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ABSTRACT

ANALYSIS OF THE DETECTION OF ORGANOPHOSPHATE PESTIES IN

AQUEOUS SOLUTIONS USING POLYMER-COATED SINGLE IDTEBISORS

Michael McCarthy, B.S.

Marquette University, 2013

The single interdigital transducer (IDT) devicesmavestigated as a micro-
chemical sensor for the detection of organophogsha@mpounds in aqueous solutions.
The compounds of interest are: parathion, paratimethyl, and paraoxon. The
polymers used as a partially-selective coatingtierdirect detection of these compounds
are 2,2’-diallylbisphenol A- 1,1,3,3,5,5-hexamethgiloxane (BPA-HMTS) and
polyepichlorohydrin (PECH). BPA-HMTS is synthegizgere at Marquette University.

The measurement of interest for the single IDthéschange radiation resistance.
The radiation resistance represents the energgdsiorthe propagating acoustic wave.
As analyte absorbs into the polymer coating, chaumgéhe film’s properties will
undergo resulting in a change in the radiatiorstasce i.e the acoustic wave properties.
The film’s properties changing include: added massoelastic properties, thickness,
and dielectric properties. These properties wafitcbute to an overall change in the
radiation resistance. A linear change in the tazharesistance is expected to occur for
increasing concentrations of an organophosphate.

The experimental results indicate that BPA-HMT8ve$ greater sensitivity
towards the organophosphates than PECH. Both mrk/showed greatest to lowest
sensitivity to parathion, parathion-methyl, andgueton respectively. Thicker films
tested for both polymers, 0% thick, show a higher response due to a more
pronounced effect of mass loading than the thifimas tested, 0.50m. The response
times for BPA-HMTS were much faster than for PE@Bbth films showed fastest to
slowest response time to paraoxon, parathion-meding parathion respectively.

The sensor is tested for reproducibility for tloéymer BP-HMTS. A sensor
array consisting of separately tested devices ftuswork as well as work done by a
previous student is utilized to increase the seliégof the three organophosphates.
Radial plots are performed for each organophos@raleconcentration using the change
in radiation resistance, response time, and frequshift for both BPA-HMTS and
PECH at 0.50m as input parameters. These plots yield uniqoegmtion patterns for
each organophosphate that can be used to distingnesfrom another.
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1. INTRODUCTION

1.1 Background

The term organophosphates (OPs) in health andudiyiie refers to a group of
organic compounds which contain phosphorus. Sdrtiese organic compounds are
used as pesticides or fertilizers. Organophospbegécides act irreversibly on the
acetylcholinesterase enzyme which is essentiaéteenfunction in insects, humans, and
other animals [1]. OPs are chemical compoundsateaproduced by reacting alcohols
and phosphoric acid and are considered toxic toamsneven at very low levels of

exposure [2].

Organophosphates were a popular choice for insgesidbecause they degrade
very rapidly upon exposure to sunlight, air, anidt émwever, small amounts can still be
detected in food and drinking water. Their abititydegrade made them an attractive
choice over organochloride pesticides, formerlydyg$. Though they degrade more
rapidly they are much more toxic. Their toxicityhumans was exploited for the

development of chemical warfare agents in World WEB].

Even at relatively low levels, organophosphatasloe hazardous to human
health. They are a common cause of poisoning wadlkel [2]. Organophosphorous
pesticides can be absorbed by ingestion, inhalatiod dermal absorption [4]. The most
common ways people are exposed to these pestisittgseating them on foods or

drinking them from contaminated water sources.



Pesticide contamination of groundwater is a sulgéa@tional importance
because ground water is used as drinking watebbytéb0 percent of the population [5].
This is especially a concern for those that liveural areas where pesticides are more
often used. Pesticides can reach water sourcew lggbund from applications on crop
fields, spills, or improper disposal. Though maayngerous pesticides are banned by the
Environmental Protection Agency (EPA), trace péd#is can show up in ground water
decades after they were originally used [5]. Thauires the need to currently monitor

OPs in ground water so that preventative actionsbeataken.

Traditional methods for the detection of OPs regjgamples to be taken to a
laboratory for analysis [6]. These methods arélg@sd time consuming. Because OPs
degrade very rapidly, sometimes vital informatismoist when samples are being
transported [2]. Therefore, there is the needfportable, cheap, and reusable sensor
capable of making on-site, real-time measuremdrttseadetection and classification of

OPs.

1.2 Overview of Chemical Sensors

A sensor is a transducer that measures a physichkemical quantity and
converts it into a signal that can be processaghllysan electrical signal [7]. A sensor
responds to an input by generating a related &atsignal. By considering the nature
of the input, sensors can be classified as eithgsipal or chemical. The measurand of a

physical sensor is a physical quantity such as nva$scity, or temperature.

A chemical sensor is a device which converts chahimformation into an

electrical signal. The chemical information cangafrom the concentration of a



specific sample to total composition analysis [The chemical information extracted
may originate from a chemical reaction or from ggbal property of the system. In
addition to the sensor itself, the sensor systemin@ude other devices that perform

functions such as sampling, monitoring, data adtums and signal processing [8].

Chemical sensors are comprised of two functionimgsuthe receptor and
transducer. The receptor will take the chemicrmation and transform it into an
energy form that can be measured by the transduder.transducer will transform the
energy carrying the chemical information into afukanalytical signal. The receptor
shows selectivity but the transducer does not. r€heptor on a chemical sensor can be
based on various principles: physical, chemicahiochemical. Examples of physical
processes are based on measuring the change nhabhse, refractive index,
temperature, or mass. Chemical processes invalgaaion with the analyte of choice
which gives rise to a useful signal. Biochemigalgesses as well can be the source of an

analytical signal; an example is the immunoser8pr [

Chemical sensors can further be classified by icecti#erion. Sensors can be
considered as modulating (active) or self-genegafassive). Active sensors require an

auxiliary power source whereas passive sensor®dd dy.

Important parameters to consider when designicigeanical sensor include
sensitivity, selectivity, and reproducibility. uigatively, sensitivity is the slope of the
calibration curve along the measurement range.als&nsor in which outpuytis related
to the inputx by the equatiory = f(x), the sensitivity§ (x,) at pointx, is given by [10]

S =2

dx X=Xq



Qualitatively, sensitivity describes the changéhie output per unit change in the
parameter being measured. Selectivity descrileedégree to which the sensor can
distinguish target species from non-target spediproducibility is the closeness of
agreement between successive results obtainedheittame method under the same

conditions during a long-term set of measuremel§ [

There are various sensor technologies that caséd to implement chemical
sensors. They are classified according to theabipey principle of their transducer.
Examples are optical, electrochemical, magnetienttesistive, acoustic wave, and
many more [7]. The surface acoustic wave sensbbwithe sensor of interest for this
work and will be discussed in more detail. Acoustave devices offer many advantages

over other sensor technologies and have found fouséemical sensing.

1.3 Acoustic Wave Devices

The phenomenon of surface acoustic wave (SAW) gatizn was first
discovered by Lord Rayleigh in 1885 [11]. Term&#hYleigh Waves” but better known
as SAW, are acoustic waves that travel along thiasei of solids. A SAW has both a
longitudinal and vertical shear component such ttiajparticles are moving both parallel
and perpendicular to the direction of wave propagah an elliptical fashion. The

penetration depth is about one wavelength for SAVZE

The application of SAW devices in electronics dad accur until the 60’s when
they were first used as electronic filters anddioalog signal-processing applications
[11]. From there they found wide application ihet fields such as communications,

automotive, commercial applications, and more ridg@hemical sensing. The



interaction between the SAW and an outside medmagly affects the properties of the
wave which has been exploited for sensing [11]e fittst acoustic wave sensor was the
Quartz Crystal Microbalance (QCM) which was oridipnaesigned to measure film
thickness in IC fabrication by measuring the adeeds [13]. It was later discovered
that SAW devices could be used as chemical sebyanslizing a chemically-selective

film coating [14].

Virtually all SAW sensors use the principle of hiezoelectric effect. The
piezoelectric effect is the generation of a meatelrstress by an applied electric field
[15]. If the electric field is periodic, the sarapplies to the mechanical stress, resulting
in the generation of an acoustic wave. Likewike,fiezoelectric effect can work
inversely to convert a mechanical wave back intelantric field. The piezoelectric
effect will occur only on a piezoelectric materidlhe QCM was designed using a
piezoelectric substrate “sandwiched” between tweotebdes. When the two electrodes
are fed an AC signal, a standing bulk acoustic wa#WV) is generated between the two
crystal surfaces. This allows the device to sehsmges at the surface, such as mass

loading [12].

Acoustic waves are differentiated by their velo@td mode of propagation. The
three different modes of particle displacementi@angitudinal, shear-horizontal, and
shear-vertical [12]. Furthermore, there are s@rfamustic waves (SAW) and bulk
acoustic waves (BAW). Longitudinal waves haveipbrtdisplacement parallel to the
direction of the wave, shear-vertical waves havéigda displacement normal to the
surface and the direction of wave propagation,sr@hr-horizontal waves have particle

displacement parallel to the surface but perpetali¢a the direction of the wave. An



acoustic wave can be one or a combination of treethThe SAW is a combination of a
longitudinal and shear-vertical wave. Which acmustode can propagate on a particular
substrate depends on the piezoelectric materiatrendngle at which the crystal is cut.
An acoustic wave that travels through the subsaateis not confined to the surface is

called bulk acoustic waves (BAW) [10]. The QCMaisexample of a BAW device.

An acoustic wave device cannot have a shear-vediraponent for sensing in
liquid. The wave energy would dissipate into tigelid medium causing excessive
attenuation and loss, making it unsuitable for sgnsFor this reason, only longitudinal

and shear-horizontal modes can be used for ligendiag [12].

The development of acoustic wave sensors was inegrapon the invention of
the interdigital transducer (IDT) [12]. The integitial transducer brought a more
efficient method of converting electrical energtoiacoustic energy [15]. Devices
fabricated using an interdigital transducer are:dtirface-acoustic wave (SAW) device,
the flexural-plate wave (FPW) device, shear-horiabsurface acoustic wave (SH-SAW)
device, and shear-horizontal acoustic plate modeABM) device. A brief review of

the interdigital transducer will be discussed ia tiext section.

1.4 Thelnterdigital Transducer

A major factor in the emergence of SAW devices thasnvention of the
interdigital transducer (IDT). The IDT allows fefficient transduction of electrical
energy to acoustic energy. This transducer forthedasis for a variety of SAW devices

such as delay lines, filters, and sensors [15].



The interdigital transducer consists of a seriesteirleaved electrode fingers
made from a metal film deposited on a piezoelesuiastrate. An applied voltage will
cause, through the piezoelectric effect, a strattepn. If the frequency is such that the
wavelength of the surface wave is equal to theopasity of the transducer, there is
strong coupling [16]. The stress pattern excitgdhie transducer corresponds to the sum
of the stress of the two oppositely traveling wavesulting in a standing-wave stress
pattern [15]. The theory and transduction mecharshind the interdigital transducer is

reviewed and presented in more detail in Chapter 2.

Surface acoustic wave sensors utilizing a delagy/tiave two IDTs, one on each
end. The input IDT will convert an electrical s@ginto an acoustic wave launched in
the direction towards the output IDT. The outdT Iwill then convert the acoustic
wave back into an electrical signal for analysitfie changes in the properties of the
wave resulting from perturbations along the delag Would be measured and used as a
sensing mechanism [17]. The interdigital transdibgetself can be exploited for
sensing, too; this approach will be used in thiskwo/arious properties of the transducer
can be perturbed to make a suitable sensor irdliqihese properties include the
radiation resistance, capacitance, and frequenttyasid will be discussed in more detail
in Chapter 2. Using a single IDT for chemical senagill reduce the overall size of the

sensor device as well as offer different uniqueprbes to be monitored for sensing.

1.5 Problem Statement and Objective of Research

Presently, there are no systems on the marketdottji detect organophosphates

in-situ. Current alternatives are to take testgamfrom a source and transport them to a



laboratory for testing and analysis [6]. Thesehuods are both cumbersome and time-
consuming. In addition, transportation of test s can cause vital information to be
lost during the process. Therefore, a sensor ¢aédimnaking real-time measurements

on site is desired [2].

The goal of this thesis is to investigate and desijcro-chemical sensors for the
detection of OPs in aqueous environments. Theosgatform that will be used in this
work will be a single interdigital transducer opiazoelectric substrate supporting a
shear-horizontal surface acoustic wave. The semilantilize a partially selective
polymer coating on top of the transducer to allowderturbation of the electrical and
mechanical properties at the surface for the detect key pesticides. This work will
investigate two different selective polymers: pgiphlorohydrin (PECH) and 2,2’-
diallylbisphenol A —1,1,3,3,5,5-hexamethyltrisitme (BPA-HMTS). Both films will be
tested in terms of their sensitivity, response tiema reusability for the pesticides of

interest: parathion, parathion-methyl, and paradi8h

For a large number of chemical sensing applicatiarssngle sensor is not
sufficient to adequately characterize the enviromm®&ather, a sensor array is needed.
This can be complemented by using steady-stateempdnse time information to
increase the selectivity of the sensor systerwolild be beneficial to have one device
that contains multiple coated transducers to stresthree pesticides. To design such an
array, one needs to identify optimal thicknessehefselected film for each of the three
pesticides. This work will be presenting resuttd data collected from experiments on
organophosphate detection  with the two selectéghpe films. This research can

then be used for the design and fabrication offfattve sensor array.



1.6 Thesis Organization

This thesis consists of five chapters. Chaptard. brief introduction to the
pesticide problem, chemical sensors and theirifieetsons, the interdigital transducer,
and the goal of this research. In Chapter 2,iberly of the interdigital transducer will
be reviewed and discussed in greater detail. Ava@ation of the sensing mechanism
behind the IDT as well as an equivalent circuit eldd represent the IDT will be
discussed. Chapter 3 will contain a descriptiothefthree pesticides and two polymer
films used in this work and descriptions of the exmental set-ups, procedures, and
instruments. Chapter 4 will focus on the resufts analysis. Data collected for the
sensor array will be presented and discussed. itéres for the measurements will be
determined. The two polymer films will also be quared in terms of their sensitivity to
the three organophosphate pesticides. Chaptelt Bambist of a summary, conclusion,

and possible future work on this subject.
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2. MODELING OF THE IDT ASA LIQUID-PHASE SENSOR ELEMENT

2.1 Introduction totheDT

As mentioned in Chapter 1, the advancement in dicowave devices was due to
the invention of the IDT. The IDT allows for efi@nt conversion of electrical energy to
acoustic energy and vice versa. In this chapttDi will be examined more closely.
First, the geometry and principle of operation Ww#l discussed. Then, a review of a
mathematical model will be presented to repredentDT as a simple equivalent circuit.
This model will simplify the complexity of the IDproblem. The dielectric film loaded
case will then be investigated since this work lage using a selective film for sensing.
Finally, the case in which the properties of theebtric film change will be discussed as

it relates to chemical sensing.

2.21DT Geometry

The interdigital transducer consists of a seriesteirleaved electrode fingers
made from a thin metal film deposited on a piezttele substrate [15]. Fig. 2.1 shows a
representation of the IDT. The transducer is @ereid to have N finger pairs, with
period lengthl. The width of each electrode is represented asd the gap width
between the IDT fingers #s. The period length i& = 2a + 2b. The apertur®/, is the
width at which the electrode fingers overlap. Tiekness of the electrodes is

considered to be negligibly small [16].
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A Piezoelectric Substrate

Figure 2.1: Schematic of IDT

In the case of a uniform IDT, the width of the ¢tedes is equal to the width
the electrode gaps. This doesn’'t have to be the when designing an IDT. T
relationship between the electrode width and thetedde gap width is given by t

metallization ratiop. The metallization ratio varies from 0 to 1 aadi5 for the

uniform IDT case. The expression1 is given bya=a/(a+b).

2.3 Principle of operation: the piezoelectric effect

The substrate for the IDT must be piezoelectrioroferto generate a SAW. Ti
piezoelectric effect is the generation of a meatelrstress from an electric field and v
versa. When an AC signal is applied to the tranedwa tim-varying electric field i
produced that penetratedgo the piezoelectric substrate. This electric fisldonvertec
into a mechanical stress which resulteffective generation ain acoustic wave if th

frequency matche$e¢ periodicity of the transducel9]. An important paramete
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regarding piezoelectric materials is the piezoelecbupling coefficientk?. This
parameter is a measure of the efficiency at whehelectric fields are converted into
mechanical fields [21] [22]. Figure 2.2 shows presentation of what the electric fields

look like and the resultant SAW.

/’\/‘\/’\/‘\ SAW m—

|- |+| -

Piezoelectric Substrate

Figure 2.2: Cross-Sectional view of IDT

It is assumed that the electric fields obey thetebdstatic approximation from

Maxwell’'s equations and are represented by,

D; =& E i,j=123 (2.1)
Dpm=0 m=123 (2.2)
where
E; =the electric field intensity in th¥ direction,

g;j = the dielectric constant tensor at constantrstra
n = the electric displacement in tig, direction.
The repeated indices and comma in the subscrigisate summation and differentiation

with respect to the spatial coordinates respedgtivel
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It is also assumed that the stress and strairetated by [23],
Tij = CijiuSiu LJj, k,1=123 (2.3)
pl, =Ty, i,j=123 (2.4)
where
T;; =the acoustic stress tensor

cijr = the elasticity matrix at constant electricdiel

S = the strain tensor
p = the density of the substrate material
u; = the acoustic displacement in ttiedirection.

The dots denote differentiation with respect toetim
For piezoelectric materials, the mechanical andtetal properties become

coupled. The separate relations of the mechaaiwhklectrical behavior become
coupled as,

Tij = CijkiSi1 — dijEx (2.5)

D; = &;E; + d;j Sk (2.6)
The coupling between the two properties is relatgethe piezoelectric coefficienty;.
The piezoelectric coefficient is a measure of tinairs development from an applied
electric field [22]. Combining the definition efrain, the equation of motion, and
Maxwell’'s equations, the Christoffel’s wave equaidEq. 2.7, 2.8) can be obtained to
give the appropriate system of coupled wave equafior the electric potential and
elastic displacement [24].

PU, = CijlUi,ii + €kijP,ik (2.7)

CikiUik,it — EikPik = 0 (2.8)
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The Christoffel wave equations are sufficient ésacribe wave propagation in a
piezoelectric substrate for the purpose of thisitheln principle one could solve the
boundary conditions to the problem at hand andesfavthe coefficients but this is not
necessary for this work [22]. Instead, a simptifreodel will be used to represent the

IDT by making use of an equivalent circuit.

2.4 Equivalent Circuit Model of IDT: A Review

Because of the nature and complexity of the IDTaecurate theory can be very
complicated and difficult. Smith et al proposeith@ory which considers the transducer
as an array of sources, each source being analtgausiezoelectric plate transducer for
launching bulk waves [25]. The significant propestof the transducer can be obtained
by breaking the transducer up as an array of iddafi sources cascaded [25]. One
model that fits this theory and will be used irsthiork is the cross-field model. The
cross-field model assumes that the acoustic sodic@st interact and has shown good

agreement with experimental data [15].

2.4.1 Parallel and SeriesIDT Representations

The circuit model proposed by Smith et al canileeea parallel or series circuit
[25]. The parallel circuit model is known as thiess-field model as represented in Fig
2.3 and the series circuit is known as the in4malel as represented in Fig 2.4. The
choice between the two is made by examining th@leouenergy stored from the

electrical and acoustic fields in the piezoeleditibstrate [25].
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CT _ Ga Ba

O

Figure 2.3: Parallel circuit representation of IDT

G

Figure 2.4: Series circuit representation of IDT

The admittance of the transducer for the crodstfinodel is given by

Vi = Go(f) +j(wCr +B.()  (29)
whereG, (f) is the radiation conductande, (f) is the radiation susceptance, a@hds
the electrostatic capacitance between the finges.pahe impedance of the transducer

from the in-line model is given by

Ze = Re() +J (—w— + Xa(f)> (2.10)

whereR,(f) is the radiation resistance akigl(f) is the radiation reactance.
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The choice between the two models depends ortdhedscoupled energy from
the electric and acoustic fields. The electritdfigoproximation for the two models are
shown in Fig. 2.5(a) and Fig. 2.5(b). In actualthe electric field patterns are a
combination of the two as shown in Fig. 2.5(c).eThstinction between the two is made
by examining the parallel and perpendicular comptsef the electric field pattern. In
the cross-field model, the perpendicular compooétiie electrical field heavily
outweighs the parallel component and vice vers#h@in-field model. The coupled

energy can be numerically described by the equé®dh

Wi ==, (T":d-E, + E)" - d:T)dV = W, + W, (2.11)
whered is the piezoelectric stress constant &nd the elastic constant. The mutual
stored energyy;,, can be written as the suif,, = W, + W, wherelW, andW, are the

energy components relatedAp andE, respectively. The ratio of the energy stored

from the perpendicular and parallel componenthiefdiectric field distribution are

%. Forr > 1, the cross-field model is used and fo« 1 the in-line

evaluated as =

model is used. It has been shown that materidls vigh piezoelectric coupling are
better represented by the cross-field model [Eample piezoelectric substrates are
LiTaO; and LiINbQ. Weaker piezoelectric substrates like quartavavee accurately
represented using the in-line model. In this wdink, piezoelectric substrate of choice is

LiTaO3; and so the cross-field model will be closely exaadi
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Figure 2.5: Side view of IDT showing field patterns for (a) cross-field model, (b) in-line model,
and (c) actual device

2.4.2 Radiation Conductance

In this work, the cross-field model in Fig. 2.3Mae used to represent the IDT as
an equivalent circuit. The radiation conductanescdbes the efficiency of the
transducer in generating an acoustic wave fromestreeal source. The radiation
conductance is proportional to the amount of acopstwer generated from an applied
voltage,V;,,, which is given by the expression [29]

2P
Ga == V_ZB (212)

whereP; is the power associated with the excited wavee gdwer associated with the

excited wave is further related by the electromait# coupling coefficientk?. The
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electromechanical coupling describes the convermsi@tectrical energy to mechanical

energy for a given substrate.

mechanical energy stored
k2 = 97 (2.13)

electrical energy applied
For frequencies near the resonant frequency githatron conductance and the

susceptance are approximately given, respectitglyl5]
~ [ 2
G, (w) = G, (%) (2.14)

and the susceptance is

By(w) = G, (S”f;‘; 2") (2.15)
where
_ Nrn(w-w,)
X=—_— (2.16)
Ga = 2k?woCN?  (2.17)
where

G, = the radiation conductance at the resonant frecyue

k? = the electromechanical coupling coefficient

C, = the electrostatic capacitance associated wsihgle pair of electrodes

N = the number of finger pairs

Fig. 2.6 shows graphically typical radiation con@dunce and susceptance curves.
The acoustic wave generated can be viewed as the@fstress contributions from each
finger pair [12]. At the resonant frequency, thdiation conductance is maximum
because all of the stress contributions are ing@hath each other [12]. The susceptance
is a measure of how much stress is out of phadethdt motion of the wave resulting in a

decrease in the overall radiation resistance.hadrequency deviates from the resonant



19

frequency, the magnitude of the susceptance bégimsrease resulting in a decrease in
radiation conductance [25].

Graphically, one can solve for the electrostatjgacstance by analyzing the
susceptance at the center frequency. At the céetprencyB, = 0, and the value of
the nonzero reactance should be equal 6, which is the susceptance from the
electrostatic capacitance of the transducer. Aemmodepth derivation fof; will be

presented in the next section.

: wiCy G
o2 / B[l #0aC
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GI«"’GI [;:]

0.6
Frequency [MHz]

Figure 2.6: Theoretical curves for the radiation conductance and susceptance for example IDT
(f=105 MHz)

2.4.3 Electrostatic Capacitance

Calculation of the electrostatic capacitance @adhieved by considering the

contributions from the surface charges on theogtom, and side surfaces of each IDT
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finger. Simplification for deriving the electrotitacapacitance can be done by

representing a transducer finger pair as two itdinoplanar parallel strips [26]. From
there, the capacitance of a single pair of eleetfotjers can be derived and then the
total capacitance can be calculated based on tnéewof finger pairs. The derivation

will be done in free space.

Figure 2.6 shows a single finger pair representatibhe terms andb are the
widths of the finger and finger gap respectivehhe dielectric constant; is that of the
substrate ang, is the dielectric constant of the material abdwedurface which for this
example is assumed to be free space. In ordet¢alate the capacitance of a single pair
of electrode fingers the charges (1) below thetedde surface against the crystal, (2)

above the electrode surface, and (3) to the sidieeotlectrodes must be evaluated.

The integration for the charges (1) and (2) wiirsfrom the edge of the electrode
to the center. The charge is then multiplied igctor of two to account for the
symmetry of the other half of the surface. ChgB)eon the side of the electrodes will

simply be evaluated as a parallel plate capackay. 2.7 shows the boundaries of
integration for the problem. The expressﬁz"{(ﬂ — a) is to account for IDT geometries

that are not uniform, which have a metallizatiotmordifferent than 0.5.
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Figure 2.6: IDT finger representation for capacitance calculation
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Figure 2.7: Boundary of integration for capacitance

Using Gauss’s law, the charge on the electrodaiof the crystal is obtained

as

L
Quy = 2W ff(l_a) D§Y (X3 = 07)dX, (2.18)
2
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where the expression for the electric displacerﬂéﬁtis [16]

1 K[k]
Dé ) = SSE3K’_[k] (219)

K[k] is the complete integral of the first kind to templementary modulus =
(1 — 1?2 wherer = %. This function allows the electric displacemeanbe integrated

over the elliptical path the electric field lineatarally take. Substituting Eqg. 2.19 into Eq.

2.18 yields,

M9 _ Lyyey, 9 (3 20)

1
Qu = ;WesksL K'[k] 2 K'[k]

Similarly, the charge on the electrode surfaceee Space is obtained as

L
Q) =2W i, D (X3 = 0*)dX, (2.21)
2

)

where the expression for the electric displacerﬂéﬁtis [16]

K[k]
p® = eoE3K,L[R] (2.22)

Substituting equation 2.22 into 2.21 vyields,

_ 1 K[k] 1 K[k]
Q(Z) = EWEOEgLK’_[k] = EWEOVO K'_[k] (223)

The capacitance in the form of a parallel plateacapr for the charges on the side of the

electrode can be expressed as

SotW
b
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wheret is the thickness of the electrodes &ds the aperture width of the electrode

fingers.

For an applied voltagé,, the electrostatic capacitance of a single finger in a
free space configuration is given by the sum ofcetributions of the charges beneath,

above, and to the side of the electrodes. Thectapae is given by

&o tw

CS=%+§—§+T (2.25)

The thickness is negligible in many IDT configurations and asesault, the third term in
eg. 2.25 will be omitted. Substituting equatiord)2and 2.23 into 2.25 and using the

expressiorC; = NC, yields the total electrostatic capacitance oflE as

Cr = £ vy 21K (2.26)

(k]

2.5 Didectric Film Loaded Case

In order to use an IDT as a chemical sensingguaitfa chemically selective
polymer layer must be loaded on top of the transdu@he film will absorb analytes of
interest. In addition, the layer can protect ta@sducer from a conductive liquid layer
that may cause a short between the IDT fingerswibe. In some sensor geometries, a
single polymer layer acts as the protective andkiemically selective layer; in other

geometries, these layers are separate films.

A dielectric film over the IDT can also help inase the sensitivity of the SH-
SAW by acting as an acoustic waveguide. This reeday selecting an overlayer with

lower shear wave velocity than the substrate, tiegpin a decrease in the penetration
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depth and confining more energy to the surfacepping more energy to the surface

will make the SH-SAW more sensitive to surface ymbrations.

As the analytes sorb through the polymer film, denin the properties of the

transduction process can be interpreted for serji$Blg In order to discuss this theory, a

model must be presented that explains how the prep@f the transducer change upon

adding a thin dielectric layer first. Specificaltire radiation resistance and electrostatic

capacitance will be examined. Fig. 2.7 shows gmntetry for the problem with the

addition of a dielectric film

Xz
N £,
dielectric film
a b
Ef h
777 7777732 2 5%
&g
}{2 Substrate
£

Figure 2.7: Single pair of electrodes loaded with dielectric film

2.5.1 Radiation Conductance

When a thin dielectric layer is deposited on tbthe propagating surface, a shear

mode can be converted into a Love mode [13]. Adlaave is a shear-horizontal

acoustic mode which propagates in a layered streictonsisting of a substrate and a

guiding layer on top of it. A Love wave can onkis if the shear mode velocity in the
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layer is smaller than the shear velocity in thessudte. The guiding layer will slow down
the acoustic shear mode at the surface which edtehse the penetration depth and
confine more acoustic energy to the surface [28le dielectric film can help confine
more energy to the surface which will increasertitgation conductance and make the

sensor more sensitive to surface perturbations.

How well the guiding layer helps trap energy & slrface also depends on its
thickness. Without a film, the acoustic field wikkeply penetrate into the bulk. At very
small thicknesses of guiding layer, the acouséld are “steered” closer towards the
surface, resulting in a higher energy density atstirface. With increasing thicknesses,
the guiding layer becomes more and more efficiéfawever, a layer which is too thick
will decrease the efficiency of the IDT becausernmah energy is coupled into the non-

piezoelectric waveguide and not through the sutestra

Kovacs et al. have experimented with increasingktiesses of Sifon ST-quartz
and showed the relationship between the electroamechl coupling versus normalized
thickness [28]. As the waveguide steers the atowstve closer to the surface, the
particle velocity projected at the surface increasghis increase in particle velocity
causes an increase in the wave energy at the sunfaceasing the conductance. For
very thick films, the velocity of the SAW is thattthe shear velocity of the film which is

less than that of the substrate.

The value ofc? can be obtained by calculating the perturbatiowafe velocity

Av due to a change in the electric field boundar2&d.[ Specifically, for SAW, a thin
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metallization layer is added on top of the transd@nd the change in velocity is

measured as [25].

kz — 2|A‘U|

(2.27)

o

whereAv = v, — vy, with v, the wave velocity in the guiding layer ang the

metallized SAW velocity.

Careful consideration needs to be done when degwlinan appropriate film
thickness. Too thin a film may not trap enoughrgpend too thick a film may result in

too much energy loss.

The viscoelastic properties of a film will affabe acoustic wave velocity and
hence the stress. It is noted that the viscoelastiperties of the film do not affect the
capacitance and only the radiation conductancéigBer elastic constant means more
stress in the film, resulting in more power asseclavith the excited wave [29]. This

means that the radiation conductance is propoittorthe film’s elastic constant [29].

2.5.2 Electrostatic Capacitance

The total capacitance of the IDT with an isotroghielectric film will change
depending on the dielectric constant of the filrd &@a thickness. The dielectric constant
of the film, &, is proportional to the capacitance contributimnf the film. This is
easily recognized from basic capacitance theorylow thicknesses, the dielectric film
will cause an initial increase in capacitance. sTikidue to the fact that more of the
electric fields are passing through the film. Kmesses that go beyond half the

wavelength of the IDT start to experience a coristapacitance for increasing film
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thicknesses. This indicates a steady-state reagidrs expected since at large
thicknesses, the film starts to behave as a sédmitenmedium. A guantitative

expression for the total capacitance of an IDT \aittielectric film is given by [29]

2\1/2
= {(es+ e[ - ey (1 e )P Iy 29

where

&; = the dielectric constant of the piezoelectribstrate

g = the dielectric constant of the dielectric film

h = the electrode thickness

A =the transducer wavelength

N = number of electrode pairs

W = the aperture width of the transducer

Eq. 2.28 reduces to Eq. 2.29 as the thickrresgoes to infinity.

2 1/2
Cr = (es + ef)%

S—NW (2.29)
Eq. 2.29 is very similar to Eq. 2.26 for the cakthe IDT in free space except that the
dielectric of the film is now substituted in. Thésbecause at large thicknesses, the
capacitance acts as if the dielectric film is serfinite [29].

Figures 2.8 and 2.9 illustrate typical capacitatuneves for both LiTa@and
guartz with varying thicknesses of dielectric filmBecause LiTaghas a much higher
dielectric constant than quartz, the increase racgance is much smaller for thicker
films. This is because more electric fields aregiting through the substrate and not

the film, which is a great advantage for sensiniignid environments. The higher the

dielectric of the film the greater the change ipatance is from Eq. 2.29. A liquid



layer will have a high dielectric constant that edasorbed into the dielectric film,

increasing the film’s dielectric constant.

Normalized Capacitance vs. Normalized Thickness for
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Figure 2.8: Normalized capacitance vs normalized thickness on LiTaOs substrate, €,=43¢, [31]
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Normalized Capacitance vs. Normalized Thickness for
Quartz
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Figure 2.9: Normalized capacitance vs normalized thickness on quartz substrate, e,=4¢, [39]

2.6 Caseof IDT and Didlectric Film in an Aqueous Solution Case

The modeling of the IDT and dielectric film loadeslse assumes that there is free
space above the film. When the free space layepisced with a liquid layer major
changes to the radiation resistance and capacitaute. Properties of the liquid such as
the density and viscosity will affect the IDT pareters.

In order to do liquid sensing a protective digliedayer is a necessity or else the
acoustic wave is considerably damped due to theussproperties of the liquid. The
agueous solution will be absorbed into the filmrajiag the properties of the film. An
agueous solution will typically have a large di¢tecconstant and will decrease the

electric displacement in the substrate, reduciegattoustic wave energy generated. If



30

the liquid medium is conductive it can short owg &lectric fields between the IDT
fingers. The velocity of the wave is slowed by tecous drag of the liquid similar to
that of mass loading. Power loss from the wave atsurs due to the viscous medium

not moving in phase with the substrate.

2.7 Analyte Absorption and Sensing

As analytes sorb through the polymer film, changebke polymer’s properties
will occur resulting in changes in the radiatiomdactance and capacitance. The
changes in film’'s properties are of two categomaschanical and electrical. Mechanical
properties of interest in this work are mass logdind viscoelastic changes. The
electrical property is the dielectric constantisIhoted that the radiation conductarGe,
is affected by both the mechanical properties aactrécal properties while the
capacitanceC, is only affected by the electrical propertiesiraicated by the equations
shown below [29].

AG = f(Am, Ac, Ag) (2.30)

AC = f(Ae) (2.31)

2.8 Equivalent Circuit Model for Sensing

Figure 2.10 shows the circuit model for an IDThnainalyte absorption into the

dielectric film in an aqueous environment. Theerehce conductandg..r is expressed
asGy.r = G, + AGs + AG,, Whereg, is the initial conductance of the IDT in the free
space casé\Gy is the change in resistance from applying a digtefiim, andAG,, is the

change in resistance from liquid damping. Theregfee capacitandg.. is expressed as
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Crer = C, + ACr + AC,, Where(, is the initial capacitance from the free space a6,
is the change in capacitance from a dielectric,fdamdAC,, is the change in capacitance

from liquid damping.

NC analyte

Figure 2.10: Circuit model for IDT with analyte absorption into the dielectric film in an aqueous
environment

For chemical sensing, the change in the radiattmlgctance and capacitance
measured needs to be due to the analyte absogstipn Because of this, a differential
measurement is needed to isolate the quanfitigs,;, e aNdACyp4q1y¢e, the changes in
radiation conductance and capacitance from anahgerption alone respectively. This
is performed using a reference IDT that is not egolao the analytes. The reference
values for the radiation conductance and capa@taan be used to make the differential

measurement fakGpq1yte ANAAC nqiyte DY

AGanalyl:e = Gmeasured - Gref (2-32)

ACanalyte = Limeasured — Cref (233)
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2.9 Radiation Resistance

In practice, one would rather measure radiatioistasce changes as opposed to
radiation conductance changes. An expressiorh#orddiation resistance can be derived
from the admittance equation, Eq. 2.9, at the rasbfiequency. At the resonance
frequency, the radiation susceptarngg.f), is zero. Converting the admittance into

impedance yields

1 _ Ga—ijT
Gat+jwCr  GE+w?CE

Z:Y_lz

(2.34)

The real component of the impedance is equal toatiiation resistancé®,;, and is given

by from Eq. 2.34 as

Ga
Gi+w2cE

R, = Re{Z} = (2.35)

Equation 2.35 shows the equation for the radiatisstance. An expression for the
radiation reactance is not necessary since thik wakinvolve working at or around the
resonant frequency, in which the acoustic reactemeero. For either weak coupling
materials where the electromechanical couplingfaent is very small or for materials
with a high dielectric constant, which is true fd6faOs, G2 < w?C? and equation 2.35

can be rewritten as

(2.36)
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3. EXPERIMENTAL METHODS AND PROCEDURES

This chapter will discuss the experimental methagsd in the detection of OPs.
Detailed procedures of how the polymer coatinglQREBPA-HMTS) were fabricated
and the analyte samples (parathion, parathion-methyaoxon) were prepared will be
given. This work is a continuation of work donegrgvious students in the
Microsensors Research Lab at Marquette Univerd®y37]. Brief descriptions of the

instruments and experimental set up used will beutised.

3.1 Materialsand I nstruments

3.1.11DT

The IDT used in this work is fabricated on a 3§rée-rotated Y-cut X-
propagation lithium tantalate (36° YX-LiTgCcrystal. The crystal supports a shear-
horizontal surface acoustic wave. The transduasrdwavelength of 4 (A=40um),
an aperture of 2mm (W=2mm), and has 45 finger {airs15) [30]. The device
resonates at about 105 MHz in air. This is whieeenhaximum radiation resistance
occurs. The piezoelectric coupling coefficient alelectric constant of LiTagls 0.44

(k? = 0.044) and 43, (s, = 43¢,) respectively [31].

The transducer uses a split-finger geometry, megihi@ sign of the electric
potential of the fingers will switch every two fiags and not alternately. A picture of this
geometry is shown in the Appendix. This geometrinown to reduce signal reflections
between the fingers, thus reducing signal distogtidue to triple transit echoes [32].

More accurate approximations for the capacitanoebeafound in literature [13] for this
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transducer geometry but will not be discussed sineeadiation resistance and

frequency shift will be the key parameters of iaggr

Figure 3.1: IDT and microscopic picture of IDT fingers

3.1.2 Organophosphates

The OPs of interest for this work are parathiaraghion-methyl, and paraoxon.

All three of which are known to be toxic to humans.

Parathion and parathion-methyl were first devedba® insecticides but now their
uses have been severely restricted since the ERAdmsidered them to be possible
human carcinogens. In their pure forms they arigendnystalline solids; however,
parathion is usually transported in a liquid for33[34]. Parathion in liquid form and
parathion-methyl in crystalline form are obtaineahfi Sigma Aldrich. Parathion-methyl
is dissolved in methanol as an extra step befaed ts make the analyte samples.
Parathion has a molecular weight of 291.26 mol&yjissmimolecular structure can be
referred to in Fig. 3.1(a) [33]. Parathion-methgk a molecular weight of 263.21 mol/g

and its molecular structure can be referred tagn &1(b) [34].
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Paraoxon is the active form of parathion when brofown. It is considerably
more toxic and harmful [35]. Paraoxon is also $iegto us from Sigma Aldrich in a
liquid form. The molecular structure of paraoxershown in Fig. 3.2 and has a

molecular weight of 275.2 mol/g [36].

CaHg

0 S
AN s
/p — o@noz (CH,0) ,P-0 NG,

C,H;0
(a) Parathion (b) Parathion-methyl

Figure 3.2: Molecular structures of (a) parathion and (b) parathion-methyl [6,7]

NO
T
H3C//\T)HF\C}

/—O
HsC

paraoxon

Figure 3.3: Molecular structure of paraoxon [8]

3.1.3 Polymers

The two polymer layers that will be used for sagDPs are 2,2’-
diallylbisphenol A —1,1,3,3,5,5-hexamethyltrisitme (BPA-HMTS) and

polyepichlorohydrin (PECH). PECH is purchased frdigma Aldrich and diluted in



36

chloroform. BPA and HMTS are bought from Sigmawdt but synthesized here at
Marquette University to make BPA-HMTS using a hyadiation reaction [36,37]. The
HMTS group serves as the backbone for analyte pbsor The motive for synthesizing
BPA-HMTS was to reduce the response times that wleserved with other films such
as PECH. The steps for making these polymersiesnkiaire described in Section 3.2.3

[18,36].

3.1.4 Spin Coater

In order to ensure a smooth and even polymerildigton on top of the IDT, a
Specialty Coating Systems (SCS) Model P6024 spatecavas used. The process
involves depositing a few drops of the polymer om ¢f the device and spinning the
device at a high spin speed to ensure the devieeessly coated. Factors that affect the
thickness of the film are: the spin speed, ramgtihold time, polymer solution
viscosity, and percent weight of polymer soluti@8][ The spin coater was used to

produce film thicknesses of 04ofd and 0.7hm for PECH and BPA-HMTS.

3.1.5 Ellipsometer

The Gaertner Scientific LZWLSE544 Stokes Ellipsten§39] was used to
measure polymer film thicknesses. This was useshsoire that a device was coated
properly before testing. The ellipsometer meastiie&ness by a laser beam reflected
off the surface of the polymer at a low angle afdence. The beam would reflect both
at the surface and at the bottom of the film amdphase shift would be measured as the
beam passed through the output detector. Thisemtak is used to calculate the

thickness of the polymer. Two lasers of differeatvelengths were used to ensure
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accurate thickness readings. The wavelengthsedbters are 543.5 (green) and 632.8

(red) nm.

3.1.6 Flow Cdll

The IDT device is tested in a flow cell. The floell allows for the aqueous
solutions to come into contact with the surfacéhefIDT. The flow cell was designed
by F. Josse from Marquette University and R.W. Gsek [40] from Sandia National
Laboratories and is used worldwide in various regekabs. The flow cell comprises of
3 separate pieces. The bottom piece containseeased area for the SH-SAW device to
fit in. The middle piece contains contact pins ethprovide a connection between the
device and network analyzer. The top piece allfmvelet and outlet of the aqueous
solution. A gasket is used to ensure a tight sedhat the solution can be pumped. The
top piece is made of polycarbonate so that it cam¢seact with the aqueous solution.
The bottom and middle pieces are made out of lhesisield any electromagnetic

interference away from the device. Figure 3.3 shthwe parts of the flow cell.
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Figure 3.4: Parts of flow cell: bottom piece (bottom left), top piece (bottom right), middle piece
(top)

3.1.7 Pump

An Ismatec RS232 peristaltic pump was used to pimapeference and analyte
solutions into the flow cell. These special puraffew the liquid to be pumped at a very
stable and constant velocity. This is to redugewmiwanted noise from turbulence. The
pump has a start/stop function for switching arebdlutions. The pump velocity for this

experiment was kept at 12's.

3.1.8 Network Analyzer

The HP 8753C Network Analyzer was used for meagutie sensor parameters.
The network analyzer is capable of characterizidg\ace by performing a frequency

sweep and measuring various parameters as a faraftioequency. For this work, the
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radiation resistance of the device was measuredaoset frequency range. The network
analyzer has the ability to track specified resistavalues and monitor the change in
frequency. Also, the network analyzer can traekdhange in resistance value at a
specified frequency. Both of these functions wesed on the network analyzer to track

the change in radiation resistance and frequenifty sh

3.2 Experimental Procedures

This section will describe all the procedural stégken to synthesis the polymers
and to produce the OP analyte solutions for detectA description and diagram of the

experimental set up will also be shown.

3.2.1 Experimental Setup

A peristaltic pump is used to pump the analyteitsmh through the flow cell for
detection. The solution then exits the flow cetbia waste container. The network
analyzer is connected to the flow cell’'s outputs SMA cords. Measurements are
performed using the network analyzer and transdeilwea personal computer with
Labview software for storage of data over timeg. Bi4 shows a process flow diagram
of the setup. The samples and flow cell are ket cooler box to prevent any
temperature changes from the outside environmiaitaO3 has a relatively large
temperature coefficient of delay and so fluctuationthe ambient temperature can affect

the measurement accuracy [31].
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Waste PC/Labview Program

Figure 3.5: Experimental setup flow diagram

3.2.2 SH-SAW Preparation

The SH-SAW device goes through several preparatieps before being used for
testing. First, the edges of the device are filsithg sandpaper to create a rough surface.
The rough edges will scatter the acoustic wavéiseaénds of the device so that none are
reflected back to the transducer. Since the IDdf isterest and not the delay line, small
grooves are etched with a fine blade on the déheydurface. This mitigates any triple
transit signals from interfering with the wave frahe IDT [18]. Before coating, the
device is washed using trichloroethylene, chlonofoacetone, and 2-propanol in an
ultrasonic bath for 3 minutes in that order respett. The device is washed with DI

water in between cleaning solutions and then diga nitrogen gas for the last step.

The cleaning process ensures adequate adhesioa pbtymer layer onto the

surface. Once coated, the bottom layer of theogeigi covered in electrical tape to
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absorb any bulk waves associated with the IDT. Qulk waves are absorbed into the
tape layer and do not reflect back to the surfa@eertime, the contacts from the flow
cell can scratch the IDT contact pads. Small arteoahsilver paint are placed on the
IDT contacts to ensure good contact between theeelewd flow cell if the contacts are

scratched or damaged.

3.2.3 Polymer Synthesis

After the SH-SAW device is prepared sufficienttyis then coated. The
polymers for both PECH and BPA-HMTS are used toertak polymer solutions.
PECH is bought from Sigma Aldrich and is used asikeed. BPA-HMTS however is
synthesized at Marquette University using BPA andili$ [36]. The preparation for the

PECH solution is done using the following steps 336.

1. Determine the % wt. needed by using Eq. 3.1

2. Place a clean 20mL vial on the scale and tare.

3. Add the mass of PECH calculated from Eq. 3.1 ihtoial.

4. Add the needed amount of chloroform to achieveéthst. from Eq. 3.1

5. Add a stir bar, cap, and seal the vial using Tefape

6. Stir the polymer at 1000rpm at 120°C for 2 hourd #aen with no heat for

another 22 hours.

Mass of BPAHMTS(or PECH
¢ ) %100
Mass of Chloroform

%wt. =

(Eq. 3.1)

Synthesis of the BPA-HMTS is done at Marquettevigrsity [36]. The steps in

synthesizing the polymer are listed below [36,37].
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Turn on Corning (420D) hotplate and set plate tawmtpee to 250 °C to heat
oil bath (100-110 °C).

Add 10 mL of toluene into 40 mL vial and reset sdal zero.

Add (0.882 g, 0.00286 mol) of BPA (Mw = 308.41 gljno

Stir mixture on stir plate for about 5 min at 4@dr until a homogeneous
mixture is obtained.

Add 10 mL of toluene and reset scale to zero.

Add (0.566g, 0.00271 mol) of HMTS (Mw = 208.48 glino give a mole
ratio for reacting functional groups, r = [SiH]/[@HCH], of 0.95.

Stir for about a 1 min and monitor the presenciefSi-H (2125 cm-1) group
by FTIR (see Figure 4.5a).

Set scale to zero and add two drops (~ 0.02 g)-BAPEMDS.

Stir the solution at 400 rpm in the oil bath (11IBTC) for 20 minutes.

10. Monitor the disappearance of the Si-H (2125 cm+bug by FTIR (see

Figure 4.5b).

11.Add 0.17 g (for a total of 0.736 g, 0.00353 nmot, 1.23) of HMTS to the

reaction mixture and stir for 20 minutes.

12.Monitor the presence of excess Si-H by FTIR spegsia Figure 4.5¢)

13. Add five drops (~ 0.058 g) of the catalyst to teratenthe polymer with vinyl

groups.

14.Repeat steps 1-13 for another vial.

15. Transfer samples into three-neck round-bottom flask
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16.Polymerize using a reflux set-up in an oil bati@®-110 °C for 2 hours while
stirring.

17.Monitor the disappearance of the Si-H (2125 cm+bug by FTIR.

18. Add activated carbon to mixture and stir in oillb&dr 30 minutes to remove
the catalyst.

19. Filter solution to remove activated carbon. Fingsticle size filter paper is
recommended. Filter at least three times.

20.Remove solvent by rotary evaporation. Care musaken to not perform
rotary evaporation for too long, otherwise soméhefsample may be lost.

21.Transfer to a watch glass and heat under vacu@ &€ for 36 hours to
remove residual solvent.

22.Monitor the disappearance of the Si-H (2125 cmsbug by FTIR (see
Figure 4.5d). Note that the amplitude associatet @iH stretching mode is

larger because the solvent has been removed.

Once the polymer is finished, the polymer is retdlge made into a solution
which is prepared similarly to PECH by the stepswd36,37].

1. Determine the % wt. needed by using Eq. 3.1

2. Place a clean 20mL vial on the scale and tare.

3. Add the mass of BPA-HMTS calculated from Eq. 3tb ithe vial.

4. Add the needed amount of chloroform to achievethst. from Eq. 3.1

5. Add a stir bar, cap, and seal the vial using pknafi

6. Stir the polymer at 1000rpm at room temperaturelfbour.
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The polymer is coated onto the device using a spater. Table 3.1 shows the

%wt, spin speed and hold time needed to obtaisleeific polymer thicknesses.

Average film
Polymer % wt. | Spin Speed (rpm) | Hold Time (s) thickness (um)
BPA-HMTS 4.60 3000 30s 0.50
BPA-HMTS 8.00 4000 30s 0.75
PECH 2.10 3500 30s 0.50
PECH 2.10 2500 30s 0.75

Table 3.1: Spin coater parameters and polymer %wt. to achieve desired film thicknesses

3.2.4 Phosphate Buffer Solution

Phosphate buffer solution (PBS) is used for piegahe reference solution and
analyte samples. This is to ensure a constanepél for the OPs. The preparation of

0.1M PBS solution has a pH level of 6.2 and is doyéhe following steps [36,37].

a) Monobasic Preparation
1. Measure 1.3619g of Ki#PQO, into a 1000 mL flask
2. Add and fill the 1000 mL flask with degassed DI arat
b) Dibasic Preparation
1. Measure 1.742¢g of PO, into a 1000 mL flask
2. Add and fill the 1000 mL flask with degassed DI arat
c) Combine solutions
1. In a 2000 mL flask, add 173.6 mL of the monobaslatson
2. Combine with 26.4 mL of dibasic solution

3. Fill remaining flask with degassed DI water and mix
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3.2.5 Reference Solution

1.

2.

3.

4.

Measure 960 mL of PBS into a 1000 mL flask
Add 1.11 mL of methanol
Add stir bar and seal with parafilm

Stir at 1000 rpm for 1 hour

3.2.6 Concentrated Analyte Solution

1.

In a 20 mL vial, add either 25.8uL, 25.7uL, or 24.1f parathion,
paraoxon, or parathion-methyl stock solutions respely.

Add 3mL of methanol.

Add stir bar, cap, and seal

Mix at 1000 rpm for 15 minutes

Store at a temperature of 2-5°C

3.2.7 Analyte Solutions

In a 120 mL jar, measure 120 mL of PBS.

Add 140uL of the concentrated analyte solution fthenfridge. (makes
12 mg/L concentration)

Add stir bar, cap, and seal.

Stir at 600rpm for 2 hours.

Using the dilution chart (Table 3.2), dilute therbg/L analyte sample
with reference solution into 0.5, 1.0, 1.5, 2.G,2nd 3.0 mg/L

concentrations.
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6. Mix all concentration samples for 20 minutes.

Reference Solution (mL) Analyte Solution (mL) | Concentration (mg/L)
121 5 0.5
116 10 1.0
111 15 1.5
106 20 2.0
101 25 2.5
96 30 3.0

Table 3.2: Dilution chart for making analyte concentrations

3.3 Data Acquisition and Processing

This section explains how the network analyzersisd to make the sensor

measurements and how the data is collected aneppostssed.

3.3.1 Data Collection

The network analyzer measures the sensor parawdterterest, radiation
resistance and frequency. The data is then cetleaid logged using a Labview
program. The program collects data points evesgconds from the network analyzer.
This allows measurements over time to be collestethat changes in radiation
resistance and frequency can be monitored as arsdyitions are pumped into the flow

cell.

The network analyzer can display and measure haormels simultaneously.
Both channels will display the radiation resistanger a frequency interval which

includes the resonant frequency. The marker offirstechannel will be set at a fixed
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frequency and the radiation resistance will be messat that frequency every 5
seconds. The marker on the second channel widebat a fixed radiation resistance
value so that the frequency can be measured eveaggdnds at a constant resistance.
The location of the markers will be set approxiraéd the 3dB point to the left of the
resonant frequency. Points near the resonant freguexperience large noise levels, so

the 3dB point is used instead.

3.3.2 Data Processing

The system experiences a slight drift which catisesadiation resistance to
gradually decrease over time, so the baselineadugily changing [42]. In order to
compensate for this drift, a baseline correctiopedormed after each experiment. The
baseline correction will keep the baselines betwesarin sample concentration constant
so that it is easier to see the difference in dighange between each sample. Also, the
baseline is normalized to zero to see the relatnage. Figs. 3.5 and 3.6 show an
example of how the raw data is baseline correctad fin experiment using 0o

thick BPA-HMTS and parathion.
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4. RESULTSAND SENSOR ANALYSIS

4.1 Introduction

The theory of the single IDT sensor has been dssmisy Chapter 2. The
electrostatic capacitancg€y, and radiation resistanck,, from the single IDT circuit
model are dependent on the piezoelectric matér@gadsducer geometry, and adjacent
medium. When a selective film is coated onto & &nd used for sensing, changes in
the film properties will occur. These changeshi@ film properties will be reflected in a
corresponding change in the IDT circuit model. Sehehanges in the IDT characteristics
are calculated and related to the analyte condearirbor chemical sensing.

In this chapter, experimental data from the sidQl€ sensor will be presented
and discussed. First, the response of the IDTosem#l be evaluated in air. Then the
coated IDT case will be looked at in air and wateastly, the performance of the single
IDT device coated with two different partially sefiee films (BPA-HMTS and PECH)
for the detection of three organophosphates (PargtRarathion-methyl, Paraoxon) in

liquid will be investigated.

4.2 Response of the Sensor Devicein Air

Measurements of the IDT are first performed in dihis is a close approximation
to the free space case as discussed in the theohapter 2. Figures 4.1 and 4.2 show

the radiation resistance and reactance for afapdjer transducer, on a 36° YX-LiTgaO
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substrate with number of finger paifé,= 45, aperture widthi = 2mm, and

wavelengthd = 40um, measured in air case [43].

140
120 /\

100 / \
80 / \
60 / \

\/v

Radiation Resistance [ohms]

0
104.2 104.4 104.6 104.8 105 105.2 105.4 105.6 105.8 106

Frequency [MHz]

Figure 4.1: Radiation resistance for a split-finger transducer with number of finger pairs, N=45,
IDT aperture, W=2mm, and wavelength, A=40um, on 36 degree rotated YX-LiTaO; measured in
air.
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Figure 4.2: Radiation reactance for a split-finger transducer with number of finger pairs, N=45,
IDT aperture, W=2mm, and wavelength, A=40um, on 36 degree rotated YX-LiTaO; measured in
air.
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The resonant frequency can be evaluated at thHerpdation resistance value.
From Figure 4.1, the IDT has a peak radiation tasce of 127.Q at the resonant
frequency of 105.08 MHz. The total capacitanctheflDT, C;, can further be evaluated
from the reactance value at the resonant frequeAtyhe resonant frequency, the
acoustic reactancéy, is zero and so the reactance at that frequendyago the

capacitance from the IDT. The capacitance caralmii@ated from the reactance by the

circuit equationX, = — 1C . From Figure 4.2 the reactance at the resonaguéncy is

wWolT

-9.582 which correlates to a capacitanceCef= 158.1pF. The electrostatic capacitance
is a measure of the charges stored on the IDTedilth-substrate interface and the
radiation resistance (or radiation conductancea)nseasure of the input electrical power
converted into acoustic power.

The plots of the radiation resistance and reaetémoen Figures 4.1 and 4.2 have
good agreement to the equations for the conductamtesusceptance from Equations
2.14 and 2.15. We can measure radiation resistastaad of radiation conductance
because the two are proportional to each otherantalso be seen that as the frequency
deviates from the resonant frequency, the radiaBeistance begins to decrease. This is
due to the fact that an acoustic reactance is m®mg@ which decreases the power in the
acoustic wave.

From Figures 4.1 and 4.2, the peak radiationtaste is much more stable than
the radiation reactance at the resonant frequawitigh is shown to be near asymptotical.
This yields more stable measurements when measiiéngadiation resistance as

opposed to the reactance. Any error in measuhiegdsonant frequency will greatly
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influence the capacitance value whereas only meelgrmfluencing the radiation
resistance.

4.3 Coated IDT Response

For a particular substrate and IDT geometry, thetecal properties of the
equivalent circuit model are shown to depend oratljacent medium above. In the
previous section, the medium the transducer wasuned under was air which has a
dielectric constant of approximatedy. In this section the medium will be replaced by a
film with dielectric constangs and thicknes4. Introducing a film will change the
guantities ofR, andC; as discussed in Chapter 2. Further changes ifiitheroperties
from viscoelastic changes and mass loading duedlyi@ absorption are exploited for
chemical sensing [12]. In this section, first ojes in the thickness of a polymer will be
looked at in air to see how balfy andC; change and then a film layer will be immersed
in water to further see hoRj, andC; change.

4.3.1 Effect of Variation of Film Thickness

Figure 4.3 shows the radiation resistance fos#rae IDT as in Figures 4.1 and
4.2 but coated with different thicknesses of PMMly-methyl methacrylate). The
thickness values range from Ou22 to 1.2@um thick. Figure 4.4 shows the chang&kjn

with respect to the initial uncoated case for tiverg thicknesses of PMMA.
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Figure 4.3: Radiation resistance curves for various thicknesses of PMMA
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Figure 4.4: Change in the peak radiation resistance due to various thicknesses of PMMA

By first loading a thin dielectric film onto th®T, initially the radiation
resistance begins to increase because the filmidsng the acoustic wave closer to the

surface. As the thickness increases, the wavedsrbing more efficiently trapped. For
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too large film thicknesses, the radiation resistanegins to decrease due to power being
driven into the non-piezoelectric film [13]. Thaan be seen in Figures 4.3 and 4.4 for
1.2Qum thick PMMA. At around that thickness, the raiatresistance begins to
decrease and is expected to decrease furthermweaitbasing thickness.

Figure 4.3 also shows a shift in the resonantueegy for increasing thicknesses
of PMMA. Theses shifts are due to mass loadingy. aHixed film density and surface
area, an increase in the thickness directly cdaele a proportional increase in the mass
loaded on top of the IDT. Mass loading perturleswlave velocity which changes the
resonant frequency of the device. This effeceensin all acoustic-wave modes. A very
general description for the relationship betweessraadingAm, and frequency shift,
Af,,, for an AW device is given by

Af,, = —kSp,Am
In which S,,, is a device constant which depends on the nafute@iezoelectric
substrate, device dimensions, frequency of operatind acoustic mode is a
geometric factor for the fraction of the active @evbeing perturbed. As long 85 does
not depend on film thickness From Equation 4.1n@ar dependence between the added
mass and change in frequency is predicted. [12]

Figure 4.5 shows the change in the resonant frexyuieom the initial air case
with respect to increasing thicknesses of PMMA e @lata shows good agreement for the
linear dependence equation from Equation 4.1. [iesr dependence between the
frequency shift and added mass only occurs for stazally thin films. For acoustically
thin films, the particle displacement is constasrbas the film thickness. This is because

the entire film is moving in phase with the wavethe film is acoustically thick, the
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upper portion of the film tends to lag behind tlaétdm substrate/film portion of the film.
This deformation results in a non-uniform displaeatracross the film. Increasing the
thickness to the regime of acoustically thick filmd result in an exponential decrease
in the resonant frequency as opposed to a lineaedse with the acoustically thin film

case. [12]
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Figure 4.5: Shifts in resonant frequency due to increasing film thicknesses of PMMA

Similarly the reactance plots for each of the PMM#&knesses are shown in Fig.
4.6. Small bar lines indicate the resonant frequdar each of the thicknesses.
Experimentally it is difficult to accurately tratke reactance value at the resonant
frequency because of the near-vertical natureeptbts around the resonant frequency.
A trend towards the increase in capacitance witheimsed film thickness is observed but

the error from the experiment does not permit aenui@tailed analysis.
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The results from Fig. 4.7 do show an increasapacitance as a film is loaded to
the IDT as expected from Chapter 2. However, tita dself is not as consistent as that
of the radiation resistance due to the difficuliresracking the reactance at the resonant
frequency. One would expect an initial increaseapacitance from applying a dielectric

film and then a small change with increasing thedses of the film.
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Figure 4.6: Radiation reactance for varying thicknesses of PMMA

4.3.2 Effect of Water L oading

The next case that will be looked at is the wataded case. This is done by
coating the IDT with a dielectric polymer and adgdroplets of water on top of the film.
The water will absorb into the film and change th@iation resistance and capacitance.

The polymer PECH will be used for this case. ldeoito obtain a reasonable response in
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water, a polymer layer must be used to shield Blefrom the water that may otherwise
short the IDT fingers.

Figures 4.8 and 4.9 show the radiation resistandereactance curves for an IDT
coated with a 0.68m PEA film layer in air and subjected to water detg. Note that a
dielectric layer is necessary to get any reasonake@surement in liquid. This is because
the liquid may short the IDT fingers if conductiaad greatly reduce the electric fields
within the substrate due to the high dielectricatant of water. And without a film, the
acoustic waves are not being guided to the surfeadang the device even less efficient.
Note that in this experiment, two major factors @vatributing to the changes in the
radiation resistance and reactance, viscous loaditite water droplets and the change in

the dielectric constant of the film due to wates@iption.

120 l\
[
o [
l \ —Air
\

60

40 / \x_\
———

e \Vater

Radiation Resistance [ohms]

20

0

102 103 103 104 104 105 105 106 106
Frequency [MHz]

Figure 4.7: Radiation resistance curves measured for an IDT coated with a 0.65um PEA film in air
and with water droplets added
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Figure 4.8: Reactance curves measured for an IDT coated with a 0.65um PEA film in air and with
water droplets added

From Fig. 4.8, the radiation resistance showsgeldecrease when the film is
subjected to water compared to air. This is dusgater being in contact with and getting
absorbed into the PEA film and increasing the diele constant of the film. A film and
water layer with a much higher dielectric constailt cause more electric displacement
to occur within the film/water layer and not théstrate; thus less electrical energy is
being converted into acoustic energy. The diffeeein resonant frequency is largely due

to the mass of the liquid vibrating with the wavelaausing it to slow down.

The measured reactance at the resonant frequenthefIDT coated with 0.6&n
of PEA is -11.98 in air and -7.82 in water. The capacitance calculated from these
values and the resonant frequencies are 127.3 @iF amd 195.8 pF in water. This
increase is due to the increase in the dielectmstant of the film as water absorbs

through. The dielectric constant of water is mhidher 80¢,) than that of most
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dielectric films @ — 4¢,) and so the resultant dielectric constant fronvtheer and film

will be much higher.

4.4 Detection of Organophosphatesin Aqueous Solutions

The performance of the single IDT sensor will naavd@oked at for the detection
of organophosphates in aqueous solutions. Data $ensor array will be presented and
discussed. The array consists of using two polyoatings (PECH and BPA-HMTS), at
two thicknesses (0.50n and 0.75m), and has been used for the detection of three
organophosphates (parathion, parathion-methyl pangoxon). For each OP
measurement, 5-6 different analyte concentratiaisoesmeasured ranging from 125ppb
to 3ppm. This is to ensure that an accurate seibg&nd limit of detection can be
calculated. The performance of the two films whién be evaluated by comparing the
sensitivities and limit of detections for the thiganophosphates. The selectivity will
be discussed by use of a sensor array and vistiatp#echniques. Finally, a test on the

reproducibility of BPA-HMTS will be presented anclissed.

4.4.1 Sensor Response

The sensor responds when an interaction betweeantigte and polymer
occurs. As analyte absorbs through the polymaer, fd number of properties are
changing in the film resulting in a change in tadiation resistance. These properties are
mass loading, viscoelastic changes, change inaliel€onstant, and change in thickness
of the film. The combined change in radiation semice from all these factors is
measured for each analyte concentration for a giesinby use of a reference

measurement. The reference measurement consisis pblymer film and liquid layer
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without introducing analytes. This measuremenisisd to differentiate the change in the
radiation resistance from the analyte absorptional

The change in capacitance is not shown for thi@ement. The point of interest
for this experiment is to study the sensitivityagbustic waves with respect to surface
perturbation. Acoustic waves have been known texteemely sensitive to surface
perturbation and this is exploited when to trackimg change in radiation resistance. In
theory one can use this design as a capacitive@sanwhich changes in the dielectric
constant and thickness of the film can be obser¥alvever, this will lead to lower
sensitivity than tracking the radiation resistaheeause the radiation resistance depends
on additional parameters of interest such as noasBrig and viscoelastic changes and,
therefore, is much more sensitive to analyte cotnagon.

In Figures 4.10-4.21, the change in the radiatgsmstances is shown for different
analyte/coating combinations. The observed ramhatsistance is a function of the
change in the film’s properties: mass loading, &dastic changes, change in dielectric
constant, and thickness. In addition to the chamgadiation resistance, the response
time (the time it takes for the response to redi¥ 9f its steady-state value) can be
observed for each of the analyte concentratiomms.afgiven film thickness, there is a
given amount of free volume inside the film that nalyte can absorb into. When
analyte sorbs into the polymer film, the film swgedind changes the thickness. The
resistance changes and time responses for eacartoaton in each experiment is

summarized in Tables A.1-A.5 in the Appendix.
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Figure 4.9: Measured change in radiation resistance of the 0.50um BPA-HMTS coated IDT
exposed to 0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of parathion.
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Figure 4.10: Measured change in radiation resistance of the 0.50um PECH coated IDT exposed to
0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of parathion.



62

0.5 \ \
:0.75um BPA-HMTS/Parathion
0 NS N OSSO SO .
T S S e
2] | i |
IS
<
S, | | s
e o N
8
© | ; ‘
0 o1 ,,AnaJyte,Qut, ,,,,,,,,,,,,,,, b f f §
0 \//\,, R — AN N o N, .
TAnaIyte In
g g gl 1 | 625 ng/L
o1 125ng/L 250 ni I 375 ng/lL ‘ 500 nglL ; JT_
0 100 200 300 400 500 600

Time [min]

Figure 4.11: Measured change in radiation resistance of the 0.75um BPA-HMTS coated IDT

exposed to 125 ng/L, 250 ng/L, 375 ng/L, 500 ng/L, and 625 ng/L of parathion.
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Figure 4.12: Measured change in radiation resistance of the 0.75um PECH coated IDT exposed to

0.25 mg/L, 0.5 mg/L, 0.75 mg/L, 1.0 mg/L, and 1.25 mg/L of parathion.
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Figure 4.13: Measured change in radiation resistance of the 0.50um BPA-HMTS coated IDT
exposed to 0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of parathion-methyl.
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Figure 4.14: Measured change in radiation resistance of the 0.50um PECH coated IDT exposed to
0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of parathion-methyl.
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Figure 4.15: Measured change in radiation resistance of the 0.75um BPA-HMTS coated IDT
exposed to 0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, and 2.5 mg/L of parathion-methyl.
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Figure 4.16: Measured change in radiation resistance of the 0.75um PECH coated IDT exposed to
0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of parathion-methyl.
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Figure 4.17: Measured change in radiation resistance of the 0.50um BPA-HMTS coated IDT
exposed to 0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of paraoxon.
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Figure 4.18: Measured change in radiation resistance of the 0.50um PECH coated IDT exposed to
0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of paraoxon.
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Figure 4.19: Measured change in radiation resistance of the 0.75um BPA-HMTS coated IDT

exposed to 0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, and 2.5 mg/L of paraoxon.
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Figure 4.20: Measured change in radiation resistance of the 0.75um PECH coated IDT exposed to

0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, and 3.0 mg/L of paraoxon.
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The sensitivity of the detection of the three oamosphates varied in terms of
coating material and thickness from Figures 4.71-4.To more closely compare the
overall sensitivities, the sensitivity for each gtefilm combination was calculated
using

_ AR
T AC

S
whereAR is the change in radiation resistance due to aggha analyte concentration,
AC. The sensitivity was calculated by plotting tiniacge in the radiation resistance as a
function of analyte concentration for a given expent. A linear fit was then made
from the data points where the slope of the lineagents the sensitivity. Figures 4.22-
4.25 show the sensitivities for each polymer thedsifor the sensing of
organophosphates. Figures 4.26-4.28 show thetsgies of the three

organophosphates with respect to the different filroknesses used. The sensitivity data

is also summarized in Table A.6-A.7 in the Appendix
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Figure 4.21: Sensitivity curves for the detection of 0.5 mg/L to 3.0 mg/L of parathion, parathion-
methyl, and paraoxon using a single IDT guided SH-SAW device coated with 0.50um of BPA-

HMTS.
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Figure 4.22: Sensitivity curves for the detection of 0.5 mg/L to 3.0 mg/L of parathion, parathion-
methyl, and paraoxon using a single IDT guided SH-SAW device coated with 0.75um of BPA-

HMTS.
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Figure 4.23: Sensitivity curves for the detection of 0.5 mg/L to 3.0 mg/L of parathion, parathion-
methyl, and paraoxon using a single IDT guided SH-SAW device coated with 0.50um of PECH.
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Figure 4.24: Sensitivity curves for the detection of 0.5 mg/L to 3.0 mg/L of parathion, parathion-
methyl, and paraoxon using a single IDT guided SH-SAW device coated with 0.75um of PECH.
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Figure 4.26: Sensitivity curves for the detection of 0.5mg/L to 3.0mg/L of parathion-methyl using
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Figure 4.27: Sensitivity curves for the detection of 0.5mg/L to 3.0mg/L of paraoxon using 0.50um
BPA-HMTS, 0.75um BPA-HMTS, 0.50um PECH, and 0.75um PECH.

4.4.2 Discussion of Sensor Responsesto Pesticides

Figures 4.10-4.21 show overall that the polymer BBMTS has both greater
sensitivity and shorter response times than PEBéth BPA-HMTS and PECH were
most sensitive to least sensitive to parathiomatpan-methyl, and paraoxon respectively
from Figures 4.26-4.28. Also, the response tinte@range in radiation resistance were
greater for the 0.746n thick films than for 0.50m thick films for both BPA-HMTS and
PECH, as expected because of the large sorptiameénd longer path for analyte
diffusion for the thicker films. Overall, the chges in radiation resistance were mostly
linear for increasing concentrations within thedastigated concentration ranges. It is

also observed that the resistance response issieheefsignal returns back to baseline
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after an analyte is removed) which indicates thgrper/analyte interaction is largely
physical and that the sensor is reusable.

It can be seen that the response times for paratan be relatively long,
especially for the thicker 0.7 BPA-HMTS and PECH films. In order to decrease th
experiment time, smaller concentration ranges wbosen for these two coatings. This
allowed the experiment time to be greatly redugetidemonstrated the capability of the
sensors to detect smaller concentrations.

The response time for a polymer/analyte interaatiemends on the sensor system
(flow rate and cell volume), coating propertiesy &me sorption kinetics between the
analyte and coating. For the given experimentsfldw rate was chosen atilds and
the cell volume is approximately 0.134mL. A higflew rate can decrease the response
time by allowing the cell to be filled/emptied gk&s but would introduce noise in the
system from turbulence of the liquid flow. A glesdilm will exhibit slower response
times than a more rubbery film [44]. For physisanp, the porosity of a coating and the
dimensions of the analyte molecules will affect tbgponse time [12]. A more porous
film subjected to smaller analyte molecules wi@ahorter response times. Thickness
of a film largely contributes to fast or slow reage times. A thicker film will have more
free volume for the analyte to absorb into, takimgye time for the film to be saturated.

The solubility of the organophosphates plays arkéyin the overall sensitivity
and response time. The solubility of parathiomapgraon-methyl, and paraoxon is
12.9mg/L, 38mg/L, and 2400mg/L respectively [3335}, A high solubility means an
analyte is more likely to dissolve within the ague@olution and consequently, less

likely to diffuse into the polymer layer. Since al the organophosphates are similar in
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terms of size and density, this explains why papaoxas shown to have the lowest
sensitivity and why parathion had the highest.aAesult of having a higher solubility,
the response time should be expected to be shenteg less of the analyte is being
absorbed into the coating. Indeed, paraoxon ebduilthe quickest response times while

parathion had the longest response times.

4.4.3 Sensor Array Design

An important quality for a sensor system is iteseVity. Selectivity is the
ability for a chemical sensor system to distingwosle target chemical species from
another. Because many times sensors lack pediedtivity, arrays are often
implemented. The sensitivity for a certain cherwadl depend on the polymer material.
By combining several different chemical sensors msensor array, complex chemical

mixtures can be analyzed.

A sensor array can be designed by either combs@mgor information from
discretely-tested devices or by combining seveealas onto one chip. At the current
stage of development, the sensor array will begthesi from data collected from discrete
coated devices. Because many polymers are pgisialéctive, more than one is required
to create a sensor array. For this work, BPA-HMIhE PECH will be the two polymer
choices for the array. The measurements fronmtbgoblymers that will be used as the
input parameters are chosen so that the two aepentient of each other. For this work,
the change in the radiation resistance and resgoneavere measured. This gives a
total of four input parameters, two from each padymo develop analyte-specific

patterns. These patterns can then be recognizegl pattern recognition techniques.
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The frequency shift associated with the deteabiotne same organophosphates
using the same two polymers using a delay-line $MvSlevice has been investigated
by Newman [37]. This data will also be implemeni@o the sensor array. As
mentioned, the input parameters cannot be indepedeach other, this means that
only one thickness may be used. The thicknessnmmuon with this work and from
Newman that will be used for the sensor array3al. The six input parameters for the

sensor array are summarized in Table 4.1.

BPA-HMTS PECH
Resistance change [Q] | Resistance change [Q]

Response time [min] Response time [min]

Frequency shift [kHz] Frequency shift [kHz]

Table 4.1: Sensor array design using BPA-HMTS and PECH coated devices at a thickness of
0.5um.

Figures 4.29-4.31 show a visual pattern recogniiéehnique using radial plots
for parathion, parathion-methyl, and paraoxon ateatrations from 0.5mg/L to
3.0mg/L. The axes of the radial plots are thdargit parameters: resistance change,
response time, and frequency shift for both BPA-H8vAind PECH. The values for the
radial plots can be found in Tables A.1-A.5 in &mpendix. The frequency shift, time

response, and resistance change are all normatizbd largest response for comparison.

From the radial plots in Figure 4.29 (a-f), Figdt80 (a-f), and Figure 4.31(a-f) it
can be seen that each organophosphate has a wrggakpattern. These patterns are
also fairly consistent throughout all concentrasiorsingle-analyte detection is more

accurately obtained now by use of the recognitiaitgons. One can take an unknown



75

sample, assuming to be one of the three organophtespfrom 0.5mg/L to 3.0mg/L, and
be able to correctly identify the analyte and coriaion from measuring the input

parameters.
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4.4.4 Polymer Reproducibility

The synthesis of BPA-HMTS is rather complex anpagormed at Marquette
University whereas PECH is readily available ingébrm and only needs to be
dissolved. After BPA-HMTS is synthesized and sdosdight variations in the film occur
over time that affect its sensing capabilitiesystally, the film becomes harder and its
color turns into a dark brown. An experiment wasg@rmed to test two samples of
BPA-HMTS that were synthesized at different tim&ne sample was synthesized and
has been stored for over a year before testingaanther was made just a week before
testing. Figure 4.32 shows the comparison betweetwo samples of BPA-HMTS for
the detection of parathion from 0.5mg/L to 3.0mgihe newer synthesized BPA-
HMTS has a slightly greater response and shorgporese time than the older
synthesized BPA-HMTS. Most noticeable is the défece in linearity between the two
samples. The responses for the newer BPA-HMT $naich more linear with
concentration than those of the older BPA-HMTSs thimore easily seen in Figure 4.33.
These results highlight the necessity to find meéshaf synthesis and storage that will

ensure a reproducible performance of the BPA-HMd&ings.
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5. SUMMARY, CONCLUSIONS, AND FUTURE WORK

5.1 Summary

The objective of this work was to investigate tisahility of a coated single IDT
sensor for the direct detection of organophosphatagueous solutions. Two partially-
selective films were selected and evaluated ingevhiheir sensitivity and selectivity to
the organophosphates. Selectivity was enhanceddpf visual pattern recognition
techniques by combining several measurable quasiitian array. The influence of
aging of polymer coatings on the reproducibilitytieéir performance in sensor
measurements was discussed.

A background on organophosphate pesticides wassiisd along with a
rationale for developing sensors capable of rapigdjtu detection of organophosphate
pesticides. An overview of chemical sensors was thiscussed with an emphasis on
acoustic wave based chemical sensors utilizingntieedigital transducer. The
interdigital transducer was then introduced witbrief description.

The theory of the interdigital transducer was ttdigdiscussed in Chapter 2.
The geometry was first presented along with theqggple of operation via the
piezoelectric effect. An equivalent circuit moeeds given to simplify the analysis and
theory of the IDT. The circuit elements were callgfderived. Changes in the circuit
model were then evaluated for the dielectric fibaded case and aqueous solution case.
A final circuit model encompassing all the changgethe sensor for the case of liquid-

phase sensing was presented.
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Detailed procedures for the synthesis and/or patjoa of BPA-HMTS and
PECH polymers and organophosphate samples weraexlith Chapter 3. Brief
descriptions of the instruments used in these piwes were given. The experimental
setup was depicted in Figure 3.x along with a dpgon as to how the data is collected
and processed.

Two partially-selective polymers (BPA-HMTS and RGvere used and tested
for the detection of three organophosphates (paratparathion-methyl, and paraoxon)
in Chapter 4. The concentrations tested for tigammwphosphates ranged from 125ppb to
3.0ppm. Two thicknesses (058 and 0.74m) were tested for each polymer. The
change in the radiation resistance and the resgonsevere extracted from the
measured response. A linear fit was made to catlethe sensitivity for each
polymer/analyte case. The two polymers were evatlim terms of their sensitivity to
each of the three organophosphates. Selectivisyamhanced by forming a sensor array
with multiple input parameters to develop spedinalyte patterns. Finally, the
reproducibility in the performance of BPA-HMTS wdiscussed with respect to the

polymer solution aging.

5.2 Conclusions

In this work, it was shown that a single IDT cahtaith a selective polymer can
be used for sensing in liquid phase. Specificallis work showed that single IDTs
coated with the polymers BPA-HMTS and PECH candeuor the detection of
organophosphates in an aqueous solution. The sesmnse, the change in radiation

resistance, was shown to be a linear function@ntlass loading, viscoelastic changes,
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dielectric changes, and changes in film thicknédse 0.7mm thick films showed

greater responses than the @uB0films due to increased free volume for the arealyo
absorb into. BPA-HMTS had both greater sensitiaityd shorter response times than
PECH. This was due to BPA-HMTS having more frekine, allowing more sorption
of analyte and faster analyte diffusion throughesd@4]. Both films were most sensitive
to least sensitive to parathion, parathion-metéyt paraoxon respectively. This is
explained from the solubility of the three organogibhates. Paraoxon has the highest
solubility in water and so less of the analyteasg to absorb into the film, rather it will
dissolve in the aqueous solution instead. Becatiges, paraoxon showed the lowest
sensitivity out of the three organophosphates &h BPA-HMTS and PECH. Parathion
on the other hand has a much lower solubility tine@nother analytes and so showed the
greatest responses. Other factors that affecoseasponse time are the dimensions of

the analyte and porous coating.

In order to increase sensor selectivity, a seagaly was used to create
distinguishable patterns for each organophosphHltese patterns can then be
recognized using various pattern recognition tegpines. It is shown that each
organophosphate has, within certain error margirstinct pattern that can be used to
distinguish one from the others. The axes fronr#ugal plots are the change in
radiation resistance, sensor response time, agddrey shift (from Newman [x]) for
both BPA-HMTS and PECH. The patterns of the tlurg@nophosphates remained
relatively similar for varying concentrations wittie magnitudes of the axes increasing

for higher concentrations.
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The polymer BPA-HMTS was tested for reproducibpiéifter it had been aged for
over a year. The test consisted of testing twiztht samples of BPA-HMTS, one a
year old and the other less than a week old. &kelts, under the same conditions,
showed that the aged BPA-HMTS exhibited less sgitgiand longer response times
than the newly synthesized BPA-HMTS sample. Thay ilme related to the fact that
physically the aged BPA-HMTS hardened over timewad more difficult to dilute in
chloroform than the newly-made sample. The filselit was probably harder which

reduced analyte absorption into the polymer, legtina reduced response.

5.3 FutureWork

This work offers many opportunities for future irmpements. Desirable
improvements include producing more reliable polggrend designing a more efficient
and accurate sensor array. The polymer BPA-HMTi8¢hvis synthesized here at
Marquette University, is very difficult to reprodai@entically. This leads to slight
variations in polymer coating properties when peming experiments. More
investigation can be done to simplify the syntheseedures to create a more reliable
polymer. Ways of improving the shelf life of BPAMA'S needs to be looked at also.
From Figure 4.32, the sensor response for BPA-HIgE8ually decreases for extended
time periods. This may be circumvented if thereenstorage techniques to preserve the

polymer longer.

The sensor array can be improved. This work oségtwo polymer coatings for
the selectivity of organophosphates. Differentypars should be investigated that are

partially-selective to organophosphates and useth&sensor array. More
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concentrations could be measured rather than fra2béng/L to 3.0mg/L, to further
explore the detection limits for various coatinggte combinations. The accuracy of
the sensor array would be improved if all the desiwere combined onto one wafer, as
opposed to measuring each device separately. dOH¢gtion can become much more
efficient because all the devices are being test@me time. Also, the accuracy of the
experiments would be improved because every dévisebjected to the same testing
conditions. A process to individually coat mulédDTs on a single device can be

proposed.

In addition, the film thicknesses chosen to deteganophosphates need to be
investigated further. For this work, only Ou0 and 0.75m thick films were used. For
the purpose of an array, two non-similar thicknessseded to be used. It is possible that
for each polymer, an ideal thickness exists thatast sensitive to organophosphates.
Thicker films, beyond 0.748n, may be able to show larger responses to
organophosphates, due to increased free space &plithout damping the acoustic
wave. This can lead to the detection of small@iceatrations. However, the choice for
the optimum coating thickness should also take agtmount the response time observed

for each coating/analyte combination.
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APPENDIX

Figure A.1: Geometry of split-finger transducer

Cr = NegspW - [0.55 + 0.85 - e175(@=09] (A1)

Resistance Change (Q) | Time Response (min)
Film PECH BPA-HMTS PECH BPA-HMTS
Analyte (0.5um) (0.5um) (0.5um) (0.5um)
Parathion (0.5mg/L) 0.024 0.118 30 25.2
Parathion (1.0mg/L) 0.13 0.331 49.2 435
Parathion (1.5mg/L) 0.285 0.499 94.8 58.2
Parathion (2.0mg/L) 0.35 0.7 105.6 72.9
Parathion (2.5mg/L) 0.467 0.84 124.2 70.5
Parathion (3.0mg/L) 0.699 0.986 132.6 84.3

Table A.1: The resistance change and response time for 0.5um thick BPA-HMTS and PECH films
exposed to parathion concentrations from 0.5mg/L to 3.0mg/L



Resistance Change (Q)

Time Response (min)

Film PECH PECH
Analyte (0.75um) (0.75um)
Parathion (0.25mg/L) 0.043 335
Parathion (0.50mg/L) 0.107 40.5
Parathion (0.75mg/L) 0.182 43.3
Parathion (1.00mg/L) 0.273 95.1
Parathion (1.25mg/L) 0.488 163.5

Table A.2: Resistance change and response time for 0.75um thick PECH film exposed to
parathion concentrations from 0.25mg/L to 1.25mg/L

Resistance Change (Q)

Time Response (min)

Film BPA-HMTS BPA-HMTS
Analyte (0.75um) (0.75um)
Parathion (0.125mg/L) 0.027 18.3
Parathion (0.250mg/L) 0.094 24.2
Parathion (0.375mg/L) 0.186 46.4
Parathion (0.500mg/L) 0.241 68.3
Parathion (0.625mg/L) 0.37 120.5

Table A.3: Resistance change and response time for 0.75um thick BPA-HMTS film exposed to
parathion concentrations from 0.125mg/L to 0.625mg/L.
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Resistance Change (Q) Time Response (min)

BPA- BPA- PECH BPA- BPA-
Film PECH | HMTS PECH HMTS HMTS PECH HMTS
Analyte 0.5um | 0.5um | 0.75um | 0.75pum | 0.5um | 0.5um | 0.75um | 0.75um
PM (0.5mg/L) | 0.012 | 0.0337 | 0.011 | 0.077 | 13.7 14.2 19.4 12.5
PM (1.0mg/L) 0.031 | 0.0654 | 0.049 0.124 28 17.9 34.3 22
PM (1.5mg/L) 0.069 | 0.1615 | 0.098 0.184 43.9 19.6 40.2 313
PM (2.0mg/L) 0.087 | 0.2238 | 0.151 0.316 37.8 23.8 53.9 42.2
PM (2.5mg/L) 0.094 | 0.2757 | 0.196 0.384 37.2 28.8 61.8 46.9
PM (3.0mg/L) 0.123 | 0.3238 | 0.257 - 48.6 30.9 74.4 -

Table A.4: Resistance change and response time for 0.50um and 0.75um thick PECH and BPA-
HMTS films exposed to parathion-methyl concentrations from 0.5mg/L to 3.0mg/L.

Resistance Change (Q)

Time Response (min)

BPA- BPA- BPA- BPA-
Film PECH HMTS PECH HMTS | PECH | HMTS PECH HMTS
Analyte 0.5um | 0.5um | 0.75um | 0.75um | 0.5pu | 0.5um | 0.75um | 0.75um
Paraoxon
(0.5mg/L) n/a 0.0288 n/a 0.073 n/a 9.9 n/a 18.2
Paraoxon
(1.0mg/L) n/a 0.0558 n/a 0.177 n/a 15.9 n/a 30.7
Paraoxon
(1.5mg/L) n/a 0.0916 n/a 0.276 n/a 22.3 n/a 34.8
Paraoxon
(2.0mg/L) n/a 0.1235 0.03 0.383 0 29 4 37.7
Paraoxon
(2.5mg/L) 0.02 0.1496 0.07 0.519 4.1 30.9 5.5 36
Paraoxon
(3.0mg/L) 0.06 0.16 0.01 - 4.5 27 8.5 -

Table A.5: Resistance change and response time for 0.50um and 0.75um thick PECH and BPA-
HMTS films exposed to paraoxon concentrations from 0.5mg/L to 3.0mg/L.




Sensitivity AR (ohms/ppm)
Analyte Film Thickness | PECH | BPA-HMTS
0.50um 0.199 0.334
Parathion
0.75um 0.315 0.522
) 0.50um 0.04 0.107
Parathion-methyl
0.75um 0.077 | 0.148
0.50um 0.01 0.058
Paraoxon
0.75um 0.023 0.098
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Table A.6: Resistance sensitivities for 0.50um and 0.75um thick BPA-HMTS and PECH films when
exposed to parathion, parathion-methyl, and paraoxon concentrations.

Sensitivity At (minutes/ppm)

. . BPA-
Analyte Film Thickness | PECH HMTS
0.50pm 49.49 31.57

Parathion
0.75pm 104.89 157.32
) 0.50pm 18.24 11.72

Parathion-methyl

0.75um 25.92 20.13
0.50um 1.04 11.89

Paraoxon
0.75um 2.07 18.72

Table A.7: Normalized response time for 0.50um and 0.75um thick BPA-HMTS and PECH films

when exposed to parathion, parathion-methyl, and paraoxon concentrations.
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