP or DEHP) has a leaching rate of 0.8% per
week into the surrounding liquid environment [65]. Plasticizer leaching rate into the
surrounding liquid is greatly dependent on the chemical structure of the plasticizer and
polarities of the liquid and plasticizer. The higher the hydrophobicity of the plasticizer
molecule is, the lower the leaching rate of the plasticizer is in aqueous phase. It was
found that DINCH has a low or undetectable leaching rate because of its high
hydrophobicity [65]. However, DIOA should also have a low or undetectable leaching
rate because it has long carbon chains and high molecular weight. When selecting the
plasticizer, it may be necessary to accept a compromise among some of its properties
because of their conflicting nature. Molecular size, chemical structure, diffusion rate and

compatibility all need to be considered together.

Size, Shape,
Chemical composition

Compatibility

Compatibility

Size Boiling point
Diffusion Compatibility
Rate Efficiency Permanence Diffusion rate

Figure 3.4: A relationship among compatibility, efficiency, and permanence of
plasticizer [53].

It is important to analyze the permanence, efficiency and compatibility of the plasticizer
with the intended polymer before choosing the plasticizer for the polymer-plasticizer

blend.
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3.10 Anti-plasticization

Sometimes, when a small amount of plasticizer is added to a polymer, the
polymer becomes more ordered and compact and as a result the blend coating tends to
become more crystalline. This affects the plasticization process in the opposite way.
Because of the formation of crystals, the movement of the chains of the polymer
decreases as does the flexibility of the plasticized material. Also, the polymer becomes a
more rigid material with increased storage modulus. This effect is known as anti-
plasticization. Anti-plasticization can occur not only at low plasticizer concentrations but
also at high concentrations. As an example, when plasticizer is added to a specific
polymer like poly vinyl chloride (PVC), crystallinity increases in the crystalline region
but in the amorphous region it becomes softer. Usually, by adding a certain amount of
plasticizer, the plasticized polymer becomes more flexible, has better elongation and

lower tensile strength and brittleness [56].

3.11 Polymer and Plasticizer Used in this Work

Polymer and plasticizer materials are always used as a blend for a new coating in
this work. The polymer-plasticizer blend is used as the SH-SAW sensor coating and
serves as a waveguiding layer as well as a chemically sensitive layer for BTEX detection.
From the results of [54], [66], [67], it is found that, in comparison to commercially
available polymers, a plasticized polymer film has increased sensitivity to BTEX
compounds in liquid environments for QCM and SH-SAW sensors. The specific
polymers used in this work are polystyrene (PS) and poly (methylmethacrylate) (PMMA)

and the plasticizers used are diisooctyl azelate (DIOA), 1,2-cyclohexane dicarboxylic
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acid diisononyl ester (DINCH), and diisodecyl azelate (DIDA). PS and PMMA are both
thermoplastic polymer materials. Chemical properties such as chemical structure, density
at 25°C, molecular weight and glass transition temperature of the polymer and plasticizer

materials used for this work are given in the Table 2.



60

Table 2: Chemical properties of the materials used in this work [according to
manufacturer’s specifications (Sigma Aldrich, Scientific Polymer Products)].
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By looking at the chemical structure of polystyrene, it can be assumed that this material is
a potential candidate for BTEX detection because of the presence of a benzene ring
(phenyl group). As all BTEX compounds have benzene rings, the presence of the benzene
ring in PS suggests high affinity to BTEX compounds due to © stacking interaction [63].
Some BTEX compounds i.e., benzene, toluene, ethylbenzene and xylene, are sometimes
used as a solvent for PS due to their high affinity to PS [68]. However, the glass transition
temperature is not suitable for a sorbent coating material for SH-SAW sensors. As
plasticizer can reduce the glass transition temperature of polymer, PS can be an ideal
coating material for SH-SAW platforms to detect BTEX if it is plasticized. A previous
study [54] showed that plasticized polystyrene has the highest sensitivity for benzene
detection. PMMA can also be a good candidate material for the coating of a SH-SAW
sensor if it is plasticized because the glass transition temperature of PMMA is similar to
that of PS; PMMA is also a thermoplastic polymer.

Plasticizers are chosen based on their compatibility and leaching rate. DINCH is
chosen because of its undetectable leaching rate [65]. DIOA is chosen because of its
efficiency, compatibility, and because it is expected to have a low leaching rate due to its
large molecular size.

The solubility parameter must be calculated for the materials before using them as
coating materials. The solubility (miscibility) of all materials with one another was
calculated using Hansen solubility parameters and equation (3.7). Hansen solubility
parameters for all materials are listed in Table 2 and solubilities of each combination of

polymer, plasticizer, solvent and analyte are listed in Table 3.
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Table 3: Hansen solubility parameters of the materials used in this work [57], [69],

[70], [71].
Materials dd op Oh
PS 18.6 6.0 4.5
PMMA 18.6 10.5 7.5
DIOA™ 16.7 1.4 4.8
DIDA™ 16.5 1.3 4.5
DINCH 15.4 6.18 5.25
THF 16.8 5.7 8
TCE 18 3.1 5.3
Chloroform 17.8 3.1 5.7
Benzene 18.4 0 2.0
Toluene 18.0 1.4 2.0
Ethylbenzene 17.8 0.6 14
0-Xylene 17.8 1.0 3.1
m-Xylene 18.4 2.6 2.3
p-Xylene 17.6 1.0 3.1

** HSP values are collected from Reference [71]

Table 4: Solubility calculation between two materials.
First Second Add Aodp Adh Ra RED
THF DIOCA 0.6 1 -0.4 1.612 0.19
THF DIDA 0.3 4.4 3.5 5.654 0.66
THF DINCH 14| -0.48 2.75 3.954 0.46
THF Polystyrene 1.8 -1.2 -5.1 6.357 0.74
THF PMMA 1.8 4.8 -0.5 6.021 0.70
TCE DINCH 14| -0.48 2.75 3.954 0.46
TCE PMMA -0.6 -7.4 -2.2 7.813 0.91
Chloroform | DIOA 1.6 -1.6 -2.7 4.482 0.52
Chloroform | DINCH 2.4 | -3.08 0.45 5.721 0.67
Chloroform | PMMA -0.8 -7.4 -1.8 7.782 0.90
Benzene Polystyrene -0.2 -4.5 -0.9 4.607 0.54
Toluene Polystyrene -0.6 -3.1 -0.9 3.444 0.40
Ethylbenzene | Polystyrene -0.8 -3.9 -1.5 4.474 0.52
p-Xylene Polystyrene -1 -3.5 0.2 4.036 0.47
0-Xylene Polystyrene -0.8 -3.5 0.2 3.854 0.45
m-Xylene Polystyrene -0.2 -1.9 -0.6 2.032 0.24
Benzene PMMA -0.2 -10.5 -5.5 11.860
Toluene PMMA -0.6 -9.1 -5.5 10.700
Ethylbenzene | PMMA -0.8 -9.9 -6.1 11.738
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p-Xylene PMMA -1 -9.5 -4.4 10.659

0-Xylene PMMA -0.8 -9.5 -4.4 10.591

m-Xylene PMMA -0.2 -7.9 -5.2 9.466

Benzene DINCH 3| -6.18| -3.25 9.206 1.07
Toluene DINCH 26| -478| -3.25 7.775 0.90
Ethylbenzene | DINCH 24| -558| -3.85 8.307 0.97
p-Xylene DINCH 22| -518| -2.15 7.128 0.83
m-Xylene DINCH 24| -518| -2.15 7.382 0.86
0-Xylene DINCH 3] -358| -2.95 7.584 0.88
Benzene DIOA -2.2 4.7 6.4 9.078 1.06
Toluene DIOA -1.8 3.3 6.4 8.050 0.94
Ethylbenzene | DIOA -1.6 4.1 7 8.721 1.01
p-Xylene DIOA -1.4 3.7 5.3 7.044 0.82
m-Xylene DIOA -1.6 3.7 1.4 5.088 0.59
0-Xylene DIOA -2.2 3.7 -3.1 6.531 0.76
Benzene DIDA -1.9 1.3 2.5 4.731 0.55
Toluene DIDA -1.5 -0.1 2.5 3.906 0.45
Ethylbenzene | DIDA -1.3 0.7 3.1 4.106 0.48
p-Xylene DIDA -1.1 0.1 1.4 2.625 0.31
m-Xylene DIDA -1.3 0.3 1.4 2.968 0.35
0-Xylene DIDA -1.9 -1.3 2.2 4.579 0.53
DINCH PS -3.2 1.68 2.35 7.022 0.82
DIOA PS -2.4 0.2 55 7.303 0.85
DINCH PMMA 3.2 4.32 2.25 8.043 0.94
DIOA PMMA 2.4 5.8 -0.9 7.582 0.88
DIDA PS -2.1 -3.2 1.6 5.517 0.65

The above table lists the solubility analysis for all materials used in this work. The values
of RED less than one show clear solubility between the two materials. The values that are
equal to 1 or close to 1 are borderline cases. The values that are clearly above 1 show

little or no solubility between the materials.
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4. EXPERIMENTAL PROCEDURE

4.1 Introduction

This chapter provides a detailed description of the experimental procedure for this
research, consisting of a description of the equipment, materials, experimental procedure
and processing of the collected data. The experimental procedure starts with preparing the
desired coating solution, where a specific concentration of polymer-plasticizer blend is
dissolved in an appropriate solvent. Next, the surface of a cleaned SH-SAW device is
coated with this solution by means of a spin coater. Thickness of the coating is measured
by a profilometer and confirmed by an ellipsometer. After that, the coated device is put
into a flow cell specifically designed for this application and exposed to the analyte sample.
A vector network analyzer is used to continuously monitor the frequency and attenuation
during the exposure of analyte sample and reference sample and collects the data via the
Agilent VEE (Virtual Engineering Environment) program. Details are given in the

following sections.

4.2 Apparatus and Materials

4.2.1 Sensing Device

The heart of this research is the SH-SAW sensor device. This device was specially
designed for chemical and biochemical sensing by the Microsensors Research Laboratory
of Marquette University. The substrate material for this device is lithium tantalate
(LiTa0O3) and the IDT pattern is made of gold on a thin adhesion layer of titanium or

chromium deposited on the LiTaOs substrate surface [25], [72]. The IDT is patterned in a
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two-ten electrode finger design to minimize the phase distortion in the passband [30]. The
device has a dual delay line configuration and both delay lines are metalized and
grounded to prevent any electrical interaction during the measurement in an aqueous
environment. The typical operating frequency of this device for this particular
measurement is around 103 MHz. The operating frequency depends on the linearity of

the phase and must lie within the 3-dB passband.

Figure 4.1: A SH-SAW device used for this work with a coin to compare the size of
the device.
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4.2.2 Chemical Materials

Polymer-plasticizer blends are used to coat the IDTs and delay lines of the device.
Polystyrene and PMMA were used as polymers and were purchased from Sigma Aldrich.
Both polymers have high glass transition temperatures (around 100°C and 105°C,
respectively), requiring addition of a plasticizer to lower the glass transition temperature
for effective analyte absorption. DIOA, DIDA and DINCH were used as plasticizers. All
these plasticizers are commercially available. DIOA and DIDA were purchased from
Scientific Polymer Products and DINCH was kindly provided by BASF Corporation.
DIOA-PS and DIDA-PS blends were dissolved in tetrahydrofuran (THF), DINCH-
PMMA and DIOA-PMMA were dissolved in chloroform. Chloroform (purity > 99.8%),
THF (purity > 99.9%), and other cleaning solvents for the SH-SAW device were
purchased from Sigma Aldrich. BTEX compounds, benzene (purity = 98.5%), toluene
(purity = 99.3%), ethylbenzene (purity > 99%), and xylene (purity > 98.5%) were
purchased from Sigma Aldrich. Analyte solution samples were prepared in degassed

deionized water in the laboratory.

4.2.3 Spin Coater

To deposit the coating solution on the surface of the SH-SAW device, a spin
coating system is used (Specialty Coating System (SCS) Model P6024). The coating
process involves depositing a fixed volume of the viscous solution of polymer-plasticizer
blend on top of the device and spinning the device at a selected high speed to ensure a
uniform coating. The device is placed on the center of the chuck of the spin coater, which

applies a vacuum to the back side of the device to hold it in place. Then the spin coater



67

operates following a preset routine or “recipe”. The user can set the “recipe” according to
the requirements of the experiment by selecting the ramp up time, spin speed, spin time,
and ramp down time to achieve a desired coating thickness [73]. Thickness of the coating
not only depend on the settings of the spin coater but also on the properties of the coating
solution such as concentration, viscosity and solvent evaporation rate. For this research,
0.5 um to 1.4 um-thick coatings were produced by spin coating and successfully tested

for reproducibility.

4.2.4 Thickness Characterization

It is important to characterize the thickness of the coating to reproduce highly
sensitive coatings for SH-SAW sensors. In the laboratory, two different thickness
measurement methods are available for film characterization. One is a contact method
(profilometry) and the other is a non-contact method (ellipsometry). Usually, the
profilometer is used first to measure the thickness of the film, and then the ellipsometer is

used to confirm the thickness.

4.2.4.1 Profilometer:

The profilometer used for this work is a KLA-Tencor Alpha-Step IQ instrument.
A glass slide is first used for the thickness measurement instead of the actual sensor
device. The glass slide goes through the same deposition process at the same time to
replicate the coating on the actual device. For the soft and rubbery polymer coatings, a
very low stylus force is often required to prevent penetration of the coating by the stylus,
potentially resulting not only in scratching of the surface of the coating but also in

inaccurate thickness measurements.



68

4.2.4.2 Ellipsometer:

The ellipsometer used for this work is a Gaertner Scientific Corporation
L2WLSES544 instrument. The ellipsometer is a non-contact method which uses a laser
beam to measure the thickness of a film. To avoid any measurement ambiguity, the
ellipsometer uses two laser wavelengths (543.5 nm and 632.8 nm). It is critical for the
thickness measurement that the probed surface be very smooth. A rough surface can give
an inaccurate measurement due to the reflection from the rough surface. Therefore, in this
work, a profilometer is used first to measure the coating thickness on a glass slide, and

the ellipsometer is only used to confirm the thickness of the coating.

425 Flow Cell

A flow cell designed in-house is used to house the sensor device for the
measurements [74]. The flow cell consists of three separate pieces shown in Fig. 4.2. The
bottom piece and middle piece are made of brass. The bottom piece has a recessed area to
hold the SH-SAW device. The middle piece contains spring-loaded contact pins that
provide the connection for input and output transducers to the network analyzer through
coaxial cables and also provide the ground connection for each delay line. These two
pieces hold the device in its intended location and shield it from any electromagnetic
interference. The top piece is a Plexiglas (PMMA) cover that has an inlet and an outlet to
allow the liquid samples to flow over the device. A rubber gasket is used ensure a tight
seal as well as to isolate the aqueous environment from the electrical contacts of the
device. The cover is made of Plexiglas to allow visual inspection for bubbles while

ensuring that it does not react with the solution. Of the sensor device, only the coated
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IDTs and delay lines are exposed to the liquid environment. The interior volume of the
flow cell is approximately 0.14 mL. The flow cell for this experiment is designed in such

a way that only the IDTs and delay lines are exposed to the liquid environment.

Figure 4.2: Parts of the flow cell used for this work. Top, Plexiglas cover with gasket
and inlet/outlet tubes; lower left, bottom part of the flow cell to house the device;
lower right, brass middle part with contact pins including grounding pins.

4.2.6 Peristaltic Pump

A peristaltic pump (Ismatec RS232; IDEX Corporation) is used to pump the
analyte and reference solutions through the flow cell and over the sensor. As the analytes
are volatile, analyte solutions are kept in a closed container with a PTFE-lined lid. Small
PTFE tubes are inserted into the containers—analyte sample and reference liquid
(degassed DI water) —and connected to the flow cell via a three-way valve. The pump

pulls the liquid from the container through the flow cell to the waste container. With the
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help of the three-way valve, which has three independent inlet/outlet switches, the pump
is able to maintain a constant liquid flow rate while changing the solutions. The pump is
selected to pump the liquid with minimum pulsation at a constant rate. For this research,
the velocity of the pump was kept at 7ul/s. The pump allows the user to select the flow
rate, but for this experiment the flow rate was kept fixed to ensure a reproducible

response time for a given coating/analyte combination.

4.2.7 Vector Network Analyzer

A vector network analyzer (VNA; Agilent ES061B) is used to send a signal
through the SH-SAW device and measure the output signal of the device for a fixed
frequency range in real-time. The VNA is connected to a switch control unit (Agilent
34980A) that alternates between the two delay lines of the SH-SAW device. An Agilent
VEE (Virtual Engineering Environment) program is used to collect the data from the
VNA and save them on an attached computer. Phase, frequency and amplitude data of the

device are collected continuously throughout the measurement for each delay line.

428 GC-PID

For this work, a gas chromatography - photoionization detector (GC-PID) for
detection of volatile organic compounds (VOC) in water [75] was used for independent
measurement of BTEX concentrations. The instrument, a portable hand held micro GC
system, is called FROG -4000 (Defiant Technologies). The GC-PID contains a micro
preconcentrator, micro gas chromatographic (GC) column and a photoionization detector
to determine the various organic compounds in water [75]. The micro preconcentrator is

coated with a specially designed nanoporous material and the GC column has an
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integrated heater for temperature ramp chromatography. The instrument contains a
miniature PID (ionization potential: 10.6 eV). Although it is possible to measure
concentrations from 0 ppb to 4000 ppb for BTEX compounds with the GC-PID, the
linearity observed at low concentrations (below 500 ppb) was not as good as that at high

concentrations (500 ppb to 4000 ppb).

4.2.9 Plasma System, PE-50

PE-50 is a plasma cleaning system that can be used for surface treatment by
oxygen plasma. It was reported [76] that oxygen plasma treatment of a plasticized
polymer film (PVC/phthalate) was shown to be effective in preventing or reducing
plasticizer (phthalate) leaching from the plasticized polymer film. Therefore, in order to
prevent leaching of plasticizer from plasticized polymer coatings of SH-SAW sensors,
oxygen plasma treatment was applied in this work and showed promising results. The
details of the oxygen plasma treatment on the coatings of SH-SAW sensors is discussed

in the chapter on ‘Results and Discussion’.
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4.3 Experimental Set Up and Procedures

4.3.1 Experimental Set Up

A schematic view of the experimental set up used for this research is shown

below.

| Ge-PID To |
Waste
Measurement Chamber
Groundwater
Sample |_,
P 3-Way Iflow Cell To
—{with Sensor >
__,| Valve . Waste
Reference Device
Sample

Network || Data
Analyzer [ | Analysis

Figure 4.3: A Schematic of the experimental set-up used in this work.

Three closed containers are used for analyte solution, reference solution and waste. PTFE
tubing from Kinesis is used to connect these containers to the flow cell. A peristaltic
pump is pumping the analyte solution and reference solution through the flow cell to the
waste container and the three-way valve is used to select the analyte solution or reference
solution. The pump is set to a fixed flow rate of 7 pl/s for most of the experiment. To
compare response times between different analytes or coatings, the flow rate needs to be
constant for all measurements because response time depends on flow rate. The contact
pads of the sensor device are connected through the contact pins of the flow cell to cable
connectors, which are connected to the network analyzer through the coaxial cables. The

network analyzer sends and receives the signal to measure the frequency and loss
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response of the device. A switch control unit is used to switch the signal between the two
delay lines of the device. The data is collected every 12 seconds via an Agilent VEE

program on a computer attached to the network analyzer.

4.3.2 Device Preparation

There are various initial steps to be followed before using a new SH-SAW device
for the measurements. These steps include filing the edges of the device, cleaning the
device, preparing the coating solution and coating the device, applying black tape on the
back side of the device and using silver paint on the contact pads. Important steps are

described in details in the following.

4.3.2.1 Edge Filing:

Filing the edges is an important step for all new SH-SAW devices. It is performed
in order to reduce the acoustic wave reflection from the edges of the substrate behind the
transducers, resulting in reduced noise and improved signal to noise ratio (SNR) for the
sensor response. A properly filed device will have very low passband ripple which helps
to ensure experimental reproducibility. The filing steps include:

i.  Measure the insertion loss and save the frequency spectrum of the new
unprepared SH-SAW device using network analyzer for later reference.
ii.  Bevel the width (short side) of the device substrate by using sandpaper (40 grit),
at an angle of approximately 45°.
iii.  Again record the frequency spectrum and compare with the initial frequency

spectrum to check if edge reflections have disappeared from the passband.
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iv.  Furrow behind each of the IDTs using the sandpaper to further scatter any
remaining reflected wave.

v.  After filing the device properly, it is ready for coating. Before putting the
device in the flow cell, an insulating tape (black electrical tape) needs to be
placed on the back side of the device. This black tape will absorb energy from

incident bulk waves and reduce reflections from the back side.

4.3.2.2 Coating Solution Preparation:

The procedure to prepare the coating solutions is based on previous work done in
the Microsensors Research Laboratory. The polymer-plasticizer ratio is calculated as
weight percentage, as is the concentration of polymer-plasticizer blend in the solvent.
Varying the plasticizer’s percentage in the blend will affect the physical properties of the
resulting coating, and varying the concentration of the blend in the solvent will affect the
viscosity of the solution and the resulting coating thickness. The plasticizer percentage

(weight/weight) is calculated using the equation below.

mass of plasticizer (g)

wt% = x100 4.1)

total mass of plasticizer and polymer (g)

The polymer-plasticizer blend in the solvent is calculated by the equation below.

mass of polymer and plasticizer (g)
Wwit% = f poly p g

x100 (4.2)

total mass of solution (g)

The following steps are applied to prepare the coating solution.
i.  Take a clean vial and put a magnetic stir bar inside it. Place the vial with the stir

bar on a microbalance.
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Take anticipated amount of polymer and pour in the vial.

Calculate the weight of plasticizer needed to obtain the intended w/w percentage.
Add the calculated amount of plasticizer.

Calculate the amount of solvent to obtain the intended w/w percentage of
polymer-plasticizer blend in the solvent.

Add the calculated amount of solvent.

Quickly close the vial and seal with Teflon tape to avert solvent evaporation.

Stir the solution overnight at 600 to 700 rpm with the help of a magnetic stir plate.
The next day sonicate the solution for at least 4 hours.

After sonication wait at least 2 hours so that the temperature of the solution
returns to room temperature and also to allow for any bubbles to migrate to the

top of the vial before coating. Finally, the solution is ready for coating.

4.3.2.3 Device Cleaning Procedure:

It is important to clean the device properly before coating to improve film

adhesion and consistency between films. If there is any kind of contaminant on the

surface of the device, improper coating adhesion, delamination, unevenness or formation

of pinholes in the coating can occur. The device also needs to be properly cleaned before

reuse to remove any polymer residue, tape residue, organic contaminants, finger grease or

dust. The cleaning procedure includes three major steps. First, the device is cleaned with

four different chemicals. Then, a mixture of ammonium hydroxide, hydrogen peroxide

and water is used to clean the device. Last, the device is exposed to UV light. Details are

described in the following:
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The four chemical solvents that are used to clean the device are trichloroethylene,

chloroform, acetone and 2-propanol. The device is immersed in these chemicals in that

order, following the steps below:

Vi.

Place the solvent in a clean jar.

Put the device in the solvent jar carefully.

Place the jar with the device in a sonication bath and sonicate for 5
minutes.

Take out the device from the jar and rinse with DI water for first three
solvents.

Dry the device with nitrogen gas.

Repeat those steps for first three solvents and for fourth solvent skip the

rinse with DI water and directly dry the device with nitrogen gas.

To remove ionic contaminants, trace organics, chemically or physically adsorbed

monolayers of organics or any kind of organic monolayers that are not covalently bonded

to the surface, a harsher chemical treatment can be used. This cleaning procedure

includes the following steps:

Prepare a solution of 5:1:1 H20: NH4OH: H202 in a jar.

Fill the same amount of water into another jar.

Place both jars on a hot plate and heat the solution to approximately 65-
70°C. Continuously measure the temperature from the water jar and keep
the temperature around 65-70°C of the solution. Too high a temperature
might damage the IDT during the cleaning procedure.

Place the device in the heated solution jar for 10 minutes.
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Take the device from the solution jar and rinse the device quickly with DI
water for 30 seconds. Check if the device is wetting properly; a
hydrophilic surface means a properly cleaned surface.

Finally dry the device with nitrogen gas.

An additional step can be applied to make sure that all water has been
removed from the device surface. For this purpose, put the device into 2-

propanol and again dry with nitrogen.

The final cleaning step to remove any remaining contaminants is UV cleaning.

UV light can clean the surface by breaking the bonds of the contaminants with the surface

of the device. This cleaning procedure includes the following steps:

Put the device in the UV lamp chamber.

Place the device directly under the UV lamp approximately 1 cm away
from the lamp.

Turn the lamp on and keep the device underneath the lamp for one hour.
The temperature of the device will remain in a safe range.

After one hour, remove the device and coat as soon as possible.

It is noted that during the cleaning process it is important to follow proper safety

procedures. The UV lamp chamber should never be opened with the lamp turned on

because UV light might damage the eye.
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4.3.2.4 Coating a Device:

Various polymer-plasticizer blends are used to coat the SH-SAW device that will

work both as a guiding layer for the acoustic wave and chemically selective layer to

absorb the intended analyte. The contact pads remain uncoated during the coating

process. After preparing the polymer-plasticizer blend coating solution and cleaning the

device, some specific steps have to be followed to coat the device. It is important to

follow the same procedure every time to ensure reproducible and uniform coatings. The

steps are given below:

Vi.

Vil.

First, mask the contact pads with Kapton tape to prevent them from being
coated with the coating solution.

Blow nitrogen gas on the surface of the device one last time to remove
any dust or small particles that may be introduced from the air.

Place the device on the center of the chuck of the spin coater.

Set the spin coater’s parameters (spin speed, ramp time, duration).

To make a bigger opening, cut the top end of the plastic micropipette tip
(100 — 1000 ul) to allow faster deposition of the coating solution. This is
particularly important when using a volatile solvent.

By using a micropipette deposit 450 ul coating solution on the surface of
the device. (Use more or less coating solution for solutions of higher or
lower viscosity, respectively.)

Immediately close the cover of the spin coater and start spinning. Doing
this step fast helps to minimize solvent evaporation and achieve better

coating uniformity and reproducibility.
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Take the device from the chuck of the spin coater and place in an
aluminum foil box.

Place the box with the device in an oven for baking to remove all the
solvent from the film and reduce internal stress in the film.

Start baking the device for 60 minutes at 60°C to ensure all the solvent is
removed from the coating.

After baking wait until the device returns to room temperature. Later
remove the Kapton tape from the device.

Add a black tape on the back side of the device. While applying the black
tape, make sure there is no bubble or debris between the device and the
tape. Tape should be cut along the edge of the device, making sure that
the device fits well into the recess in the flow cell.

Add conductive silver paint on the contact pads of the device for better

electrical connection between the device and the flow cell.

4.3.3 Analyte Sample Preparing

The analytes tested in this research are benzene, toluene, ethylbenzene and xylene

(BTEX). For the experiment, these analytes are prepared as a solution in degassed DI
water at various concentrations. The concentration range used for this experiment is 50

ppb to 2000 ppb and the solutions are prepared by using the equation below.

ppb — Vsolute*dsolute sk 109 (4'3)

Vsotute*dsolutetVsolvent*dsolvent
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For the purposes of this experiment, this equation is further simplified. The solvent used
for analyte solution preparation is water and the density of water is 1.0 g/ml. Usually, the
sample is prepared in a 250 ml bottle, so the volume of the solvent is significantly larger
than solute volume. Because of this, the denominator solute term can be ignored and the

simplified equation can be written as,

ppb — Vsolute*dsolute % 109 (44)

Vsolvent

Although analyte concentration is verified by using a GC-PID, it is important to prepare
the analyte sample consistently and accurately to ensure the accuracy of the
concentration. The best way to get more accurate concentration of the sample is to
prepare a stock solution at higher concentration and dilute the sample to a desired
concentration. Although it is possible to prepare analyte solution at low concentration
directly, it is better to dilute from higher concentration to avoid large errors in
concentration. The preparation of stock solution at higher concentration and diluting to
the desired lower concentration involves the following steps.

i.  Generally, stock solution concentrations are in the range of 30 ppm to 10
ppm. First calculate the volume of the analyte according to the volume of
solvent.

ii.  Take aclean jar and place a magnetic bar into the jar.
iii.  Pour degassed, deionized (DI) water of the desired volume. Usually water
volume should be close to the jar volume, so that there is very little

headspace to avoid analyte solute evaporation.
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iv. DI water is produced in-house and is boiled at least 3 hours for degassing.
Before preparing sample make sure degassed DI water is at room
temperature.

v.  Add calculated amount of analyte by using micro-pipette and close the
cover of the jar quickly.

vi.  Place the jar on a stir plate and stir at 600-700 rpm for at least 4 hours
(preferably overnight).

vii.  Dilute the analyte solution to desired concentration (100 ppb to 2000 ppb)
using the above steps.

viii.  Stir the diluted solution for at least 2 hours.

Analyte samples are not prepared more than 2 days before the experiment. By the
passage of time, analyte concentration can be changed due to evaporation and activity of
microorganisms. Also, air can be re-dissolved in the degassed water, which may lead to

bubble formation during the measurement.

4.4 Measurement Procedures

4.4.1 Thickness Characterization

It is important to measure the coating thickness of the device to reproduce the
same coating and sensor response on later devices. Coating thickness was measured for
every device. A glass slide was coated with the same coating solution in the same
environment, at the same time and in the same way as the sensor device. This glass slide
is used to measure the thickness by using a profilometer. First a glass slide is cut to a size

close to the device dimensions and then the two ends are covered with Kapton tape. After
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coating and baking, the Kapton tape is removed from the glass slide to expose uncoated
reference areas for the thickness measurement. A profilometer scan is made that includes
both the glass and polymer-plasticizer coated surfaces which allows for a differential
measurement of the coating thickness.

At first, the scan settings (stylus force, scan length, scan speed and sampling rate)
need to be selected for the profilometer. Usually the stylus force is kept in the range of
0.2 to 0.4 mg. Then the coating thickness is measured in at least three different positons
and the average is taken. After each scan, the surface profile data is leveled and
smoothed. Finally, a step height measurement is used to measure the thickness of the

coating.

4.4.2 Device Response

A plasticized polymer coated SH-SAW device is used to measure the response for
a specific analyte. After completing all the preparation steps, the coated device is
carefully mounted inside a flow cell together with the gasket. It is necessary to insert the
gasket properly to perform an uninterrupted bubble free measurement. Once the device is
put in the flow cell, it should not be removed from the cell until all the necessary long
term measurements are completed, because removing the cover and gasket might damage
the coating by peeling the film off from the device.

Coaxial cables are used to connect the flow cell and network analyzer. Data is
sent to the attached computer and processed by the Agilent VEE program. Reference
samples and analyte samples are run through the flow cell via a pump and three-way

valve. The pump is set to a fixed flow rate of 7 pl/second for this research. The entire
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setup is kept in a cooler box and before the measurement, the system is allowed to reach
equilibrium temperature. Once the device has been exposed to DI water, an operating
frequency needs to be determined. The operating frequency is selected in a linear phase
region and also near 0° phase for both delay lines near the frequency where insertion loss
is minimal, i.e., in the passband and near the device center frequency. The sensor is
exposed to the analyte under test and reference sample long enough for the response to
reach equilibrium for analyte absorption and return to the baseline for the analyte
desorption. Device loss, frequency change and phase change are monitored by the Agilent
VEE program on the attached computer and all the data is collected on the computer.

After that, data is processed in excel and MatLab, which will be discussed below.

4.4.3 Concentration Confirmation

As the BTEX compounds are volatile, it is important to confirm the concentration
of the analyte sample immediately after the measurement using the GC-PID (Gas
Chromatograph — Photoionization Detector, Defiant FROG-4000). Before measuring the
concentration of the analyte solution, the FROG is calibrated with standard BTEX
samples from RESTEK or Sigma-Aldrich. It is recommended to calibrate the FROG once
per month to ensure high accuracy. The concentration measurement error in GC-PID is
around +7% for the BTEX compounds [75]. Initially, the FROG was calibrated up to 1
ppm and later it was calibrated up to 4 ppm; thus, for sample concentrations higher than 4
ppm, the FROG shows non-linearity. If measurements need be made in this high
concentration range, the solution is first diluted before the concentration is measured by

the GC-PID, but dilution of the sample also adds to the error as the BTEX compounds are
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volatile. For this research, sample concentrations are in the range of 100 ppb to 2000 ppb

(2 ppm), and the concentration was measured directly without dilution.
4.5 Data Processing

Data is collected from the network analyzer through VEE program and stored as a
comma-separated value (.csv) file in the computer. This .csv file can be imported into
Microsoft Excel and the data can be processed as a spreadsheet. The first step after
collecting data is to do the baseline correction because the sensor experiences a baseline
drift during the measurement process. As for this research only frequency shift is used to
calculate the sensitivity, the frequency shift data is corrected for baseline drift. Then, to
see the long-term consistency of the sensor, this baseline corrected frequency data can be

normalized using the equation below:
Cn
fo=fo& (4.5)
0

Here, f,, is the normalized frequency shift, f is the actual raw frequency shift, C, is the
concentration to which the result is normalized, and C, is the actual concentration of
analyte solution measured by the GC-PID. By using the equation (4.5), frequency shift
response is normalized to a specific concentration (usually 1 ppm) to compare the
responses of the sensor coating over a long period of time (sometimes up to 60 - 90 days).
It is important to note that while normalizing the frequency shift, the noise is multiplied
by the same factor. To compare the actual repeatability of the sensor response, the actual
concentration of the analyte solution must not vary too much between experiments.

Additionally, normalized data should not be used for noise calculation and detection limit
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calculation. The actual raw data is used to calculate the noise and detection limit of the
response.
For a single analyte, frequency response data can be fitted using a single

exponential fitting program in MATLAB [77] based on the equation given below:

() = yo(1 — e77) (4.6)

Here, 1 is the response time constant, y(t) and y, are the frequency at time t and

equilibrium frequency shift, respectively. The time constant, t, is defined as the time the
sensor response takes to reach (1 - é) ~ 63.2% of the final equilibrium value starting

with analyte exposure [78]. For this sensor system, the introduction of analyte is
considered as a step input, i.e., the analyte concentration should change in a step-like
manner (when the analyte is introduced). Time constant should not be confused with
response time, which is the time to reach steady state condition. By using the MATLAB
fitting program, two parameters, time constant and equilibrium frequency shift, can be
extracted. The two parameters are used to characterize the sensor coating. Sensitivity is

calculated by using the frequency shift [77]:

4
S=1 (4.7)

The detection limit is determined by:

LOD = 3*RMS Noise (4.8)

Sensitivity
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where, LOD is the limit of detection, i.e. the lowest concentration that will induce a
significant response in the sensor. RMS noise is simply calculated using standard deviation
of the baseline corrected frequency response data. It is better to have a sensor coating that
has high sensitivity and low RMS noise to achieve a low LOD. The main objective of this
research is to find an optimal polymer-plasticizer coating with highest sensitivity and

lowest detection limit.
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5. RESULTS AND DISCUSSION

5.1 Introduction

In this research, the performance of SH-SAW sensor platforms coated with
various polymer-plasticizer blends has been investigated. DIOA and DINCH as
plasticizers were mixed with PS and PMMA polymers to create the polymer-plasticizer
blend coatings. DIOA-PS, DIOA-PMMA and DINCH-PMMA blends were analyzed to
find suitable coatings for SH-SAW sensors to detect BTEX chemicals in water at very
low concentration (ppb range). The mixing ratio of polymer and plasticizer as well as the
thickness of the coatings were varied, and sensitivity, response time constant, RMS noise
level, detection limit and stability of the coated devices were studied. The objective of the
research is to find an optimal SH-SAW sensor coating with high sensitivity, low detection
limit and long term stability that will provide a valuable addition to a sensor array. The
analyte concentration range studied for this work was 50 ppb to 2000 ppb.

Before collecting data, the device was exposed to DI water for the initial
absorption of water and swelling of the coating. This initial swelling increases the
thickness of the coating and changes the viscoelastic properties of the polymer-plasticizer
blend. The device along with the analyte solution and DI water were kept in a
temperature control box to maintain a constant ambient temperature before collecting
data. A thermistor attached to the bottom of the flow cell is used in some measurements
to track the temperature change during data collection. Temperature changes during the
measurement process, possibly due to the switching to analyte solution from DI water or
some other reason can have a significant effect on the response of the sensor. To

minimize this effect, the analyte solution, DI water, and sensor were given time to reach
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thermal equilibrium before measurements were taken. It was noticed from the thermistor
data that the temperature changes when switching from analyte solution to DI water was
negligible. Although sufficient time was allowed before the measurement to allow the
temperature to reach equilibrium, there will still be a small drift in the loss, phase and
frequency data collected by the vector network analyzer. This baseline drift was corrected
using Excel after collecting the data.

The sensitivity, detection limit and response to all BTEX chemicals was measured
for various concentrations by using SH-SAW devices with various plasticized polymer
coatings. Initially, an operating frequency was selected to track the change in frequency
at a constant phase and this operating frequency was kept fixed for all measurements for
that specific coating. To investigate the repeatability of the sensor coating the responses
were normalized to 1 ppm. After that, an average response curve of those normalized
responses was created for visual representation with error bars representing the standard
deviation, i.e. the spread of those measurements. The concentrations of all tested analyte
samples were verified by GC-PID. The frequency responses were also plotted as a
function of analyte concentrations as a calibration curve to extract the sensitivity of the
coating for each BTEX analyte. After measuring the sensitivity to all BTEX chemicals, a
graph was plotted to show the partial selectivity of the coatings. A comparison between
all the tested coatings and commercially available coatings is shown at the end of this

chapter.
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5.2 Studied Range of Plasticizer Percentage in the Blend

In the literature [66], [67], polymer and plasticizer mixing ratios from 10% to
30% have been reported for various plasticizers in polymers for sensor coatings. This
gives a general starting range for each plasticizer-polymer blend. Another important
aspect for this work is the long-term stability of the coating, which depends on the rate of
plasticizer leaching from the plasticized polymer coating [65] and also the polymer creep
or deformation. The ideal plasticizer percentage is unique for each plasticizer-polymer
blend due to the chemical nature of the materials. Generally, as described in chapter 3,
increasing the percentage of plasticizer increases the flexibility and free volume of the
coating, resulting in an increase in analyte absorption. At the same time, increasing the
percentage of plasticizer increases the softness of the coating, resulting in an increase in
acoustic-wave loss and decrease in stability. Therefore, plasticizer concentration was
varied in the experiments and used to determine the optimum plasticizer-polymer ratio
that gives high sensitivity while maintaining long-term stability. The previous studies of
plasticized polymer coatings for SH-SAW sensors from [54], [79] reported that 23%
DOP-PS and 23% DINCH-PS gave optimal performance for these polymer-plasticizer
blends. Initially the mixing ratio of polymer-plasticizer blends for this work started at
23% and was adjusted depending on the observed sensitivity, repeatability and stability.
Experiments were conducted to find the optimum DIOA percentage in the polymer-

plasticizer blend.
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5.3 Thickness of Coating

The thickness of the coating plays an important role in sensitivity and stability of
the sensor and will be selected for optimum sensor performance. In general, by increasing
the coating thickness up to a certain limit, the sensitivity increases because it increases
the sorption capacity, but at the same time, this also increases acoustic wave attenuation.
For this work, the coating thickness was in the range of about h=0.02 A — 0.03 A
(acoustic wavelength, A =40 um). From experimental observation, with the sensor design
used in this work, a maximum coating thickness of 0.031 A can be tolerated for rubbery
polymers before the wave attenuation becomes too high. At this thickness range, all the
coatings are slightly in the acoustically thick regime [48], i.e. there will be a phase lag
across the thickness of the vibrating coating. However, as long as this phase lag is small,
the resulting increase in wave attenuation will not be prohibitive for the sensor signal. As
a result, this range of coating thicknesses will allow a large analyte sorption capacity and
low acoustic wave attenuation. Therefore, high sensitivity and a low detection limit are
possible to achieve with these coatings. In the following section, the results and
discussions of each plasticizer-polymer blend (DIOA-PS, DINCH-PS, DIOA-PMMA,
and DINCH-PMMA) with variations of plasticizer concentration and thickness are

reported.

5.4 Results for DIOA-PS Coatings

Polystyrene (PS) is selected for plasticized polymer coatings because of the
chemical structure of the monomer, styrene, which includes a phenyl ring and is expected

to have high affinity to BTEX. PS was used in previous work [54], [79], with DOP-PS
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and DINCH-PS blends for benzene detection. As a plasticizer, DIOA is used because it
has a long carbon chain, negligible leaching rate and favorable solubility parameters.
Table 3 in chapter 3 shows the solubility of PS with DIOA, THF and all BTEX
chemicals. All BTEX analytes are investigated for DIOA-PS coatings, but benzene is the
main focus because of its carcinogenicity as well as its low detection limit. An optimal
coating is found based on sensitivity to benzene, and then all the other BTEX chemicals
are tested with that coating.

As stated earlier, based on [54], [79], 23% DOP-PS with a 1.1 um thick coating
and 23% DINCH-PS with a 1.0 um thick coating were showing the best performance
among DOP-PS and DINCH-PS blends. A device was prepared with 23% DIOA-PS with
a 1.0 pm-thick coating and polymer-plasticizer mixing ratio and coating thickness were
further adjusted depending on the observed sensitivity, repeatability and stability. For the
DIOA-PS blends, it was observed that the long-term stability of the coating depends on
the polymer-plasticizer mixing ratio as well as the thickness of the coating. Initially,
various combinations of coating thickness and DIOA-PS mixing ratios were tested to
determine stability of the coating and repeatability of the sensor response (frequency
shift). An empirical figure of stable DIOA-PS coatings based on the mixing ratio and
coating thickness is shown at the end of the DIOA-PS result section. Similarly, various
mixing ratios with various coating thicknesses for DIOA-PMMA & DINCH-PMMA were

analyzed and the results are shown in the respective sections.
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As stated earlier, based on [54], [79], 23% DIOA-PS was prepared for a coating

thickness of less than 1.0 um. The exact percentage of DIOA in PS blend that was

obtained was 22.9%. The thickness of the coating was measured to be 0.7 um (h =0.0175

A) resulting in an initial insertion loss of 25 dB. Experiments were conducted to obtain

the frequency response, and the loss was also tracked at the same operating frequency

over the measurement period. The overlaid sensor responses to benzene over a

measurement period of three months are shown in Fig. 5.1.
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Figure 5.1: Frequency response of SH-SAW device coated with 0.7 pm-thick (h =
0.0175 1) 22.9% DIOA-PS to 1 ppm (1 mg/L) benzene in water with error bars.

The measured responses were normalized to 1 ppm benzene using the

concentration measured by the GC-PID immediately after the sensor measurement. The
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headspace of the sample container jar was kept as low as possible to minimize analyte
evaporation. After normalizing the responses to 1 ppm, an average response curve was
produced by averaging all the data of the responses. Fig. 5.1 shows the average response
curve of all the measurement with error bars. The error bars represent the standard
deviation of all the response curves measured with the coating. The observed error bar is
about +15%. Note that the measurement error of the GC-PID is about +7% [80]. The
mismatch between these values may be due to the volatility of the samples during the
sample transfer from the sensor measurement to the GC-PID. Although the ambient
temperature of the entire measurement system including analyte sample, reference
sample and flow cell with sensor device should be stable, small changes in the
temperature may be noticeable due to the low sensitivity of the coating, possibly
contributing to the observed spread.

The sensitivity of the coating is referred to as the frequency shift response per unit
concentration of analyte (Hz/ppm) and calculated from the baseline-corrected data. Using
a single exponential fitting program in MATLAB, the frequency shift was extracted from
the raw data and plotted as a function of analyte concentration. The slope of the curve
represents the sensitivity of the coating for that specific analyte. The frequency shift as a
function of benzene concentration was plotted for the 0.7 um-thick 22.9% DIOA-PS

coating and is shown below.
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Figure 5.2: Frequency shift vs benzene concentration with a linear fit and zero
intercept to extract sensitivity for a 0.7 pm-thick (h = 0.0175 2) 22.9% DIOA-PS
coated SH-SAW sensor.

The 0.7 pm-thick 22.9% DIOA-PS sensor coating had a sensitivity of 220
Hz/ppm shown in Fig. 5.2. The average RMS noise is 8 Hz, resulting in a limit of
detection of 110 ppb. The goal of the research was to create a sensor coating that will
have high sensitivity and low detection limit. To achieve this goal, further adjustment of
the coating parameters was needed. To increase the sensitivity, either the thickness of the
coating or the percentage of plasticizer can be increased. Increasing the percentage of
plasticizer will soften the polymer, create an even more rubbery coating and increase the
free volume, allowing more analyte to be absorbed by the coating. The plasticizer
percentage can be optimized based on the loss spectrum of the device. The loss spectrum
is shown in Fig. 5.3, with the tracked insertion loss at the operating frequency shown in

the inset of the Fig.5.3.
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Figure 5.3: Loss spectrum of an SH-SAW sensor device with 0.7 pm-thick (h =
0.0175 1) 22.9% DIOA-PS coating. The inset shows the loss tracked at the operating
frequency.

Although the 0.7 um-thick 22.9% DIOA-PS coating did not have high sensitivity,
it was found to be stable for 100 days. The loss spectrum was collected for each
measurement over 100 days. The insertion loss at the operating frequency of the device
was tracked to see any indication for changes in the elastic characteristics of the coating
over the measurement period. As seen in the above Fig.5.3, the loss of the device
fluctuated by about 5 dB. The high insertion loss of the device suggests that the coating
should not be made more rubbery. For the next blend, instead of increasing the
plasticizer percentage, the coating thickness was increased, which should result in an
increase in sensitivity. To keep the acoustic-wave attenuation low, the plasticizer

percentage was simultaneously decreased.
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542 17% DIOA-PS 10% in THF

In order to improve the sensitivity and the elastic characteristics of the DIOA-PS
coating, several coatings with lower percentages of plasticizer and higher thickness (1.0
um) were investigated. It was found that a 1.0 pum-thick (h = 0.025 A) coating made from
a solution of 17% DIOA-PS in 10% THF had high sensitivity (345 Hz/ppm) for benzene.
The initial insertion loss (23 dB) suggests that it is possible to make this coating even
thicker and more rubbery. Note that from experimental observation it is known that the
signal-to-noise ratio of a sensor device deteriorates significantly if the device insertion
loss exceeds about 35 dB; thus, for the 1.0 pm-thick (h = 0.025 &) 17% DIOA-PS
coating, there was still room for increased insertion loss. Experiments were conducted to
determine the sensor response to benzene over the course of several weeks of sensor
operation. Fig. 5.4 shows the average response of 9 measurements, with error bars
representing standard deviation, of a sensor coated with 1.0 pm-thick (h = 0.025 1) 17%

DIOA-PS.



97

Apalytefdin
0 fp-t-r
-50 ‘
_ -100
? \
= -150
B -200
5 !
s -250
g_ o
L .300 -lT.'r'T'r
: T
-350 L
Analyte Dut
-400

0 2 4 6 8 10 12 14 16 18

Time (min)

Figure 5.4: Frequency response of SH-SAW device coated with 1.0 pm-thick (h =
0.025 1) 17% DIOA-PS to a concentration of 1 ppm benzene in water. Error bars
represent the standard deviation of 9 measurements performed over 36 days.

Responses have been normalized to 1 ppm benzene using the independent
concentration measurements of the GC-PID. Data was collected over the course of 36
days. The observed error bars in the equilibrium frequency shift are about £9%. Note that
the measurement error of the GC-PID is about +7% [80]. The small difference may be
due to slight loss of the volatile samples during sample transfer between instruments.
Also note that the error bars include the RMS noise of the SH-SAW sensor response as
well.

The frequency shifts responses of the 1.0 um-thick (h = 0.025 1) 17% DIOA-PS

coating for benzene were extracted from the raw data and plotted as a function of
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benzene concentration. A linear fit with zero y-intercept was used to extract the

sensitivity.
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Figure 5.5: Frequency shift vs benzene concentration with a linear fit and zero y-
intercept used for extracting sensitivity for a 1.0 pm-thick (h = 0.025 1) 17% DIOA-
PS coated SH-SAW sensor.

The 1.0 um-thick 17.0% DIOA-PS sensor coating was found to have a sensitivity
of 345 Hz/ppm, the average RMS noise was 7.3 Hz and the calculated limit of detection
was 60 ppb.

The insertion loss at the operating frequency was tracked to determine any
changes in the viscoelastic properties of the coating and is shown in Fig. 5.6. The loss
remained stable at around 24 (+ 1) dB for one month, indicating relative physical stability

of the coating throughout the time of the experiments.



99

Loss vs Time
-15

Lossin dB
)
h

0 10 20 30 40
days

Figure 5.6: Device insertion loss at the operating frequency for the 1.0 pm-thick
17% DIOA-PS coated SH-SAW sensor tracked over a period of 40 days.

5.4.3 17.5% DIOA-PS 11.5% in THF

The percentage of DIOA and thickness of the coating have been further adjusted to
change the sensing characteristics of the coating. It was observed that reducing the
percentage of plasticizer increases the rigidity of the coating, making it glassier. The
percentage was reduced to 16.0% DIOA-PS at 1.0 um thickness, giving slightly reduced
sensitivity and an increase in response time constant as expected for a glassier coating.
Increasing the percentage of plasticizer with higher thickness (more than 1.0 pm) showed
a trend towards reduced coating stability. To find the optimal balance between sensitivity
and stability, the plasticizer percentage and coating thickness were increased slightly.
Increasing coating thickness will increase the sorption capacity of the coating, which might

also lead to an increased viscoelastic response and increased confinement of the SH-SAW
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to the surface. Although at this thickness the rubbery coating is slightly in the acoustically
thick regime [48], [81], (meaning that there will be a phase lag across the thickness of the
vibrating coating), this phase lag is small and will not negatively affect the sensor signal.
It was found that a 1.25 um-thick (h =0.031 ) 17.5% DIOA-PS coating gave the highest
sensitivity, as well as the lowest detection limit among all the investigated DIOA-PS
coatings while maintaining stability for over one month. Fig. 5.7 shows the frequency

response to benzene in the concentration range of 65 ppb to 990 ppb.
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Figure 5.7: Frequency response of SH-SAW device coated with 1.25 pm-thick (h =
0.031 ) 17.5% DIOA-PS to various concentrations of benzene in water.
Concentrations are indicated in the graph (1 ppb =1 pg/L). The analyte was flushed
out with DI water between individual sample measurements and the graph
combines individual sensor responses recorded on different days. The signal was
corrected for baseline drift.

From Fig. 5.7, it can be seen that low concentrations of benzene (around 50 ppb) can be
measured. The insertion loss at the operating frequency was tracked over the course of the

experiments and was found to be stable throughout the experiments.
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Frequency Shift Responses for Benzene
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Figure 5.8: Frequency responses of the 1.25 pm-thick (h =0.031 %) 17.5% DIOA-PS
coated SH-SAW sensor normalized to 1 ppm benzene. The data shows repeatability
of the frequency response of the devices.

Fig. 5.8 shows the overlaid responses of a sensor coated with 1.25 um-thick (h=0.031 1)
17.5% DIOA-PS. Responses have been normalized to 1 ppm benzene using the
independent concentration measurements of the GC-PID.

Again, the sensitivity was extracted from the raw data. The slope of the frequency
shifts versus benzene concentrations for 1.25 um-thick (h =0.031 A) 17.5% DIOA-PS

represents the sensitivity of the coating for benzene and the Fig. 5.9 is shown below.
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Figure 5.9: Frequency shift vs benzene concentration with a linear fit and zero y-
intercept used for extracting sensitivity for a 1.25 pm-thick (h =0.031 1) 17.5%
DIOA-PS coated SH-SAW sensor.

The sensitivity of the 1.25 um-thick 17.5% DIOA-PS sensor coating was found to
be 482 Hz/ppm, with a calculated limit of detection of 45 ppb, which was experimentally
tested down to a concentration of 65 ppb of benzene as shown in Fig. 5.7. This figure also
shows linearity between frequency shift and concentration for the concentration range
investigated

To determine the stability of the 1.25 um-thick 17.5% DIOA-PS sensor coating,
the insertion loss at the operating frequency was tracked over the period of
measurements. The initial loss was 24 dB, and over the period of measurements it
changes only by 1 dB, which represents a very stable coating for this measurement

period. Fig. 5.10 shows the insertion loss versus time curve.



103

Loss vs Time

Loss

Loss in dB
N
ol

0 5 10 15 20 25 30 35
day of measurement

Figure 5.10: Device insertion loss at the operating frequency for the 1.25 pm-thick (h
=0.031 1) 17.5% DIOA-PS coated SH-SAW sensor tracked over a period of 32 days.

5.4.4 Reproducibility and Repeatability

The 1.25 pm-thick 17.5% DIOA-PS coated SH-SAW sensor showed highest
sensitivity and good stability for at least one month. The sensor response of this coating
showed repeatability over the period of the measurements. Later, the 1.25 um-thick
17.5% DIOA-PS coating was reproduced four times to confirm the reproducibility of the
coatings. The results of the repeated 1.25 um-thick 17.5% DIOA-PS coated SH-SAW
sensor are shown in Fig’s 5.11, 5.12 and 5.13. The sensor response of the reproduced
1.25 pum-thick 17.5% DIOA-PS coating was similar to the first 1.25 pm-thick 17.5%
DIOA-PS coating. Because of some procedural error, the thickness of the repeated
coating was slightly thinner (1.23 um) than the first coating, which is why the sensitivity
was slightly lower. The sensitivity of the 1.25 um-thick 17.5% DIOA-PS coating for
benzene was 482 Hz/ppm and the sensitivity of the reproduced 1.25 um-thick 17.5%

DIOA-PS coating is 450 Hz/ppm. Fig. 5.11 shows the average frequency response of the
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reproduced 1.25 pm-thick 17.5% DIOA-PS coating with error bars. The error bars

represent standard deviation of all the measurements.
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Figure 5.11: The average frequency response of SH-SAW device coated with the
reproduced 1.25 pm-thick (h = 0.031 ) 17.5% DIOA-PS coating to a concentration
of 1 ppm (1 mg/L) benzene in water with error bars representing the standard
deviation of the measurements.

Again, for the reproduced 1.25 pm-thick (h = 0.031 A) 17.5% DIOA-PS coating,
sensitivity was extracted from the raw data and plotted as a function of benzene
concentration. Fig. 5.12 shows the frequency shift responses versus benzene
concentration. The slope of the Fig.5.12 represents the sensitivity of the coating for

benzene.
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Figure 5.12: Frequency shift vs benzene concentration with a linear fit and zero y-
intercept used for extracting sensitivity for the reproduced 1.25 pm-thick (h = 0.031
) 17.5% DIOA-PS coated SH-SAW sensor.

The loss tracked at the operating frequency for both 1.25 pm-thick 17.5% DIOA-PS and
reproduced 1.25 pm-thick 17.5% DIOA-PS coated SH-SAW sensor devices was plotted
and showed similar stability. Fig. 5.13 shows the loss changes during the one-month
period of the measurements. This figure indicates similar behavior for both devices. After

one week, the loss was stable throughout the measurement periods.
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Figure 5.13: Device insertion loss at the operating frequency for the reproduced 1.25
pm-thick 17.5% DIOA-PS coated SH-SAW sensor tracked over a period of 37 days.

5.4.5 Reproduced 17.5% DIOA-PS 11.5% in THF for BTEX

Once the optimal DIOA percentage in the DIOA-PS blend and coating thickness
were determined for benzene detection, the other BTEX chemicals, toluene, ethylbenzene
and xylene were tested using the coating. As the 1.25 pm-thick (h=0.031 1) 17.5%
DIOA-PS coating has the highest sensitivity and lowest detection limit for benzene, it
was considered the optimum coating for DIOA-PS blends. The frequency responses of
toluene, ethylbenzene and xylene for the reproduced 1.25 pm-thick 17.5% DIOA-PS

coating are shown in Fig.’s 5.14, 5.15 and 5.16 respectively.
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Frequency Shift Response to Toluene
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Figure 5.14: The average frequency response of SH-SAW device coated with the
reproduced 1.25 pm-thick (h = 0.031 %) 17.5% DIOA-PS coating normalized to a
concentration of 1 ppm (1 mg/L) toluene in water with error bars representing the
standard deviation of the measurements.
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Frequency Shift Response to Ethylbenzene
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Figure 5.15: The average frequency response of SH-SAW device coated with the
reproduced 1.25 pm-thick (h = 0.031 %) 17.5% DIOA-PS coating normalized to a
concentration of 1 ppm (1 mg/L) ethylbenzene in water with error bars that
represent the standard deviation of the measurements.
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Frequency Shift Response to Xylene
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Figure 5.16: The average frequency response of SH-SAW device coated with the
reproduced 1.25 pm-thick (h = 0.031 %) 17.5% DIOA-PS coating normalized to a
concentration of 1 ppm (1 mg/L) xylene in water with error bars representing the
standard deviation of the measurements.

To determine the sensitivity, the frequency shift versus concentration curves were
plotted for each chemical. Frequency shift was extracted from the baseline corrected data
by using a MATLAB fitting program and the concentration was found from individual
GC-PID measurements. Time constants for each BTEX compound were also extracted
together with the frequency shifts. The time constants for benzene, toluene, ethylbenzene
and xylene for 1.25 pm-thick 17.5% DIOA-PS coating are 100.7, 237.6, 576.2 and 648

seconds, respectively.
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The slope of frequency shift versus analyte concentration curves represents
the sensitivity for each chemical for the repeated 1.25 pm-thick 17.5% DIOA-PS
coating. Fig.’s 5.17, 5.18 and 5.19 show the sensitivity curves for toluene,

ethylbenzene and xylene respectively.
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Figure 5.17: Measured frequency shift vs toluene concentration with a linear fit and
zero intercept used for extracting sensitivity for the reproduced 1.25 pm-thick (h =
0.031 1) 17.5% DIOA-PS coated SH-SAW sensor.
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Sensitivity for Ethylbenzene
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Figure 5.18: Measured frequency shift vs ethylbenzene concentration with a linear
fit and zero intercept used for extracting sensitivity for the reproduced 1.25 pm-
thick (h =0.031 1) 17.5% DIOA-PS coated SH-SAW sensor.
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Figure 5.19: Measured frequency shift vs xylene concentration with a linear fit and
zero intercept used for extracting sensitivity for the reproduced 1.25 pm-thick (h =
0.031 1) 17.5% DIOA-PS coated SH-SAW sensor.
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5.5 DIOA-PMMA and DINCH-PMMA

A second polymer, PMMA, was investigated for plasticizer-polymer coatings. This
polymer has already been combined with some plasticizers for the purpose of liquid-phase
hydrocarbon sensing in the literature [66], [67]. However, the long-term stability was not
studied, and no DINCH-PMMA blends had been investigated. PMMA has a similar glass
transition temperature compared to PS. DINCH-PMMA and DIOA-PMMA were studied
for benzene detection using a SH-SAW sensor coating. The results for various plasticizer
percentages and coating thicknesses for benzene concentrations ranging up to 5 ppm are
summarized below in Table 5.

Table 5: Sensitivity to benzene for various coatings of DINCH-PMMA and DIOA-
PMMA with several coating thickness.

Coating Thickness | Loss Sensitivity to Benzene
23% DINCH-PMMA 6% in TCE 0.6 um 19dB Not significant
30% DINCH-PMMA 9% in TCE 1.5um 27 dB Not significant
35% DINCH-PMMA 8% in TCE 1.0 um 25-29 dB | Not significant

30% DINCH-PMMA 6% in Chloroform | 0.5-0.9 um | 25dB Not significant

35% DINCH-PMMA 6% in Chloroform | 0.7-1 um 23dB Not significant

30% DINCH-PMMA 7% in Chloroform | 1.0 um 25-30 dB | Not significant
30% DINCH-PMMA 6.5% in Chloroform | 0.6 um 20 dB Not significant
25% DIOA-PMMA 6.5% in Chloroform | 0.9 um 23 dB Not significant

30% DIOA-PMMA 6.5% in Chloroform | 0.95 um 25dB Not significant

The results show that DINCH and DIOA plasticized PMMA are not very sensitive to
benzene. Sensitivity to benzene is generally lower than that to the other aromatic
compounds for polymer coated SH-SAW devices. Response of the DINCH-PMMA
coating (e.g. 0.6 um-thick 30.0%) to ethylbenzene was also investigated, and a significant
sensitivity was found, ruling out the possibility that the coating is glassy. The observed low

sensitivity of PMMA-plasticizer blends to BTEX analytes may instead be related to the
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slightly high RED value listed in Table 1 for miscibility of PMMA and benzene. It is
concluded that polystyrene is a better choice for this application due to its chemical

structure giving it greater affinity to BTEX.

5.6 Ideal Plasticizer Percentage of Sensor Coatings

The ideal percentage of plasticizer in a polymer-plasticizer blend as well as the
coating itself depends on the application. In an application where a low detection limit is
very important, a coating with high sensitivity is ideal. In a different application where
continuous monitoring is more important than the detection limit, long-term stability of
the coating is most important. If a coating can be found which has high sensitivity and
long-term stability it would be the ideal coating. Unfortunately for DIOA-PS coating
blends, sensitivity and long-term stability have approximately an inverse relationship.
The thin coating (0.7 um) showed the longest (more than 3 months) stability but lowest
sensitivity and the thick coating (1.25 um) showed the highest sensitivity with only one
month of stability, so there is a tradeoff between long term stability and sensitivity
depending on the application. Also, for all coatings, sensitivity increases with coating
thickness up to a certain thickness. For DIOA-PS blends, thickness has an impact not
only on the sensitivity but also on the stability of the coating. Stability and repeatability
of DIOA-PS coating blends depend on the mixing ratio of DIOA and PS as well as the
thickness of the coating. Several experiments were conducted with various combinations
of coating thicknesses and DIOA-PS mixing ratios to determine stability of the coating

and repeatability of the sensor response (frequency shift). Based on these experiments, an



empirical figure of DIOA-PS coating stability as a function of coating thickness and

plasticizer percentage was plotted and is shown below.
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Figure 5.20: Results for coatings with various thicknesses and polymer-plasticizer
(DIOA-PS) mixing ratios showing the stability of the coatings. All red points
represent unstable coatings and all points on or below the dotted line are stable
coatings that can produce repeatable sensor response.

In Fig. 5.20, the red points represent DIOA-PS sensor coating blends that were not stable

or did not produce repeatable sensor responses. The blue points represent DIOA-PS

sensor coating blends that were stable and produced repeatable sensor responses. It was

expected that all the points that fall below the dotted line would produce stable DIOA-PS

sensor coatings with repeatable sensor responses.
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5.7 Pinhole Formation and Polymer Creep

Most sensor devices coated with polymer-plasticizer blends (DINCH-PS,
DINCH-PMMA, DIOA-PS & DIOA-PMMA) showed coating degradation in various
forms, including pinhole formation, polymer creep and aging of the coating over the
period of measurements. In this work, it was shown that by adjusting the plasticizer’s
percentage in the blends as well as by adjusting the coating thickness, pinhole formation
can be controlled to a certain degree, but it was not possible to eliminate it completely.
Although the exact reason of pinhole formation is still unknown, some possible reasons
could be contamination by organic materials on the surface of the sensor device or in the
coating solution, microbubbles in the coating solution or polymer creep. Contamination
can cause pinhole formation because it can affect the adhesion between the polymer
coating and the surface of the device over time. In order to try to solve this contamination
problem, all steps in the device cleaning procedure were done carefully and another
additional cleaning step was added, but pinholes were still forming. As the devices were
not cleaned and coating solutions were not prepared in a clean room environment, there
may still be a possibility of contamination. To solve the microbubble problem, the coating
solutions were allowed to stand for 24 hours after mixing and then used to coat the
devices, but there were still pinholes. Another cause of pinhole formation could be the
plasticizer-polymer mixing ratio and thickness of the coating. For DIOA-PS, with a
higher percentage of DIOA in the blend, as well as higher thickness, pinholes tend to
form quicker. For example, all the red points shown in Fig. 5.21 have pinhole formation
occurring within about a week, but with a higher percentage of plasticizer and lower

coating thickness or lower percentage of plasticizer and higher thickness the formation of
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pinholes was slow. Higher percentages of plasticizer increase the mobility of the polymer
chains, which can accelerate the rate of pinhole formation. It was noticed that for DIOA-
PS coating blends with higher than 23 % DIOA-PS, the pinhole formation was very quick
and the response of the coating was not repeatable. For thinner coatings, it was observed
that the pinhole formation rate was slower and pinholes were not big enough to disturb
the acoustic wave propagation decisively. In addition, the pinholes were not developed
enough to reach the surface of the device and the SH-SAW was not highly attenuated.
The 0.7 um-thick 22.9% DIOA-PS coating was stable for more than 100 days. After 105
days when it was examined under a microscope, there were pinholes, but those pinholes
were too small to increase the insertion loss. On the other hand, coatings with thickness
of more than 1 um have a tendency to form larger pinholes more quickly. The 17.5%
DIOA-PS 1.25 um-thick coating had the highest sensitivity but was only stable for one
month. The microscopic views of the surface of the device before and after the

measurements are shown below.

Figure 5.21: Left side (a): surface of a SH-SAW device coated with 1.25 pm-thick
17.5% DIOA-PS coating before the measurements; right side (b): surface of the
same device after one month of measurements, seen under an optical microscope.
Scale: the width of the IDT fingers (narrow golden lines) is about S pm.
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There might be a possible way to solve or reduce the pinhole problem by using a
more creep resistant polymer in the polymer-plasticizer blend. It is also known that an
increase in molecular weight of a polymer tends to promote secondary bonding between
polymer chains, thus making the polymer more creep resistant [82]. Thus, higher molecular
weight and longer chain length of the polymer can be a possible solution to prevent or
reduce the coating degradation. In the future, coating degradation could be further

addressed by increasing polymer molecular weight or by addition of an adhesion promoter.

5.8 Improving Stability by Oxygen Plasma Treatment (OPT)

It is known that plasma treatment has the ability to modify the surface of a
material in order to increase surface energy, bonding, printing, or wettability [83].
Oxygen plasma treatment is one common and low cost technique for plasma treatment
because of the availability of oxygen. When oxygen gas is introduced into the plasma
chamber, it is called oxygen plasma [84]. Oxygen plasma is usually used to clean a
surface and along with other gases, it can be used to etch various materials. Oxygen
plasma can also increase the bonding (i.e. increase cross-linking) inside the polymer
materials. In a reported work [76], oxygen plasma was applied to treat a plasticized
polymer film to prevent the leaching of plasticizer from the film. For DIOA-PS coatings,
it was observed that when a device coated with DIOA-PS was subjected to continuous
(10 to 12 hours) long-term measurement (over 30 days), the insertion loss showed a trend
of improving which indicates slight leaching of plasticizer. It was decided to apply
oxygen plasma treatment on the DIOA-PS coating to prevent leaching and observe the
impact of the oxygen plasma treatment. In order to do that, two devices were coated with

the same coating solution in the same environment at the same time. Later, one device



118

was treated by oxygen plasma and the other device was used without the oxygen plasma

treatment. As shown in Fig. 5.22, the insertion loss of the device without the treatment of

oxygen plasma changed by 2.5 dB and the loss of the device with oxygen plasma

treatment was stable within £0.5 dB for more than 40 days. For future studies, oxygen

plasma treatment can be a good choice to make stable coatings of DIOA-PS or other

plasticizer-polymer coatings showing slight leaching of plasticizer.
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Figure 5.22: Change in insertion loss versus time, left: change in loss for a device
without oxygen plasma treatment; right: change in loss for a device with oxygen
plasma treatment.
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5.9 Selectivity

DIOA-PS coatings were investigated for all BTEX compounds to determine the
selectivity of the coatings. At first the optimum coating was determined for benzene
detection and later that coating was reproduced to measure the sensitivity, selectivity and
repeatability for all BTEX compounds. For DIOA-PS coatings, 17.5 % DIOA-PS with a
thickness of 1.25 um was considered the best choice for short term measurements up to
about one month because it showed the highest sensitivity for benzene, and 22.9%
DIOA-PS with a thickness of 0.7 pum was found to be optimal for long-term (more than 3
months) measurements. These two coatings were investigated for detection of toluene,
ethylbenzene and xylene along with benzene. The Fig. 5.23 below shows the comparison
of partial selectivity for polymer-plasticizer blends (1.25 um-thick 17.5 % DIOA-PS, 0.7
um-thick 22.9% DIOA-PS, 1.0 um-thick 23% DINCH-PS [79]) with commercially
available polymer coatings (0.6 pm-thick PECH, 0.8 um-thick PIB [24]). For the 1.25
um-thick 17.5 % DIOA-PS coating the sensitivity of toluene, ethylbenzene and xylene
were 1.5 kHz/ppm, 3.4 kHz/ppm and 7 kHz/ppm, respectively, and for the 0.7 um-thick
22.9% DIOA-PS PS coating the sensitivity of toluene, ethylbenzene and xylene were 515
Hz/ppm, 1.1 kHz/ppm and 1.6 kHz/ppm, respectively. For plotting the partial selectivity
comparison curve, sensitivity for all BTEX compounds were normalized with respect to
benzene sensitivity, analyte molecular weight and analyte solubility in water. From the
Fig. 5.23, it is clearly seen that the ratios in the sensitivities to the different BTEX
compounds for polymer-plasticizer blends clearly differ from those of commercially
available polymer coatings, which is desirable when implementing a sensor array for

identification and quantification of a mixture of BTEX compounds in water.
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Figure 5.23: Partial selectivity comparison among various coatings (1.25 pm-thick
17.5 % DIOA-PS, 0.7 pm-thick 22.9 % DIOA-PS, 1.0 pm-thick 23% DINCH-PS, 0.6
pm-thick PECH and 0.8 pm-thick PIB). The average error on the sensitivity value is
about £9 to 14%.

In order to determine the ability of a sensor system to distinguish among various
BTEX analytes, a radial plot was created using eight input parameters, specifically the
time constants and the ratios between the sensitivities measured for various polymer and
polymer-plasticizer coatings. Fig. 5.24 shows the radial plot for 1.25 um-thick 17.5 %
DIOA-PS, 1.0 um-thick 23% DINCH-PS, 0.6 pm-thick PECH and 0.8 pm-thick PIB

coatings for benzene, toluene and ethylbenzene.
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Figure 5.24: Radial plot showing the response time constant, t (in units of 100 s),
and the ratios of frequency shift, Af of devices coated with various coatings for

benzene, toluene and ethylbenzene.

By using both the steady-state (sensitivity) and transient (time constant) response

information of SH-SAW sensors coated with polymer (PIB and PECH) and polymer-

plasticizer blends (DIOA-PS and DINCH-PS), the radial response patterns were obtained

for benzene, toluene and ethylbenzene and are shown to be easily distinguishable from

each other. In the response patterns shown in Fig. 5.24, it is noticeable that the response

time of benzene, toluene and ethylbenzene are better separated than the ratios of

frequency shifts. Also, it can be noticed that the ratios of sensitivities of polymer-

plasticizer vs. polymer coatings are better separated than those of polymer coatings or

polymer-plasticizer blends. Therefore, in order to design a sensor array with many

coatings for the purpose of analyte detection and identification in a mixture of analytes, it
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will be better to choose at least one polymer and at least one polymer-plasticizer blend for

the coatings instead of only polymers or only polymer-plasticizer blends.

5.10 Sensitivity Comparison

One of the goals for this research was to find as many suitable coatings for SH-
SAW sensors as possible with high sensitivity for the BTEX compounds. The sensitivities
and time constants of the investigated polymer-plasticizer blends are compared with those
of the existing polymer coatings in the table below.

Table 6: Summary of the investigated coatings together with commercially available
coatings showing response time constants and sensitivities for BTEX compounds

Coatings Benzene Toluene Ethylbenzene Xylene
Polymer/ polymer | t(s) | Hz/ T(s) Hz/ | t(s) Hz/ ©(s) | Hz
-plasticizer ppm ppm ppm /ppm
PECH (0.6 um) 26.5 | 110 77.6 |435 | 174.8 | 1450 175 | 1450
PIB (0.8 um) 29.3 | 63 842 345 [244.8 |1670 |245 |1670
23% DINCH-PS | 69.6 | 237 140.4 | 810 |363.9 |2010 |358 |2520
(1.0 pm)

17.5% DIOA-PS | 100. | 450 237.6 | 1510 [ 576.2 |3445 | 648 |9103
(1.25 pm) 7

22.9% DIOA-PS | 44.7 | 220 99 515 | 268 1110 | 271 | 1545
(0.7 pm)

Frequency shift and time constant were extracted from the frequency response curve by
using a MATLAB fitting program. Sensitivity is defined as frequency shift per unit
concentration of a specific analyte. Furthermore, it is important to remember that time
constant and response time to equilibrium (time to reach steady state) are two different
parameters as defined in chapter one. Time constants for each sensor coating are different
for each analyte which is important to consider when designing a sensor array. As the

time constants for ethylbenzene and xylene are similar, they can be grouped together in
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the analysis of multiple analyte mixtures. Note that the xylene analyte used in this work is
a mixture of the three xylene isomers (m-xylene, o-xylene and p-xylene) and also
contains ethylbenzene.

Fig. 5.25 shows the comparison of measured frequency shifts as a function of
benzene concentration for 1.25 pm-thick (h = 0.031 1) 17.5% DIOA-PS, 1.0 pm-thick (h
=0.025 1) 17% DIOA-PS and 0.7 pm-thick (h =0.0175 1) 22.9% DIOA-PS coatings
with 1.0 pm-thick (h = 0.025 1) 23% DINCH-PS, 0.8 um-thick (h =0.020 1) 20.9%
DINCH-PS [5], 0.8 pm-thick (h = 0.020 1) PIB, and 0.6 um-thick (h =0.015 1) PECH
coatings [85] for SH-SAW devices. A linear fit was added to each data set to represent the

sensitivity and steeper slopes refer to higher sensitivity to benzene.
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17.5% DIOA-PS (0.031 1)
1000 “| @ 17.0% DIOA-PS (0.025 1)
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=
=
E 400 ®20.9% DINCH-PS (0.02 1)
0
200 *+100% PIB (0.02 )
Teenn] *100% PS (0.025 %)
0 < S e Py
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Figure 5.25: Comparison of frequency shift response as a function of benzene
concentration for SH-SAW devices coated with various investigated polymer-
plasticizer coatings and commercially available polymer coatings. Thickness of each
coating is given in parentheses.
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From Fig. 5.25, it is clear that 17.5% DIOA-PS with 1.25 pum thickness has the
highest sensitivity to benzene. This coating is best for short term measurements because
its stability is limited to a period of about one month. On the other hand, the polymer
coatings PIB and PECH showed long-term stability but have lower sensitivity compared
to polymer-plasticizer blends [85], [86]. Note that coating thicknesses are different in this
comparison because the optimum thickness of each coating was used for the
measurements. Optimum thicknesses are different for each coating and are determined
based on sensitivity and repeatability of the sensor responses. Among commercially
available polymers, unplasticized PS is not sensitive to benzene, PIB and PECH are
sensitive to benzene but are relatively soft and show high acoustic-wave attenuation, thus
limiting the maximum coating thickness that can be used. For the plasticizer-polymer
blends, the type and percentage of plasticizer in the blend affect the glass transition
temperature, the free volume, and the viscoelastic properties of the coating, and
ultimately its long-term stability. The polymer-plasticizer blends allow to adjust the shear
modulus of the coating by varying the polymer-plasticizer mixing ratio; this enables the
use of thicker coatings with larger analyte sorption capacity and, ultimately, higher
sensitivity. Note that the thicker polymer is not necessarily acoustically thicker, because
the criterion for separating acoustically thin and thick coatings depends not on the
absolute coating thickness but on the ratio of coating thickness over shear modulus of the
polymer [48]. A thicker coating also leads to better electric shielding of the IDTs from the
analyte sample, which is particularly important if the sample is electrically conducting
(e.g., groundwater, brackish water). For these reasons, the polymer-plasticizer coatings

can be used at larger thicknesses than the commercially available polymer coatings and,
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therefore, can achieve higher sensitivities. Even taking into account differences in coating
thickness, the plasticizer-polymer blends show greater analyte sorption capacities than the
commercially available polymers, indicating they are rubbery in the low-frequency range
as desired. The shear moduli of the coatings produced from plasticizer-polymer blends
have not been measured, as this would be beyond the scope of this investigation.
However, tracking the insertion loss of the devices led to the conclusion that the
plasticizer-polymer blends can be used with larger coating thicknesses, indicating that
they have a lower loss modulus, G", than the commercially available polymers (~3 x 10®
Pa for PIB [24]) and are glassy at the operating frequency of the sensor device. Among
the commercially available sensor coatings, only PECH has good sensitivity with long-
term stability for detection of benzene in groundwater. Therefore, if an array of sensors
with different coatings is desired, the polymer-plasticizer blends represent valuable

alternatives for such an array, permitting increased overall selectivity and accuracy.
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6. SUMMARY, CONCLUSIONS AND FUTURE WORK

6.1 Summary

The goal of this research work was to investigate polymer-plasticizer blends to
create suitable coatings for SH-SAW sensor devices for in-situ monitoring of BTEX
chemicals in water. The results presented in chapter five show that polymer-plasticizer
blends can be employed as sensitive coatings for SH-SAW sensors to detect organic
compounds, particularly benzene, toluene, ethylbenzene, and xylene in water within some
concentration ranges. A polymer-coated sensor platform was used, and the coating was
the main focus of this research. For the coating, various polymer-plasticizer blends
including DIOA-PS, DIOA-PMMA, and DINCH-PMMA were studied. Various
polymer-plasticizer mixing ratios combined at various coating thicknesses were tested to
characterize sensitivity, repeatability, long-term stability, selectivity and reproducibility
of the coated sensor devices.

Among the investigated sensor coatings, the 1.25 pm-thick (0.031 1) 17.5%
DIOA-PS coating showed the lowest detection limit (45 ppb) for benzene due to the high
sensitivity (480 Hz/ppm) and low RMS noise for the sensor coating. The sensitivities of
the device coated with this coating for toluene, ethylbenzene, and xylene were 1.5
kHz/ppm, 3.4 kHz/ppm, and 7 kHz/ppm respectively. This coating has been shown to be
ideal for short term measurements up to one month, with negligible degradation and
leaching. The sensor coating was reproduced within experimental error on multiple

devices to confirm consistent sensitivity and detection limit.
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The motivation for this research was described, and the problem of BTEX
exposure in the environment and groundwater contamination was discussed. As potential
tools for the application of in-situ groundwater monitoring, the shear horizontal surface
acoustic wave (SH-SAW) sensor platform along with other sensors were described
briefly. Due to the high sensitivity to surface perturbations and ability to perform well in
liquid environments, the SH-SAW sensor platform was chosen for this research. The
theory for an SH-SAW device was reviewed to explain the sensor response to the analyte
sample. Then, the coating was discussed in detail, the polymer and plasticizer materials
as coating materials were investigated, and the relative energy difference (RED) values of
the polymer-plasticizer materials with the solvent and BTEX compounds were calculated
from the Hansen solubility parameters of materials to predict the sensor response.

Various mixing ratios and coating thicknesses were investigated for DIOA-PS,
DIOA-PMMA, and DINCH-PMMA to optimize sensitivity and long term stability. A
complete description of the experimental procedure including device preparation, coating
preparation, BTEX analyte sample preparation, and confirmation of sample concentration
can be found in chapter iv. Experiments were conducted to evaluate the sensitivity,
repeatability and stability of each coating for all BTEX chemicals, while at the same time
insertion loss at the operating frequency was tracked to determine the coating
degradation. After each experiment, concentration of each analyte sample was measured
using a GC-PID to independently confirm the concentration. Sensitivity and detection
limit for each analyte were calculated by using the concentration from GC-PID and the

RMS noise computed from the frequency response.
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For DIOA-PS, various percentages of DIOA (22.9%, 17%, 17.5%) in the blend
were studied to find the optimal coating. Once an optimal coating in terms of sensitivity,
repeatability and stability was determined for benzene, the coating was reproduced to
measure the sensitivity for other BTEX compounds along with benzene. The 1.25 pm-
thick (0.031 &) 17.5% DIOA-PS coating showed the lowest detection limit (45 ppb) for
benzene due to the highest sensitivity (480 Hz/ppm) and the 1.0 um-thick (0.025 A) 17%
DIOA-PS coating showed high sensitivity (378 Hz/ppm) with one month of stability. In
addition, the 0.7 um-thick (0.0175 A) 22.9% DIOA-PS coating showed long term stability
over 100 days with good sensitivity (220 Hz/ppm).

Other polymer-plasticizer blends (DIOA-PMMA, DINCH-PMMA) were
examined to find more suitable coatings for BTEX detection. Various mixing ratios and
coating thicknesses for DIOA-PMMA and DINCH-PMMA were produced and tested
with benzene analytes, but none of them showed significant response to benzene.
Ethylbenzene was also tested to evaluate the response of those coatings, and it was found
that those coatings are sensitive to ethylbenzene. The mechanical properties of the
coatings were also investigated in terms of the sensor response by tracking the insertion
loss of the acoustic wave device. This is because the device electrical properties are a
function of the shear modulus of the coatings.

After data collection, signal and data processing were conducted for all responses
collected from the vector network analyzer by using MATLAB and Excel. The frequency
response was first corrected for baseline drift, and later by using a MATLAB fitting
program, equilibrium frequency shift and time constant were extracted. Analyte

concentrations obtained from independent measurement by GC-PID were used to
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calculate the sensitivity and detection limit. The sensitivity and time constant for the
investigated coated devices along with existing coatings for all BTEX compounds are

summarized in table 6 in chapter 5.

6.2 Conclusions

It was determined that polystyrene (PS) is a better polymer choice than PMMA
for detection of benzene using plasticized polymer coatings. Plasticized PMMA blends
showed no significant sensitivity to benzene whereas the sensitivity to benzene of
plasticized polystyrene was found to depend strongly on the mixing ratio of the blends.
The affinity for polystyrene to benzene can be explained by the high miscibility between
polystyrene and benzene. This may be related to the structure of polystyrene monomers,
which include a phenyl ring, and to the fact that PS is synthesized from less polar
monomers than PMMA.

Generally, the mixing ratio and thickness have been adjusted to obtain a coating
that is rubbery at low frequencies, enabling large analyte sorption capacity, but glassy at
the operating frequency of the sensor device, ensuring low acoustic-wave attenuation,
with the former condition given greater importance for short-term measurement
applications and the latter given greater importance for long-term measurements.

It was found that, by adjusting the polymer-plasticizer mixing ratio, the shear
modulus of polymer-plasticizer blends can be optimized, enabling the use of thicker
coatings with higher sensitivity than commercially available polymers. Higher long-term
stability can also be achieved with many polymer-plasticizer blends, making them ideal

sensor coatings for long-term deployment in aqueous phase. The ability to tune the
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sensitivity and stability characteristics by adjustment of the plasticizer percentage and
coating thickness is an attractive choice over commercially available polymers where
only coating thickness can be adjusted. The final goal of this research is to use an array of
sensors with different sensor coatings for increased selectivity in BTEX detection and for
increased reliability in benzene identification and quantification. The results presented
here indicate that both various DIOA-PS coatings along with DINCH-PS, PIB and PECH
would be excellent candidates for the implementation of a sensor array. As demonstrated
in Fig. 5.24, combining polymer-plasticizer coatings and unplasticized polymer coatings
in a sensor array has a beneficial effect on the selectivity of the array. This is particularly
important because of the very limited number of commercially available polymers
identified as suitable for benzene detection in long-term aqueous-phase measurements.
The work showed that a glassy polymer (PS) can be used as a suitable coating for
BTEX detection after addition of an appropriate plasticizer. It is possible to obtain a
coating with the desired characteristics by choosing a suitable plasticizer with very low or
undetectable leaching rate, an appropriate percentage of plasticizer and coating thickness.
In addition, the plasticized polymer coatings have shown good partial selectivity for
BTEX chemicals in liquid. Thus, by using these coatings along with appropriate sensor
signal processing [87], it is possible to design a sensor system that can detect and
quantify BTEX compounds in water with high sensitivity and selectivity in the presence

of other interferents.
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6.3 Future Work

For future work, polystyrene is a good choice for plasticized polymer sensor
coatings for benzene detection. Because of the high sensitivity to benzene, it was thought
that plasticized polystyrene will also have high sensitivity to other BTEX compounds,
and this was confirmed by initial measurements presented in this work. To further
enhance long term stability of the plasticized polystyrene coating blends, a higher
molecular weight polystyrene sample should be investigated. In addition, other
plasticizers with low leaching rates in water should be studied as additives to polystyrene
to investigate sensitivity and long-term stability for BTEX detection in liquid.

During the research work of plasticized polymer coatings, one issue remains
partly unsolved — the pinhole problem. To solve this problem, one possible approach will
be to use polystyrene with higher molecular weight. The molecular weight of polystyrene
used for this work was 35000 g/mol. It is known that an increase in molecular weight of a
polymer tends to promote secondary bonding between polymer chains, thus making the
polymer more creep resistant [82]. As a result, a plasticized polymer with higher
molecular weight may create pinholes slower than the polymer with lower molecular
weight. Polystyrene with molecular weight 280000 g/mol has been purchased, and testing
of the resulting coating has started. For future study, polystyrene with various higher
molecular weights will be investigated to solve the pinhole issue.

In addition, it has been found that for continuous long-term study of DIOA-PS
coatings, the insertion loss shows a trend to change slightly, which indicates instability of

the coating, potentially due to slow leaching of plasticizer. To solve this issue oxygen
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plasma treatment (OPT) was used and for future study, this OPT will be further studied to
prove the effectiveness of the treatment.

Furthermore, plasticizer with higher molecular weight and greater chain length
will be investigated, mixed with polystyrene. A plasticizer, DIDA, with higher molecular
weight and greater chain length, but similar structure as DIOA was found. Measurements
on plasticized polymer coatings for DIDA-PS have started and will be continued. It may
be possible to find more suitable coatings with DIDA-PS blends, and DIOA with higher
molecular weight of PS.

Finally, to improve the adhesion of the coating, the addition of an adhesion
promoter will be investigated. In addition, before coating with polymer-plasticizer
blends, a very thin layer (0.1 um) of PMMA or another polymer with good adhesion on
LiTaO3 and on gold will be applied to the device. This thin layer will act as a glue
between the plasticized polymer coating and the device, which might increase the

adhesion and the long-term stability of the coating in water.
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