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ABSTRACT

FUNDAMENTAL STUDIES OF ANALYTE/FILM INTERACTIONS AND THEIR
APPLICATIONS FOR CHEMICAL SENSOR DEVICES

By

EDWIN B. TOWNSEND IV

Coated Surface Acoustic Wave (SAW) devices typically measure vapor
concentrations during vapor/film equilibrium. However, many practical sensor
applications require the analysis of pulsed sample streams. Thus, the research described
was motivated by the desire to develop SAW chemical sensor systems to detect
environmentally important compounds utilizing pulsed sample introduction.

A semi-automated pulsed injection and data analysis system utilizing 200 MHz
SAW resonators has been constructed. A cell consisting of separate sample splitting
chamber, sample transfer lines, and sensor device areas allows temperature control over
the individual regions. Injections involving hexane, trichlorobenzene, and 1% (w/v) of
biphenyl in hexane show that all three temperatures play an important role in the
magnitude and time dependency of the SAW response.

The interactions of various classes of compounds with poly(isobutylene) [PIB]
coated SAW devices and quartz crystal microbalances (QCM) have been examined. For
the pulsed system, a new parameter (“pulse coefficient”) has been developed that is
analogous to the partition coefficient in a continuous flow system. Using the pulse
coefficients, Linear Solvation Energy Relationships (LSER) were calculated that provided
insight into analyte/film interactions. Pulse coefficients and LSER calculations compare
favorably with values reported for continuous flow SAW and GLC experiments.

PIB films coated on SAW devices and FTIR/ATR internal reflection elements

were exposed to nitromethane, isooctane, and perchloroethylene vapors. A correlation



was found between a spectroscopic indication of vapor induced polymer swelling and the
responses of the polymer coated SAW devices. Sorption of perchloroethylene and
isooctane caused PIB films to swell significantly while sorption of nitromethane swelled
PIB films to a lesser degree. The observed polymer swelling occurs nearly
simultaneously with analyte sorption, and both IR and SAW results indicate that the
polymer swelling changes were reversible.

The responses of uncoated, PIB, poly(vinyl alcohol), and OV-275 coated SAW
devices to 4% (w/v) biphenyl or 500 ppm pentachlorobiphenyl (PCB) in acetone,
methanol, or hexane have been determined. SAW results obtained from the PIB coated
devices indicate that dispersion forces are most important for both biphenyl and PCB.
The nature of the solvent does not affect the sensor response to biphenyl. However, the
response to PCB in hexane is larger than for PCB in methanol and acetone, regardless of

polymer coating.
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Chapter 1

Introduction to Surface Acoustic Wave Chemical Sensors

1.1 Focus of Research

Surface acoustic wave (SAW) devices belong to a general class of acoustic
microsensors that are sensitive to surface mass changes. The potential of these devices is
best illustrated by noting that a SAW device operating at 200 MHz exhibits a 904 Hz
frequency shift when perturbed by 1 ng of surface mass. The small size and extreme
sensitivity of these devices has motivated researchers to investigate their potential use as
chemical sensors. The chemical selectivity of SAW devices is enhanced through the
application of a coating to the device surface. Using a good coating, Ballantine and
Wohltjen [1] have suggested that it is possible to detect vapors at the 10-100 ppb
concentration level, with selectivity of 1000:1 or more over commonly encountered
interferences, with a linear dynamic range of 3-4 orders of magnitude .

Typically, the coated device is exposed to a continuous stream of vapor. We are
exploring an alternate method of sample introduction, the pulsed method, where the
analyte of interest reaches the SAW device as a plug, interacts with the coated surface,
desorbs, and is rapidly swept out of a test cell. This importance of this style of sample
introduction technique in relation to mass sensors has been discussed previously [2-10].
For example, Janghorbani and Freund have successfully used a quartz crystal

microbalance (QCM) as a GC detector [8].
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Edmonds and West have used pulsed sample introduction in combination with QCMs
coated with gas chromatographic phases to detect various organic species [9]. Grate and
Abraham have pointed out that this type of sample introduction can be used in
conjunction with laser or thermal desorption [2]. Grate et al. [10] later used thermal
desorption of analyte in preconcentrator tubes to deliver pulses of gas to an array of SAW
devices.

The research described in this dissertation was motivated by the desire to develop
SAW chemical sensors that detect environmentally important compounds utilizing pulsed
sample introduction. Chapters 2-6 detail knowledge gained regarding the different
aspects of sensor operation in the pulsed sampling environment. Chapter 2 explores the
effects of temperature and surface silanization on uncoated and poly(isobutylene) coated
mass sensor responses. Chapter 3 details a new pulsed sensor system and a SAW cell
used to illustrate the effects of various operating parameters and to provide new insight
into phenomena occurring in pulsed sampling sensor systems. Chapter 4 demonstrates
that data obtained from poly(isobutylene) coated acoustic devices in pulsed injection
systems can be used in combination with Linear Solvation Energy Relationships to obtain
molecular level insight into analyte/film interactions. Chapter 5 demonstrates that
FTIR/ATR spectroscopy can be used to probe phenomena that occur during the sorption
of an analyte into a film and how these processes can influence SAW response. Chapter

6 demonstrates the influence of solvent matrix on SAW device response.



1.2 Acoustic Devices
1.2.1. Introduction to Acoustic Devices

Piezoelectricity was first observed in 1880 by Pierre and Jacque Curie [11], who
found that, for particular compounds, the application of a mechanical force resulted in the
generation of an electrostatic voltage. They also found that the application of an electric
field to these compounds induced crystal deformations. Since these initial findings, a
large number of materials have been found that exhibit the piezoelectric effect. Quartz is
the piezoelectric material used most often for chemical sensing applications because of its
chemical inertness and the insensitivity of its wave properties to changes in temperature.

Piezoelectric materials may support a wide range of acoustic waves. Waves can
travel either through the bulk or along the surface of the material, or by reflections along
multiple surfaces. Transverse or shear waves have particle displacements that are normal
to the direction of wave propagation, and can be subsequently polarized so that the
displacements are parallel or normal to the surface of the sensor. Surface acoustic (or
Rayleigh) waves are confined to an area at the surface of the crystal that is roughly one
acoustic wavelength thick. Surface particles affected by these Rayleigh waves move in an
elliptical path, with both surface-parallel and surface normal components.

Acoustic microsensors normally consist of a piezoelectric material in combination
with some type of metal transducer. The transducers launch acoustic waves into the

crystal at high frequencies. The types of waves generated depend on the crystal
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orientation, thickness, and the geometry of the metal transducers. There are four basic
kinds of acoustic devices, so named because of the types of waves generated and
detected. They are the quartz crystal microbalance, the surface acoustic wave, flexural
plate wave, and acoustic plate mode devices. Because this dissertation includes only
quartz crystal microbalances and surface acoustic wave devices, the discussion is limited

to those two devices.
1.2.2. Quartz Crystal Microbalance

The first type of microbalance to be developed using the piezoelectric properties
of materials was the quartz crystal microbalance (QCM). The dominant acoustic wave
generated and monitored in a QCM is the bulk transverse wave, which travels
perpendicular to the sensing surface. The thickness of the QCM determines the
wavelengths of the fundamental and the harmonic resonances. Typical resonant
frequencies for the fundamental mode are between 5 and 10 MHz.

The use of QCMs as detectors was first demonstrated by Sauerbrey [12], who
derived an expression that related a change in thickness of the crystal (caused by an
increase in mass at the surface of the crystal) to shifts in frequency according to equation

(1), where pq and vq are the density and shear wave velocity of quartz , and fg is the

fundamental frequency of the quartz oscillator.

af ==217 amf(pv,) M)
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This expression assumes that the material deposited on the QCM surface only increases
the thickness of the crystal. The consequences of changes in density, viscosity or shear
modulus of the added layer are ignored. However, the utility of this expression was
illustrated by adding mass to the crystal using vacuum metal evaporation [12] and later
verified by others [13-15].

Kanazawa has derived the most recent expression that describes the frequency
dependence of the QCM on both the mass and physical properties of an overlayer [16].
The relationship is shown in equation (2), and was developed to describe the response of

a QCM in contact with liquids, but is applicable to any viscous overlayer,

3
Af = —fo/2 (oL /moR)? @)

where fj is the frequency of the uncoated crystal, i is the absolute viscosity of the
liquid, p is the shear modulus, p is the density of quartz, and py_ is the overlayer density.

This equation has been supported using results obtained from 5 and 9 MHz QCMs [17].
QCMs have been used as GC detectors [18], for monitoring trace amounts of
atmospheric gases [19], or for polymer film characterization [20]. Many reviews have
been published that discuss coating materials and the use of QCMs to detect analytes at
low concentrations [19-27]. Sensors designed using guest/host chemistry have also been
reported [28-30]. Chemometric techniques have been used to analyze the responses

obtained from QCM arrays [31,32].



1.2.3. Surface Acoustic Wave Devices

Surface waves were first described by Lord Rayleigh [33] and are often referred to
as Rayleigh waves. Devices utilizing these types of waves were created [34] after White
and Voltmer developed the interdigital transducer (IDT) [35]. Wohltjen and Dessey first
introduced the concept of SAW chemical sensors in 1979, and subsequently described
operational concerns and demonstrated possible applications [34,36-39]. The concepts of
coated SAWs as detectors for gas éhromatography, to probe film properties, and for gas
phase analyte detection were also introduced.

Typically, a SAW device is constructed using ST-cut quartz and two sets of
interdigital transducers (IDTs) formed by photolithographic patterning of a thin metal
film (see Figure 1.1). When an alternating potential is applied to one transducer, an
alternating strain is generated in the substrate due to its piezoelectric nature. If this
alternating potential is at the appropriate frequency, the strain launches a Rayleigh (SAW)
wave which travels along the surface of the substrate. The SAW has most of its energy
confined within one wavelength of the surface and thus, is strongly affected by any
material in contact with the surface. Conséquently, the properties of the material have an
effect on the velocity and amplitude of the SAW wave.

SAW devices normally operate in the 3-300 MHz range. The actual resonant
frequency depends upon the spacing between the IDTs, as illustrated by equation (3)

where f, is the resonant frequency, v is the velocity of the SAW wave, and d is the

distance between the transducers.



Surface Acoustic Wave

Polymer Film /1—

Piezoelectric
Substrate
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Figure 1.1.

General overview of a SAW device and measurement scheme. An
alternating rf voltage, applied at one transducer, strains the piezoelectric
substrate and generates the SAW. The wave travels along the surface of
the crystal and any surface perturbations will affect the velocity and
amplitude of the wave. The wave is subsequently detected at the other
side of the device by the second set of IDTs. Any change in wave velocity
is indirectly measured as a frequency change using an oscillator circuit.
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This expression illustrates that the closer the spacing between the IDTs, the higher the
resonant device frequency. As will be discussed in Section 1.3.1, the theoretical
sensitivity of the device increases with the square of the operating frequency. Thus, it
appears that increased sensitivity can be achieved with smaller devices.

Velocity and amplitude measurements can be made using a signal generator and a
vector voltmeter [40]. An rf voltage at a fixed frequency matched to the resonant
frequency of the device is supplied to the input transducer by a signal generator. A vector
voltmeter monitors the change in insertion loss and any phase shift between input and
output ports. Attenuation is evaluated from the insertion loss while the change in wave
velocity is obtained from the phase change. The frequency shift can be calculated from
the change in wave velocity.

However, a simpler and more common measurement method involves the indirect
determination of acoustic velocities by using the SAW device as the frequency control
element of an oscillator circuit. In this case the SAW device is used as an amplifier
feedback path. Fractional changes in wave velocity lead to equivalent changes in
oscillation frequency. Thus, monitoring the oscillation frequency provides a precise,
indirect measurement of acoustic wave velocities. Devices based on these circuits are

relatively simple and inexpensive to construct.
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There are two major surface acoustic wave device configurations. One is the dual
delay line device (illustrated in Figure 1.2) and the other is termed a SAW resonator
(illustrated in Figure 1.3). The dual delay line device is made so that the IDTs are placed
at opposite ends of the surface. It is called a delay line device because the electrical
signal at the input transducer reaches the output transducer 5 orders of magnitude slower
as an acoustic wave than it would as an electromagnetic signal [23]. One disadvantage of
the dual delay line device is that the surface wave is launched in both directions from the
transducer, thus half the wave is lost.

SAW resonators place transducers inside reflector arrays. These reflector arrays
reflect the SAW back towards the center of the device from the edges of the crystal to
create a standing wave. The standing wave effectively traps the acoustic energy through
constructive interference of the reflected waves. Because the acoustic energy is not lost at
the ends of the crystal, the resonator (as opposed to the delay line) is considered a high Q
device [41,42]. The configuration of the reflector arrays permits only 1 standing wave to
exist at a frequency corresponding to the spacing of the transducers. Thus, efficient
signal transmission (and oscillation) is restricted to the frequency of the standing wave.
This decreases the amount of noise compared to the delay line system. Consequently, the
most significant advantage of a resonator device is the improved mass detection limits
achieved by increasing the signal/noise ratio. Other factors affecting the sensitivity of

these devices will be discussed in Section 1.3.1.
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Figure 1.2.  The dual delay line SAW device.
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Figure 1.3.  The SAW resonator.
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1.3 Factors Contributing to SAW Response

1.3.1 Mass Loading

In 1978, Tiersten and Sinha [43] derived an equation relating SAW velocity to the
properties of acoustically thin, elastic films. Wohltjen [39] later applied the Tiersten
expression as shown in equation (4) to interpret polymer coated SAW responses to vapor
sorption. In this interpretation, Af is the frequency shift (hertz) observed following
sorption of gas phase molecules into the film, f, is the fundamental frequency of the

device (hertz), k; and k, are material constants of the ST cut quartz substrate (-8.7 x 108

and -3.9 x 10-8 m2s/kg) [44], h is the film thickness (meters), p is the film density
(kg/m3), W is the shear modulus of the film material (N/m2), A is the Lamé constant, and
V, is the Rayleigh wave velocity in the substrate (3300 m/s for quartz).

2 1+ p

- 240 — Apflrp

The first term describes the frequency shift due to mass loading and the second term
represents the influence of film mechanical properties. If the shear modulus of the
coating is small compared to the square of the wave velocity (4|J/V}%< 100), then the
second term is negligible and equation (5) simplifies to an expression rescmf)ling the

Sauerbrey equation (1):
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Af = (ky +ky)f8hp (5)

This equation assumes that the film is an isotropic, nonconducting,
nonpiezoelectric polymer film held above its glass transition temperature with a thickness
less than one percent of the acoustic wavelength. Ideally, since hp is the mass per unit
area, Af is proportional to the change in surface mass.

Expression (5) clearly shows that the response of the SAW device increases with
the square of the operating frequency. This offers exciting opportunities for
microsensors, because the operating frequency increases as the spacing between the IDTs
decrease. Consequently, smaller devices should be more sensitive. However, this is not
strictly true, because as device frequency increases, sensing area decreases. Grate and
Klusty [42] have shown that as the sensing area decreases, the thickness of the applied
polymer coating must also decrease. Consequently the amount of vapor/unit area that can
be collected also decreases. Thus, increasing device frequency is offset by decreased
sensing area when considering SAW sensitivities.

The fact that device sensitivity increases with the square of the operating
frequency also applies to the QCM. However, the operating frequency of the QCM
increases with decreasing crystal thickness. Thus, there is a practical, physical limitation
for the QCM because as the device is made thinner, it becomes much more difficult to
manipulate. Because the frequency of the SAW device depends on the spacing of the

IDTSs rather than the crystal thickness, much higher frequencies can be obtained without
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sacrificing ruggedness. For this reason, high frequency SAW devices are normally

chosen over QCMs for gas phase sensor applications.
1.3.2 Mechanical Properties

Consideration of the mechanical contributions to SAW response is best separated
into two cases. The first is the frequency decrea_sc observed when a polymer film is
applied to the surface of a bare SAW, and the second is the frequency decrease obtained
when a vapor is sorbed by the polymer. These two instances are shown in Figure 1.4.

The inherent sensitivities of acoustic wave devices to the physical properties of
viscoelastic thin films were noted in early models for SAW sensors based on perturbation
analysis [39,45]. These models predicted that the resonant frequency of a SAW device
would be altered by both the mass and the shear modulus when a thin, nonconducting,
isotropic film was applied to its surface.

Using Langmuir-Blodgett layers of known mass/area, Grate and Klusty [42] have
demonstrated that when a film is applied to a bare crystal, the mass of the coating is the
primary source of the frequency decrease. In theory, the modulus effect is only 10-15%
of the mass effect if the modulus of the film is 10° N/m® (typical of glass polymers) at a
given SAW device operating frequency. Grate and Klusty suggest that if the modulus is
10° N/m?, then the modulus contribution to SAW response should be negligible [42,46].
Rubbery polymers typically have a film modulus of 10° N/m?, but that value can increase
to approximately 10° N/m® at the high frequencies employed by typical SAW devices

[47].
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Figure 1.4.  An illustration of the contribution of mass and viscoelastic effects to SAW
response.
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The sorption of vapor into a polymer is known to expand the polymer volume by
the free volume of the sorbed molecules [48]. Effectively, vapor sorption acts to dilute
the polymer chain segments with increasing volume. Increasing the polymer volume
decreases the chain-chain interactions because the polymer chain segments are farther
apart and the intermolecular interactions are decreased. Thus, it is reasonable to conclude
that vapor sorption changes polymer modulus by increasing the free volume of the
polymer.

In the case of vapor sorption on a coated SAW device, it was initially presumed
that for a polymer well above its glass transition temperature (Tg), the second term in
equation 3 was negligible and that the frequency response was dominated by the mass
loading term. However, recent investigations have provided substantial evidence that
mechanical effects are not negligible and may, in fact, represent a significant contribution
to the frequency response to vapors [46,49].

Martin et al. [50] found that changes in film viscoelastic properties affect SAW
response, and proposed that the response could be described by the Maxwell model. In
this model, the resistance of the polymer chains moving against each other is represented
by the shear viscosity, and the polymer chains reorienting and reorganizing is the shear
stiffness. In the case of vapor sorption, the vapor diffuses into the free volume of the
polymer, causing the shear viscosity to decrease and a change in the shear stiffness. This
changes the elasticity of the polymer, which alters the SAW response.

Grate et al. [46] began to assemble a more complete explanation of the effects of

viscoelastic thin films on acoustic wave devices while investigating differences between
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partition coefficients determined from GLC measurements (Kgic) and partition
coefficients from SAW measurements (Ksaw) [S1]. These authors reported that Ksaw
was approximately 4 times larger than K c for six analytes sorbed into fluoropolyol,
poly(epichlorohydrin), and poly(isobutylene) polymers. In an effort to explain this
finding, they proposed that changes in thin film mechanical properties resulting from
vapor induced polymer swelling makes a significant contribution to the responses of
polymer-coated SAW devices [46]. These researchers assumed that the change in free
volume of the polymer caused by vapor sorption would be similar to the change in free
volume induced by thermal expansion. This is reasonable because new volume created
by polymer thermal expansion above the glass transition temperature is characterized as
free volume [52].

Thus, using known thermal expansion rates for polymer films and the
experimentally determined effects of thin film expansion on SAW device resonant
frequencies, the volume effect was estimated to be 10-20 kHz per percent of volume
increase [46]. Volume increases caused by vapor sorption were estimated from test vapor
concentrations, Kgic values, and liquid densities of vapors. These estimates suggested
polymer swelling of 0.3-3% by certain vapors. Thus, estimated swelling can be
multiplied by a volume effect calibration to calculate the frequency decreases that occur
in response to vapor induced swelling. It was reported that polymer coated sensor
responses can be modeled (equation 6) by summing the response expected from mass

loading and the response expected from swelling-induced modulus changes.
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o=
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All of the terms are as defined before, and Cy is the vapor concentration, p; is the density
of the polymer coating when in equilibrium with the sorbed vapor, py is the density of the
vapor in the liquid state, o is the polymer thermal expansion coefficient, and Agaw is the

frequency change of a polymer coated SAW due to thermally induced swelling.

Martin et al. [49] have recently interpreted the dynamics and response of polymer-
coated SAW devices in terms of film viscoelastic properties and film resonance effects.
They have proposed that there are two distinct regimes of SAW response. The first, when
the film is considered to be acoustically thin, and the second, when the film is considered
to be acoustically thick. Using the information presented by Martin et al. [49], values for
polymer modulus caused by either vapor sorption or a temperature change may now be
determined, and the resultant velocity and attenuation changes can be modeled using the
appropriate equations. In this dissertation, all films are calculated to be acoustically thin.
This suggests that changes in wave velocity (frequency) are proportional to changes in the

analyte concentration in the film.

1.4  Coatings for SAW Devices
1.4.1 Introduction

There are several review articles that discuss coatings and the selectivity of

piezoelectric chemical sensors [53-56]. Interaction mechanisms for chemically selective
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layers have also been reviewed extensively [2,21,24,27,57-63]. Films typically interact
with vapor through coordination chemistry, charge transfer, host/guest mechanisms, or

solubility interactions.

1.4.2 Coordination Chemistry, ChargeTransfer, Host/Guest Mechanisms

A compromise between selectivity and reversibility can be found in coordination
chemistry or charge-transfer complex formation. The potential use of coordination
interactions has been discussed by Nieuwenhuizen et al. [58,64]. Selectivity in
coordination and charge transfer chemistry can also be influenced by the choice of the
central metal ion or the ligands from both an electronic and a steric point of view. For
example, these interactions have been used to detect NO, using metal phthalocyanines
[23,65]). Zellers et al. [66-68] have reported SAW sensors which respond to select olefins
by coordination to Pt complexes. Lewis acid/Lewis base interactions have been utilized
in the detection of SO, (Lewis acid) using basic amines [21].

In an alternate approach, a chemical reaction between the vapor of interest and the
coating leads to selectivity. For example, Snow and Wohltjen have developed an
irreversible cyclopentadiene sensor [69]. Zellers et al. [70] have demonstrated styrene
and vinyl acetate sensors. These sensors are not intrinsically reversible but can be made
so by regenerating the device using a reagent [71].

A special case of complexation for potential use in sensors involves cage or
inclusion compounds. Dickert has been a pioneer in the application of cage molecules

and guest/host interactions for the construction of piezoelectric based chemical sensors
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[72-79]. Cyclodextrins [80] and calixarenes [81] will complex hydrophobic compounds
of appropriate size within their hydrophobic cavities. The cavity provides a site where
solubility interactions occur in a particular steric arrangement. For example, modified

cyclodextrins have been applied to QCM devices for the detection of benzene [82].

1.4.3  Solubility

Typically, polymeric materials have been used in organic vapor sensing
applications because vapor sorption in rubbery polymers is rapid and reversible; they tend
to form adherent thin films, and some selectivity can be achieved by varying the chemical
structure of the film [24]. Vapor selectivity is determined only by slight differences in the
partition coefficients between the polymer coating and the various vapors. To a great
extent, the partition coefficient is influenced by the solubility properties of the coating
and the vapor of interest. Grate and Abraham [2] have extensively discussed the
importance of solubility for vapor/polymer interactions.

In practice, it is not possible to make a material that will interact via a single
solubility property. For example, all organic materials will undergo significant dispersion
interactions. Because solubility interactions are not completely selective, the use of
sensor arrays with pattern recognition has been investigated as a means of improving
selectivity [31,32,83,84].

There has been interest in using chromatographic stationary phases as coatings for
SAW devices. McCallum has summarized work involving the interaction of seven

analytes with nine chromatographic stationary phases [60]. Several researchers have used
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Carbowax phases as coatings for SAW devices [19,21,63,85-88]. Methyl- and phenyl

siloxanes have also been examined [89-91].

1.5  Solubility Models and the Interpretation of SAW Response
1.5.1 Partitioning

Traditionally, the partition coefficient (K) is used as a measure of the amount of
analyte that sorbs into a film. The similarity between the partitioning of analytes into
stationary phases in gas-liquid chromatography and the partitioning between analytes and
sensor phases (see Figure 1.5) was recognized early for quartz crystal microbalances
[18,92,93] and was more recently applied to the study of SAWs [46,51]. The partition
coefficient, K, is defined in equation (7).

Cs

K=—
o

)

C; represents the amount of analyte in the stationary phase and Cy, is the concentration of

the analyte in the vapor phase.
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Figure 1.5.  The partitioning ph b lecules in the vapor phase and the
film on the SAW sensor substrate.
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1.5.2 Boiling Point Model and Hildebrand Solubility Parameters

The simplest model that attempts to account for the interactions between the
vapor and the film is the boiling point model [94]. This model relates the partition

coefficient to the analyte saturation vapor pressure as given in equation (8).

x=_PIRT ®
Y2Mpy

K is the partition coefficient, p is the density of the stationary phase, M| is the
molecular weight of the stationary phase, 7 is the vapor activity coefficient, and p7 is the

analyte saturation vapor pressure. Expression (8) was first used to describe the retention
of vapors in GLC [94]. Using an approximation arising from Trouton’s rule and the
Clausius-Clapeyron equation, the log of the partition coefficient can be shown to be
directly proportional to the analyte boiling point. The weakness of this model is that it
fails to account for deviations from ideality.

Deviations from the ideal vapor-polymer solution behavior described above are
observed in most real systems. A model using Hildebrand solubility parameters was
developed that intended to take into account non-ideal behavior. The regular solution
theory developed by Hildebrand assumes that deviations from ideality arise from the
nonzero heat of mixing, which can be related to the infinite-dilution activity coefficient
and to the solubility parameters of the polymer, &; and solute vapor &, by equation (9),

where V; is the vapor molar volume.



24

2
logy°°= AH,, =V2(81—82)
2 T"2303RT  2303RT

€))

The solubility parameter of a substance is defined as the square root of the molar
vaporization energy per unit volume and, as such, is a measure of cohesive energy (or
enthalpy). Since solubility parameter values generally increase with increasing polar
constituents in a molecule, solubility parameters are commonly used as indices of overall
polarity. In general, the more similar the solubility parameter values of two materials, the
lower their heat of mixing and the greater their mutual solubility. The solubility

parameter model predicts the following relationship:

Vo (5,-5,)>
log K = log| P1RT | 2(61-8,) (10)

which indicates that for situations where 8, and &, differ appreciably (y > 1), the partition
coefficient will be reduced relative to the ideal case.

This model fails when specific oriented chemical interactions are the dominant
mode of intermolecular interaction. In addition, regular solution theory is most
applicable for nonpolar or slightly polar materials. Thus, this model still provides only a

limited picture of vapor/film interactions.
1.5.3 Linear Solvation Energy Relationships

Linear solvation energy relationships are a combination of Linear Free Energy

Relationships (LFER) [95,96], which attempt to determine the correlation between
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structure and reactivity, and Quantitative Structure-Activity Relationships (QSAR),
whose premise is that microscopic structural features of a chemical compound can be
related to its macroscopic properties [97]. The first application of LFER examined the
effect of aromatic substitution on the acidity of a number of benzoic acids [98]. Current
applications of LFERs have been reviewed recently [99,100]. In general, QSAR analysis
involves a regression equation that correlates selected microscopic features of a set of
chemical compounds with a specific property. QSAR is now used predominantly to
predict and understand biological, pharmacological, and physical properties [101-105].

Early examples of LSER explained solvent effects on various free energy based
properties [106-108]. Two solvation equations (Equations 11 and 12) have been
developed [109,110] that have been applied to various processes that involve transfer of a
series of solutes from the gas phase to a condensed phase or transfer of a series of solutes

from one condensed phase to another.

log SP = ¢ + aY af +bY B4 +NogL!® + R, +sn ¥ (11)

log SP = ¢ + aY ol +bY B +vv, + 1R, +snf (12)

SP is a standard property for a series of solutes in a given phase. For example, SP might

be the partition coefficient for a number of solutes on a given stationary phase, or a
biological property for a series of solutes. Zag , ZB? , logL'%, Ry, nY, and V, are

called molecular descriptors, and are combined with the standard property in a multiple
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linear regression to determine the constants. These constants can be used to characterize

the solvent phase.
Zaé” and 2[55’ are measures of the solute hydrogen-bond acidity and basicity,

and thus the constant a would be a measure of the solvent hydrogen bond basicity and the
constant b would be a measure of the solvent hydrogen bond acidity. The values for these
descriptors are obtained from hydrogen-bond complexation constants of acids by
reference bases (such a pyridine) in a reference solvent (such as carbon tetrachloride) or
complexation of bases by reference acids (such as 4-fluorophenol) in carbon tetrachloride
(111,112], and more recently from chromatographic or partition measurements [113].

logL'® is a descriptor derived from the solute gas-liquid partition coefficient on
hexadecane at 298K [114]. They have been obtained by gas chromatography and several
hundred values are now available [111-114]. V, is McGowan characteristic volume and
can be calculated for any solute based on its chemical structure [115]. Both of these
descriptors are considered to be a measure of dispersion interactions, and represent the
energy of the endoergic creation of a cavity within the solvent, the incorporation of the
solute in the solvent, and the reorganization of the solvent around the solute and the
associated interactions.

R; is an excess molar refraction term that is determined using the refractive index
of a compound, i.e., the molar refraction in excess of the molar refraction (MR) of an

alkane of the same characteristic volume (V,) [116].

R = MR, - MR for an alkane of the same V,



27

By subtracting the molar refraction for an alkane of the same characteristic volume, the
dispersive component of molar refraction (already accounted for by logL'®) is removed.
This descriptor represents the tendency of a solute to interact through 7 or n electrons,
and thus r is a measure of a solvents’ ability to stabilize 7t or n electron interactions.

nY is a measure of the compounds dipolarity/polarizability. It is obtained
experimentally from gas-liquid chromatographic measurements [109,110].  This
parameter is important with regard to the dipole/dipole and dipole/induced-dipole
interactions. For non-protonic, aliphatic solutes with a single dominant dipole, ©t; values

are approximately proportional to molecular dipole moments.
1.5.4 Application of LSERs to SAW Response

Grate and Abraham proposéd [2,46] using Ksaw in combination with Linear
Solvation Energy Relationships to help elucidate the chemical interactions occurring

between a vapor and a film. This expression is given in equation (14).
log Ksaw = ¢ + 2 ) of +b) B +1llogL!6 + R, +snff (14)

They also discussed the prediction of SAW responses through LSER expressions
that were obtained based on GLC data. It was hypothesized that a films’ performance as
a GLC phase should be an accurate predictor of the film as a SAW coating. They detailed
this approach for SAW devices and also suggested possible coatings that might interact

through specific terms.
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It is important to realize that models based on solubility and partitioning are
simply logical places to start when attempting to understand vapor/film interactions. All
of these models calculate partition coefficients assuming SAW device response to be
strictly mass loading. Grate et al. [46] have shown that vapor induced changes in film
properties are important. However, this was accomplished using only 6 analytes and 3
films. Thus, the effect of vapor induced changes in film mechanical properties for
individual analytes is not well defined.

However, Patrash and Zellers [117] have recently examined OV-275
(poly[bis(cyanoallyl)-siloxane]), OV-25 ([25% methyl] poly(methylphenylsiloxane)),
poly(isobutylene), and poly(phenyl ether) as SAW coatings and exposed each to 37
analytes and then determined the LSER coefficients for the films. They found that
interaction predictions from GLC data were reasonable approximations for the SAW

device.
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Chapter 2

Effect of Silanization and Operating Temperature on the Response of
Uncoated and Poly(isobutylene) Coated Surface Acoustic Wave (SAW)

Sensors

2.1 Abstract

The effects of silanization and operating temperature (30 and 60°C) on the
response of uncoated and poly(isobutylene) coated surface acoustic wave (SAW) devices
to alkanes, alcohols, and water have been investigated using pulsed sample introduction.
Silanization of the SAW surface with dichlorodimethylsilane “deactivates” the surface
primarily through a decrease in the active surface area of the device. Silanization also
appears to increase the surface area of the poly(isobutylene) coating and decrease the
contribution of vapor induced changes in thin film mechanical properties to sensor
response. Increasing the operating temperature of an uncoated or poly(isobutylene)
coated, unmodified SAW device decreases the response to alkanes and alcohols, but
increases the response to water. The increase in water response has been ascribed to an
increase in the number of silanol and silylether groups that are available for adsorption on
the quartz surface held at 60°C. At 30°C, these sites are partially occupied by trace water

“adsorbed from the carrier gas. For the uncoated, silanized SAW device, the response to

all analytes except 1-butanol decreases with increasing temperature. The increase in 1-
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butanol response has been attributed to adsorption at additional silylether and tracesilanol
sites available on the higher temperature surface. Increasing the operating temperature
decreases the magnitude of the response of the poly(isobutylene) coated, silanized SAW

devices to all analytes examined.
2.2  Introduction

Considerable effort has been devoted to the development of vapor sensors based
on surface acoustic wave (SAW) devices [1-17]. Most sensors utilize thé sorption
properties of a thin film coating of polymeric material to improve the analytical
capabilities of the device. The importance of sorption phenomena has led to the
application of linear solvation energy relationships (LSERs) to describe analyte/film
interaction mechanisms at a moleculér level [18-20] and to predict suitable coatings for
detection of specific analytes [18,21]. In addition to these chemical aspects, construction
of a practical sensor device requires consideration of thin film physical properties such as
adhesion and thermal stability. These properties are inﬂuenced in part by polymer/device
surface interactions. Consequently, a number of investigators have examined the effect of
surface modification and operating temperature on sensor response.

Several studies have shown that pretreatment of the SAW device surface (usually
Si0;) improves the uniformity, stability, and performance of sensor coatings. Grate et al.
[22] reported that higher quality films could be prepared on devices cleaned using a
nitrogen plasma versus solvent rinsing. Ballantine [23] used silanized devices to study

the influence of poly(isobutylene) film morphology on the sensor response to isooctane.
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McGill et al. [24] modified SAW surfaces with diphenyltetramethyldisilazane in order to
maintain poly(isobutylene) adhesion and minimize the impact of interfacial adsorption on
sensor responses to water. Dickert et al. [25] have suggested that long-chain hydrocarbon
substituents of organosilyl compounds form assembled films that can include n-decyl
tethers attached to cyclodextrins. These authors attributed a decrease in response time for
the modified device to alignment of the included cyclodextrin cavities.

The operating temperature of the device affects the physical properties of the film
as well as the sensitivity and selectivity of the sensor. Grate et al. [22] showed that
thermal expansion of the polymer film decreases the device frequency. They proposed
that similar sorbent induced swelling phenomena led to larger sensor responses than
would be expected from only mass loading. Martin ef al. [16] have recently presented an
extensive treatise on the effect of film thickness and operating temperature on the
properties of poly(isobutylene) coated devices. It is also well known that increasing
temperature decreases the magnitude of the sensor response [9,22,26,27]. For example,
Grate et al. [9] have shown that the response of a fluoropolyol-coated sensor to dimethyl
methylphosphonate (DMMP) decreases exponentially. with increasing temperature.
These authors also reported that increasing temperature decreases the selectivity of the
Sensor.

Previous studies have shown that surface modification (silanization) and operating
temperature can significantly affect the response of SAW devices. However, earlier work
focused primarily on detailed studies of the equilibrium response for a limited number of

analytes. The present study is part of a larger effort devoted to the development of
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practical sensor systems based on pulsed sample introduction. The importance of pulsed
sample introduction in chemical sensing has been discussed extensively [18,20,28-36]. In
this study, the influence of silanization and operating temperature on the response of
uncoated and poly(isobutylene) coated SAW devices to pulses of alkanes, alcohols, and

water is reported.

2.3  Experimental

Chemicals. Poly(isobutylene) (abbreviated PIB) was obtained from Aldrich
chemical company (MW = 380,000). The alkanes and alcohols were obtained from
Aldrich chemical company and used as received. Water was distilled and deionized prior
to use.

SAW System. A schematic diagram of the sensor test apparatus is shown in
Fi.gure 2.1. The approximate volume of the test cell is 8 mL. Analytes were delivered to
the cell as a pulse using a gas chromatograph injector operated at 240°C. The flow rate
was 20 mL/min flow of N, (99.95%, AGA Gas Co.) dried over molecular sieves. The
temperature of the cell was controlled by resistance heating of nichrome wire wrapped
around the transfer line. The estimated water content of the carrier stream is < 5 ppm
[371.

SAW data were obtained using 158 MHz dual delay line devices manufactured by
Microsensor Systems, Inc. (Bowling Green, KY). The SAW device is permanently
mounted on a conventional 12 pin gold TO-8 header which has bonded gold wire

connections. The device exhibits a resonant frequency shift of approximately 365 Hz
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Figure 2.1.  Schematic diagram of sensor test apparatus.
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when perturbed by a surface mass change of 1 nanogram. An RF electronics module
(CEM-158, Microsensor Systems, Inc.) is used to power the sample and reference
devices. The output of the electronics module consists of the individual SAW oscillator
frequencies as well as the difference frequency between the sample and reference devices.

Software developed in-house is used to convert data from the Microsensor
Systems format to one compatible with Microsoft Excel (Microsoft Corporation,
Redmond, Washington). The responses reported in this work are the difference
frequencies between sample and reference devices contained in the sensor test cell. Both
delay lines of the sample device were silanized and/or coated with the polymer. The
reference device was a clean, uncoated device that was sealed using a metal lid and epoxy
resin (Torr Seal, Varian Vacuum Corporation).

Two methods were used to clean the SAW devices prior to silanization or coating.
In the first procedure, the device was rinsed with acetone and methanol, soaked in
isopropanol, and then allowed to air dry. The second method involved the same solution
and drying steps, followed by a 30 minute treatment in an ozone cleaner (UV Ozone
Photoreactor PR-100; UVP, Inc., New Jersey). SAW devices that were either rinsed or
rinsed and treated with ozone are designated “unmodified”. Both types of unmodified
devices showed similar sensor responses. The surface of the quartz was silanized by
exposing the device to a 10% solution of dichlorodimethylsilane in toluene for 5 minutes
followed by methanol rinsing, isopropanol soaking, and air drying. PIB films are
prepared by spray casting from dilute toluene or chloroform solutions (~1000 ppm).

Approximately 85 kHz (200 ng, 0.027 um) films were used in this study.



41

Operating Procedures. A typical experiment involved 30 seconds of baseline
data collection followed by three to six injections of analyte. Injections were separated by
a length of time necessary for the frequency to return to baseline. Analytes were injected
in random order to minimize any possible effects of exposure history on response data. In
addition, some data were collected at 60°C followed by 30°C, while other data sets were
collected in the reverse order. Injection volumes were varied from 5 pL for analytes with
low boiling points to 0.05 pL for high boiling point samples to produce frequency shifts
less than 25 kHz. Sensor responses are reported as the maximum frequency shift in hertz
per microgram (or nanomole) of analyte injected to account for differences in the analyte
injection volume. For the blanks and each film, data were collected on at least three
devices at both temperatures. The device to device SAW response values have typical

RSDs of 15%.

24 Results and Discussion

Effect of Silanization on Device Response. Uncoated. Table 2.1 shows the
responses of the unmodified and silanized devices to alkanes, alcohols, and water at 30°
C. Within an analyte class, the responses measured for both types of uncoated SAW
devices increase with increasing analyte boiling point. This suggests that the response is
strongly affected by analyte physisorption (condensation). Dickert and Haunschild [38]

have also shown an increase in sensor response with increasing alkane boiling point
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(pentane, hexane, and heptane) using a silanized 430 MHz SAW resonator. King [26]
reported that higher boiling analytes are able to achieve a larger level of partitioning into
a coated sensor device. Patrash and Zellers [19] also reported that an increase in analyte
boiling point increases partition coefficients calculated using SAW responses in
continuous flow experiments. While it is not possible for partitioning to occur for
uncoated devices, it is expected that analyte condensation would produce similar results.

Silanization decreases the magnitude of the responses obtained with the uncoated
device. These findings can be explained in terms of the effect of silanization on the
physical and chemical properties of the SAW device surface. We believe that silanization
lowers the active surface area of the SAW device. Since the response of the uncoated
device is strongly influenced by condensation, a decrease in surface area should decrease
the response observed with the silanized sensor. Silanization is also known to reduce the
surface area of chromatographic supports [39]. It should be noted that dichlorosilanes
can polymerize over the quartz surface, thus similar experiments with
monochlorosilanization reagents may not yield the same results.

Silanization is also known to deactivate silica surfaces by replacing the active
proton on the silanol functionality with a less active, silyl derivative [40,41]. This change
in chemical functionality is expected to decrease the sensor response to analytes that can
hydrogen bond to the device surface (e.g., alcohols and water). McGill et al. [24]
attributed a decrease in interfacial water adsorption on phenyl silane modified SAW
devices to a decrease in the number of silanol groups present on the silanized surface.

Silanization should improve the chemical affinity of the device for alkanes. However, the
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pronounced decrease in alkane response observed following silanization suggests that the
decrease in active surface area influences the sensor response more than the change in
chemical properties of the SAW surface.

It should also be noted that silanization of the device does not appear to
preferentially decrease the responses to alcohols or water compared to the alkanes. Thus,
for the short vapor exposure times typical of pulsed sample injection, changes in chemical
affinity of the device surface may have less impact on the response magnitude than the
decrease in active surface area.

Poly(isobutylene) Coated Silanized. Table 2.1 also shows the responses obtained
for the PIB coated unmodified and PIB coated silanized SAW devices operated at 30°C.
As anticipated, the responses observed for the PIB coated devices are greater than those
obtained with either the unmodified or silanized device.

Alkanes are expected to interact strongly with the PIB film through dispersion
forces [18-20,42]. Our results indicate that silanization has little effect on the responses
to hexane, heptane, and octane; however, the nonane response is smaller on the PIB
coated silanized device. The difference in nonane response observed for the two PIB
coated devices can be understood in terms of mechanical phenomena that have been
reported for PIB coated SAW devices [16,22,23]. Ballantine [23] reported that the
contribution of mechanical effects depends on the coating thickness and the amount of
analyte sorbed in the film. We believe that the combination of condensation and sorption
durihg our pulsed sample introduction produces sufficient nonane concentration in the

film to cause such effects. However, our results indicate that the magnitude of these
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effects are lower on the PIB coated silanized device. It has been suggested that
silanization of the SAW device surface before coating enhances the wetting and adhesion
of polymer films [23,24]. In addition, Dickert and Haunschild [38] have noted that
hydrophobic coatings do not adhere well to quartz surfaces. We propose that the
increased adhesion of the PIB film to the silanized surface decreases the mechanical
perturbation of the film produced by vapor sorption. This decreases the magnitude of
moduli changes for the PIB coated silanized device and results in a lower response to
nonane. Similar phenomena may occur for alkanes with lower boiling points; however,
the analyte concentration in the film resulting from our pulse injection may be too low to
observe any significant effects.

Silanization increases the response of the PIB coated device to alcohols. We
ascribe these findings to an increase in PIB surface area resulting from improved wetting
and adhesion of the polymer to the surface of the silanized device. Since alcohols are not
expected to interact with PIB as strongly as alkanes [18-20], the increased surface area
may have a more significant effect on alcohol sorption. Alcohols are also known to self-
associate in hydrophobic solvents [43,44]. Thus, increased sorption and self-association
both contribute to the enhanced alcohol response observed with the PIB coated silanized
device.

The predominant role of dispersion forces in the interaction of analytes with PIB
suggests that the PIB coated devices should not show a strong response to water. Indeed,
with the exception of methanol, water gives the lowest response of the analytes. McGill

et al. [24] have reported that PIB coated SAW devices exposed to concentrated water
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vapor streams ([H,O] > 6194 mg/m3) exhibit fast mass loading responses (decrease in
frequency) followed by slowly developing anomalous responses (increase in frequency).
For lower concentration water streams, only anomalous responses were observed. These
researchers also reported that silanization eliminated the anomalous response and resulted
in the low water vapor responses expected for a PIB coated device. We have not
observed anomalous responses for any of the analytes. Apparently, the short
analyte/surface contact time in a pulsed experiment precludes observation of these slowly
developing phenomena.

Effect of Operating Temperature on Device Response. Uncoated. Table 2.2
shows the responses determined using an unmodified device operated at 60°C.
Comparison of these responses with those obtained at 30°C (Table I) indicates that
increasing the sensor temperature decreases the responses obtained for alkanes and
alcohols. Similar results have been obtained for various polymer-coated sensors
[9,22,26,27]. In contrast, water shows a larger response at 60°C. This observation can be
explained by the cffec;t of temperature on the number of surface silanol and silylether
groups that are available for hydrogen bonding interactions. For the device held at 30°C,
we believe that trace water present in our carrier gas (< 5 ppm, see Experimental) adsorbs
on some of the silanol and silylether groups and essentially decreases the number of
active adsorption sites available to the water vapor pulse. Increasing the sensor
temperature to 60°C shifts the adsorption equilibrium and, consequently, increases the

number of active sites available for interaction with water from the vapor pulse. Thus the
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increase in active site density with increasing sensor temperature leads to a larger
response to water.

For the silanized SAW device, comparison of the responses measured at 30°C
(Table 2.1) and 60°C (Table 2.2) indicate that increasing the sensor temperature decreases
the response to all alkanes and alcohols except 1-butanol. As described above, a larger
number of silylether (and trace silanol) groups are available on the device surface held at
60°C. These additional sites can participate in hydrogen bonding interactions with 1-
butanol. We believe that the adsorption of 1-butanol is enhanced by dispersion
interactions between the hydrocarbon portion of the molecule and the methyl groups ofthe
silane. In principle, similar phenomena could occur for isopropanol. However, the
interaction of isopropanol with the additional polar sites may be sterically hindered.

Poly(isobutylene) Coated. The responses obtained for PIB coated devices
operated at 60°C are also given in Table 2.2. Comparison of these data with the
appropriate data from Table I shows that increasing the sensor temperature decreases the
response to alkanes and alcohols. Similar response decreases have been reported for
several polymer-coated sensors [9,22,26,27]. However, the responses to water measured
with the uncoated, unmodified and the PIB coated, unmodified devices are similar. This
suggests that the PIB film does not completely cover the unmodified device surface.
Thus, the increase in water response with increasing temperature can be attributed to the
increase in available hydrogen bonding sites as described previously. McGill er al. [24]
have also shown that an unmodified device coated with a 250 kHz PIB film responds to

water.
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Chapter 3

Development and Performance of a Semi-automated 200 MHz Surface

Acoustic Wave Resonator Array-Based Sensor Test Apparatus

3.1 Abstract

A semi-automated pulse injection and data analysis system utilizing 200 MHz
surface acoustic wave resonators has been constructed. A cell consisting of separate
sample splitting chamber, sample transfer lines, and sensor device areas has been
constructed to allow individual temperature control over the regions. Experiments
involving injections of n-hexane, trichlorobenzene, and 1% (w/v) of biphenyl in n-hexane
show that all three temperatures play an important role in the magnitude and time
dependency of the SAW response. Flow rate is also shown to be an important factor.
The capabilities of the system have been demonstrated with uncoated and

poly(isobutylene) coated devices.
3.2 Introduction

Surface acoustic wave (SAW) devices have been widely studied as mass sensors
[1-15]. The use of coatings to enhance the selectivity and sensitivity of the devices is
well established [4,5], however, it has become apparent that a single film and device is
not adequate for many practical applications. This limitation has led to the use of SAW
arrays to obtain more information about the composition of a sample. SAW array data
sets are well suited to various data handling, manipulation, and recognition techniques

that increase the information content of the results. Pattern recognition techniques have
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been applied to mass sensors with some success [16-23] and the application of neural
networks has also been suggested [18,23].

There has been considerable interest in the development of SAW technology and
associated instrumentation since Wohltjen demonstrated many capabilities of the device
in 1979 [1-3]. For example, Grate et al. [24] developed an automated continuous vapor-
generation and data collection system for chemical microsensors. Nederlof and
Nieuwenhuizen [25] detailed their automated continuous flow system for testing SAW
gas sensors. Munoz Leyva et al. [26] described a test system that can be used to study the
effects of pressure, temperature, and relative humidity on the response of a piezoelectric
sensor. Grate et al. [19] reported efforts to develop a smart sensor system for the
detection of organophosphorus and organosulfur compounds using an array of SAW
sensors in conjunction with automated sample preconcentration. Recently, Ricco and
Martin [27] have developed multiple frequency SAW devices for sensing and materials
characterization.

SAW responses are usually measured with devices that have equilibrated with
sample vapor. This method of testing produces a great deal of fundamental information,
but many practical sensor applications require the analysis of pulsed sample streams [28-
35]. The details of such analyses vary with the specific application. However, in general,
a pulse experiment involves a more rapid sequence of analyte sorption and desorption
than is commonly associated with equilibrium methods. Grate and Abraham [33] have
suggested that this type of sample introduction can be used in conjunction with laser or
thermal desorption. Grate et al. [19] have also used thermal desorption of analyte from
preconcentrator tubes to deliver pulses of gas to an array of SAW devices. In addition to
these practical applications, we have recently reported that Linear Solvation Energy
Relationships (LSER) derived from data collected using pulsed sample introduction can

provide fundamental insight into coating properties [36].



53

This work is part of a larger study devoted to the development of practical sensor
systems for environmental analysis [36,37]. In this paper we describe a sensor test
system designed for convenient, unattended collection of response data from SAW
resonator arrays. The system employs an autosampler and custom software for data
acquisition, manipulation, and storage. We have also developed a sensor test cell that has
separate temperature controlled regions for sample splitting, sample transfer, and SAW
device containment. The test cell contains a six array 200 MHz SAW resonator device
that could ultimately be used for pattern recogni.tion studies. The availability of six
channels also allows rapid collection of the large amounts of data needed for fundamental
studies of sensor coatings using LSER methods [33,36,38]. Responses measured for
uncoated and poly(isobutylene) coated devices have been used to demonstrate the

capabilities of the system.
3.3  Experimental

Chemicals. Poly(isobutylene) (MW = 380,000) was obtained from Aldrich
chemical company. n-Hexane, trichlorobenzene, and biphenyl were obtained from
Aldrich chemical company and used as received.

Surface Acoustic Wave (SAW) Device. Data were obtained using a six element
array of 200 MHz SAW resonator microbalances (Femtometrics, Costa Mesa, CA). The
200 MHz resonator has been described previously [39]. The frequency difference
between each resonator and a separate reference device (beat frequency) is the measured
signal. Power is supplied and frequency counted by an external unit provided by the
manufacturer. The SAW resonator exhibits a 904 Hz frequency shift when perturbed by a
1 nanogram mass change.

Prior to use or coating, the SAW devices were rinsed with acetone and methanol,
soaked in isopropanol, and dried in air. Poly(isobutylene) coated devices were prepared

by spray casting from dilute (~500 ppm) toluene or chloroform solutions of the polymer.
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Typical film thickness was 100 kHz, which corresponds to a 0.012 pm thick film. This
film thickness is calculated using the density of the polymer, the mass deposited as
calculated from the frequency shift, and the active area of the SAW device.

Test Cell. Two resonator configurations are available from Femtometrics: single
resonators mounted on individual gold platforms and the six element array device used in
this work. Figure 3.1 shows a schematic diagram of the bottom part of the test cell with
the array platform inserted. The cell bottom is constructed from brass. Electrical contact
between the array and the Femtometrics control board is made through a rectangular piece
of circuit board using TO-8 pins. High vacuum epoxy (Torr Seal, Varian Vacuum
Company) is used to seal all openings in the bottom of the cell (circuit board holes around
pins, unused circuit board holes, and circuit board/cell interface). The cell was designed
to accommodate either type of SAW device. In the configuration using single devices,
the SAWs are installed perpendicular to the devices mounted on the single platform. The
volume of the cell bottom is approximately 15 mL.

Figure 3.2 shows a schematic diagram of the complete test cell (top and bottom).
The top and bottom are joined using six stainless steel bolts and a thin (~ 1/32”) Teflon
gasket. The top of the cell is a solid brass block with six holes for the transfer lines
machined through directly above the SAW devices. Additionally, a 1/4” i.d. path was
machined around the outer edge of the block to allow for water cooling. One end of each
1/16” i.d. (1/8” o.d.) stainless steel transfer line is silver soldered into the top of the brass
block. The other end of each transfer line is silver soldered into a stainless steel splitting
chamber (internal volume ~ 1 mL). Mounted directly above the splitting chamber is a
stainless steel housing designed to accommodate a 1/4” diameter heater cartridge. The
splitting chamber is attached to a GC injector via a 1/16” id (1/8” od) stainless steel
transfer line and a 1/4” Swagelock connector. The total volume of the system (injector,
splitting chamber, transfer lines, and cell) is approximately 20 mL. Equal splitting in the

chamber was verified by examining the response of n-hexane on 6 blank devices.
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57

Heat is supplied to the cell top using a 200 W, 1/4” x 1 1/4” heater cartridge
(Omega) attached to the splitting chamber and nichrome wire wrapped around the transfer
lines. The heated areas of the cell top are insulated using ceramic tape (Wilt, Lake
Pleasant, NY) and fiberglass insulation. Temperature is monitored in three places using
K-type thermocouples: directly underneath the splitting chamber, at the bottom of one of
the transfer lines, and next to the array platform. Transfer line temperatures can range
from 70° to 160°C while the splitting chamber temperature can go as high as 500°C.
Typical operating temperatures are splitting chamber between 250° and 400°C, transfer
line at 100°C, and sensor cell at 30°C. The lid of the cell is either heated or cooled
(depending on the temperature of the transfer lines) with a water bath in order to maintain
a 30°C sensor cell temperature. With a heated water bath, the temperature of the sensor
cell can reach 90°C.

Analytes were delivered to the test cell as a pulse using a Varian autosampler
Series 8000 and a Varian gas chromatograph injector operated at 250°C. The
autosampler was mounted on a steel plate above the injector to provide mechanical
stability to the apparatus. The pneumatic pressure for the autosampler and the carrier gas
flow for the injector are provided by a standard laboratory gas cylinder of N, (99.95%,
AGA Gas Co.). The carrier gas is dried over molecular sieves and the flow rate is
controlled by Porter Mass Flow Controllers. Typical carrier gas flow rates vary from 50
to 100 cc/min. We have used either 1.0 or 10.0 puL syringes for sample introduction.
Three injections of each analyte were made on at least three devices to ensure
reproducibility. Sensor responses are reported as the maximum frequency shift in hertz.
We do not believe that peak area is a valid measure of our sensor response since such a
measurement convolutes the amount of analyte sorbed with the residence time of the
analyte on the surface of the device. RSDs for SAW responses were approximately 10%.

Data Acquisition and Manipulation. The beat frequencies of the resonators

were collected using a digital counting board (MetraByte, Taunton, MA) and stored in a



58

Gateway 2000 386-25 personal computer. The Femtometrics supplied software is
capable of collecting data for all 6 channels at a resolution of either 100 (1pt/0.2sec), 10
(1pt/0.8sec), 5 (1pt/1.5sec), 2 (1pt/3.0sec), or 1 (1pt/6.0sec) Hz. Data presented in this
paper were collected with a resolution of 10 Hz in order to provide at least three data
points across a typical peak maximum. The standard software has been modified by
Femtometrics to allow for timed, multiple runs that allow full utilization of the Varian
autoinjector capabilities.

Data analysis was performed using custom software written using LabView for
Windows (v2.52, National Instruments, Austin, TX). Figure 3.3 shows an example of the
software output. The software separates the Femtometrics file into individual channels,
and then simultaneously displays the response of all 6 channels on a single page. In
addition, the software determines peaks, peak heights, peak areas, averages, standard
deviations, and % RSDs. The user can control the sensitivity of the peak determination
and select either none, Savitsky-Goolay smoothing, or median filtering of the data. An
output file that contains peak height, peak area, analytical information, and relevant
processing information (such as filtering, sensitivity, etc.) can be automatically generated

whenever the user is satisfied with the level of data analysis.
3.4. Results and Discussion

We have reported that the response of an uncoated resonator can be undcrs'tood
primarily in terms of analyte physisorption [36]. In contrast, polymer coatings often
exhibit selective sorption and mechanical effects [4,5,40,41] that may complicate
characterization of a sensor test system. For example, poly(isobutylene) is well known
for its ability to selectively interact with alkanes through dispersion interactions
[33,36,38] and its susceptibility to viscoelastic effects [40,41,42]). As a result of such
possible complications, most of the data presented in the paper were obtained using

uncoated SAW devices.
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Figure 3.3.  Output created by the LabView software written to process 6 channels of
SAW data.
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In our system, the major instrument variables that can be controlled are the
temperatures of the sensor cell, transfer line, and splitting chamber as well as the carrier
gas flow rate. We anticipate that the sensor cell temperature will influence the analyte
residence time and adsorption/desorption equilibria in the cell. The temperature of the
splitting chamber and transfer line will influence analyte arrival time by affecting the
partitioning of the analytes during sample transfer from the injector to the sensor. Finally,
the carrier gas flow rate will also affect the arrival and residence times of the analyte, in
the cell.

Effect of Sensor Cell Temperature. Figure 3.4 shows the effect of cell
temperature on the response of an uncoated device to an injection of 3.0 UL of hexane
followed by 3.0 uL of 1% (w/v) biphenyl in hexane. For a cell temperature of 60°C, the
response to pure hexane is significantly lower than that observed for the biphenyl-hexane
mixture. This difference can be explained in terms of the relative sensitivity of the blank
to hexane and biphenyl. We have previously reported that enhanced adsorption of
compounds with higher boiling points increases the sensitivity of the uncoated device to
such analytes [36,38]. In addition, King [43] proposed that analytes with higher boiling
points are able to achieve a higher level of partitioning into a film coated on a
piezoelectric sensor. While partitioning cannot occur on the uncoated device, we believe
it is reasonable to expect adsorption effects to produce similar results. Thus we anticipate
that the response to biphenyl (bp = 256°C) would be much greater than to hexane (bp =
69°C). The large response to biphenyl leads to a larger response to the biphenyl-hexane
mixture.

Most studies of coated SAW devices employ sensor temperatures less than 60°C
in order to increase sensor response and prolong coating life. Figures 3.4b and 3.4c show
that decreasing the cell temperature increases the magnitudes of the peaks observed
following hexane and biphenyl-hexane injection. This can be attributed to greater analyte

adsorption on the cooler device surface. The most significant change in sensor response
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The effect of sensor cell temperature on the response of an uncoated
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is the peak splitting observed for the biphenyl-hexane mixture. We believe that the
narrow peak (designated henceforth as “hexane/biphenyl peak™) is caused by rapid
adsorption, desorption, and purging processes involving hexane and some of the
biphenyl. After the hexane/biphenyl vapor responsible for the narrow peak leaves the
cell, the biphenyl which initially adsorbed on the walls of the cell desorbs and can interact
with the SAW device. The broadening observed on decreasing the cell temperature
reflects the longer times required for such processes to occur in a cooler cell. Eventually,
the remaining biphenyl is purged from the cell and the response returns to baseline. It is
possible that the relatively large cell (volume ~15 mL) used for these studies is in part
responsible for the degree of splitting shown in Figure 3.4. Larger surface area cells
would be expected to show more pronounced adsorption effects in this experiment.
However, the cell size is dictated by the dimensions of the array and the ease of array
handling. Slightly smaller cell volumes are possible, but they require semipermanent
device encapsulation and/or less effective flow splitting. Furthermore, experiments with
these systems showed the same splitting phenomenon illustrated in Figure 3.4.

Effect of Splitting Chamber/Transfer Line Temperatures. Portable sensors are
generally less elaborate than laboratory sensor test systems. One possible simplification
for portable devices is to minimize the number of heat sources used in the system. Under
such conditions, a thermal gradient will exist between the sample injector and the sensor
device. We have simulated this situation by using only the splitting chamber heating
cartridge to supply heat to the cell top. In this case, heat flow from the splitting chamber
will increase the transfer line temperature. Figure 3.5 shows the effect of increasing
splitting chamber/transfer line temperature on the response profiles obtained following
injections of 3.0 uL of hexane and 3.0 pL of 1% (w/v) biphenyl in hexane. For all of the
temperature combinations, the SAW response magnitude for pure hexane is essentially

constant. This suggests that the combination of heat from the splitting chamber and the
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temperatures on the response of an uncoated device to injections of 3 pL
of hexane followed by 3 pL of a 1% (w/v) mixture of biphenyl in hexane.
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gas flow rate = 80 cc/min.
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transfer line is sufficient to keep hexane in the vapor phase. However, this is not the
casefor the biphenyl/hexane mixture. Note that for a splitting chamber/transfer line
temperature of 100°/38°C (Figure 3.5a), the hexane and hexane/biphenyl peaks have
approximately the same magnitude. This suggests that the biphenyl condenses in the
chamber and transfer lines to such an extent that essentially none of the bipheny! reaches
the sensor with the hexane. Increasing the splitting chamber/transfer line temperature
increases the magnitude of the hexane/biphenyl peak. We attribute this to an increase in
the amount of biphenyl arriving with the hexane. Finally, we note that the biphenyl peak
shape is dramatically affected by the splitting chamber/transfer line temperature. This
observation may be understood in terms of the arrival time of biphenyl and the desorption
kinetics of the adsorbed analyte. For lower temperature combinations (Figures 3.5a and
3.5b), most of the biphenyl arrives after the hexane, adsorbs on the device surface and cell
walls, and then slowly desorbs as described in the previous section. For higher
temperatures, more biphenyl adsorbs and desorbs with hexane. The tailing observed for
approximately 80 seconds after the hexane/biphenyl peak (Figure 3.5d) can be attributed
to slow desorption of the remaining biphenyl from the surface of the SAW device<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>