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SOLUBILITY INTERACTIONS AND THE DESIGN OF
CHEMICALLY SELECTIVE SORBENT COATINGS FOR
CHEMICAL SENSORS AND ARRAYS

INTRODUCTION

A continual challenge in the field of chemical detection is the development of
approaches to designing microsensors and microsensor-based detectors with high
selectivity. This challenge results from the variety of analytes to be detected, the many
types of materials which can be used to interact with the chemical environment, and the
numerous transducers which can be used to convert physico-chemical interactions to
electrical or optical signals. No single science exists to unite all sensor technologies with a
common set of principles and a common approach to achieving selectivity.

Nevertheless, in the area of vapor detection, sorption phenomena and solubility
interactions can be identified as common features of many sensors. By understanding
these two disciplines, interactive materials can be chosen which will selectively collect and
concentrate analyte molecules at the sensor’s surface, thus improving sensitivity and
selectivity. This principle is illustrated in Figure 1 for a sensor which absorbs vapor into a
chemically selective coating on the sensors surface. The transducer converts a vapor-
induced physical change in the coating mat=rial into an optical or electronic signal. The
most straightforward examples of this principle are sensors based on a variety of acoustic
wave devices, which will be referred to collectively as piezoelectric sorption detectors.!-13
The transducer acts as a microbalance which measures the mass increase of the coating
when a vapor is sorbed.

Manuscript approved June 1, 1990.
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Figure 1. Schematic illustration of the absorption of a vapor (a) into a sorbent stationary

phase (b) on a solid surface (c).




Optimizing a single sensor for the analyte of interest represents the first step in
detector development. In many cases this may be sufficient for the analytical problem at
hand. However, complex environments can be very demanding with regard to chemical
selectivity. This is particularly true when it is necessary to detect the analyte at trace
concentrations in field environments where potential interferents (such as humidity) may be
present at orders of magnitude higher concentrations. In such cases, the use of pattern
recognition techniques in combination with an array of chemical sensors offers improved
selectivity, and the opportunity to use a single detector system to analyze for more than one
analyte.14-25 In this fairly general approach to enhancing chemical selectivity, the pattern
recognition algorithm evaluates the pattern of responses from the sensor array to determine
if the vapor of interest is present. The bar graphs in Figure 2 illustrate how different
vapors give rise to different patterns when detected by an array of sensors.

The success of the array detector approach depends on the amount and quality of
information being provided by the sensors. To be useful, each sensor must give unique
information. In other words, sensors(or sensor coatings) must be chosen carefully. Each
sensor must be selective for different vapors than the other sensors in the array. This
requirement brings us full circle, since we must again focus on the selectivity of individual
sensors. However, in addition to a sensor which is sensitive and selective for the target
analyte, one must also design sensors which will be selective for known and possibly
unknown potential interferences. In this context, it is particularly important to develop a
comprehensive approach to chemical selectivity so that an array can gather as much
information as possible about any vapor which may sorb and produce sensor signals.

The approach taken in this article will be to focus on a solubility model for
absorption as it applies to piezoelectric sensors for organic vapors . We will show how a
detailed understanding of sorption and solubility interactions can be applied to the design of
sensors for a sensor array. The sensitivity and selectivity of each individual sensor is
controlled by tailoring the chemical and physical properties of the coating material to
maximize particular solubility interactions. The selection of coatings for the complete array
is logically made through a systematic variation of the solubility properties of the coating
materials, so that each sensor is selective for a different balance of solubility interactions.
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Figure 2. Bar graphs illustrating how different vapors give rise to different patterns when
detected by a sensor array, using data from reference 15. Each graph illustrates the relative
responses of five dual delay line SAW vapor sensors to a single vapor, normalized to the
highest response. The coating materials on the sensors are fluoropolyol(FPOL),
poly(ethylenimine{PEI), poly(ethylene phthalate)(PEPH), poly(epichlorohydrin)(PECH),
and poly(isobutylenePIB).




The emphasis will be on bulk absorption (as opposed to surface adsorption) of
neutral organic vapors into soft coating materials containing neutral organic functional
groups. In addition, the discussion will be limited to reversible sensors. The issue of
reversibility is closely related to the issue of chemical selectivity. Weak interactions
between the vapor and sensor coating will produce sensors with good reversibility and little
hysteresis. However, such sensors may not have sufficient sensitivity and selectivity to be
widely useful. Very strong interactions may improve the sensitivity and selectivity, but can
result in sensors which are irreversible or only slowly reversible. Thus, if reversibility is
important, a balance must be struck between selectivity on the one hand, and reversibility
on the other. This balance can be achieved by using sensor coatings which interact with
vapors via solubility interactions.

Several articles and reviews have appeared which discuss piezoelectric chemical
sensors, and in some cases, chemical selectivity.2-3,8-13,26-27 These provide
comprehensive literature references, and some give lists of sensor coating materials
organized according to the analytes which are detected. We do not duplicate these efforts
here. Our account discusses solubility in greater detail than any previous treatment of
chemical sensors. Parameters and methodologies for characterizing analyte properties,
sensor coating material properties, and their interactions, are presented. Specific functional
groups are recommended for inclusion in sensor coating materials in order to maximize
particular interactions. In addition, we integrate the treatment of coating material properties
with consideration of the factors which influence chemical selectivity in sensor arrays.
Methods for intelligently choosing coatings for sensor arrays, and for optimizing sensor
arrays for particular analytes, are considered.




PIEZOELECTRIC SORPTION DETECTORS

The concept of a piezoelectric sorption detector was first introduced by King in
1964, using bulk acoustic wave quartz crystals.! Detectors based on such crystals are
frequenctly referred to as quartz crystal microbalances, or QCM.2-5 A variety of other
acoustic waves and device configurations have since been utilized to create piezoelectric
chemical sensors. These include surface acoustic wave (SAW) devices,6-13 flexural plate
wave devices,28-31 and horizontally polarized shear wave devices.32:33 Some of these
devices are illustrated in Figure 3. In each case, metal transducers on the piezoelectric
substrate convert rf electrical energy into mechanical energy in the form of an acoustic
wave. For sensor applications, the device is usually placed in an oscillator circuit where it
functions as the resonant element, and the frequency is monitored. Shifts in the frequency
are observed when the mass on the surface changes, e.g. by sorption of vapor into a
surface coating as illustrated in Figure 1.

Detailed descriptions of the operation of these types of devices have been published
in references noted above. Those features which are relevant to the selection of coating
materials and quantifying sorption will be presented here. Discussion will focus primarily

on the QCM and SAW devices.
Perturbations on the mass, Am, on the surface of a QCM cause shifts in the

oscillator frequency, Af, according to the following relationship:1-2
Af=kF2Aam/A (1)

The variable A is the active area of the device, F is the fundamental resonant frequency of
the oscillator, and k is a constant related to the crystal material and thickness. This
relationship shows that the mass of vapor sorbed by a coating can be measured by the
frequency shift. Some care is needed in the application of this relationship to the QCM,
however, because of its radial sensitivity function.34
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Figure 3. Schematic diagram of selected piezoelectric transducers. Shown from top to
bottom: a quartz crystal microbalance and lead wires, as seen from the top, consisting of a
quartz disc with metallized transducers; a surface acoustic wave delay line, as seen from
the top, consisting of a quartz plate with metallized interdigital transducers; and the
membrane portion of a flexural plate wave device, as seen from the side in cross-section,
consisting of aluminum transducers, a ZnO layer, an aluminum ground plane, and a silicon

nitride layer supported on the sides by the silicon substrate.




The response of SAW devices to surface mass changes can be expressed similarly
if the surface film is soft and non-conducting. However, changes in the elastic properties
of stiff films, or changes in the resistance of conducting films(whose sheet conductivities
fall in a particular range) can also perturb the frequency. The influence of the mass and
elastic properties of a thin isotropic non-conducting film on the frequency of a SAW device
has been expressed according to equation 2, where Af; is the change in frequency caused
by the film.?

Afg = (k1 +k2) F2hp - ko F2h(@u/VRO LA+ ) /A +2u)] (2)

The values for k; and kj are material constants for the piezoelectric substrate, F is the
fundamental resonant frequency of the oscillator, h is the coating thickness, p is the coating
density, A and p are the Lame’ constant and shear modulus of the coating material, and VR
is the Rayleigh wave velocity in the piezoelectric substrate. The first term represents mass
effects, since h p has the saine unitsas Am / A . Thus the first term in equation 2 has
the same form as equation 1 for the QCM.

The second term in equation 2 represents the effects of the elastic properties of the
surface coating on the frequency of the surface acoustic wave. For soft materials, e.g. p =
107 dynes / cm? (a value typical of elastomeric polymers, i.e. amorphous polymers above
their glass transition temperature), the second term is negligible relative to the first. For
stiffer materials such as glassy polymers with p = 1010 dynes / cm? and densities near 1 g
/ cm?2, the second term is 10 to 15% of the value of the first term.

In summary, the important features of piezoelectric detectors are that they are mass-
sensitive and that the quantity of vapor sorbed by the chemically selective surface film is
measured by the frequency shift. In some cases, such as the SAW device, the frequency
can also be influenced by other properties such as changes in stiffness or conductivity,
which must be considered in coating material selection. This article will focus on sensor
applications of soft, non-conducting materials, such as elastomeric polymers, where mass
effects dominate SAW sensor response.




SOLUBILITY, SORPTION, AND LINEAR SOLVATION ENERGY
RELATIONSHIPS (LSER)

SOLUBILITY AND ABSORPTION

”Like dissolves like” is the conventional rule of thumb for solubility. Classic
textbook examples of solubility such as solutions of toluene in benzene fit this rule.
Thermodynamic models for solubility and mixing can easily be derived for such "ideal”
systems. More sophisticated treatments recognize that real systems are not ideal, and
correction factors such as activity coefficients are introduced to account for deviations from
ideality. Nevertheless, such models are still grounded in the concept of ideality.

These models are useful for many purposes, but they do not provide detailed
guidance for the design of materials for chemical sensors. The objective in chemical
detection is to prepare materials which maximize specific oriented interactions with the
sorbed analyte molecules, thus achieving selectivity and sensitivity. Dipole-dipole and
hydrogen bonding interactions are examples of orientation-dependent solubility
interactions. In ideal solutions, the interactions are limited to non-oriented interactions such
as induced-dipole induced-dipole interactions, also known as dispersion interactions. The
rule of "like dissolves like” is well suited to ideal solutions, but is contrary to the objectives
of chemical detection when the analyte molecule is capable of selective oriented
interactions.

Consider, for example, the sorption of a vapor which is a hydrogen bond base.
The rule of thumb suggests incorporating similar hydrogen bond basic functional groups
into the sensor coating material. However, the incorporation of hydrogen bond acidic
groups will interact more strongly and selectively, and will make a better sensor coating
material. '

This example illustrates why models for solubility which are based on ideal
interactions are not adequate for chemical sensors. To fully understand solubility and to
unravel multiple solubility interactions which occur simultaneously, one must be able to
quantify the strengths of many solubility properties and interactions. These include the
solubility properties of the solute molecules(the vapor in this case), the solubility properties
of the solvent(the sensor coating or stationary phase), and their interactions. We have
selected methodologies utilizing solvation parameters as a multiparametric approach to
characterizing and understanding solubility and solubility-related phenomena. 35,36

Analysis of the process of absorption in terms of three conceptual steps illustrates
the importance of solubility. First, a cavity must form in the solvent. This requires

9




breaking solvent-solvent interactions, and is endoergic. Second, the monomeric solute fills
the cavity with concomitant reorganization of solvent around the cavity. This seems to
result in little change in free energy, but possibly substantial changes in enthalpy and
entropy. Third, attractive interactions form between the solute and the solvent. These
exoergic interactions are called solubility interactions. The strengths of these interactions,
and hence the strength of sorption, depend on the respective solubility properties of the
solute and the solvent.

The solubility interactions relevant to the sorption of non-ionic analytes by sensor
materials containing non-ionic organic functional groups are listed below, beginning with
non-oriented interactions and ending with orientation-dependent interactions. (The list does
not include the term "van der Waals interactions’ because of some ambiguity in its use;
some authors use it with reference to dispersion interactions only, while others refer to
dispersion, induction, and orientation interactions as van der Waals interactions.)

a) induced-dipole/induced-dipole interactions, also called dispersion interactions.
b) dipole/induced-dipole interactions, also called dipole induction interactions

c) dipole/dipole interactions, also called dipole orientation interactions

d) hydrogen bonding interactions

It might seem that a multiparametric approach to solubility is needlessly
complicated, and that a single parameter such as the cohesive energy density of Hildebrand,
53‘ might suffice. The shortcoming of this single parameter is that vapors with obvious

dissimilarities are sometimes ranked similarly; for example, polarizable, non-hydrogen
bonding toluene has a similar parameter to dipolar, hydrogen bond basic ethyl acetate. Asa
result, it is now customary to break down overall 5% values into component parts which

correspond to the interactions listed above.37,38

82 =83+ 8 + 2850 B * 28, B 3

In equation 3, subscripts ¢, ind, o, a, and b refer to dispersion, induction, orientation,
acid, and base respectively, while subscript T refers to the total.

10




It is thus well established that a solute/solvent interaction must be broken down into
its component interactions to fully understand solubility dependent phenomena.
Furthermore, chemometric investigations using principle components analysis and factor
analysis have shown conclusively that several factors (three to five) are required to interpret
extensive data on the solubility of gaseous solutes into non-aqueous solvents.39:40

11




THE PARTITION COEFFICIENT

Before quantifying individual solubility properties and interactions, it is important
to establish a means of quantifying the total absorption to which these interactions
contribute. This is easily achieved using the partition coefficient, K. This thermodynamic
parameter measures the equilibrium distribution of solute molecules between the gas phase
and the solvent phase, as illustrated in Figure 1. The partition coefficient is defined as the
ratio of the concentration of the solute in the stationary phase (or sensor thin film coating
material), Cs, to the concentration of the solute in the vapor phase, C; :

K=0GC/C (4)

It is related to the standard Gibb’s free energy of solution of a gaseous solute, AG(S) , by:

AG;’ =.RTInK (5)

where the standard states are unit concentration in the gas phase and unit concentration in
solution.

The partition coefTicient is particularly useful when applied to piezoelectric sorption
detectors because it can be directly related to the frequency shifts determined when vapors
sorb into the coatings.41-44 The equation derived for SAW delay lines is as follows:%4

Afy, = A GG K/ p (6)

This simple relationship relates the frequency shift caused by vapor sorption, Afy, to the
partition coefficient and experimentally determined sensor characteristics. The variable p is
the density of the coating material, as before. The variable Afg represents the frequency
shift observed when the sorbent coating was applied to the bare SAW device, and provides
a measure of the amount of material on the sensor.

12




The validity of the relationship in equation 6 has been experimentally confirmed by
comparing partition coefficients calculated via equation 6 (SAW partition coefficients) fora
variety of vapors on a fluoropolyol-coated SAW sensor with those determined by gas-
liquid chromatography(GLC) using fluoropolyol as the stationary phase.44 The structure
of this material is shown in Figure 4. SAW partition coefTicients and GLC partition
coefficients ranked the vapors in the same order. The most strongly sorbed vapors were
those with low saturation vapor pressures and functionalities capable of hydrogen bonding.
Least strongly sorbed were vapors which interact principally by dispersion interactions.

The magnitudes of these partition coefficients are worth examining. Dimethyl
methylphosphonate(DMMP) is a vapor commonly used to simulate more toxic
organophosphorous compounds.14:15.44 The log of its partition coefficient on
fluoropolyol, determined from SAW frequency shifts, was 6.5.44 The gas phase DMMP
concentration for this measurement was 20 mg/m3. The log K determined by GLC was
7.5; this measurement refers to the vapor at infinite dilution in the gas phase.44 (Partition
coefTicients for this vapor on fluoropolyol decrease with increasing vapor concentration.)
These numbers demonstrate that the concentration of DMMP in the coating material is on
the order of one to ten million times more concentrated than the DMMP in the gas phase.
Thus, absorption is very effective at collecting and concentrating analyte molecules on the
sensor’s surface.

Partition coefTicients also help to define the inherent selectivity of a sensor coating
material. Two common interferents in many environments are water, from ambient
humidity, and hydrocarbons, from fuels. The log of the partition coefficient of isooctane
on fluoropolyol determined by SAW measurements was 2.1.44 Comparison of this value
with that for DMMP indicates selectivity for DMMP over isooctane of greater than four
orders of magnitude. By a similar analysis, selectivity for DMMP over water is over three
orders of magnitude. These results show that substantial selectivity is possible using
absorption and solubility interactions. This degree of selectivity may be sufficient to use a
single sensor in well characterized, stable, analytical environments where the analyte is
present in moderate or high concentrations. In more difficult field environments where
organic vapors must be detected at trace concentrations, this degree of selectivity provides
excellent information for analysis by pattem recognition techniques.

13
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Figure 4. Selected chemical structures of sorbent polymers. Shown from top to bottom:
poly(isobutylene), a phenylmethyl-diphenylsiloxane copolymer,
polybis(cyanopropyl)siloxane, poly(ethylenimine), poly(ethylene maleate), and
fluoropolyol. These structures emphasize, in the order shown, dispersion interactions,
polarizability, dipolarity(minimizing basicity), basicity(minimizing dipolarity), basicity and
dipolarity, and acidity, with qualifications noted in the text.
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It should also be noted that partition coefficients are strongly temperature
dependent. Sorption normally decreases with increasing temperature. The more strongly
sorbed a vapor is, the greater the decrease as temperature rises.*¢ As a result, piezoelectric
sorption detectors become less sensitive and less selective as the temperature increases.
This result also indicates that if partition coefficients measured by techniques such as GLC
are to be used to evaluate a sensor coating material, the measurements should be made at
the same (or nearly the same) temperature as the temperature at which the sensor operates
(usually near room temperature). Partition coefficients measured at higher temperatures, as
is more common in the GLC literature, underestimate both the sensitivity and selectivity
with which vapors can be absorbed on sensors operating at room temperature.

15




SOLVATION PARAMETERS AND SOLUTE PROPERTIES

In the past, considerable attention has been given to parameters that describe the
solubility properties of solvents. Kamlet and Taft45 introduced a number of useful
parameters obtained from the UV spectra of various indicator dyes dissolved in the solvents
and referred to as solvatochromic parameters. These parameters for bulk liquid solvents
are not always relevant to the properties of monomeric isolated (solute) molecules,
especially in the case of compounds that form associated networks as pure bulk liquids.

More recently, parameters that characterize solubility properties of monomeric
solutes have been devised. We refer to them as solvation parameters in order to distinguish
them from the above-mentioned solvent parameters. We will use scales of these solvation
parameters to quantify solute(vapor) solubility properties, and to compare one vapor to
another. In addition, these parameters are useful in linear solvation energy
relationships(LSER), which we will use as a tool to quantify coating material solubility
properties in the next section. As is customary, parameters for solutes are distinguished
with a subscript 2, while parameters for solvents have a subscript 1. In the context of
vapor sensors, the vapors are solutes which dissolve in the (solvent) sensor coating.

The solute parameters that are of interest in the present treatment of sorption are the

hydrogen bond parameters (xIZ{ and 512{, the dispersion parameter log L16(which also

*®
includes cavity effects), and parameters for dipolarity and polarizability 7y, R and ds.

The hydrogen bond parameters are derived from thermodynamic measurements on
hydrogen bond complexation, and are related to Gibbs free energy. The a? parameter

is a measure of hydrogen bond acid strength. This scale was derived using values of
equilibrium constants for the complexation of acids by reference bases(such as pyridine) in

an inert solvent(tetrachloromethane).46-47 Similarly, the 612{ scale, which measures

hydrogen bond base strength, was derived from values of equilibrium constants for the
complexation of bases by reference acids(such as 4-fluorophenol) in
tetrachloromethane.48,49 These measurements provide constants for 1:1 complexation.
Some compounds, such as phenols and anilines, can act as bases via both their

heteroatomic substituents and the aromatic ring. In such cases, 1:1 BI; values are replaced

by larger effective ﬁl; values for interactions with bulk liquid solvents.
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Dispersion interactions are accounted for in the log L16 parameter. Like the
hydrogen bond parameters, log L16 is a Gibbs free energy related quantity, being obtained
from the gas-liquid partition coefficient (or Ostwald solubility coefTicient) of the solute on
hexadecane at 25°C.50 (L is the symbol for the Ostwald solubility coefficient, which is
defined identically to the partition coefTicient as in equation 3.) Hence, this parameteris a
combination of exoergic dispersion interactions leading to an increase in log L16; together
with an endoergic cavity term in hexadecane leading to a decrease in log L16,

R, is a parameter for polarizability; it provides a quantitative measure of the ability
of a solute to interact with a solvent through n and 7 electron pairs.5! It is calculated from
molar refractions as we will explain in a later section on polarizable materials. The 82
parameter is an empirical approximation for polarizability used in the past, taken as 1.0 for
aromatic compounds, 0.5 for polyhalogenated aliphatic compounds, and 0 for all other
compounds.52 We mention it here only for historical clarity, since it is now replaced by
Ra.

Finally, the parameter 11'; measures the ability of a compound to stabilize a

neighboring chaize or dipole.35:36:52,53 Hence, 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. Dipole moments themselves can be used for the understanding of
molecular properties, and we will use them below when discussing functional groups and

* *
materials, but they have not proven to be as useful as 715 in LSER correlations.>! 7, is

the only solvation parameter that is m any way related to solvatochromic solvent
parameters, in that 7t2 is taken as 7(1 for non-associated compounds. Additional 7t2

*
values have been estimated or obtained via 7(2/dipole moment correlations.

The chemical significance of these parameters is best understood by considering
examples. Parameters for a variety of typical organic compounds are presented in Table I,
and additional examples are given in the discussion below. Alkanes, being capable only of
dispersion interactions, have zero values for 82, R, n;, ag{ and ﬁIZ-I Some typical log

L16 values for liquid alkanes are 2.16 for n-pentane, 2.67 for n-hexane, 2.91 for
cyclohexane, and 4.69 for n-decane. Values of log L16 for alkanes increase with increase
in their normal boiling points and, indeed, are almost linear with log P° where P° is the
vapor pressure at 25°C. Functionalized organic compounds which are liquids at room
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temperature have log L16 values which range from 1(e.g methanol) or 2(n-propanol) to
values of 4 or 5 for less volatile liquids such as octanol, nitrobenzene, or dimethyl
methylphosphonate. All other things being equal, the log L16 values for a homologous
series will increase with increasing molecular weight (and decreasing volatility).
Aromatic or halogenated hydrocarbons have significant values of R, and ﬂ; .

Values for R are typically in the range of 0 to 1, with normal alkanes being zero by
definition Halogenation increases polarizability, resulting in R2 values for
dichloromethane and tetrachloromethane of 0.387 and 0.458 respectively. Aromatic
content also results in significant polarizability; the Ry values for benzene and phenol are
0.610 and 0.805 respectively.

Dipolarity and polarizability are common to many organic functional groups; hence
a wide variety of compounds have significant ﬂ; values. These values for organic liquids

are normally in the range of 0 to 1, being 0 for cyclohexane(by definition), and 1.0 for very
dipolar compounds like dimethyl sulfoxide and nitrobenzene. Intermediate values are
found for compounds like ethanol (.40) and acetone (.71).

The hydrogen bond parameters agl and 512{ are also scaled so that alkanes are zero.

A great variety of hydrogen bond bases exist, and ﬁ? values have been determined for
approximately 500 such bases. The values of ﬁg for most compounds fall in between 0

and 1. Examples of bases include acetone(.50), primary aliphatic amines(.70), and
dimethyl sulfoxide(.78).

Typical hydrogen bond acids are alcohols, phenols, and carboxylic acids, although
NH bonds can also lead to hydrogen bond acidity when activated as in aniline.48:49
Hydrogen bond acidities can reach values as high as 0.86 (perfluoro-t-butanol) or 0.95
(trifluoroacetic acid), with values for more typical acids being in the range of 0.3 to 0.6.
For example, the values for ethanol, phenol, and acetic acid are 0.33, 0.60, and 0.55
respectively.

It should be noted that hydrogen bond acidity and hydrogen bond basicity differ
significantly from proton transfer acidity and basicity.46-49 Although correlations between
these two phenomena can sometimes be made within chemical families, no general
relationship exists, As an example, consider triphenylmethane: although this compound is
a proton transfer acid, it is not a hydrogen bond acid at all. The proton transfer acidity is
determined by the stability of the conjugate base, whereas the conjugate base is irrelevant to
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the hydrogen bond acidity. All discussions of acidity or basicity in this paper refer to
hydrogen bonding, unless otherwise noted.

The range of solutes for which all the six above mentioned solvation parameters are
known is very wide, and includes examples of nearly all the monofunctionalities
encountered in organic chemistry. At the moment, all six parameters are known for several
hundred solutes. (These values can be found in the refereaces cited above.) Further

*
values, when needed, can usually be estimated. Since values of T, al; , and ﬁ? are very

nearly constant along any homologous series, it is reasonably easy to estimate values for
the homologues. Log 116 is almost linear with either carbon number or logP© along an
homologous series, and so, again, values can be estimated in this way. The 8, parameter
is triviai, but R) needs either to be determined or to be estimated. This is usually not too
difficult, because molar refractions are almost additive, at least to a first approximation.

With the development of these solvation parameters, it is a simple matter to
determine the solubility prenerties of organic vapor analytes. The objective in sensor
coating material design is then to develop materials which will interact strongly with the
analyte properties.
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LSER AND STATIONARY PHASE SOLUBILITY PROPERTIES

To fully understand the interactions occurring between an analyte and the sensor
coating, it is also necessary to understand the solubility properties of the coating
material(which we will refer to as the stationary phase or solvent). The simplest qualitative
approach to estimating a stationary phase’s solubility properties is to examine the functional
groups in its structure. For example, referring to Table I, one would estimate that a phase
containing ketones would be more dipolar but less basic than one containing aliphatic
amines. This approach can be useful as a starting point, but it is not entirely satisfactory
for structures with multiple functional groups or self-associating groups. Experimental
sorption data can provide additional information which is relevant to sensor applications.
The sorption characteristics of a diverse set of vapors on a particular phase provide insight
into which vapor properties contribute to stronger sorption.4+

Neverthless, it is desirable to have a more quantitative method which will evaluate
each of the various individual types of solubility interactions( such as dispersion, acid-
base, etc. as described previously). The method must also be applicable to the types of
materials applied to sorption detectors, including non-volatile liquids, liquid polymers, and
solid elastomeric polymers. We have used linear solvation energy relationships (LSER) to
systematically evaluate sorption data, evaluate stationary phase solubility properties, and to
sort out the relative strengths of multiple simultaneous interactions. Multiple linear
regression analyses of measured partition coefficients against vapor solvation parameters
lead to the following LSER equations to describe sorption:31,53-56

%
logK=c+d§2+sn2+aa§+b6§+llong6 (N

*
logK=c+rR2+sn2+aag{+bﬁ£{+llogL16 (8)

These equations are useful because the individual terms can be identified with
particular solute-solvent interactions. The various explanatory variables 03, Rj,

»
My, aIZ{ , 512{ ,and log L16 are the solute parameters described in the previous section.

The coefficients d, 1, s, a, b, and 1 evaluate the solvent properties which are complementary
to those of the solute. (The constant ¢ arises from the method of multiple linear

regression.)
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Thus, r measures the ability of the phase to interact with solute n and 7 electrons,
and is an indication of polarizability. Usually r is slightly positive, but becomes negative if
the phase contains a number of fluorine atoms.51,56 The s-coefficient measures the liquid
phase dipolarity. The a-coefficient, being complemetary to the solute hydrogen bond
acidity, measures the liquid phase hydrogen bond basicity. Similarly, the b-coefficient,
being complementary to the solute hydrogen bond basicity, measures the liquid phase
hydrogen bond acidity. The l-coefficient is a combined measure of dispersion interactions
that tend to increase 1, and cavity effects that tend to decrease 1. In practice, it is observed
that the 1-coefTicient is a very good indicator of the ability of a GLC phase to separate
adjacent members of an homologous series.36

The only difference between equations 7 and 8 is in the treatment of polarizability.
Equation 8 is the more recent equation, and is now preferred. The R parameter is a more
rational measure of polarizability than 8, and regressions via equation 8 have been slightly
better in terms of overall standard deviation and correlation coefficient than regressions via
equation 7. The data required to characterize a phase by this method are the partition
coeflicients(at a single temperature) of about thirty solutes, chosen to provide a suitable
range of all relevant parameters. In most laboratories, these will be most easily obtained
from GLC retention times.

The use of equation 8 can be illustrated with results from fluoropolyol, a soft
oligomeric liquid phase that we have examined in detail.#4 (Its structure is shown in Figure
4.) SAW sensors coated with this material are particularly sensitive to hydrogen bond
bases, and we shall be able to reason why this is so. Twenty nine partition coefficients
measured by GLC at 298°C gave the following regression equation with a correlation
coefficient of 0.9902 and an overal standard deviation of 0.16.44,57

™
log K=-1.02 - 0.42%; + 0.827, + 1.85 aI; +4.90 ﬁ?+o.75 log L16

9

The very large b-coefficient of 4.90 shows that this phase interacts selectively with vapors
that are hydrogen bond bases, and hence that the phase is a strong hydrogen bond acid.
We can go further than this. By evaluating the individual terms in equation 9 we
can quantify the actual solute/solvent interactions for any given solute vapor. This is
illustrated in Table II for the case of butanone as a typical hydrogen bond basic solute.
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The hydrogen bond term bﬁg{ contributes 2.35 log units to the overall log K value, as
®
compared to a contribution of 0.55 log units from the ST, term, corresponding mainly to

dipole/dipole interactions. Abraham and Fuchs58 managed to dissect log L16 values into
constituent terms due to dispersion interactions and cavity effects, plus a small
dipole/induced dipole term. If we take, as a first approximation, the relative contributions
on fluoropolyol to be the same as hexadecane, then we can assess the dispersive
contribution as shown also in Table II. Interestingly, it tumns out that even for the
interaction between butanone and the very strong hydrogen bond acidic phase, dispersion
interactions are larger than the hydrogen bond interaction.

It should be noted that these equations can be simplified for many materials that are
not capable of all the solubility interactions considered. Hydrogen bond acidic phases, for

example, are relatively uncommon, and in such cases the bBIZ-I term will not be significant.

In addition to characterizing stationary phases and unraveling multiple simultaneous
interactions, equation 9 can be used to estimate partition coefficients and hence sensor
responses(via equation 6). Any vapor whose solvation parameters are known can be
evaluated in this way.

The LSER method has the advantages that the constants generated characterize the
phase as a solvent and does so in terms of fundamental interactions with which chemists
are familiar. The method can be applied to any liquid phase, so that polymers, GLC
stationary phases, and laboratory solvents can all be characterized and compared by the
same method. Thus, several common solvents as well as some N-substituted amide
solvents have been so characterized,33:35 as have five Laffort and seventy-seven
McReynolds GLC phases,31:56 and a few polymers.54 Characterization of polymers used
as sensor coatings is in progress and preliminary results have been reported->% In addion,
several non-volatile bis-phenols have recently been prepared and characterized.60
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SENSOR COATING MATERIAL PROPERTIES

COATING MATERIAL PHYSICAL PROPERTIES

The essential physical properties of the coating are that it be non-volatile, so that it
stays in place on the sensor, and that it allows facile diffusion of vapors to and from sites
of selective interaction. In addition, the physical state of the material should not change
under use nor should its physical properties lead to hysteresis effects. These requirements
are satisfied by non-volatile liquids, and by amorphous oligomers or polymers.

Ideally, amorphous polymers should be elastomeric, i.e. above their glass
transition temperature(Tg). In this state, constant thermal motion of the polymer chains
allows rapid vapor diffusion.6! After a vapor has been sorbed and desorbed, the material
is left in essentially the same state as it was prior to sorption. All other things being equal,
sorption in elastomers is greater than in glassy materials,52,63 resulting in more sensitive
Sensors.

The "softness” of elastomeric materials has an additional advantage on piezoelectric
sensors such as the SAW device which are sensitive to changes in material stiffness. The
frequency shift (Afs) observed when the material is applied is not significantly affected by
the materials elastic properties, as discussed above in conjunction with equation 2. This
frequency shift is then a reasonable measure of the amount of material applied. Similarly,
when vapor is sorbed, any further softening does not significantly influence the frequency
shift (Afy). Thus soft materials allow a straightforward interpretation of sorption from
sensor frequency shifts (e.g. according to equation 6).

Glassy polymers have a number of potential disadvantages on sensors. (Diffusion,
sorption, and permeability in glassy polymers are covered in detail in references 61, 63,
and 64.) Vapor diffusion is slower than in elastomers which can result in slower sensor
response and recovery times. The diffusion process is frequently complex because
increases in chain segmental motion and free volume can occur simultaneously with vapor
transport, so that the diffusion rate increases as the vapor concentration in the polymer
increases. During desorption the diffusion rate becomes slower as the vapor concentration
decreases and the polymer stiffens, so that some vapor may be indefinitely retained. This
could cause partial sensor irreversibility and creates possibilities for hysteresis. Further
risk of hysteresis exists because sorption in glassy polymers can be influenced by
adsorption in microvoids and microcracks. Such physical features may change before and
after vapor sorption by mechanisms such as plasticization and flow, or by crazing. Finally,
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the interpretation of vapor sorption from sensor frequency shifts may not be simple if

changes in polymer stiffness during sorption contribute to the signal.

Partially crystalline polymers have some of the same potential disadvantages as
glasses with the further consideration that crystalline domains act as excluded volumes to
vapor sorption.61,64 Thus the crystalline domains do not contribute to sensor sensitivity
since the vapor cannot reach sites of interaction. If the vapor interacts strongly enough to
penetrate these domains and disrupt the crystallinity, the polymer may or may not
recrystallize after desorption. (Polymer crystallization can be very slow.) This creates
another potential mechanism for hysteresis.

In practice, some glassy polymers have yielded well-behaved SAW vapor sensors,
while others have lead to poor reproducibility from sensor to sensor or from vapor
exposure to vapor exposure, and some have shown poor recovery characteristics. Glassy
polymers cannot be summarily ruled out, but the characteristics of sensors derived from
them cannot be predicted as reliably as those based on elastomers. Film thickness and film
morphology are likely to be important factors in the performance of glassy polymers on
sensors. Thin films approaching the dimensions of randon polymer coils or even
molecular dimensions may not have the disadvantages that can result from the bulk

properties of glassy polymers in thicker films.

Finally, the material must be compatible with the method by which it is to be
applied to the transducer surface, and it must wet and adhere to that surface. We have
observed, for example that certain substituted siloxanes will withdraw from the surfaces of
glass-coated SAW devices, forming isolated beads instead of thin films. A variety of
methods can be utilized to assure adhesion and improve film stability. The polymer, the
surface, or both can be modified. Materials can be covalently attached to transducer
surfaces, and/or cross-linked after application. Care must always be taken, however, that
such modifications or processes not alter the desired chemical selectivity of the film, or
impede vapor transport in and out of the film.
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COATING MATERIAL CHEMICAL PROPERTIES 59,65

The chemical structure of the coating material determines its solubility properties,
and hence the sensor sensitivity and selectivity. The greatest sensitivity to the target analyte
can be achieved by including structural elements in the coating material which will
maximize the solubility properties that will interact with the analyte vapor. All interactions
that will enhance sensitivity to the vapor should be included, provided that they do not
cause strong self-association of the material. Strong self-association, e.g. by the inclusion
of both strong hydrogen bond donating and accepting groups in the same material, would
require the breaking of solvent-solvent interactions before the vapor could interact to make
new solute-solvent interactions.

The selectivity of a coating material will be greatest if it can be designed to interact
with vapors by only a single type of solubility interaction. The coating solubility property
associated with that interaction should be incorporated at the maximum strength. The
logical approach to obtaining the greatest selectivity from an array of sensors is then to
include individual coatings for each possible solubility interaction. These would be in
addition to the sensor or sensors which maximize sensitivity to the target analyte(s). In this
scheme, each sensor would provide unique information, and the array would probe all
vapor properties which govern sorption.

In practice, using real materials, it is not possible to make a material which will
interact only according to a single solubility property. All organic materials, for example,
will undergo significant dispersion interactions. Materials which are basic are often also
dipolar, and vice versa. Hydrogen bond acidic functional groups normally contain a basic
atom as well. The strategy for selectivity must be to select a particular solubility property,
incorporate it into a coating material at maximum strength, and to minimize all other
solubility properties. In addition, unique combinations of solubility properties can be
prepared in a single coating material. Using this type of analysis, the following categories
are indicated as the "first-order” goals for sensor array coating development:

a) maximize dispersion interactions

b) maximize polarizability

c) maximize dipolarity (minimize basicity)
d) maximize basicity (minimize dipolarity)
¢) maximize both basicity and dipolarity
f) maximize acidity (minimize basicity)
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Each of these categories will be considered individually. They cover the full range of
solubility interactions which normally occur between neutral organic molecules and
functional groups. Using the principles discussed for these categories, the development of
materials with other combinations of properties will be straightforward. As usual, the
terms basicity and acidity in the discussion below always refer to hydrogen bond basicity
and hydrogen bond acidity, respectively.

Dispersion interactions.
Dispersion interactions, also known as induced-dipole induced-dipole interactions

and as London forces, are exemplified by aliphatic hydrocarbons in the condensed phase.
Thus, the interactions between molecules of n-pentane (b.p. 35-36°C) in the liquid phase
are entirely dispersion interactions. Although one might think that interactions between
induced dipoles would be weak, the sum of such interactions in the liquid phase is actually
quite significant. Such interactions account for why a small molecule such as n-pentane is
a liquid at room temperature, and why hexadecane boils at 28 70C and solidifies at 18°C.
The significance of dispersion interactions is also illustrated in the calculations in Table II.

Materials for sensor coatings which interact by dispersion interactions are readily
available. Poly(isobutylene) (see Figure 4) is a good example of a material we have used
which is elastomeric and entirely aliphatic.15 Ethylene-propylene rubber is another
candidate for this category. Unsaturated elastomeric aliphatic polymers such as
poly(isoprene) and poly(butadiene) have similar sorption properties, but are subject to
degradation by ozone®6 and would thus have limited lifetimes as sensor coatings.

Because the log L16 parameter includes both a dispersion interaction and a cavity
effect, some care has to be taken when discussing the variation of the 1-coefficient with
change in the liquid phase. Amongst nonaqueous solvents, cavity effects are generally
rather similar,57with a tendency to increase as the solvent cohesive energy density
increases. Increase in cavity effects would lead to a decrease in the 1-coefficient . Thus at
25°C | varies from 1.00 (hexadecane) through 0.90 (ethyl acetate) to around 0.80 for
liquids such as methanol, NN-dimethylformamide, and acetonitrile.53:35 The effect of the
l-coefficient is to influence the solubility of gaseous homologues; the larger the value of ],
the more difference there will be in the gas-liquid partition coefficient.5¢ Hence, it is
advantageous to include some material with a large 1 value in any sensor array. It seems
rather unlikely, however, that materials can be synthesized with a much larger tendency to
undergo general dispersion interactions than simple alkanes (hexadecane) or simple
polymers such as poly(isobutylene).
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Our observation in SAW sensor research has been that hydrocarbon vapors are
more strongly sorbed into elastomeric hydrocarbon polymers than into more functionalized
polymers. This result is consistent with the cavity effect arguments above. For example,
in a recent study involving ten coatings on SAW sensors, poly(isobutylene) produced the
most sensitive sensor for isooctane.!5 The second most sensitive sensor for isooctane was
coated with a functionalized material derived from a poly(isoprene). Including a sensor
which provides information about hydrocarbons is potentially important in arrays for some
applications, because hydrocarbon fuels are common in so many field environments.

Polarizability.

Polarizability refers to the formation of a dipole in a non-dipolar molecule or
structural unit when it is exposed to an electric field. The focus in this section is on
materials which are more polarizable than the aliphatic materials discussed in the previous
section on dispersion interactions. Polarizable materials will have greater interactions with
dipolar vapors via dipole/induced-dipole interactions. Greater interactions with polarizable
vapors are also expected. Note that the term polarizable refers to the ease with which a
dipole is induced, whereas dipolar refers to the existence of a permanent dipole. These are
distinguished from the term "polar”, which is often used loosely (especially in
chromatography) to include both these properties, and sometimes basicity. Thus, some
would call benzene more polar than cyclohexane because it is more polarizable, though
neither molecule is actually dipolar.

Although the concept of polarizability is well-established, it is not too easy to
quantify. Molar refraction is often used as a measure of polarizability, but is not of much
use in the present context. In Table III are given values of a molar refraction, MRy defined

as: 51
MRy = 10[ (n2-1)/(n2+2) ] Vx (10)

where n is the refractive index at 20°C and V is the McGowan’s characteristic volume in
(cm3 mol-1Y100. Because of the volume term in molar refraction, the latter always
increases with increasing size (compare values for the alkanes in Table ITI). The refractive
index function itself is a rather better indication of the presence of polarizable electrons ora
molecule; thus values of the refractive index are always larger for aromatic or halogenated
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aliphatic compounds than for other aliphatics. Quite recently, an "excess” molar
refraction, i.e. the molar refraction in excess of the molar refraction of an alkane of the
same characteristic volume, has been defined as R5:5!

Ry = MRy - MRy for an alkane of the same Vy (11)

By subtracting the molar refraction for an alkane of the same characteristic volume, the
dispersive component of molar refraction (already accounted for in log L16 in LSER
correlations) is removed. Values for R are listed in Table ITI. These provide a quantitative
indication of polarizable n and 7 electrons. (It can be seen from the R values in Table III
that the empirical d parameter is actually just a coarse approximation to R, and so we need
deal with the d parameter no further.)

As noted previously, the presence of aromatic groups or heavy halogen atoms in a
compound promote polarizability. Significantly, introduction of fluorine substituents
lowers the excess molar refraction below alkane values. This lack of polarizability is why
fluorinated compounds are often more volatile than their non-fluorinated counterparts, and
why fluorinated organic vapors can be difficult to sorb.

Stationary phase materials which fit the requirements of this category are the
phenylsilicones which are used as GLC stationary phases. Polyphenylmethylsiloxane,
containing 50% phenyl substitution is available as OV 17, and 75% phenyl substitution is
available as OV25 (see Figure 4). Methyl- and phenyl siloxanes have been examined in
detail, and it was confirmed that polarizability increases with phenyl substitution.68
Substitution exceeding 75% by mole is undesirable, however, because the polymers
become solids as the phenyl substituents introduce rigidity into the polymer chain.

The use of siloxanes in this category may appear to violate the premise of
emphasizing a single interaction with the exclusion of all other interactions because the
presence of oxygen atoms in the chain will confer some basicity. However, these oxygens
are only weakly basic, being comparable to the weak basicity of aromatic groups. Thus,
the solute hydrogen bond basicity of hexamethylsiloxane, ﬁ? = (.16, is about the same of

that of benzene, ﬁ;l =0.14. As an alternative to the silicones, we note that some apiezon

greases are more polarizable than simple hydrocarbons.
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Dipolarity (Minimize Basicity).

The incorporation of dipolar groups into a material increases the sorption of dipolar
vapors by oriented dipole dipole interactions. Sorption of polarizable vapors will also be
increased by dipole induced-dipole interactions. Dipolarity is greatest in heteroatomic
functional groups, but these are also basic. Consequently, a method is required to
determine which types of functional groups maximize dipolarity with the least basicity. We

will examine dipole moments as a measure of dipolarity, and solute ﬁ? values as a

measure of basicity. Examples are listed in Table IV.

The first entry, 1,1, 1-trifluoroethane, illustrates the use of halogens to achieve
dipolarity without basicity. Trifluoropropyl-substituted silicones used as GC stationary
phases use this property. Nevertheless, the dipole is not particularly strong. Stronger
dipoles are seen in molecules with cyano, amide, sulfoxide, amine-N-oxide, and
phosphoryl groups. Most of these are also strongly basic and cannot be considered in this
category. Carbonyl groups in ketones and esters are also dipolar, but less so than the
others.

This analysis leaves cyano groups as the most desirable dipolar functionality.
Fortunately, commercial materials containing cyano groups are readily available. Silar
10C, for example, is a GC stationary phase consisting of a polymeric siloxane with 100%
cyanopropyl substitution (see Figure 4). It is one of the most dipolar GC stationary phases
available, and is a logical candidate for this category of materials.
Tris(cyanoethoxy)propane is another well known GLC stationary phase which is highly
dipolar.

It should be emphasized, however, that the analysis above has used the properties
of monomeric molecules to predict properties of solvent stationary phases. While this is a
reasonable first step, it is best followed by experimental measurements on actual solvents.
Thus, the parameters discussed above show that a nitrile is more dipolar than an ester when
they are monomers. That the same trend is observed when these functional groups are
present in solvents was confirmed by an LSER comparison of acetonitrile and ethyl
acetate(using data obtained at 298°C.)53 Further characterization of dipolar stationary
phases (at appropriate temperatures) for sensor applications would be worthwhile.

Of the three types of interactions examined thus far, the two strongest are the
dispersion interactions and dipole-dipole interactions. Dispersion interactions contribute
significantly to sorption, especially if the vapor has a low saturation vapor pressure.
Dipole-dipole interactions can be significant when both the vapor and the sorbent material
are dipolar. Dipole induced-dipole interactions are relatively less important.69
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Hydrogen Bond Basicity (Minimize Dipolarit

A wide variety of functional groups can provide basicity, but most of them are also
dipolar, as seen in the analysis in the previous section. Reasonably strong basicity with
very little dipolarity can be obtained from aliphatic amines, as seen in Table IV. These
groups have 52 values of ca. 0.7. Tertiary amines are the most straightforward candidates

because they contain no -NH groups that might donate hydrogen bonds and cause self-
association of the sorbent material. However, the NH groups in primary and secondary
aliphatic amines actually have negligible acidity. Their a? values are zero, and these

amines are suitable for this category. The same cannot be said for aromatic amines, whose

NH groups are weak acids. For example, the a? value for aniline is 0.26.

Secondary amine functionality is available in poly(ethylenimine), which has a repeat
unit of -(CH2CH2NH)- (see Figure 4). This soft organic polymer has been used as a
coating on SAW devices, yielding sensors with sensitivity to hydrogen bond acids such as
water.13 The linear form of poly(ethylenimine) has a Ty of -20°C and a Ty, of 60°C.70
Thus, it can be partially crystalline. Nevertheless, the usual preparation of this material
from ethylenimine yields a branched material, and this is much less likely to contain
crystalline domains.

An interesting class of materials to consider for the basicity category is the
polyphosphazenes. These materials contain nitrogens in the backbone and sometimes have
low Ty values. Amine-substituted polyphoshazenes are likely to be particularly basic, and
could be useful on sensors if they can be obtained as non-crystalline elastomers.

Hydrogen Bond Basicity and Dipolarity
As noted above and illustrated in Table IV, the functional groups providing the

greatest strength in both basicity and dipolarity are amides, sulfoxides, amine-N-oxides,
and phosphoryl groups. (The phosphoryl group, P=0, is found in, for example, organic
phosphates, phosphonates, and phosphine oxides.) Amides, if used for materials in this
category, should be derived from secondary amines, so that there are no NH groups. The
hydrogen bond acid strength of these groups are similar to that of aliphatic alcohols (a? =

0.38 for N-methylacetamide, compared to 0.33 for ethanol), so the presence of RNHCOR’
functionality in a polymer would give rise to significant self-association.
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Esters are also dipolar and basic, but less so than the groups above. If the
properties of esters are desirable for a particular sensing application, then those same
properties can be obtained at greater strength with some of the other functional groups
above. Nevertheless, esters suitable for application on sensors are so readily available that
they must be discussed here. Many esters are available as GLC stationary phases, and
many polyesters are elastomeric and can be bought or easily made.”! An example is shown
in Figure 4.

Amides are probably the next most readily available functional group, but most
polyamides(nylons, for example) are glassy or crystalline or both. We have used
polyvinylpyrolidone on SAW sensors, but it is a glass with Ty = 180°C,70 and sensors
derived from this material were not highly reproducible.14:.15 Conceivably, elastomers
with amide groups could be synthesized.

Additional functional groups that might be incorporated in an elastomer are the
sulfone, amine-N-oxide or phosphoryl groups. In this regard, we note that viscous, fluid
polysiloxanes with pyridine-N-oxide groups have been reported.”2

Hydrogen Bond Acidity
When we examined basicity, we compared solute ﬁ? values for various functional

groups, even though we were actually going to use these groups in the stationary phase

solvent. Solute ﬁ? values revealed the basic properties inherent to the monomeric

functional groups. These properties do not change substantially in the solvent phase when

the solvent is non associated. Scales of solute ﬁ? values and solvent B values rank

aprotic bases in approximately the same way.

Hydrogen bond acids, however, associate via hydrogen bonding in the solvent
phase, which influences how they will interact with solutes. Association occurs because
functional groups that can donate hydrogen bonds will normally also contain an atom
capable of accepting a hydrogen bond. A classic example is acetic acid, which is a strong
hydrogen acid as a monomer. However, it readily self-associates to form a strongly bound
dimer.
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We will continue to examine solute parameters to understand the properties inherent
to particular functional groups. Those groups with the strongest acidity and the least
basicity will provide the sensitivity and selectivity required for sensor coating materials.

Minimizing basicity will reduce self-association. Solute a? and 512{ values for

representative acids are given in Table V.

The principle functional group for hydrogen bond acidity is the OH group in
aliphatic alcohols and phenols. In certain cases, NH groups can also be acidic. Carboxylic
acids will not be considered here because of their tendency to dimerize. The acidity of
hydroxyl groups can be substantially increased by electron withdrawing halogen
substituents, with the bonus that basicity is decreased at the same time. Thus,
hexafluoroisopropanol is an excellent hydrogen bond acid with negligible base strength.
Fluoroalcohols, phenols, and substituted phenols are indicated as candidates for acidic
sensor coating materials.

Materials which fit this category are not readily available. Thus, among the 77
stationary phases characterized by McReynolds, and more recently characterized by LSER
methods, none were strong acids.® In the sensors field, the strongly acidic material with
which we have the greatest experience is an oligomer we refer to as fluoropolyol (Figure
4).14,15,44 This material can be synthesized by methods in the literature.”’3 The
hexafluoroisopropanol group has also been incorporated into polymers, although these
were not elastomers.”+76 Recently, an altemative strongly acidic phase has been
developed which is readily prepared. It is a non-volatile phenolic liquid containing the
hexafluorobisphenol-A structural unit. Characterization by GLC and LSER indicates that it
is a stronger acid than fluoropolyol.60

Although they are not as readily available as other materials, strongly hydrogen
bond acidic stationary phases are very important because of the great variety of organic
bases that one might want to detect. Sensors coated with materials in this category have
excellent sensitivity to strongly basic vapors such as organophosphorus
compounds.14,15,44
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COATING SELECTION STRATEGIES FOR ARRAY DETECTORS

In selecting coatings for a sensor array, it is important to remember that pattern
recognition techniques are information processing methods.”7-81 Like all such methods,
they rely on the quality and quantity of the information being provided. When pattem
recognition methods are applied to vapor detection using sensor arrays, the information is
encoded in the numerical responses of the individual sensors. A randomly chosen set of
coatings for a sensor array is unlikely to provide optimal information. (Indeed, closely
correlated sensors can produce instabilities in some numerical analyses.) A set of sensors
in which each sensor probes a different solubility interaction will provide more information
than a set in which most of the sensors probe the same type of interaction.

The discussion of sorption and solubility presented above provides detailed
information for developing sensors that maximize particular interactions. Given an
understanding of these interactions, and the coating material properties which contribute to
them, it is possible to intelligently choose a set of coated sensors in which each sensor
provides unique information. The most general type of array would be one with
approximately six coatings according to the categories outlined above. The set of coatings
in Figure 4 illustrates the types of materials that might be chosen for such an array. This is
not an optimal set: the materials pictured are restricted to those which have been previously
reported on SAW sensors, or are well-known GLC stationary phases. There is substantial
room for innovation to produce materials that better maximize the particular interaction(s)
that each pictured material represents. The polyester is a case in point, as previously noted.
In selecting materials for this set, it is advantageous to have materials whose solubility
properties have been characterized, for example by the LSER methods discussed.

An array of this type could be adapted to a wide range of applications. The sensors
included probe the full range of solubility interactions discussed above, and there is a
sensor whose selectivity has been maximized for each particular interaction. When this
array is applied in a detector for a particular analyte, it may already contain a good sensor
for that analyte. After a collection of a suitable data set, a pattern recognition algorithm
could be developed so that this analyte can be correctly recognized.

Optimization of an array for any particular application will depend on what could be
referred to as the boundary conditions of the analytical problem. The first such condition is
the analyte to be detected. This could be a particular compound or class of compounds.
Questions associated with this condition are: How fast must it be detected? Must it be
detected reversibly? And what sensitivity is required? If it must be detected at very low
concentration levels, then it may be desirable to develop a sensor which maximizes
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sensitivity to that analyte. Indeed, it is always desirable to have a sensor with the best
achievable sensitivity and selectivity for the target analyte, whether the sensor is to be used
alone or in an array. This sensor would then be included in the above array and a pattern
recognition algorithm developed.

The second boundary condition will be the definition of the analytical environment,
especially with regard to the presence of other compounds which could cause sensor
signals. The general array developed above may already be sufficient to discriminate
against such compounds. However, if a potential interference is of particular concem, then
a sensor selective for it may be developed and included. Altematively, if the analytical
environment is well characterized, and unlikely to change, then it may be possible to reduce
the number of sensors in the array and still have satisfactory discrimination. For example,
it may not be necessary to have both a basic and a basic/dipolar material, or both a
polarizable and a dipolar material. It will all depend on what types of molecules must be
distinguished from one another, and at what concentrations.

The rigorous (and ideal) approach to selecting coating materials for difficult
applications begins with a large set of carefully selected materials. This set would include
materials in all the categories discussed above, plus material(s) optimized for the target
analyte(s), and possibly materials optimized for potential interferences of particular
concemn. It might also include materials that represent combinations of interactions which
were not explicitly discussed above. For example, one might include a material which is
both highly polarizable and dipolar.

Once the materials are chosen and sensors are prepared, it is necessary to collect a
"training set”, the data set of sensor responses from which the pattemn recognition algorithm
will be developed. The design of a good training set is not trivial. Once again, the
operative principle is that the quality of the algorithm developed will depend on the quality
of the informatior in the training set. The data set should be properly balanced to include
both vapors to be classified as hazards, and vapors which should be ignored. An
unbalanced data set can lead to random or chance classification results.32.83 The set should
include the target analyte(s), expected potential interferences, and expected mixtures. If the
analytical enviroment is well characterized and unlikely to change, then the data set can be
precisely designed. If unknown potential interferences could be encountered, as in a field
environment, then the data set should include a wide variety of vapors representing all the
types of vapor properties that might be encountered. An understanding of vapor solubility
properties, as discussed in the section on solvation parameters above, can be useful in
selecting such a set of vapors.
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After the training set is collected, statistical pattern recognition techniques can be
used to narrow down the number of coatings to be used in the array. The correlation
matrix will reveal sensors that are providing redundant information. Dendrograms are
useful for grouping coatings according to their similarity to one another, thus revealing
which coatings are most dissimilar. Principle components analysis can be used to
determine which coatings best span the feature space(see below) defined by all the coatings
tested. These techniques provide information which is useful in choosing dissimilar
coatings for the array.14-17 Supervised leaming techniques are also useful in selecting the
final set of coatings for which an algorithm can be developed to correctly classify the target
analyte(s).14,15 The latter techniques are not completely automated. A knowledgeable
scientist directs the process, analyzes intermediate results, and makes decisions along the
way. Finally, the algorithm is refined and completed.

Clearly, the rigorous approach requires a lot of resources. This is why it is
important to have a rational scientific understanding of coating materials and sensor arrays
in order to streamline the process. A random approach would clearly be wasteful, and may
not produce satisfactory results.

When vapor mixtures are involved, it is important to distinguish between two types
of problems that can be solved. One is the recognition of the target analyte, usually a
hazardous vapor, in the environment.14:15 In this case, it is only important to correctly
identify the presence of the hazard, regardless of whether it is present singly or in a
mixture. It is not important to identify all components in the mixture. If the array detector
is to be used to recognize more than one hazard, then a separate algorithm (referred toas a
discriminant in pattern recognition terms) is developed for each one. A second type of
problem to which sensor arrays and pattern recognition can be applied is multicomponent
analysis, i.e.the simultaneous identification of all the components in a mixture.17,19,24

In considering the use of sensor arrays and pattern recognition for the detection and
correct classification of hazardous vapors, it is important to understand that these
techniques do not operate by checking the observed pattern against a library of vapor
signatures. Thus, it is not necessary to have a signature of a potentially interfering vapor
stored in memory in order to discriminate against it. Pattern recognition techniques plot out
the pattern of responses to a vapor challenge as a point in n-dimensional hyperspace(called
feature space), where n is the number of sensors, and each of the n-axes represents the
response of the sensor associated with that axis.’7 Any vapor which is dissimilar to the
target analyte (according to the criteria by which the sensors respond to vapors) will be
plotted in a different region of feature space than the target analyte. Thus, dissimilar vapors
can be successfully discriminated against even if they have not been tested in the training
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set. In addition, this method does not require that the calibration curves for all vapors be
linear in order to obtain correct classification and discrimination. These are some of the
reasons why these techniques can be very valuable in a field environment where unknown
potential interferences could occur. These features of pattern recognition techniques also
illustrate why it is important to choose sensor coating materials carefully; a diverse set of
sensors with strong, selective, and uncorrelated responses will more effectively spread
different vapors out in feature space, facilitating discrimination. In addition, it turns out
that having independent sensors also adds stability to quantitative analysis.17

The discussion in this paper has been to use a single sensor technology in the array,
namely piezoelectric sorption detectors. This simplifies the hardware required in the
packaged detector. However, one might argue that using different sensor technologies is
more likely to produce sensors which each provide distinctly different information. This is
a valid approach. There is a counter argument, however, which must be considered. If the
additional sensor technologies provide information about species which never interact with
the sensors for the target analyte, then that information may be superfluous. The analyst
should carefully decide on what information is needed, and choose sensors and sensor
technologies accordingly. If the sensor for the target analyte is a sorption detector, then the
primary concern with regard to interferences is other vapors that may sorb into the sensor
coating material. Hence, using other sorption detectors to obtain information about such
vapors is logical.
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CONCLUDING REMARKS
THIRD ORDER STRATEGIES TO ENHANCE SELECTIVITY

The development of selective coating materials represents the first order approach to
selectivity using chemical sensors. Because some species must be detected at trace
concentrations when other vapors may be present in the background at much higher
concentrations, sensor arrays in combination with pattern recognition are useful as a second
order approach to enhancing selectivity, and for gathering more information about the
analytical environment. A number of third order approaches can be used with such a
sensor system to further enhance selectivity. These focus on how the sample is treated
before it reaches the sensor(s). Examples of such strategies include the chemical
conversion of analytes to other compounds prior to detection, pre-concentration or selective
pre-concentration of analytes prior to detection, chromatographic separation of w.izl, ies
prior to detection, and the use of selectively permeable membranes or tubing prior to
detection. (Of course, these methods can also be used in conjunction with single sensors,
in which case they would be second order strategies.)

An excellent example of these strategies has been reported by Kindlund et al. for the
selective detection of ppm concentrations of halogenated hydrocarbons in humid air using a
silicone oil coated QCM.24 These authors used a pre-concentrating stage to collect their gas
sample. Thermal desorption resulted in a concentrated vapor pulse in which the water and
hydrocarbons were partially separated because of differences in their heats of absorption.
By placing a length of teflon coated nylon tubing between the preconcentration stage and
the QCM, the pulses due to hydrocarbons and water could be separated. (The teflon was
coated on the inside of the tubing; water was retained longer than the hydrocarbons.)
Alternatively, the authors found that by using a length of water permeable perfluorinated
polymer tubing, the water pulse could be essentially eliminated.

Grate et al. have used a pre-concentrator in combination with a SAW sensor
array.59.85,86 The main intent was to increase the sensitivity of the detector for detection of
organophosphorous compounds at trace levels. Using a small Tenax-packed tube
thermally desorbed with a resistive coil, 0.1 mg/m3 concentrations of DMMP in air of
various humidities could be easily detected within two minutes. Some improvement in
selectivity was also anticipated since water and volatile organics are less effectively retained
by the Tenax than the less volatile DMMP. It was found that the water was (apparently)
desorbed from the Tenax more rapidly than DMMP, such that two separate pulses reached
the sensor array. (The preconcentrator was connected to the sensor array via a short piece
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of Teflon tubing; no effort was made to influence this separation by choice of tubing
material or length.) The water was detected as a sharp peak almost immediately after
thermal desorption was begun. A poly(ethylenimine) coated sensor gave a large signal for
this water pulse. The fluoropolyol-coated sensor intended primarily for
organophosphorous vapors also detected this water pulse with a much smaller response.
The subsequent DMMP pulse was detected by the fluoropolyol-coated sensor as a broader,
more intense peak after the water peak. Thus, water was eliminated as a factor in detecting
the DMMP at trace concentrations.
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OTHER INTERACTIONS AND MATERIALS FOR SELECTIVE SORPTION

The focus of this article has been on materials and interactions that can be used to
selectively detect organic vapors, with an emphasis on reversible detection via solubility
interactions. Complexation of analytes by hydrogen bonding has been considered in detail.
A strategy for sensor array design follows quite logically from this treatment. Before
concluding, it is worthwhile to point out other interactions and materials which can be used
on piezoelectric chemical sensors. Although some of these interactions may be less
reversible or less sensitive than those above, or are used primarily in detecting inorganic
gases, they are included here to illustrate altemative mechanisms for selectivity.

In addition to hydrogen bonding, other complexation mechanisms which can be
useful include coordination to metal ions, Lewis acid Lewis base interactions, and charge
transfer interactions. The potential use of coordination interactions has been discussed by
Nieuwenhuizen, et al.11.12 Zellers, et al. have reported SAW sensors which detect select
olefins by coordination to Pt complexes.8”7 These sensors were not reversible, but they
could be readily regenerated. Charge transfer interactions have been utilized by many
groups to detect NO> using phthalocyanines.8%2 The NO; is a strong oxidant and accepts an
electron from the phthalocyanine. Halogens can be detected similarly. Lewis acid Lewis
base interactions have been utilized in the detection of SO which is a Lewis acid, using
basic amines.* NO» was a significant interference, which is logical since it is also a Lewis
acid.

A special case of complexation of potential use in sensors involves cage or
inclusion compounds. Materials such as cyclodextrins89 and calixarenes?0 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. An
example involving a sorption process is a recent report describing the separation of
enantiomers using a GLC stationary phase which contained a chiral cyclodextrin mixed
with a silicone 0il.?! Modified cyclodextrins have also been applied to QCM devices for
the detection of benzene.92 (Toluene was the most significant interference of those tested.)

Oligomers and pelymers, as presented above, are a logical choice for the sorption
of organic vapors, and can also be useful in detecting inorganic gases and vapors.
Although only pure materials were discussed, blends of materials could be used to achieve
the desired properties. For example, polyvinylpyrrolidone(PVP) produces sensors which
respond to water,14:15 but it is a glassy material. PVP can be plasticized using
poly(ethylene glycol (PEG),70:93 and such a blend would likely make a useful moisture
sensor. This approach utilizes a blend to modify the physical properties of a polymer
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which has desirable chemical properties. Since PEG is also hydrophilic, its inclusion in the
blend does not substantially compromise the chemical properties of the PVP. (However,
terminal OH groups on the PEG will associate with amide groups of the PVP.)

Conversely, a polymer with the correct physical properties and innocuous chemical
properties can be blended with a material which has the correct chemical properties, as was
done with the cyclodextrins in silicone oil noted above.

Ion-containing polymers can also be considered. Such polymers could interact with
analytes by ion/dipole interactions and/or ion/induced-dipole interactions. In addition,
many oxygen containing anions such as sulfonate or phosphate are particularly strong
hydrogen bond acceptors (hence the hydrophilicity of Nafion).

Porous adsorbent solids represent another alternative. Bare SAW sensors are
sufficiently sensitive to detect adsorption of molecules on their surface.94 This does not
make a very sensitive or selective chemical sensor, and so coating materials are virtually
always used to enhance sensitivity and selectivity. Application of a porous solid layer
increases the surface area, and hence the sensitivity. In one case, ZnO served as both the
piezoelectric material and the chemically selective material.95 More recently, zeolites have
been immobilized on SAW surfaces, and selectivity for small molecules is reported.96
Since bulk absorption into organic materials tends to increase with the molecular size of the
solute due to increased dispersion interactions, a sensor which is selective for small
molecules could clearly provide unique information when included in an array.

Finally, the implications of absorption vs. interfacial adsorption need to be
addressed. Although initially controversial, such effects have now been investigated
extensively in GLC.97 Interfacial adsorption can occur at the gas/liquid interface, the
liquid/solid interface, and if some of the solid is not covered by the liquid, the gas/solid
interface. Interfacial adsorption at the gas/liquid interface always occurs as part of a
sorption process. Thus in the absorption of a vapor into an absorbent polymer, molecules
are first adsorbed from the gas phase to the polymer/gas interface, and go on to dissolve in
the bulk of the polymer(be absorbed). At equilibrium, the amount absorbed normally
greatly exceeds the amount left adsorbed, and the amount adsorbed can be ignored. The
cases where interfacial adsorption are most likely to become significant are the sorption of

an-polar vapors on thin films of polar phases, or possibly the sorption of polar vapors on
thin films of non-polar phases. It should be noted that these trends are the opposite of
those seen in bulk absorption. Should sensor technologies lead to the use of thinner ar i
thinner films of the selective material, the ratio of surface area to bulk will increase. The
importance of interfacial adsorption will increase, and there is a potential for reduction in
selectivity.
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APPLICATIONS TO OTHER SENSORS AND TECHNOLOGIES

The phenomenon of sorption is inherent to the great majority of chemical sensors
for gases and vapors. Indeed, if a chemical sensor is defined as consisting of a physical
transducer and a chemically selective layer,98 then sorption of the analyte by the selective
layer is the first step in obtaining a signal. Although this definition is not intended to be
exclusive, it is a useful one since it illustrates the design approach normally used to create a
chemical sensor. Piezoelectric sorption detectors epitomize this definition. A firm
understanding of sorption processes provides detailed guidance in the design and choice of
selective layers for sensors and arrays.

The same principles can be applied to vapor sensor design using a variety of other
physical transducers, or to the interpretation of their behavior. The generation of a signal
can be analyzed in terms of two conceptual steps, the first of which is sorption. In the
second (conceptual) step, the sorbed vapor influences some physical property of the film
material which results in a change in the signal from the transducer. Piezoelectric sorption
detectors respond to changes in mass.

The suspended gate CHEMFET, a vapor sensor investigated by Janata et al., is
amenable to this type of two step analysis.9%:100 In order to be detected, a vapor must be
sorbed and cause a change in work function. Using electropolymerized polypyrrole as the
chemically selective layer, these authors prepared sensors which responded well to
hydrogen bonding vapors such as water or alcohols, but were insensitive to hydrocarbons.
Since polypyrrole is an excellent hydrogen bond base, hydrogen bond acids such as those
detected are certain to be effectively sorbed, thus satisfying the first requirement. The
sensors’ responses indicate that the second requirement is also met. The direction of the
responses provide evidence that the electrons in the layer are held more tightly when
alcohol is sorbed, or that hydrogen bonding is occurring , or both. The slope of the
response as a function of gas phase alcohol concentration indicates that either a bulk effect
is occurring, or that the adsorption isotherm is logarithmic in the experimental concentration
range.2’? This analysis illustrates how considerations of sorption mechanisms and solublity
interactions are fundamental to the understanding of sensor responses, even when the
transduction mechanism does not directly measure the mass of the sorbed vapor.

In a deliberate effort to tailor selectivity via the sorption characteristics of the
chemically selective layer, Grate et al. have prepared chemiresistors for organophoshorous
detection where the selective layer consists of a blend of fluoropolyol and
phthalocyanines.10! The fluoropolyol serves to promote organophosphorous sorption,
while the phthalocyanines carry the current which is altered by vapor sorption. An
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examination of selectivity patterns showed that the primary determinant of selectivity was
the strength of sorption into fluoropolyol.

Finally, we wish to point out that sorption and solubilty interactions are important
in a variety of technologies in addition to sensors, including chromatographic separations,
extractions, permselective membranes, development of impermeable barriers, and paints
and coatings. Moreover, the non-covalent interactions (so-called long range forces) which
we have discussed are central to many areas of chemistry and biochemistry, especially in
the field of molecular recognition. The methods we have presented serve to elucidate the
roles of these fundamental interactions, and to simplify otherwise complicated
relationships. Our systematic application of solubility concepts to sensor coating materials
allows selectivity in chemical sensors to be rationalized and understood in terms of the
same concepts which are applied in a variety of other scientific disciplines.
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