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ABSTRACT
CHEMICALLY SENSITIVE POLYMER COATINGS FOR SH-SURFAE
ACOUSTIC WAVE SENSORS FOR THE DETECTION OF BENZEMNE
WATER

Robert Lenisa, B.S.

Marquette University, 2013

Polymer-coated shear horizontal surface acoustieWSH-SAW)
sensors are investigated for the detection of benzeaqueous samples.
The SH-SAW sensors using three-layer geometry haiegle polymer
sensing layer which absorbs the analyte and irteeveith the surface wave.
Several polymers are identified as potential imprognts over current
sensing films based on glass transition temperaiodeHildebrand solubility
parameter. The polymers investigated in this wackude poly (methyl
acrylate) (PMA), poly (butyl acrylate) (PBA), polgthylene co-vinyl
acetate) (PEVA), bisphenol-A poly (dimethylsiloxaBPA PDMS), and
bisphenol-A poly (hexamethyltrisiloxane) (BPA HMTS)

The polymers are spin coated on a lithium targglatraG;) SH-
SAW dual delay-line device at thicknesses betwegmué and 1.0 pum.
Each film’s thickness is measured and the filnxigosed to multiple
concentrations of the aromatic hydrocarbons benzthglbenzene, toluene,
and xylenes (BTEX). The added mass and viscoelalstinges in the
sensing layer result in a change in center frequand acoustic loss of the
device. The frequency change is measured andtoskxtermine sensitivity
of the coated sensor to each analyte.

BPA PDMS and BPA HMTS show larger sensitivitiegazh of the
BTEX analytes than PBA, PMA, or PEVA. However, b&PA PDMS and
BPA HMTS were observed to lose sensitivity during &ging process. Itis
shown that the aging effect on BPA HMTS can begated by baking the
film after it is applied to the device.
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1 INTRODUCTION

1.1 Problem Statement

The goal of this thesis is to help develop an immptbsensor for detecting
benzene in water samples. Benzene is a chematabticurs in nature and as a result of
several industrial processes, and is a known aageimto humans. Current EPA limits
for drinking wells require benzene concentratiomab exceed 5 parts per billion (ppb)
[1]. Methods in place for measuring benzene cotmagan in water in drinking wells,
which require transporting a sample to a laboratoryanalysis, are expensive and time
consuming. This process can be improved by usingnasite chemical sensor. This
sensor would be able to determine the concentrafitbenzene in the water without the
cost and time of transporting the sample away fileensource. Such a chemical sensor
can be made by using a shear horizontal surfaagsticavave (SH-SAW) device with a
thin chemically selective coating [2]. The sensoele with the current sensing polymer
layers respond quickly but have a limit of detectod 200 ppb [3]. This thesis
investigates several sensor coatings for the deteot smaller concentrations of benzene

using SH-SAW device platforms.



1.2 Background

Benzene is a naturally occurring organic chemidiails clear, colorless, volatile,
and aromatic. According to the United States Diepant of Health and Human Services
(HHS), benzene is mainly produced from petrolelBenzene exists in crude oil,

gasoline, cigarette smoke and is naturally produsedblcanoes and forest fires. [4]

The harmful effects of benzene on human healtlwateknown. Benzene is
potentially harmful through inhalation, consumptiand exposure to skin [1] [5]. Its
volatility will cause it to be present in the airdatherefore skin contact may also result in
inhalation [4]. HHS has labeled benzene as amagein which can increase the risk of

leukemia.

There are several sources of benzene in our emagohsuch as cigarette smoke
and car exhaust, but the one of greatest concermdisrground gasoline storage.
Gasoline is stored underground in large tanks.s@&lstorage tanks may fail and leak
gasoline into the environment [6]. Leaks are agcencern because benzene is a
component of gasoline (up to 5% [7]), and a leak@@use benzene to enter the soil and
groundwater. It is therefore necessary to motiterarea around gasoline storage tanks
for benzene pollution. The EPA requires that thkecentration of drinking water not
exceed 5ppb (five parts of benzene per billiongamdter) [1] [5]. This affects the water
directly, but also accounts for the amount of beeziat can evaporate from the water
during other uses such as cleaning or boiling wiatrecooking. A chemical sensor can

be used to identify benzene contamination befocauses a health risk. [4]



1.3 Overview of Chemical Sensors

A chemical sensor is a device which measures t&epce or concentration of a
substance and converts that information into actébal signal. Different sensor
platforms receive a stimulus from the measuredtanlos or parameter in different ways,
such as measuring the change in a capacitancearamet frequency. To detect benzene,
a chemical sensor must measure a response basieel @mncentration of benzene

present. [2]

A chemical sensor consists of a sensor platforsgnsing medium, and a data
output system. The sensing medium interacts \ughargeted chemical, or analyte, and
changes in a manner that perturbs a physical paeamwiethe sensing platform [8]. For
example, the sensing medium may change its elatpioperties, such as dielectric
constant or conductivity, in the presence of thelye. The sensor platform is a device
or system which responds to a change in the sens&aijum. In some examples, the
sensor platform applies a swept voltage to theisgmsedium to measure the current.
The data output system converts the measured pyopfethe sensing platform into an
output readable by an end user. This may be a gtmnpystem which records the input
voltage and output current, and saves it to a Heidin the form of a table and |-V

curve. [8]

Important parameters used to characterize or §yassiensor include its
sensitivity, selectivity, linearity, and environmahstability. To properly interpret the

output of the sensor, a calibration curve is uggd The calibration curve is typically



plotted as an output parameter as a function oiinjngt parameter. The calibration curve
is used to determine the sensitivity and partild®ity of a sensor. Sensitivity is
described as how much the measured quantity chdamgagjiven change in input
perturbation. The sensitivity of a device is meadwas the slope of the calibration curve
[8]. A large sensitivity is beneficial becauseasults in an increased signal to noise ratio
and reduces the limit of detection [8]. Selectivigfers to how much of the response is
caused by the specifically targeted measured gyarfor chemical (e.g. benzene)
sensing, it is more useful to discuss the pargaivity of a sensor [9]. Partial
selectivity in a chemical sensor refers to thetnedamagnitude of the sensor’s response
(and therefore sensitivity) for a particular analgpmpared to that of a different analyte

[10] [14].

The linearity of a sensor describes the closenetsgden the calibration curve and
a straight line [8]. A sensor is linear if the si#irity is constant within the measurement
range of interest. In some cases, a non-lineaosanay exhibit hysteresis which
prevents the system from accurately determiningrtbasured quantity because the
output depends on the values of the previous ifgjutOne of the qualities investigated
in this project is the reusability of a polymeniil A film may exhibit hysteresis if it does

not fully release the absorbed analyte betweensaxps.

Environmental stability is particularly importanédause the environment in
which this sensor will be used cannot be accuratehgrolled. For example, temperature
is an environmental factor which affects chemiegisors, and the temperature cannot
accurately be controlled on site. As will be dssed later, the viscoelastic properties of

the polymer film are influenced by the temperatfréhe film [12]. A dual delay line



configuration is used in these experiments to corsgie for changes in temperature by
having a second film which does not respond taatiedyte [11]. This film undergoes the
same changes in temperature as the sensing layeaarbe used to determine if changes

in the sensing polymer are due to analyte absorgiidemperature drift. [8]

1.4 Overview of Acoustic Wave-Based Chemical Sensors

Chemical sensors may use acoustic wave (AW) - beesesbr platforms. In these
devices, a wave is generated and transmitted thraugedium. A chemically sensitive
element alters the wave properties, and these elssarg measured. Information about
the wave can then be used to find the concentrafitime target substance because the
changes in the wave depend on the analyte contientré&some AW sensors can operate
in both gas (typically air) and liquid (typicallgaeous solutions) environments. This
work focuses on the use of a liquid phase sensan imqueous solution. Measuring the
concentration of benzene in the headspace of a wateple requires additional energy to
evaporate the benzene, or is potentially inaccurAtkquid phase sensor is able to
operate in direct contact with the sample and do¢sequire evaporation, although it

may have its own drawbacks which must be accommaddas]. [2] [8]

There are many variations of AW sensors which ivedlifferent types of waves.
The most common configurations used for sensori@ipmns are the thickness-shear
mode (TSM), surface acoustic wave (SAW), acoudttepmode (APM), and flexural
plate wave (FPW) device [2] [10]. Each configuratis different from the others in

either the type of the wave or the method in whighwave is generated.



These different device configurations can be didioio configurations that use
bulk waves and configurations that use surface savebulk wave will not be as
sensitive to the changes in the film because theeveaergy is distributed throughout the
substrate. TSM, FPW, APM, and SAW devices ara@lstic wave devices, but the
SAW device is the most promising for this work. iSTIs because the SAW energy is
largely confined at the surface of the crystal Hredoperating frequency is high. This

will be further explained in chapter 2. [2]

The acoustic wave sensor platforms require a pleetve substrate in order to
function. Piezoelectric materials exhibit the pielectric effect, which is a transduction
of electrical potential and mechanical stress. avevis excited when an electrical field
inside the substrate is oscillated. The waveas tmeasured at the output where the
stress is converted back into an alternating velfay Commonly used piezoelectric
materials are quartz (S lithium niobate (LiNbQ), and lithium tantalate (LiTa§)[2]

[10].

Surface waves used in a SAW device can have padisplacement in three
directions — shear horizontal, shear vertical, landitudinal. Shear horizontal motion is
perpendicular to the direction of propagation & wave and in the plane of the surface.
Shear vertical motion is perpendicular to the dicgcof propagation, but is normal to the
surface on which the wave travels. Longitudinatiomis in the direction of
propagation, and is also known as compressionarStegtical motion is not effective for
liquid phase sensors because the surface patticle€nergy when they displace the

liquid, so it is important to minimize the amouritsbiear vertical motion the wave has.



1.5 Overview of SH-SAW Sensors

Shear horizontal surface acoustic wave (SH-SAW3@enare a specific type of
sensor platform which can be used in a chemica®erSAW sensors, sometimes called
Rayleigh wave sensors, operate largely with shedical displacement with a small
longitudinal component, but SH-SAW sensors are mdttea specific crystal structure
that is rotated so that it does not support tharshertical component of the surface
wave. The wave in this crystal will have both ldndinal and shear horizontal
components, but the longitudinal motion will be Ingible compared to the shear
horizontal component. An SH-SAW device will thenef be preferred over devices
which use shear vertical surface waves for sengbich operate in liquid phase and use

a chemically sensitive film. [2] [10]

The wave’s velocity and amplitude are affectedh®/mechanical properties of
the medium in which the wave travels. If the menta properties change, the velocity
(which is related to the frequency) and amplituahki¢h is related to the loss) of the
wave will also be altered. By measuring the changenter frequency and loss,
information regarding changes in the medium prdiethe wave can be gathered [10]
[11]. In an SH-SAW sensor there is a chemicallys#teve film on the surface of the
device. As this film interacts with the target e, its physical properties change and
this change causes a shift in loss and the waegitecfrequency. The amount of analyte
present in the environment can be determined mgukie calculated changes in physical

properties. [2]



Most SH-SAW devices are comprised of a piezoelesubstrate with input and
output interdigited transducers (IDTs) arranged aelay line configuration. The IDTs
are electrode patterns on the surface of the pieztnie substrate. When a voltage is
applied between the two sides of the IDTs, an Bteield is coupled between the
neighboring digits. This field creates a mechdrsti@in in the piezoelectric substrate.
Alternating the applied voltage excites a sheaiziootal wave which propagates from
the IDTs. The shear horizontal wave penetratepataato the substrate than a shear
vertical wave, but the chemically sensitive filmsaas a guiding layer which traps the
energy of the wave close to the surface. A thid ¢gyer is also used to guide the wave
to the device surface. This is beneficial becamsse wave energy will be confined
within the sensing layer [11] [14]. The frequensylefined by the velocity of the wave

and spacing of the IDT fingers using equation (1).

f= (1)

v
P
In equation (1)f is the frequency of the wawejs the velocity of the wave, arid
is the periodicity of the electrode fingers of tBd's. The wave travels along the delay
line and then is received by the opposite IDT, @ntbnverted back to an alternating
voltage. At first approximation, any changes eqginency can be attributed to a change
in wave velocity due to the sensing layer, and gedan amplitude can also be attributed

to changes in the elastic properties of the serdaywey. [10] [11]



1.6 Polymer Characteristics

The sensing layer in the SH-SAW devices discussehis thesis is made of a
thin film of polymer material. A polymer has a amdike structure on an atomic scale
where several repeating groups of material arelathto form one large molecule [11].
The polymer material has several important charisties which must be considered
when using it as a sensing layer on an SH-SAW @eyi®©] [11] A polymer which
undergoes shear deformation can be characterizéd bgmplex shear modulus, G [15]
[12]. The shear modulus is affected by both thiemolecular and intermolecular forces
holding the material together (such as covalentbyanor hydrogen bonding) and the
molecular mass of the polymer. [11] G is defineatimematically as the sum of the

storage and loss moduli, G’ and G” respectivetythe material by equation (2).
G=G'+jG" 2)

A polymer is categorized as glassy, rubbery (vilsie), or liquid (amorphous,
or viscous) depending on the relative values ol G”. A polymer is glassy when
G'~10°Pa and G"«G’ and rubbery if . 0'Pa and G"<G’ [16]. A glassy polymer is
hard and has a high storage and low loss. Asiegiplied to raise the temperature of
the polymer above its glass transition temperaflidt undergoes a change into a
rubbery state. A rubbery polymer has more lossles&lstorage than a glassy one. As
temperature exceeds the melting temperature, tyenpo becomes liquid and G’ tends
to 0, and G is entirely defined by G” [11] [12Fig. 1.1 shows G’ as it changes with

temperature.
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Figure 1.1 G’ as a function of temperature

A sensing layer film made with polymer will idealbperate within that polymer’s
glassy transition region because the film will beaxed enough to allow the analyte to
penetrate without damping the acoustic wave. Wherpolymer is glassy, the molecular
chains are closely locked together and there isxaess space for analyte. As it enters
the transition region, the chains separate ane tisespace for the absorption of analyte.
If the polymer becomes rubbery, however, it wilhgathe surface wave too heavily
because of the relatively large loss modulus. Ewpental testing and previous work
have demonstrated that the glass transition teriyrerahould be approximately -20°C so

that the film is in or slightly above the transiticegion at room temperature. [11]
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Another characteristic of a polymer — and any makee is its solubility. In this
application, it is desirable to have a sensing pelywhich is miscible with benzene.
The Hildebrand Solubility Parameter is a value i by the cohesive energy density of
a molecule [17]. The value of this parameter fki@nced by many properties of the
molecule such as polarity and molecular mass, aateénmls with similar values will be
miscible. This relationship will be discussed inapter 2. For this sensing application, it
is important that the sensing layer have a solytplarameter which is close to that of
benzene. If the solubility parameter of a polymsesiose to that of benzene and the

polymer is not glassy, the benzene molecules cabberbed into the film. [17]

1.7 Thesis Organization

This thesis is presented in 5 chapters and incladegbstract. Chapter 1 is an
introduction to the problem and the current stétgeasors. The motivation is provided
along with a qualitative description of the curreréthods of measuring benzene.
Chapter 2 gives a review of how the SH-SAW devigecfions and how it interacts with
the polymer coating. This chapter also discudsesorption process which the film
undergoes when it is exposed to analyte. The @sawhich result from this exposure
are used to explain how the polymers of interestitoproject were selected and to
introduce which coatings were investigated. Chaptaresents the experimental
procedure. It includes a description of the deviaed materials used along with a
description of how the devices were prepared astg¢de Chapter 4 presents the results

of the research. The results of the measuremeasrasented along with a discussion of



12

their significance. The discussion evaluates #@msisivity and limit of detection of the
polymer coatings of interest. Chapter 5 summatizesesults of the work done for this
thesis. Some particular polymers are identifiediieir sensitivity and limit of detection,

and potential future work is discussed.
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2 THEORETICAL DISCUSSION

2.1 Introduction

This chapter discusses the physical processes wiutdte the function of an SH-
SAW device coated with a chemical sensing layerexpiains the selection of the
polymers investigated in this work. The surfaceustic wave sensing platform is
theoretically described with an emphasis on tharsherizontal wave. Important
parameters of polymer coatings are defined hektlagir relevance to the sensing
application is discussed. The process of anabgtion by a chemically sensitive film is

also explained and used to define criteria forsiection of the polymers.

2.2 SH-SAW Sensing Mechanism and Parameters

Guided shear horizontal surface acoustic wave semndgth a chemically sensitive
layer are effective chemical sensors in the liqphdse [11] [15] [16]. A SAW with shear
vertical particle displacement will lose energyrhgiating compressional waves into the
liquid environment, but SH-SAW devices do not hthie disadvantage [2]. SH-SAW
particle displacement is mostly in the plane ofdeeice surface and not perpendicular to
the surface. This leaves viscous loss as thesggificant mechanism of attenuation of

the acoustic wave by the liquid environment. Aasheorizontal wave penetrates deeper
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into the substrate than a shear vertical wavebj&]the chemically sensitive polymer
layer acts as a waveguide to trap the acoustiggrudoser to the surface, making the
guided wave more sensitive to surface perturbafib®ks The wave is also confined to
the surface of the device by the metalized delas. [iThe gold layer has a much slower
wave velocity than the LiTagsubstrate, and will therefore cause the acoustwevio be

confined to the surface of the substrate-polymiariace [19].

The profile of an SH-SAW device is shown in FigL.2The polymer has
thicknessh and the substrate and liquid layers are considered semi-infinite. The
applications discussed in this thesis only incltidedetection of benzene and similar
compounds dissolved in water, so the liquid lagaassumed to be a low viscosity
Newtonian fluid. The analyte which is dissolvedhe liquid layer will absorb into the
polymer layer and cause the film to swell. SH-SA@¥ices have previously used a four-
layer geometry; the four-layer model uses a rigiv@guide layer between the
chemically sensitive polymer and the piezoeledubstrate. This system has less loss

and is more stable than a 3-layer model, but @ his a smaller sensitivity [20].
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Liquid . Z

h I Polymer
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Figure 2.1 SH-SAW Device profile with three layer gometry

SH-SAW devices function through the use of a pitemigc substrate, or the
piezoelectric effect [2]. The piezoelectric effext reversible process by which a
material converts mechanical stress into electsteqtial. Commonly used piezoelectric
materials are quartz (S lithium tantalate (LiTag), and lithium niobate (LiNbg).

All of the devices in this work are made usingthilim tantalate substrate because it has
larger piezoelectric and dielectric constants tipaartz and a smaller temperature
coefficient of delay than lithium niobate [21]. Kkéoof the energy of the electric fields
will exist within the lithium tantalate substratedause of the difference in dielectric
constant between the lithium tantalate substradepatymer and liquid layers. [10] [11]
The substrate used is 36° rotated Y-cut LiT.aDhe anisotropic structure of the crystal
allows the surface wave to propagate in the X tiwaavith particle motion in the Y

direction.
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Interdigited transducers are used to create tlotrigldéield which can excite the
SAW. A voltage applied across the transducer avédhte an electric field which
penetrates the substrate and causes the piezaeteaterial to become stressed. The

voltage can be alternated to excite an acoustiewawvthe substrate’s surface. [2] [16]
2.2.1 SH-SAW sensing mechanism

The 3-layer model for the SH-SAW sensor depicteign 2.1 shows that the
sensing polymer layer has contact with both thessate and the liquid environment.
Because the sensing layer traps the wave enetbg atirface of the substrate, the
acoustic wave is influenced by the properties @hhibe polymer and substrate. The
liquid carries the analyte molecules which are disw into the bulk of the sensing layer
through a diffusion process. The properties ofstesing layer change with the addition
of the analyte and this in turn alters the acoustiwe’s velocity and attenuation.
Velocity can be related to center frequency anehattion can be related to loss, which

can both be directly measured to detect analyfatisorby the sensor. [16] [11]

In general, an acoustic wave can have particldatisment in any direction. The
particle displacement for a shear horizontal s@rfawoustic wave, however, is only in the
ydirection. The patrticle displacement for suchaaevis a function only af, z and

time, given by [2]
Uy (x,2,t) = u,(z,t)e/*r* (3)

wherew is the angular frequencif) andy is the complex propagation

coefficient comprised of attenuation and wave nuni@nd k) defined as [2]
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W
y=a+jk=a+j;. (4)

Measured changes in wave propagation charactergtia given frequency are
therefore only a function of the change in the pggtion coefficienty. Written

normalized to the starting frequency and velodhis is

Ay Aa Av 5
ko_ko vy 2

A network analyzer can be used to measure thedrexyuspectrum of the SH-

SAW device. The relationship
(6)

wherePis the periodicity of the IDT, is used to find tbperating frequency of
the SH-SAW device. If we assume that the phasecitglis equal to the group velocity
and thatPis constant for a given device, the normalized gean frequency is equal to

the normalized change in wave velocity as
—=—. (7)
This relationship means that any change in velatity to changes in the film will

also result in a change in frequency.

Changes in phase velocity and attenuation for a188M/ device are due to
changes in mass (m), viscoelastic constant (cleatiéc constants), conductivity 6),

temperature (T), and pressure (P). For small geations, the total change in velocity
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and attenuation can therefore be written as a dyrartial derivatives with respect to

these parameters as [2] [11]

2= am+ 22 0c+ 2 e+ 2 a0+ 22 a7 + 2 ap, ®)
Ve em et T s T st T 5t TeT 5P
oa oa oa oa Yo
Aa=—Ac+—As+—Ac +—AT + — AP .. (9)

oc oe Yo oT oP

Note that in equation (9) the change in attenuatarot a function of mass

accumulation. [10] [16]

The experimental setup used in this thesis wasteelesuch that the effects of
dielectric constant, conductivity, temperature, pressure are all reduced or removed
[11]. A metalized delay line removes acoustoeiedtteractions so thate andAc are
zero [11]. By controlling the ambient temperattodimit variations in temperature and
using a dual delay line device, a differential mgament can be established to eliminate
the effects oAt and AP [11]. By removing these terms from equationsai®j (9), we

can simplify them to

y _5UA +5UA (10
Vet T em )
; _5UA (11
a—6c C )

This means that the change in attenuation is dlyetorthange in the viscoelastic
properties of the sensing film. The change in waslecity depends on changes in both

viscoelastic constant and mass loading. As theifldeformed by the wave, energy is
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stored and dissipated causing the attenuation elodity of the wave to change. Mass
loading is the result of mass entering the senfsimgand changing the density and
thickness. The SAW velocity changes proportiontdlthe mass density of the film [2].

The mass loading does not change the attenuas@gem in equations (9) and (11). [10]

Changes in the viscoelastic properties of the pelyiim (written previously as
Ac) are the result of the material’s modulus chaggiA modulus in this context is the
amount of stress caused by one unit of strain ésgad in dyn/cf). The particle motion
of an SH-SAW is primarily in the shear directiondahe shear modulus, G, is what
defines how a material behaves under shear defma® is a complex term written as

[10] [12]

(12
G=G+jG,

where G’ is the storage modulus and G” is the tnedulus. The storage
modulus relates to energy stored and releasecedsrthdisplacement changes with the
oscillation of the acoustic wave. The loss modudlates to energy that is lost, usually

to heat, by the deformation of the material.

Assuming that the shear modulus is the only comipiookthe viscoelastic
changes, it is possible to substitute G’ and G3 euations (10) and (11) so that they
can be rewritten as functions of the parametefsateachanging — the mass loading and

moduli — as [11] [16]

Af = f(Am,AG, AG”), (13
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(14
Aa = f(AG, AG™).

The network analyzer used in this experimental wodasures insertion loss
instead of attenuation. Insertion loss is the amob@ienergy lost when a wave is sent
across the entire device, as opposed to the attenwehich is loss per unit length. The

insertion loss is directly proportional to the attation by [11]

Ao AL (15

k 546 "' )

where L is the insertion loss and N is the lendtthe transmission line in units of
wavelengths. Because all of the testing done tieesame size device and wavelength
(and the change in insertion loss can be direetBted to a change in attenuation as
shown in (15)), the measured insertion loss camsed interchangeably with the

calculated attenuation.
2.2.2 Polymer Viscoelasticity Effect

The polymer-substrate interface is assumed to stwslip, but the particle
displacement may vary across the thickness of dhener. The polymer near the
substrate will move synchronously with the substrbtt there may be a phase lag in the
part of polymer that is farther away from the suwditst This phase lag increases if the
polymer is more rubbery (or viscous). If the pogntiquid interface moves in phase, or

less tham/2 out of phase, with the substrate then the fdradoustically thin. As the
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film thickness increases, the phase lag increaddgm with a phase lag equal to or
greater tham/2 is acoustically thick [22]. The film will resate constructively with a
phase lag of exactly’2, and it will experience destructive interfereifdie phase lags
by more tham/2. The exact thickness range where the film bebag acoustically thin

is dependent on the shear modulus of the film hademperature [22]. [16] [23]

Typical SH-SAW sensor responses will be dominatethb changes in mass
loading and viscoelastic properties [2]. As thessgg film absorbs analyte, however, its
thickness and viscoelastic properties change [Z#]s will alter the amount of phase lag
at the liquid-polymer interface and will therefaler the fractional change in velocity,
which results in a frequency shift, and loss. ai$ lneen shown that some films may
exhibit such a pronounced resonance effect thatliserved frequency shift due to the
absorption of analyte will be a positive change][ZBhis is demonstrated in chapter 4

where PBA and BPA PDMS are observed to give aipeditequency shift.
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Figure 2.2 The fractional change in velocity and cinge in loss as a function of film thickness for
several different values of G’, with G"=0.1GPa [16]
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Figs. 2.2 (a) and (b) show how the fractional cleaimgvelocity and change in
loss is affected by film thickness for several @iéint values of storage modulus, G'.
These figures demonstrate how a sensor’s frequagyexperience a positive frequency
shift under certain conditions. The film’s thiclaseand shear modulus both change
during analyte sorption, and the loss and velowityboth change. For a G’ of 0.10
GPa, the fractional change in velocity has a pasiope as film thickness increases
from 0.8 umto 1.0 um. G’ is decreased as therpetyabsorbs analyte, which also
increases the fractional change in velocity. Butthese effects combined may cause a
positive frequency shift instead of the negatiwgjfrency shift expected for pure mass

loading in acoustically thin films.

2.3 Relevant Polymer Properties

2.3.1 Polymer Viscoelastic States

As discussed earlier, the shear-horizontal partidplacement of the sensing
layer of an SH-SAW sensor is influenced by the sgngolymer’s shear modulus, G.
Shear modulus varies with temperature and matefiaére are three states in which a
polymer may exist — glassy, rubbery, and viscoiglassy polymer has a storage
modulus (G’) which is much larger than its loss miod (G”) which means that the
material is rigid and an acoustic wave travellingptigh it will not lose as much energy
as in a rubbery polymer. A rubbery polymer has aidch is smaller than that of a
glassy polymer, meaning that the same amount eésivill produce a larger strain in a

rubbery polymer than it would in a glassy one. Tread of G’ vs. temperature was
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shown in Fig. 1.1. A viscous polymer is generalty a useful sensing material because
it does not support the propagation of acoustiasthaves and will therefore strongly

attenuate the wave. [23]

The G’ and G” of a polymer change slightly with dhvariations in temperature
when in the glassy or rubbery state, and the changeen larger in the transition region.
In the bounds of this transition region is a sped¢égmperature known as the glass
transition temperature gT One way to determine the value of the glasssitiamn
temperature is by using its relationship with aypwér’s thermal coefficient of
expansion. The specific volume of a polymer valiigsarly with respect to temperature
at a rate known as the thermal coefficient of espgam This coefficient changes with a
discontinuity at the glass transition temperatuke. experiment can be conducted using
the measured volume of a polymer to determine &haevof that polymer's gl For the
polymers used in this thesisy fas been determined by either the manufacturer or

previous research at Marquette University’s Micrese Laboratory. [12]

The state of a polymer affects its use as a seieyag of an SH-SAW sensor in
three ways: the temperature stability of the semades with the polymer state, the
insertion loss depends on the value of G”, andatieorption of the analyte into the
polymer film is affected by G’. As mentioned ircen 2.2, the measured change in
attenuation and velocity are influenced by the gean G’ and G”. If the polymer is
used at a temperature in the transition region éetvmglassy and rubbery states, G’ and
G” vary rapidly with temperature. It is therefongportant that the temperature be held
constant, even with a dual delay line setup. Tdlgmper state at room temperature

influences the amount of insertion loss which igseal by the sensing film. A rubbery
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polymer will have a relatively large G” value andlwlissipate energy through friction as
heat. A device with high insertion loss will hawsmaller measured signal and this leads
to a smaller signal to noise ratio. A glassy paymwill have a large G’ and be rigid.
During the sorption process, the target analysbsorbed into the polymer film. A
polymer with a large G’ will require more energynmve (because a large G’ indicates
more stress required per unit of strain) to mak&roen a molecular level for the analyte.
A polymer’s ability to absorb analyte is therefolependent on the value of G’ and a
rubbery polymer will absorb more analyte than &gyeone. Because the state of a
polymer affects its use as a sensing layer in soymaays, it is important to consider the
polymer’s Ty when selecting a film for a sensing applicati@ection 2.5 looks at these

considerations in more detail. [12]

2.3.2 Hildebrand Solubility Parameter

A solubility parameter can be used to make premfstiabout the solubility of one
substance in another. Two different materials withilar values will often be miscible
or soluble. The Hildebrand solubility parameteome such parameter defined by the
square root of the cohesive energy density [1He dohesive energy density is defined
as the amount of energy needed to separate theunedeof one mole of a substance by
an infinite distance. The cohesive energy dertgtybe written as the amount of energy
needed to boil the liquid to a gas (heat of vamaian, orAH,-RT) divided by its
molecular volume (¥). Equation (16) defines the Hildebrand solubipgrameter,d).

[17]
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The solubility is affected by the inter- and intreplecular forces present in the
material, including dipole-dipole interaction anglhogen bonding. Different molecules

with similar polarity will usually have similar adbility parameters.

The solubility parameter is important when discogsiensing polymers for
SAW-based sensors because the sensing layer nassbahe target analyte. When
dealing with the specific application of benzenessgg in an aqueous environment, the
sensing layer should be miscible with benzene aodld not dissolve in water. Part of
the intent of this thesis is determining the sigaifiice of the solubility parameter when

selecting a polymer for benzene sensing.

2.4 Sorption Process

During analyte detection, the analyte is absorh&mithe sensing polymer. The
sensing polymer has a finite volume, with a fidteount of free space which the
absorbed analyte can occupy. The concentratiamalfte in the polymer at equilibrium
(Cp) is the mass of sorbed analyte at equilibriurg) @vided by the volume of the
polymer film (Vs). The amount of absorption of the analyte inefitim can be
expressed by a partition coefficientgjKthe ratio of the concentration of analyte in the
environment (@ and concentration of analyte in the polymer afildzyium, and it can

be written as: [11] [24]
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Different combinations of sensing polymer and atealyill have different
partition coefficients, and it is therefore bengfico select a polymer which shows a
large partition coefficient for benzene. A senspodymer layer with a large Jwill
experience greater sorption than a different serisiyer with the same volume and a
smaller K [7]. For weakly interacting polymer/analyte comdtions (physisorption), the
kinetics of the sorption process is dominated leydiffusion of the analyte into the
sensing polymer [25]. The rate of absorption deses as the concentration of analyte in
the polymer approaches saturation, until equiliioris reached. This means that the
concentration of the analyte in the sensing filrtl show exponential behavior as it
approaches equilibrium. Note that previous workhis field utilizes the partition
coefficient to determine the concentration of onenore analytes with a gas sensor [13]
[26]. The partition coefficient is presented hasean explanation for the exponential
response observed by the sensor, and not as adrfethdetermining concentration. [10]

[23]

As discussed in section 2.2, the experimental phaeeused in this work will
measure the insertion loss and resonant frequetye &GH-SAW device. The insertion
loss and frequency of the device will also followexponential curve in response to a
step change in ambient concentration because Wasses, for small concentrations, both
relate linearly to the concentration of analyt¢hie film. The trend of the device

response contains information about both time @mistnd magnitude, and these two
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parameters can be used to identify analyte spasi@gll as concentration. The work
presented in this thesis focuses primarily on thecentration of benzene present, so the
species identification is not evaluated. Thereftre magnitude of the response at

saturation is evaluated in greater detail tharrélsponse time.

2.5 Selection of Polymers

2.5.1 Glass transition temperature

The relative values of G’ and G” determine botrolymer’s ability to absorb
analyte and the amount of energy dissipated bycaunstic wave. The polymer state (i.e.
glassy, rubbery) is therefore important when selga polymer for the sensing layer of
an SH-SAW device because it indicates the relatalees of G’ and G”. A rubbery
sensing polymer will have a smaller G’ than a glgsslymer, causing it to deform more
easily and accept analyte molecules into its fidame. A rubbery sensing polymer will
have a larger G” than a glassy one, so it williga® more acoustic energy and thus
increase the insertion loss of the sensor. Anl isier@sing layer will be rubbery enough to
absorb the analyte, yet glassy enough to supperdtbustic wave with minimum
acoustic attenuation. A polymer in the transititete may have these properties, and

some rubbery polymers may have a small enoughtddss usable as well.

The state of a single polymer will change with temgpure, so a single
temperature (or a small range) must be chosen.sé&leeted polymers should be
compared based on their state in the temperatogeraf 0° to 25° C because the

practical use intended for these films is benzezteddion in ground water supplies [27].
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The transition temperatureg, Tis approximately the middle of the transitioniceg so the

polymer will always be in the transition or rubbeegion if Ty is below 0° C. Reference

[28] also explains that the operating frequencg &AW sensor will affect the observed

Ty A lower Ty means that the polymer is more rubbery at thedestimperature. Table

2.1 shows the Jlvalues of some polymers which are known to becéffe sensing layers

for the detection of benzene, and includes therpetg tested in this work.

Table 2.1 Polymer Solubility and Transition Temperaure Values [29] [11]

Hildebrand Solubility

Glass Transition Temperature,

Polymer Parameter, 6 [MPal/z] T, [°C]

Poly (epichlorohydrin) (PECH) 21.6 -22
Poly (isobutylene) (PIB) 18 -64
Poly (ethyl acrylate) (PEA) 18.6 -23
Polystyrene 18.5 100
Poly (methyl acrylate) (PMA) 19.1 9
Poly (butyl acrylate) (PBA) 19.8 -49
Poly (ethylene co-vinyl acetate)

(PEVA, Elvax 40W) 18.6 -28.8
Bisphenol-A poly (dimethylsiloxane)

(BPA PDMS) -54
Bisphenol-A poly (hexamethyltrisiloxane)

(BPA HMTS) 4.95

A polymer like poly (isobutylene) (PIB) is rubbeay room temperature because

the polymer is far from the glassy state. Poliyfeacetate) (PEA) shows lower acoustic

attenuation than PIB at room temperature becausesaemperature, PEA is just slightly

above its glass transition temperature. Thesenpely are known to be effective for

sensing benzene in water [30]. Thevélues for these two polymers is used to establish

a range for acceptablg Values — only polymers which are more glassy fhbut not
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substantially more glassy than PEA at room tempegawill be considered for this

thesis. The optimal film thickness will dependtba shear modulus (which, as discussed
previously, is a function of gland temperature) of the polymer [16] [31]. A rabp
polymer (one with a low ) will become acoustically thick at a smaller tmeks than a

glassy polymer [22].
2.5.2 Solubility parameter

The effect of the solubility parameter is investeghby this work. In order for the
sensing layer to function, it must absorb the toagalyte. Sensing polymers which are
miscible with benzene will be able to absorb mdrthe benzene in their free volume, so
polymers with a solubility parameter close to thiabenzene were chosen for this work.
Table 2.1 also shows the Hildebrand solubility peeters of the selected polymers as
well as some other polymers which are known to dbbenzene. Benzene itself has a
value of 18.5 MP¥[29]. Some polymers which are known to be effextv benzene
detection have a solubility value which is not ddaahat of benzene. This shows that
the value does not need to be met exactly, batakpected to have strong influence on

the performance of the sensing layer.

The acceptable range of values for the solubiltsameter is difficult to quantify
because there are other properties which mustisdered. Some materials have the
same solubility parameter as benzene but wouldrrfametion as a sensing layer for an
SH-SAW device because they are too rubbery or glaisthe operating temperature.
Polystyrene, for example, has the same solubibameter as benzene, but it haga T

value of 100°C and will not absorb enough analgtbd an effective sensing layer. The
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selected polymers were first chosen from those wh@sition temperature is in the
acceptable range, and then a subset of three pdywiach all have solubility

parameters within a small range of benzene weeetsel for investigation.

2.6 Analysis of Polymers of Interest

2.6.1 Selected polymers

Previous studies have shown that PIB, PECH, and &EAll effective sensing
layers for the detection of benzene in liquid forRMA, PBA, and PEVA were all
selected because they have similar or better gpgatid these known materials. Table 2.1
shows the values ofylnd solubility parameter for each of these polygndtMA, PBA,
and PEA are all polymers made from similar monome&ith each monomer having
either a methyl, butyl, or ethyl group but sharangilar functional (acrylate) groups.
Because PEA can make an effective sensing layenf@H-SAW sensor, PBA and
PMA may give greater results because they also traasition temperatures slightly
below the operating temperature anéhalue close to benzene. PEVA was selected
because it has a solubility parameter of 18.6 ¥tPahich is almost equal to that of
benzene, and a glass transition temperature whichthe range of the known sensing

polymers.
2.6.2 BPA co-polymers

Two additional polymers were also selected for Wisk. The BPA co-polymers

bisphenol-A poly (dimethylsiloxane) (BPA PDMS) abidphenol-A
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poly (hexamethyltrisiloxane) (BPA HMTS) have beemd in other work at Marquette
University and it has been shown that these médenake for effective sensing layers
for SH-SAW sensors for the detection of organophatgs [32] [11] [23]. Because itis
known that these sensing layers can support acouaties with acceptable loss and are
able to absorb analyte molecules, they are ofestep this work with benzene detection.
These co-polymers have a porous inorganic backffbed?DMS or HMTS) with
functional organic sites (the BPA). Grate et akuBSP3, a polymer similar to BPA
HMTS, for gas-phase detection of toluene as wetlthsr gases [33]. For toluene, he
observed high sensitivity as well as a fast respofi®luene, which is one of the BTEX
analytes, contains a benzene ring and has a solyilarameter similar to that of
benzene. It is therefore reasonable to expect B&RBtherefore BPA PDMS and BPA
HMTS, to also absorb benzene. Because this staslgown that polymers similar to
BPA PDMS and BPA HMTS can absorb toluene, it iseeted that BPA PDMS and
BPA HMTS can be used to make effective sensing $afge the detection of benzene.
PDMS and HMTS by themselves are too rubbery at ramperature and will not
support the acoustic wave. It is necessary to aoerthese polymers with BPA through
the hydrosylilation process to make the sensingrlglassier and reduce the insertion

loss of the sensor [11]. [32]
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3 EXPERIMENTAL PROCEDURE

3.1 Introduction

This chapter contains a description of the matgrediuipment, and procedures
used when gathering the data for this projectormftion about the selected polymers
was gathered through a specific procedure whiclrsorea the relative changes in mass
uptake and viscoelastic properties due to expdsuselect analytes. The polymer film is
first prepared by dissolving the polymer in a salv®r a known concentration. This
solution is used to spin coat a thin film on an SAW device. The device is exposed to
both deionized water and solutions of benzene #mel aromatic analytes while being

measured periodically by a network analyzer.

3.2 Equipment Used

The spin coater used is a Specialty Coating SyMentel P6024. The spin
coater functions by applying a vacuum to the bad& ef a device to hold it in place, and
then spinning it rapidly following a preset routin€he routine can be configured to
select spin speed, ramp time, spin time, and rasmmdime. This device is used to
create a reproducible film thickness. The thicknafsa film deposited through spin

coating will vary based on the parameters of thetsm (viscosity, molecular mass,
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solvent evaporation rate) and the spin process (8pe, spin speed) [34] [11]. Having a
spin coater with configurable routines allows cameat and accurate control over the

final film thickness.

The profilometer used is a KLA-Tencor Alpha-Step 18 profilometer uses a
microscopic tip to measure the height of a surkdep. The profilometer moves the
sample and probes the surface to record the paffdéesample [35]. This method of
direct measurement is potentially destructive tofilm because the probe may scratch
the surface of the sample. Because of this résinicthe samples must be prepared on a
glass slide and not an SH-SAW device. Additiomadsideration must be taken for
particularly soft flms which may be damaged by pinefilometer probe tip. This will be

explained in section 3.4.6.

An ellipsometer can measure the thickness of avilthout making physical
contact with the surface. This removes the risdtarhaging the film with a probe. The
ellipsometer used is a Gaertner Scientific Corpomnat2WLSES544. An ellipsometer
functions by shining a laser of particular wavekbnat the surface of the sample at an
oblique angle. The laser is transmitted throughfilm and substrate and is reflected into
a receiver. The interface between the thin filrd anbstrate, and the boundary between
the film and air, will both reflect part of the ident laser beam. For thin films, the two
reflected beams will overlap and the ellipsomegeords the effective polarity of the
reflected laser beam [36]. The receiver recortlsmation about the transmitted light
and uses software to analyze the sample. Thysselineter uses two wavelengths of light
to get enough independent variables to determitiethe refractive index and thickness

of the thin polymer film [36].
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A vector network analyzer is used to measure tipgasithat is transmitted
through an SH-SAW device at multiple frequenci€be network analyzers used in this
investigation are Agilent 8753 ES and E5061B. Timssrument is used to measure both
the real-time response of the device in the presehanalyte as well as characterizing
the device in a steady state. For experimentsoit@air over time, the network analyzer
is connected to a switch control unit that charggseen the two delay lines on the SH-
SAW device. Software on an attached computeras s read the output from the
network analyzer and periodically change the deiteybeing read by the switch control
unit. This provides a differential measurementaen the lines when the separate sets

of data are compared.

The pumps used to deliver the analyte solutionsremeufactured by ISMATEC
and Eppendorf. The aromatic analytes are volatittmay evaporate from the solution.
These solutions are stored in closed containersagnamp is used to pull the liquid
through a fitted brass flow cell which contains semsor device. The flow cell holds a
single device and connects the device to the n&tevoalyzer with coaxial cables that are
shielded to prevent signal loss or distortion. Tlbe cell holds approximately 0.134 mL

[11] of liquid at a time when fully assembled aswh in Fig. 3.1.
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Figure 3.1 An assembled flow cell, designed by tihdarquette Microsensor Research Laboratory

The SH-SAW devices used in this experiment wereydesd at the Marquette
Microsensor Laboratory. The device is a lithiumtédate substrate with gold metalized
regions patterned to make the IDT fingers and diet@y The devices used in these

experiments have a pass band between 102.7 MHzG$h8 MHz and the center
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frequency which is tracked in the measurement ghaeevaries based on many

parameters including ambient temperature and fiickhess.

Figure 3.2 A coated SH-SAW device, designed and d¢ed by the Marquette Microsensor Research
Laboratory

Fig. 3.2 shows a coated device. The film is plas@that it covers the IDTs and
metalized delay line without insulating the contaatls. The bottom edge on the width

of the device is beveled and the corners are ralitwlieeduce reflections. The top edge
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on the width of the device is scratched only onggment which is in line with the

nearest IDT pairs.

Network Analyzer PC with HP VEE Software

¥

GPIB Connection

Coaxial Cable

Switch Control Unit

Coaxial Cable

U R i
Flow Cell with SH SAW Device
Waste Pump

Sample Source

Figure 3.3 Diagram of the experimental setup usedtmeasure sensor response to an analyte

The entire setup of equipment used to measureae¢ledncy response of a device
is shown in the diagram of fig. 3.3. The netwonlalgzer is connected to the switch

control unit which can select between its two catioas to the flow cell. A computer
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program operates both the network analyzer ana&Bwiintrol unit. The switch control
unit is controlled by the computer to periodicathhange between the two delay lines of
the device, and the program records the informdtam the network analyzer output

and saves it to a file after each cycle. The ft®l is connected to a jar and a pump
which pulls liquid from the jar through the flowlceThe waste liquid is stored in a
temporary container until disposal. An operatostaiop the pump to exchange samples

when needed.

3.3 Materials Used

The sensing layers are made from polymer solutidmnish are spin coated on the
device. These solutions are made by dissolvingptthgmer in toluene. The solid
polymer material used to make these solutions whsrepurchased from a commercial
supplier or produced at Marquette University froomponents which are commercially
available. Poly (methyl acrylate) and poly (buagtylate) are purchased from Sigma
Aldrich and dissolved in toluene. Poly (ethylemevinyl acetate), also known as Elvax-
40W, was purchased from Sigma Aldrich as a solundoluene. Bisphenol-A poly
(dimethylsiloxane) and bisphenol-A poly (hexametisilloxane) are copolymers that
were synthesized at Marquette University from congmis purchased from Sigma
Aldrich. BPA HMTS was produced previously and etbm a solid state until it is
dissolved in toluene. BPA PDMS has a short siifeliand is made immediately prior to

its use.
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The analytes tested in this thesis are benzeng, lethzene, toluene, and xylenes.
These are collectively referred to as the BTEX yesal All of these chemicals are
purchased from Sigma Aldrich. The analytes argeldun water to make solutions of
specific concentration. The water is deionized fiteted with a Milli-Q system. This

water is then heated to a boil to remove any digsbfjasses.

3.4 Procedures

3.4.1 Introduction

The procedures which are used in this work areslgrigased on previous work
done in the Microsensor Laboratory. These have degeloped by combining known

procedures to prepare and test the polymers akisite

3.4.2 Polymer Solution Preparation

In order to apply a polymer film using a spin cogtprocess, the polymer must
be dissolved in a solvent. The film thickness assallt of spin coating depends on spin
time and speed as well as the viscosity of thermetyand how rapidly the solvent
evaporates. Two solutions of the same polymersahgent will have different
viscosities if the ratio of solvent to polymer i§ferent and the same viscosity if both
solutions are the same [11] [37]. It is importemaccurately control the concentration of

the polymer solution to have reproducible resuttsnfthe spin coating process.

Concentrations are represented using percent weigie percent weight (or

weight by weight) of a solution is calculated iruatjon (18). Some solutions are also
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prepared using a weight by volume percent weigid,l@ecause the density of water is
1.0 g/mL the values of percent weight per weigltt par volume are the same if the

solvent is water.

Mass of polymer (18

x 100 = Percent weight
Total mass of solution ercent welg )

Solutions are made by placing a measured masdwhpointo a container and
adding solvent until the total mass is such thatdésired percent weight is obtained.
The solution is then stirred to completely dissdive polymer. Because the solvents
evaporate in air, the container must be sealed [=etp. As the solvent evaporates, the
percent weight increases slowly. Polymer solutiameskept tightly sealed and are not
stored for more than three months in order to preweccuracy due to this evaporation

[11].
3.4.3 BPA PDMS Synthesis

The copolymer bisphenol-A poly (dimethylsiloxanBPA PDMS) used in these
experiments was synthesized at the Marquette Usityazshemistry laboratory for this
project. The final BPA PDMS polymer is formed frameaction of the component parts
bisphenol-A and poly (dimethylsiloxane). The pogmhare dissolved in toluene, and a
platinum catalyst is added. The solution is thimesl with a magnetic stir bar in a hot
oil bath. Fourier transform infrared spectrosc{pVIR) is used to verify the completion
of the reaction. The PDMS polymer has a siloxaioeg which has a wave number of
2120 cm'. This siloxane group is changed through a readi@ween the (Si-H) bond

and the (-C=C-) bond in the presence of the platicatalyst. The 2120 chpeak is
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removed from the FTIR spectrum as the reaction ¢et@p. Once the reaction is

complete, activated charcoal is added to the swiutiThe charcoal absorbs the excess
platinum catalyst, and is then filtered out. Timalf solution has a concentration which
depends on the ratio of the mass of the reactanitshe total solution mass — including

the mass of the toluene used as a solvent. [23] [11

3.4.4 Device Cleaning and Preparation

Before coating a device, it must be prepared thi@seyeral steps. A new device
must first be reshaped with rougher edges to impits/performance. In order to
promote film adhesion and to improve consistendwben films, the device must be

thoroughly cleaned.

The substrates of the devices used in this expatiare cut from a larger wafer
on which the devices are laid out in a grid patteFhe flat edges of a new device will
cause the surface and bulk waves to reflect diréettk at the transducer, which will
cause noise in the measured signal. Sanding tiesexf the device to a beveled shape
by rounding the rear edge will cause the wave aéftecin more directions and this will

disperse the energy to reduce the magnitude akftected noise.

Cleaning the device must be done through the usherhicals and solvents
because physical contact may damage the metatpattd ruin the IDT fingers. The
device is submerged in a solvent in a sealed jditlaajar is placed in an ultrasonic bath
for 3 minutes. The device is then removed front slsdvent and rinsed with deionized
water or blown dry with nitrogen gas before beitacpd in another solvent. The

solvents used are, in order: trichloroethylenegiibrm, acetone, and 2-propanol.
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These solvents are chosen because they will dessloés/polymers of interest, and then
the acetone and 2-propanol will remove any payt@disolved residue from the stronger
solvents. The final blow-drying step leaves thdage of the device ‘wet’ to the solvents
used in the polymer solution. This helps the p@yfiilm adhere to the surface of the

device and reduces delamination of the film. [23]

3.4.5 Film Deposition

The polymer films are deposited using a spin coaiére SH-SAW device is
covered with low-residue tape that exposes onlytiréon of the surface to be coated
and placed on a vacuum chuck inside the spin co&elymer solution is deposited on
the surface of the device and the spin coatertigaaed immediately. Variations in time
spent idle can cause significant changes to tresity of the solution because the
solvents used are volatile. The film thicknesa fanction of the polymer solution
(viscosity, drying rate, etc.) and the spin comhs (speed, ramp time, duration) [16]
[34]. After the spin coater has completed the paogned routine, the tape can be

removed but the film will still contain some sol¥en

In order to remove the solvent, the film must blejscted to a drying process. To
ensure that all of the solvent is removed, the §lmuld be heated to a temperature above
the boiling point of the solvent. The propertiéagolymer film are affected by the
arrangement of the polymer chains, and the additi@nergy from heating the film may
cause significant changes in the conformation efgblymer chains. In general,
polymers with a high Jcan be safely heated without altering their propsybut some

polymers cannot be subjected to heat. The altematto place the device in a
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contained desiccator for a period greater thandl2dhto ensure that the solvent is

completely evaporated.

3.4.6 Thickness Measurement

The film thickness, as discussed previously, infes the function of a chemical
sensor. Thicker films will absorb more of the astozienergy and can cause higher
insertion loss and greater sensitivity than a tirfilm of the same material. Two

methods of measuring film thickness are used mrsearch.

A profilometer is used to measure the thickness fdfm that is deposited on a
glass slide. The surface of the slide is prepdreddame as that of an SH-SAW device,
and then the film is applied using the same spating technique. Glass slides are used
instead of the actual device because the metatirzan the surface of the device would
interfere with the reading from the profilometét.is also possible for the probe in the
profilometer to damage the device, or the profileenstylus, if it scratches the metalized
region. This measurement identifies the thickmédke film which results from spin
coating a given solution with specific spin timedapeed. That same spin-coating

procedure can then be applied to a device to pedutm with similar thickness.

In some cases, the polymer being measured is toarsbthe profilometer will
scratch or penetrate the film. This will resultaim inaccurate measurement of step height
and may damage the probe. A thin metal layer eateposited by evaporation to allow
the profilometer to function properly. The metallwe of equal thickness in all regions
of the coated slide, because the evaporation psamess the target sample evenly, and

the step in height where the film was originallydsited will remain the same. The
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Marquette University lab uses zinc to make the hayer because a thin zinc layer is
hard enough to allow accurate measurements witheing so hard as to risk damaging

the probe tip. [23]

The process for using the profilometer is as fodow

1. Clean a glass slide as described in section 3.4.4.
2. Place tape such that only a strip of glass betvieam and 5mm thick is exposed
across the width of the slide.
3. Coat the desired film thickness using spin coataufpniques.
4. Remove the tape, and complete any necessary sgiingsteps.
5. If the film is too soft to be used with the profiveter, follow these sub steps:
a. Using heat-resistant tape, secure the coatedtslidenetal plate.
b. Place a small piece of zinc in a joule-heating bask
c. Secure the wire basket and metal plate inside awaachamber and
pump the pressure down to approximately 10-6atm.
d. Apply voltage to the wire basket such that a curoéb0A is maintained
to heat (and evaporate) the zinc for 5 minutes.
e. Carefully repressurize the chamber and allow thecds to cool before
continuing.
6. Place the device in the profilometer and positl@grobe above the device, so
that it will touch outside of the film.
7. Run the profilometer program so that the probedisagompletely across the film

and measures the change in height from both edges.
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8. Use smoothing and averaging functions within thefijmmeter program to

determine the actual film thickness in the centehe strip.

Measurements using an ellipsometer do not reqiiysipal contact and thus can
be used on a film which is applied to a metalizedice. The refractive index of the
lithium tantalate is measured using the same systatrwill measure the film [36]. The
software used to operate the ellipsometer canmeaterfilm thickness and refractive
index simultaneously, but must have an initial ealdn order to calibrate the
approximate initial value for refractive index afilch thickness for a given polymer
solution spun at a particular speed, the film ningstleposited on a glass slide and
measured with both the profilometer and ellipsometéis is needed because the
ellipsometer, as discussed previously, can prothamsistent results due to the nature
of the method used. Once approximate values ard,ithe device is aligned within the

ellipsometer and measured to get a measuremené @ictual film thickness [36].

The process for using the ellipsometer is as fatow

1. Prepare a device for testing by cleaning and spatiieg it as described
previously.

2. Complete all film preparation (i.e. baking) so ttia film is ready to be tested.

3. Place the device within the path of the lasersiefdllipsometer such that the
entire laser beam shines on either the metalizgidmeof the device or none of it
does.

4. Load the appropriate settings for measuring thectfd light from either the

substrate or the gold metallization, depending bere the device is placed.
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5. Align the ellipsometer by using the software amgfiuning knobs on the device.
6. Using the provided software, determine the appraxémefractive index of the
polymer and use that to find the thickness.
7. Repeat steps 3-5 for at least 3 points on the fimd, calculate the mean
thickness.
a. Note that the two wavelengths may give slightlyeti#nt values for a
single measurement. These values should be avkradied the true

thickness.
3.4.7 Analyte Preparation

The analytes tested must be prepared as a sobftemmalyte in water with a
specific concentration. Concentrations used is éxperiment are on the order of 1 ppm,

and these solutions are prepared with the useuaten (19).

1
Usolute * dsolute (

* 10°

Vsolute * dsolute + VUsotvent * dsolvent 9)

ppm =

This can be further simplified for practical lakeusBecause the solvent is water,
its density is assumed to be 1.0 g/mL. The volofreolvent is significantly larger than
the volume of solute, and the denominator is dotathay the solvent terms. Equation

(20) is then used as a simplified form of (19).

ppm = Usolute * dsolute %106 (20

Vsolvent )
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The solutions are prepared in 250mL jars with sgdids, which are filled to 260
mL to minimize headspace. According to their reipe material safety data sheets,
benzene, toluene, ethylbenzene, and the xylenbsad approximately the same density
—0.88 g/mL. Using equation (5), each 1 ppm ofyaasolution in 260 mL of water
requires approximately 0.30 pL of analyte. Tabihaws some examples of this
calculation using equation (19) and an approximét88 g/mL density of BTEX

analytes [38].

Table 3.1 Sample volumes used to prepare analytelstion

Volume of DI Volume of Mass of Solute Concentration
Water (mL) Solute(uL) (mg) (ppm)
260 3.0 2.64 10.15
260 1.2 1.056 4.062
260 2.4 2.112 8.123
260 6.0 5.28 20.31

It is important that the solutions be prepared idiaely before use because the
aromatic analytes will evaporate in air, reducimg &ctual concentration of the solution.
The jars which store the solutions must be tighégled with the appropriate lids, and it
is important that the volume of air in the seakadig minimal. After placing the
appropriate volumes of solute and solvent intgdingit is sealed and mixed. The mixing
is done with a magnetic stir bar and stir platedioe hour in the same location that the

device will be tested in so that the temperaturg reach equilibrium.
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3.4.8 Response Measurement

The sensing layer is tested by using the previodsscribed SH-SAW device
with a polymer film, analyte solutions, flow cgliymp, and network analyzer. The
device is placed in the flow cell and degassedif@illvater is pumped through the cell at
approximately 200uL/min. This will bring the calhd device to the same temperature as
the water and analyte solutions. The network amailis attached to the flow cell and the
software which records the data from the netwodyaer is initiated. Once the device
has reached temperature equilibrium in the watercenter frequency is determined.
The center frequency is set by the operator atrdd&ed by the software as the device
parameters change throughout the experiment.sélected such that the phase is near 0°
for both delay lines and the insertion loss is miged. Then, the liquid source is
switched to the first sample. The pump is stoppkdnever a sample is changed and the
sample is changed as rapidly as possible to Imsisimount of exposure the samples
have to air. If a sample is left open or not prbpsealed, it can evaporate and is no
longer the same concentration as what was prepdieel.current frequency shift can be
seen by watching the display of the data recordoftyvare. The response time for each
analyte and film will be different so the operataust determine when the device, and
therefore the sensing layer, has reached equitibrilihis process is repeated by
alternating an analyte solution and water, to egphe sensing layer to an analyte and
then remove the analyte by flushing the device wii¢tan water, until the response to
each analyte of interest has been recorded. illhad reused for additional
measurements, it is not removed from the flow c€&he difference in pressure causes a

suction to hold the device to the gasket of thesfbell, and the screws used to tightly
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hold the parts of the flow cell together will algess the gasket into the film. Removing
the gasket may damage the surface of the film lsecthe gasket may peel the film off

from the device. [23]

3.4.9 Data Preparation

Once the data is collected from the network analyzes stored in a comma-
separated value (.csv) file. This format can bearted into Microsoft Excel and
manipulated as a spreadsheet there. Becausegéknkavill drift due to temperature
changes over the length of a single experimentgtaphs use corrected fits which
remove the effect of the baseline drift. Thigditlone using a piecewise linear function
which sets an initial baseline value and determiheslope of the drift between the two
times at which two consecutive analyte solutiorssavitched into the flow system. The
data is then shown as a plot of frequency shift timee where the frequency returns to

baseline between samples.
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4 RESULTS AND DISCUSSION

4.1 Introduction

This work investigates a selection of polymers (PBMA, PEVA, BPA PDMS,
and BPA HMTS) as sensing layers for a shear hot&@urface acoustic wave sensor for
their potential in the detection of benzene initigenvironment. The polymer-coated
sensor is exposed to aqueous solutions of BTEX/@saht concentrations ranging from
1ppm to 20 ppm. As the coated device is exposé#uetanalyte samples, the resulting
perturbation in the SH-SAW is measured using a agtwanalyzer. Specifically, the
network analyzer records changes in attenuatiequigncy and phase of the acoustic
wave. The change in frequency at constant phaseasured to determine the device’s
sensitivity, and the change in attenuation is réedrto observe the viscoelastic behavior
of the coating. This chapter presents the resiltise experimental work and discusses

their significance.

From equations (13) and (14) in chapter 2, botHréguency and loss change as
a function of the viscoelastic properties of thesseg layer. The frequency change is
also a function of mass accumulation. The chandeeguency as a function of time is
plotted to show both the response time and respoagmitude in Figs. 4.1 to 4.5.
Response time can be used to distinguish betwaerebe and the other BTEX

compounds tested [16]. Because this work focusgbh@comparison of different
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polymer films in the detection of benzene rathantthe comparison of responses to
different analytes, the magnitude of the frequestaft is the more important parameter
in the characterization of a given film. Changeoss are also monitored to track film
aging and to ensure reproducible polymer synttraasisfilm deposition. The sensitivity
of a film is calculated from the slope of the cedition curve. The calibration curve for a
particular analyte/coating combination can be fobpdneasuring the steady-state
frequency shift of the sensor as a function of baezconcentration and modeling the
results using a linear fit. It is reasonable tpewt the selected polymer films to have a
linear sensitivity to BTEX analytes in the investigd concentration range based on the

observations of references [16] [39].

The frequency response data is corrected for libaseline drift to compensate
for changes in the film and environmental condgigimcluding local temperature) over
the course of the experiment. When the film ifaily exposed to water, it absorbs a
small amount of water and swells. The swellind ahilange both the viscoelastic
properties and thickness of the film, causing angledn the resonant frequency [2]. The
device must be given sufficient time for the watefully absorb into the film and reach
equilibrium before applying the analyte sample.rigtsons in temperature will also
cause a change in the frequency [2]. The ambrmrit@ment temperature and sample
temperatures are controlled as described in ch8ptart there will be small unavoidable
changes in temperature due to the movement of peesm the laboratory or differences
in the temperatures of the samples. A changeeimévice temperature due to a change
in the ambient temperature, like the one causeal fgrson entering or leaving the room,

will happen on a longer time scale than the respémsny of the analytes. It is therefore
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possible to correct the baseline drift by subtraga linear function from the response
curve to compensate for the frequency shift cabyeitie temperature change.

Variations in sample temperature may cause abhatges in film temperature when
samples are exchanged. The dual delay line canattigu is used to account for these
changes. The temperature coefficient of delayHermreference line — coated with poly
(methyl methacrylate) (PMMA) — can be made appr@tety equal to that of the sensing
film by selecting a proper PMMA film thickness [21This change in temperature can be
accounted for by subtracting the frequency shiftr@reference line from the shift on

the sensing line. The results shown in this chagrte already modified to include all of

these baseline and temperature corrections.

4.2 Results

4.2.1 Introduction

The film materials and thicknesses tested aredlistéable 4.1. The polymers
were tested at multiple thicknesses because thmalghickness of the polymer will
depend on its loss modulus, and each of the sdl@algmers has different physical
properties (including the loss modulus) [10] [180] [41]. The loss shear modulus of a
polymer affects the propagation of the shear hatalcsurface acoustic wave. At a
constant thickness, a rubbery polymer will absodverof the energy of the wave than a
glassy polymer. Therefore, the polymers of intewah all have different optimal film
thicknesses for a given application. The thickassssed in this work were selected by

comparing the loss of the polymer-coated senstiraniquid environment to similar
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known sensing layers which had performed well. thdlé thicknesses were then tested
for each polymer to identify a range of suitableuea. Some of the cells in table 4.1 are
labeled “n/a” to identify cases where the film #mess was inconsistent or the response
could not be successfully measured with the sefugeacribed in chapter 3. The results,
with a discussion of any specific difficulties enotered, of each polymer will be
presented below. Table 4.1 also presents the mezhsansitivity of the selected
polymers to the BTEX analytes. This value is reprgéed here as the frequency shift (in
Hz) per analyte concentration (in ppm). As disedss chapter 2, the frequency shift
may be either positive or negative depending onmékenance conditions of the film

[16].

Table 4.1 Polymer thicknesses which were tested, dthe measured sensitivity to BTEX

Thickness Sensitivity [Hz/ppm]
Polymer [um] Benzene | Ethyl Benzene Toluene | Xylenes
. n/a n/a n/a
PMA 0.3 / / / n/a
0.75 -8 -110 -94 -114
0.3 22 430 167 490
PBA
0.6 n/a n/a n/a n/a
. n/a
PEVA 0.3 / n/a n/a n/a
0.85 -20 -35 -10 -20
. 68 664 299 908
BPA PDMS 0.29
0.5 330 4000 750 3750
0.4 -46 -460 -190 -558
BPA HMTS
0.4, Baked -187 -2320 -630 -1735
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4.2.2 PMA, PBA, and PEVA

Poly (methyl acrylate) (PMA) and poly (butyl acrida(PBA) are similar in
structure because of the acrylate functional graeply (ethyl acrylate) (PEA), which
also has a similar structure, has been shown &ffbetive at sensing benzene at a
thickness of 1.0 um when used as the sensing tayan SH-SAW platform with a
sensitivity of 240 Hz/ppm [30]. Fig. 4.1 shows thequency response of a 0.75 um
PMA film when exposed sequentially to 10 ppm eathemzene, ethylbenzene, toluene,
and xylenes (BTEX). Thin films, such as 0.30 pffPBIA do not exhibit measurable
responses to 10 ppm of any BTEX analyte. The geitygiof the thicker film is greater
as expected, because a thicker film will absorbenamralyte, and it might also act as a
more efficient waveguide (confining the SH-SAW doto the surface) and/or show
more pronounced viscoelastic effects. The signaletige ratio of the response in Fig. 4.1
is small because the sensitivity of the film isatedely low compared to that of other
films such as PEA. PMA films such as the one shbene are not effective sensing
layers for the detection of benzene because tipenes magnitude is very small. The
sensitivity is not sufficient to effectively measwsub-ppm concentrations. The small
frequency response indicates that PMA might naubbery enough, as opposed to PBA
or PEA, because PMA will absorb less of the analtel because its glass transition
temperature is just slightly below room temperaasetated above. This is also

consistent with the low attenuation found for PMKnE.
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PMA 0.75um with 10ppm BTEX
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Figure 4.1 Frequency response of an SH-SAW devicdtiva 0.75 um thick PMA sensing film to
BTEX analytes

PBA has a much lower glass transition temperatue either PMA or PEA. A
PBA film will be more rubbery than films of the @thacrylate sensing polymers at room
temperature, and the PBA film will have a largesslonodulus. PBA films within the
tested thickness range have a large insertiorblesause of the relatively large loss
modulus. The observed insertion loss of a PBA filith a thickness of 0.6 pum is greater
than 40dB in air. A sensor with such a PBA filmulnot perform well because the
surface wave is heavily attenuated by the filmdieg to poor signal-to-noise ratios.
Thinner films lead to smaller attenuation, as waseoved with a 0.3 um thick PBA film.
This film thickness had an insertion loss of 29idRir, which is large but still

acceptable. The measured change in frequencgefisor with a 0.30 um PBA sensing
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layer is shown in Fig. 4.2. The response to etylene was interrupted in the
measurement, but the remainder of the responsestiasated using a fitting process
incorporating an extended Kalman filter technigdi2] to determine the steady-state
frequency shift magnitude of 4.3 kHz [43]. Theulesshown in Fig. 4.2 also
demonstrate a positive frequency shift. The pesiiequency shift is a result of the
resonance condition discussed in section 2.2.2emddes further evidence for the
rubbery nature of this polymer. The phase lag betwthe polymer-substrate and
polymer-liquid interface changes as the PBA filns@ibs analyte and swells. In this
case, the resulting change in frequency is positistead of the negative frequency shift
expected for pure mass loading. As previouslyudised, this PBA film is able to absorb
more analyte than the 0.75 pum PMA film. This irsed absorption causes the observed
sensitivity of the PBA film to be greater than tbdthe PMA film. PBA is a promising
candidate for sensing aromatic analytes of apprataiyi 1 ppm, but it has already been
shown that PEA is more sensitive to benzene thah PBhis is due to the lower acoustic
attenuation of PEA and the correspondingly largekness that can be used (up to 1.0
pnm), leading to larger analyte absorption. This mpatentially be caused in part by the
difference in solubility parameter as well. Théusility parameter of PEA (18.6 MP3

is much closer to that of benzene (18.5 Mipzhan PBA (19.8 MP¥) [29]. To further
investigate the importance of solubility paramepely (ethylene co-vinyl acetate)

(PEVA) was selected because it has the same sojymrameter as PEA. [17]
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PBA 0.30pm with 10 ppm BTEX
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Figure 4.2 Frequency response of an SH-SAW devigéth a 0.30 um thick PBA sensing film to
BTEX analytes

PEVA is a co-polymer which has a solubility paraenetf 18.6 MP4?and a
glass transition temperature of -28.8 °C. PEVAxpected to be very miscible with
benzene and also to be rubbery enough to readslyratanalyte at room temperature.
However, this film presented challenges in the ioggbrocedure. Unlike other sensing
polymers discussed here, PEVA does not adhere pydpehe LiTaQ substrate. The
lack of adhesion causes large variations in time éitross the delay line. This also
prevents the film from performing in a reproduciblanner, because films which adhere
to the substrate differently will have substanyiaifferent interactions with the acoustic
wave. Thicker films of PEVA were more consisteffian coated on the SH-SAW

device, but were still not effective sensing laylersthis application. The signal did not
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return to baseline after switching back from thelgie sample to the reference (water),
and thus might not be reusable for more than oresorement. Approximate values for
the sensitivity were measured for a 0.85 pum thi€EK'R film, but the lack of reusability
and the low sensitivity render it obsolete for orelsensing applications. It is possible
that PEVA could still be used for BTEX sensing gutable adhesion layer could be

found, but that is beyond the scope of this ingagton.

4.2.3 BPA PDMS, BPA HMTS

The BPA co-polymers, bisphenol-A poly (dimethylséme) (BPA PDMS) and
bisphenol-A poly (hexamethyltrisiloxane) (BPA HMT®jave been previously shown to
be good sorbents for organophosphates. Theselidwis been used previously at
thicknesses of both 0.25 pum and 0.5 um for thectleteof organophosphates [10] [11]
[23]. BPA, the chemically sensitive componenthadde co-polymers, has shown promise
in the absorption of toluene as well [33]. AlltbEse previous experiments and results
have been applied here by testing films of BPA HMVang BPA PDMS which are
approximately 0.25 um and 0.50 pum thick. Thesedihave demonstrated the greatest

potential and have been covered in greater dét@il the other selected polymers.

BPA PDMS films were deposited at both 0.29 um as@ @um thickness. Both
of these films experience the resonance condisen §ection 2.2.2) which causes a
positive frequency shift, as was also seen in¢spanse of PBA. The BPA PDMS layer
with a thickness of 0.50 um was much more sensitivi@enzene than any of the other
selected polymers in this discussion. Fig. 4.3rxghthe frequency response of the

0.50 um thick BPA PDMS film to the BTEX analyteEhe response to each of the
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analytes is much greater than the noise, whichestgdhat this sensor has a very low
limit of detection. The detection limit is defined the analyte concentration which
produces a frequency shift three times the RMSen@isd an approximation for RMS
noise is the standard deviation of the signal wiesystematic change is present [31].
The observed RMS noise of this polymer is approetyed5 Hz, which means the limit

of detection for benzene is 863 ppb (producingeguency shift of 385 Hz).

BPA PDMS 0.50pum with 10ppm BTEX
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Figure 4.3 Frequency response of an SH-SAW devicédtiva 0.50 um thick BPA PDMS sensing film
to BTEX analytes

BPA PDMS does not give very consistent resultse 3énsitivity can vary
between films and a given film does not have a @tsensitivity over time, indicating
film aging. Fig. 4.4 shows the sensitivity of &elient BPA PDMS film, of thickness

0.30 um, as it changes over several weeks. Thalisensitivity is different from that
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presented in Fig. 4.3 because of the differen¢biakness. After three weeks, the
sensitivity has decreased by more than 40%. Qiblgmers can be cured to remove or
stabilize some aging effects, but baking BPA PDNtbrabt alter the rate at which its
sensitivity changed. Because of both its incoaasy and aging, BPA PDMS is not as
useful as other established sensing polymers @eispipotentially large sensitivity. It is
pointed out that several experiments were conduettdBPA PDMS and the same

observations were noted.
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Figure 4.4 Sensitivity of an SH-SAW device with a.80 um thick BPA PDMS sensing film to benzene
as it changes over time

BPA HMTS was deposited at a thickness of 0.40 jLike BPA PDMS, the film
was observed to rapidly age. The insertion losgessed by 10 dB in air (from 30 dB to
40 dB) within 3 days after the film was depositda cure the film and prevent the

aging, a different film of the same initial thiclssewas baked in an oven at 55°C for 30
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minutes immediately after spin coating. The balpngcess removed any excess solvent
and cured the film, leading to a more stable conédion of the polymer chains. The
film thickness was 0.40 um before baking, but thelffilm thickness for the baked film
was measured at 0.29 um. Responses for both kieel lsad unbaked films are shown in
Figs. 4.5 and 4.6 for comparison; note that théessanot the same for each film. The
baked film has a longer time constant for the raspaf all of the BTEX analytes, but
also has a larger sensitivity. The increase isiigity and response time occur because
the polymer is absorbing a greater mass of anatgigsing a larger amount of mass
loading and requiring additional time to reach &grium. The baked film has an
observable RMS noise of 42 Hz, which results irazene detection limit of
approximately 680 ppb (with a frequency shift 0612z). This is less than the detection

limit of BPA PDMS because of the lower noise lesethe BPA HMTS film.
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BPA HMTS 0.40pum with 10ppm BTEX
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Figure 4.5 Frequency response of an SH-SAW devicdtiva 0.40 um thick BPA HMTS sensing film

to BTEX analytes
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BPA HMTS 0.40um, baked, with 10 ppm BTEX
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Figure 4.6 Frequency response of an SH-SAW devicdtiva 0.40 pum thick BPA HMTS sensing film,
which was baked and had a new thickness of 0.29 uito, BTEX analytes

Both BPA PDMS and BPA HMTS show promising sendiigdg for benzene
when exposed to 10 ppm concentrations of benzewater. To demonstrate the films’
linearity and repeatability, these films were ferthested by exposing them to various
concentrations of benzene between 1 ppm and 20 pgn 4.7 shows the frequency
shift of a 0.50 um thick BPA PDMS film when expogedeveral concentrations of
benzene. The response is fairly linear, but raifehe responses fall onto the same
slope. This is likely due to small deviations angle concentration due to the manual
sample mixing procedure and analyte volatility.e Bensitivity of this film is lower than

the one recorded in Fig. 4.3 because this tesppedermed several days after the film
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had been deposited. This time allowed the filmaridergo further aging compared to the
one used in the results shown in Fig. 4.3 and chaskecrease in sensitivity as described

above (see Fig. 4.4).
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Figure 4.7 Frequency response of an SH-SAW devicdtiva 0.50 um thick BPA PDMS sensing film
to different concentrations of benzene

A BPA HMTS film of thickness 0.40 um, prepared witie additional baking
steps described earlier in this section, was testddseveral low concentrations of
benzene. The results of this test are shown in&8& The sensor response is linear with
concentration except for the frequency shift fop@sure to 4ppm benzene, which was
found to be slightly outside of the trend. As wlas case with the BPA PDMS tests, this

is likely the result of the inaccuracies in samieparation resulting in a concentration
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slightly greater than 4 ppm. In addition, the pumyst be stopped and restarted when
changing samples, and this causes the pressude ith& flow cell to spike when the
pump is restarted. Equation (8) in chapter 2 shitnasa change in pressure does
influence the change in frequency of a surface sttbwave sensor. However, this
pressure change is brief and does not result ermgnent effect. Several visible spikes
in frequency change which were caused by this ahangressure were removed from
Fig. 4.8 because they obscured the response andigte. The increased response time
of the baked film is of no concern because the thdika still reaches equilibrium within

only two minutes of exposure for concentrationb@fzene below 10 ppm.
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Figure 4.8 Frequency response of an SH-SAW devicdtiva 0.40 um thick BPA HMTS sensing film,
which was baked, to different concentrations of berene
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4.3 Conclusion

The polymers selected for this investigation (PBMA, PEVA, BPA PDMS,
and BPA HMTS) were prepared at multiple thicknessesexposed to BTEX analytes.
Polymer films which were effective for sensing bemez were exposed to additional
concentrations of benzene to show both the linewith concentration and the
repeatability in the responses for that polymene Ppolymer’s aging was investigated in
some cases. PMA and PEVA both had small frequshitis to BTEX analytes, and
have a small signal-to-noise ratio as a resulte gérformance of PEVA as a sensing
layer was inadequate because the sensor did oo tetbaseline when the analyte was
removed and its response was not repeatable damotaadhesion of the film to the
substrate. PBA strongly attenuates the wave evlenwvahicknesses, causing a large
insertion loss. BPA PDMS and BPA HMTS were botbvgh to be effective sensing
layers for the detection of benzene, with detediioits below 1 ppm, but they both
undergo an aging process which requires additipraadessing steps. BPA HMTS can be
baked to reduce the effect of aging, and this @mlseases the film’s sensitivity and
response time for BTEX analytes. This makes BPATMhe most promising of the
polymers investigated for benzene detection. BaERA PDMS did not affect its
response to the BTEX analytes and also did notgmtei from losing sensitivity over
time. BPA PDMS and BPA HMTS show the highest genses of the polymers tested,
and they can be used in a sensor array. Howewsg rasearch into film pretreatment

might be advisable, particularly for BPA PDMS. Mover, additional steps need to be
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taken in coating synthesis, coating preparationsaohge to ensure coating stability and

reproducibility.
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5 SUMMARY, CONCLUSION, AND FUTURE WORK

5.1 Summary

This work presents an investigation into severkdcted polymers for their
potential use as sensing layers in a shear hoaksutface acoustic wave sensor array for
the detection of benzene in water. The SH-SAWaegan operate in liquid
environments and uses a sensing polymer which bbsoe analyte [2] [3]. The
polymers of interest for this work were selecteddahon their glass transition
temperature, solubility parameter, and previoudistuwhich use these polymers under
similar conditions. The polymers were tested t@soee sensitivity to benzene, and
some of the polymers were monitored over time tamshow aging affects repeatability.
The objective of this work is to improve sensorschihmeasure benzene in water by
finding a sensing polymer which is able to detecaker concentrations of benzene than

what can currently be measured with one or sewerador elements in a sensor array.

A description of benzene and its uses was presamedt was shown that there is
a need for accurate sensing equipment to monitamgiwater for contamination [44].
Several acoustic wave sensor designs were discassketthe SH-SAW sensor was
chosen as the sensing platform for these testaibedd its ability to function in a liquid
environment. The relevant physical and chemicaperties of sensing polymers were

introduced.
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The SH-SAW sensor parameters were introduced aaohieed. The theory
behind SH-SAW liquid phase sensors was reviewesthtov the role played by the
sensing polymer in the function of the entire sendbwas shown that, by controlling the
environment of the tests as well as using partrdelsting equipment, the sensor response
can be modeled as a change in viscoelastic prepeatid mass loading. The polymer
glass transition temperature and solubility par@meere described in details. This
provided the rationale for the selection of theypwrs of interest. The selected
polymers (PMA, PBA, PEVA, BPA PDMS, and BPA HMTSgre identified as

potential sensing polymers for the detection ofZese.

The polymers of interest were tested by applyirgrttat multiple thicknesses on
SH-SAW devices, and then measuring the frequersporese of the sensor when the
device is exposed to several concentrations of Baaalytes in water. The film
thickness was varied for each polymer to find sagle thickness. The sensitivity to
benzene for each polymer was found using varionsamrations of benzene between 1
ppm and 20 ppm. The limit of detection was calmdaising the RMS noise and
sensitivity. BPA PDMS was investigated over seereks to determine the effects of
aging. The polymer was repeatedly tested to déterthe sensitivity to benzene at

weekly intervals.

5.2 Conclusion

This work measured the sensitivity of several paysn PMA, PBA, PEVA, BPA

PDMS, and BPA HMTS) to benzene in water when useith@ sensing layer of an SH-
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SAW sensor. The films were prepared by spin cgatrproduce a reproducible
thickness. The thicknesses used were chosendfidmive for sensing BTEX analytes.
The sensor response was measured by recordingithandrequency, and the change in
insertion loss was also monitored to observe teeoalastic behavior of the polymer
during analyte sorption. Some of the polymers sfbeither less sensitivity than that for
known polymers, or were not stable and could notipce repeatable results. BPA

HMTS had a large sensitivity and can be bakeddage the effects of aging.

Several of these polymers of interest did not leurable properties for sensing
benzene. PMA had a frequency response which was@er of magnitude less than
that of the previously documented polymer PEA. @okntial reason for this is because
the film may be too glassy at room temperature,thacefore will not absorb enough
benzene. PBA had a large insertion loss when pedpt a film thickness of 0.30 um.
PBA also experienced a positive frequency shiftmbeposed to BTEX analytes,
suggesting that the film is acoustically thick. iSimdicates that the film was too rubbery
(G” >> G’) to be used at that thickness. Redudimgthickness further will result in a
smaller frequency shift, which would reduce thenfd sensitivity to benzene to a value
lower than that of PEA. A PEVA film was observediave a large amount of system
noise, and the film was observed to delaminatdyedsring preparation. The noise is
likely caused by a loss of adhesion between thedihd substrate during measurement.
PEVA also did not return to baseline conditiongmafemoving the analyte from the

environment, which prevents PEVA from making repbl measurements.

The BPA co-polymers both had large sensitivity éozene. A 0.50um thick

BPA PDMS film was shown to have a positive frequesitift due to the resonance
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condition caused by being acoustically thick. TBIBA PDMS film had a sensitivity of
330 Hz/ppm of benzene and a limit of detectionpgraximately 860 ppb. BPA PDMS
was further investigated to determine how much dffected by aging. A film of
thickness 0.30 um exhibited a sensitivity consigyatecaying over several weeks. The
sensitivity of the film was reduced by more thaf®%id 6 weeks, and baking the film
during its preparation did not reduce this agirfgef Unbaked BPA HMTS also
experienced a rapid aging process. The inserntissm df a BPA HMTS film was observed
to increase rapidly, but baking the film immedigttafter spin coating reduced this effect
and also increased the film’'s sensitivity. ThedshBPA HMTS film with a thickness of
0.40 um (before baking) had a sensitivity of -187gpm of benzene and a limit of
detection of approximately 680 ppb. The sensitiwitthis 0.40 um thick baked BPA
HMTS film was less than that of the 0.50 pm thidRBPDMS film, but the smaller

RMS noise allows for a lower limit of detection.

5.3 Future Work

Identifying potential sensing layers is only a pErthe goal of this project. The
coated sensor device will eventually be incorparatéo a sensor array which uses
multiple devices with different sensing films tladithave unique responses to the
different analytes being measured. The use ofray avith multiple independent
variables allows the identification and measurenoémultiple species of analyte in an
unknown sample [23] [30] [45]. Based on the cosidas of this thesis, several

additional steps should be taken to prepare amiged array for sensing benzene in
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water. The polymers in this work each have diffiégartial selectivity and sensitivity to
each of the BTEX analytes. This can be used tlol lBusensor array which uses different
films to identify an unknown analyte and determiseconcentration. An array should be
assembled using BPA PDMS and/or BPA HMTS becausleenf high sensitivity and

low limit of detection. PMA and PEVA need additadrtonsideration before being used

in such an array, but PBA should not be considered.

Each of the polymers should be prepared at addititmcknesses to determine
one optimal thickness for each polymer [41]. Tiiekest PMA film tested did not have
a large sensitivity but it also did not heavily dathe wave. Relatively glassy polymer
films, such as PMA, may function on an SH-SAW dewat much greater thicknesses;
thus PMA should also be investigated to find anmogk thickness. The other polymers
may require some small changes to determine amapthickness, but the thicknesses
tested in this work are already within an adequatge for sensing benzene and can be
used for future measurements. PBA had a largetiosdoss when prepared at a
relatively low thickness of 0.30 um. As discuspeeliously, a PBA film which had a
thickness smaller than 0.30 um would have a sreaBisivity and likely not be
applicable to the measurement of benzene at caatienis below 1 ppm. PEVA was
expected to have a larger response to benzenghbactual observed data, due to its
excellent glass transition temperature and solylplarameter. Additional tests should
be performed to determine an effective procesgifeparing the PEVA film to prevent it
from delaminating from the surface of the devidéis can be done by preparing the

surface of the device by first coating it with &elient polymer such as PMMA.



74

Like BPA PDMS, BPA HMTS should also be investigatedietermine the

effects of aging. Baking was shown to reduce #pedrinitial change in sensitivity, but
the sensor response was not repeatable when tasted longer period of time. This
aging test should be redone to determine how thedand unbaked BPA HMTS films
change over a longer time than what was previoolséerved. Additional work should
also be done to determine an optimal method faimgidhe film both before and after it
is coated on the device. Determining an optimatedure for preparing and storing
BPA HMTS can increase its stability and reprodditipivhen used as a sensing layer on

an SH-SAW device.

Once the polymer film thickness is optimized toiaeh the best sensitivity and
limit of detection, the response time of the reggoto BTEX analytes should be found
for each film in addition to the sensitivity. Addj another linearly independent
parameter to the sensor array data (multi-variabtesors) will allow for a better level of
confidence and will improve species identificat[@8]. The response time is a function
of the sensing film thickness, but should not bestered when optimizing the film.
The response time for the BTEX analytes is not jpittely long, even if the film is
extremely thick, and it is more beneficial to impeahe sensitivity and limit of detection

to identify smaller concentrations of analyte.
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