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Abstract

Gas analytes, or volatile organic compounds (VOCs), interact with polymeric sensing materials
through various sensing mechanisms. The dominant sensing mechanisms are discussed for
different types of VOCs, which are categorized by their functional groups. Based on these
sensing mechanisms, a systematic approach is used to design and tailor polymeric sensing
materials for specific analytes and applications. This approach also takes into consideration
other constraints determined by the target application. We include practical prescriptions on how
to efficiently and cost-effectively design, tailor, and select potential polymeric sensing materials,
as well as how to evaluate these sensing materials.

Introduction

Monitoring volatile organic compounds (VOCSs) is important in many applications. For example,
formaldehyde and benzene contribute to poor indoor air quality;[*! acetone or ethanol in a
person’s breath may indicate diseasel? or intoxication,®! respectively; and methane contributes to
the greenhouse effect. Typically, VOCs need to be detected at very low (ppm or lower)
concentrations and to do so requires very sensitive sensors.

The “heart” of a sensor is the sensing material since that is what interacts with the analytes.
Changing the sensing material will change which analytes are able to interact with the sensing
material to produce a response. Since multiple analytes are usually present in a specific
environment, a sensor (and thus, sensing materials) must be able to either only target a specific



analyte (highly selective)® or identify and differentiate between multiple analytes, such as in an
electronic nose or sensor array.[®

Currently, many new sensing materials are created through a materials science approach where a
copolymer or polymer composite is made. Then these materials are evaluated as potential
sensing materials, for which applications are then sought after. These materials are characterized
using techniques such as scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and X-Ray Diffraction (XRD), and are subsequently deposited onto a commercially
available sensor.["®l Often, these materials are only evaluated for one gas analyte.®! This
approach can be very time consuming and expensive.

This paper focuses on a more systematic and direct approach that begins with the target analyte
and putative application. In doing so, the sensing material is designed and modified for a target
analyte. This approach takes into consideration different constraints imposed by the target
application, creating viable sensing materials. The most important aspects for a sensing material
are sensitivity (related to the detection limit) and selectivity (the ratio of the response to the
target analyte to the response of an interferent analyte);*% however, other constraints must also
be considered.

These constraints include the operating environment (and material stability), sensor type, and
detection limit required for the target application. The operating environment affects the
operational temperature and the type and concentrations of all gas analytes present. The sensor
type affects the type of sensing material required (e.g. a conductive sensing material is needed
for a resistive type sensor) and the response and recovery times of the sensor.

This paper focuses on how polymeric sensing materials interact on a mechanistic level with
specific VOCs. Multiple sensing mechanisms are explained in Section 2. To better understand
how polymeric sensing materials interact with different types of VOCs, the VOCs have been
categorized by their functional groups and the dominant mechanisms for each category are
examined, using sensing materials from the literature. In addition, case studies (examples and
counterexamples) with experimental work have been employed to demonstrate and support this
approach, leading to practical guidelines for choosing potential sensing materials.

This extensive paper is based on the recent Stewart and Penlidis brief conference publication.[*]
The current paper includes more sensing mechanisms (both primary and secondary mechanisms)
and describes the dominant sensing mechanisms for a variety of functional groups. In addition,
practical (general) prescriptions are suggested that can be used to narrow down potential
polymeric sensing materials for an assortment of target analytes.

Sensing Mechanisms



Primary Effects

Primary sensing mechanisms are what attract or repel an analyte to a sensing material. All of
these effects are electrostatic in nature. Polarity, Lewis acid-base interactions, and metal
coordination all attract analytes based on electrostatic forces. Steric hindrance, on the other
hand, is a repulsive force that pushes analytes away from a sensing material.

Polarity and Hydrogen Bonding

A covalently bound compound may either be polar or non-polar (assuming a net charge of zero
on the molecule). The polarity is based on whether some atoms within a molecule
disproportionately draw electron density towards themselves. Atoms with high electro-
negativities, such as nitrogen (3.0), oxygen (3.5), and fluorine (4.0), draw electron density of
nearby atoms that are less electronegative, such as carbon (2.55) and hydrogen (2.1) towards
themselves. If a disproportionate amount of electron density surrounds one or more atoms, then
it results in the molecule having a slightly more negative charge on the electron dense atom(s)
and a slightly positive charge on the electron deficient atoms, which results in an overall charge
distribution (or dipole moment) on the molecule. This is known as a polar molecule.*Y For
reference, Table 1 includes the dipole moments of common VOCs. The higher the dipole
moment, the larger the charge difference on the molecule; and thus the more polar the molecule.

Table 1. Dipole Moment of Common Volatile Organic Compounds (VOCs)

Analyte Dipole Moment (D)
Methane 0.00
Ethane 0.00
Benzene 0.00
Toluene 0.36
Ethylbenzene 0.58
Xylene 0.64
Triethylamine 0.87
Dichloromethane 1.14
Chloroform 1.15
Phenol 1.22
Formic Acid 141
Ammonia 1.42
Tetrahydrofuran 1.63
Isopropanol 1.66
Ethanol 1.69
Methanol 1.70



Acetic Acid 1.74
Ethyl Acetate 1.78
Water 1.85
Ethylene Glycol 2.28
Formaldehyde 2.33
Acetaldehyde 2.70
Acetone 291
Acetonitrile 3.92

The geometry of a molecule is also important. A perfectly symmetric molecule, such as a
tetrahedral shape where all four atoms/functional groups surrounding a central atom are
identical, is non-polar since the overall charge on the molecule is zero. For example, carbon
tetrachloride (CF4) has a charge distribution between the carbon (2.55) and each fluorine (4.0)
atom, where the fluorine draws electron density away from the carbon. But since this occurs in
four equally opposite directions, due to the tetrahedral shape, the net charge on CFs is zero (no
dipole) and thus, CF4 is non-polar. Other symmetric geometries include linear (CO>), trigonal
planar (BF3), trigonal bipyramidal (PFs), and octahedral (SFs).

Non-polar molecules have a dipole moment of less than 0.4 D. This is why hydrocarbons, which
contain only hydrogen and carbon, are non-polar, despite a small difference in electronegativities
(2.55 for carbon and 2.2 for hydrogen). The dipole created between the hydrogen and carbon
atoms is considered negligible. In addition, many hydrocarbons are symmetric and have an
overall net dipole of zero, as is the case for linear alkanes.!*?!

Two polar molecules are attracted to one another through electrostatic forces. The more polar
the molecules, the stronger the attraction. A special case of this is called hydrogen bonding.
This occurs when a highly electronegative atom, nitrogen (3.0), oxygen (3.5), or fluorine (4.0), is
bound to a hydrogen (2.2). This large electronegativity difference results in the nitrogen,
oxygen, or fluorine atom stealing most of the electron density away from the hydrogen atom and
thus, a large dipole is created. This results in electrostatic forces strong enough to create a weak
(physical) bond between the hydrogen of one molecule and the nitrogen, oxygen, or fluorine of
another molecule. For example, polyaniline (PANI) is able to hydrogen bond to alcohols, such
as methanol. The amine (NH) in PANI is able to hydrogen bond to the alcohol (OH) in
methanol.[**]

Lewis Acid-Base Interactions

A Lewis acid-base interaction occurs when a Lewis acid binds to a Lewis base. A Lewis acid is
characterized as an electron deficient atom, such as a positively charged hydrogen or carbon
atom. A Lewis base contains at least one lone pair of electrons, such as on an oxygen or nitrogen
atom. The Lewis base behaves as a nucleophile, and seeks out (attacks) an electron deficient
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atom with which to donate a lone pair of electrons. This donation is not “complete”, in that the
electron density is shared between the two molecules and thus, a weak physical bond is formed.

For example, acetaldehyde contains a double bonded oxygen atom that has two pairs of lone
electrons that are capable of behaving as a Lewis base. One pair of electrons is able to bond to a
Lewis acid, such as an electron-deficient carbon. The electron deficient carbon must also be
sterically unhindered (see Section 2.1.5), in that the Lewis base must be able to get close enough
to bond. The electron deficient carbons in aldehydes and ketones, which have a trigonal planar
geometry, are very susceptible to nucleophilic attack since there is little steric hindrance that
repels the nucleophile. The carbon attached to a double bonded oxygen atom is electron-
deficient (since the oxygen draws the carbon’s electrons away from the carbon and towards
itself), such as that in methyl methacrylate. Both aldehydes and ketones can behave as a Lewis
acid (deficient carbon) and Lewis base (lone pairs on the double bonded oxygen). Similarly,
methyl methacrylate can also behave as a Lewis acid or base. Therefore, the addition of methyl
methacrylate to a sensing material for acetaldehyde may improve the sensitivity to
acetaldehyde.[*4]

p-orbitals and z-bonds

Volatile organic compounds (VOCs) and carbon-based polymers all contain p-orbitals since
many of the atoms (i.e. carbon, nitrogen, and oxygen) covalently bond using p-orbitals. If a p-
orbital is covalently bound, the pair of electrons is shared between two atoms and cannot be
further shared with another molecule. The p-orbitals of interest are those with a lone pair of
electrons, as in the case of nitrogen (one pair) and oxygen (two pairs), assuming a neutral charge
on the atom. These lone pairs can behave as Lewis-bases (as described in Section 2.1.2), but
they can also become delocalized in certain cases. In addition, the p-orbitals that are shared in
double bonds (e.g. C=C), can also become delocalized in specific cases such as in conjugated
systems, discussed below.

Alternating single and double bonds in a molecule result in an overlap of p-orbitals (or =-bonds).
This alternation of single and double bonds in a ring produces an aromatic compound.
Delocalization of electrons across n-bonds occurs due to this overlap of p-orbitals and allows
electrons to travel freely between multiple atoms. This delocalization of electrons results in the
formation of a so-called ‘conjugated system’. Aromatic rings, such as benzene, are a prime
example of structures that can delocalize electrons; however, delocalization can also occur along
linear chains. This delocalization results in lower energy, and therefore, more stable molecules.

n-bonds will overlap with one another if given the opportunity. Since the electrons in -bonds
are delocalized across p-orbitals (Figure 1), m-bonds are able to easily interact with other
molecules that contain p-orbitals oriented in the same direction, which results in stacking of



aromatic rings and other -bonds.*>! Overlap can occur when the energy of the p-orbitals in one
molecule is similar to the energy of the p-orbitals in another. zm-bonds commonly occur across
carbon atoms, which have the same energies since they are the same atom; however, other atoms
that are bound to these carbons can change energy levels of the orbital of the electrons available
to bind.

Figure 1. Overlap of p-orbitals and n-bonds.

It is also possible for other p-orbitals to stack with n-bonds, since n-bonds are delocalized p-
orbitals. If the p-orbitals are oriented in the appropriate geometry, then n-bonds are able to stack
on top of the p-orbitals, as they would stack on n-bonds. For example, three fluorine atoms on a
carbon have p-orbitals capable of this. Each fluorine atom has a p-orbital in the z-direction,
which is not used in bonding with the carbon. These p-orbitals (one on each of the fluorine
atoms) are oriented in a trigonal planar geometry, essentially appearing as a ring. This planar
geometry of the p-orbitals is perfect for n-bonds stacking on p-orbitals.

Metal Coordination

Metal coordination only exists as a sensing mechanism when a metal oxide is present in the
sensing material. Coordination between an analyte and a metal is what allows basic catalysis to
occur. Therefore, if an analyte is catalyzed by a specific metal oxide, such as platinum (Pt) used
to oxidize methanol, then that metal oxide may improve the sensing properties (sensitivity and
selectivity) of a polymeric sensing material.[*617]

Metal and metal oxides are commonly used as sensing materials and typically work on the basis
of catalyzing (facilitating) an oxidation reaction. A typical mechanism is shown below (see
Equations 1 — 6). A similar mechanism occurs for the oxidation of any small organic molecule,
where the oxygen gas (O2) comes from air and adsorbs to the surface of the metal or metal oxide
(catalyst).[*]

O2(gas) <> O2(adsorbed) Equation 1

O2(adsorbed) + €™ <> O2 (adsorbed) Equation 2



O2 (adsorbed) + € <> 2 O (adsorbed) Equation 3

O (adsorbed) + € > O2 (adsorbed) Equation 4
HCHO(gas) < HCHO(adsorbed) Equation 5
O2 (adsorbed) + HCHO (adsorbed) <> H2O (adsorbed) + CO2(adsorbed) + 4€” Equation 6

Oxidation utilizes the partial pressure of oxygen in the atmosphere. The oxygen is adsorbed onto
the surface of the sensing material. As oxidation takes place, electrons (e”) are created that
reduce the resistance of the sensor. This change in resistance is monitored as the sensor
response. Very small amounts of other metals and metal oxides can be added to the sensing
material to increase the amount of adsorbed oxygen onto the surface, thereby improving the
sensitivity of the sensor.[*%]

When metal and metal oxides are incorporated into a polymer, the amount of adsorbed (or
coordinated) oxygen onto the metal is significantly reduced due to reduced access of oxygen to
the metal. This reduced access is caused by two things. First, there is a reduced amount of
coordination sites on the metal since the polymer is occupying some of the coordination sites
(hence the metal, for instance, nickel (Ni), is bound to the polymer; see Figure 2). Second, the
steric hindrance caused by the polymer repels some of the oxygen molecules so that the oxygen
is not able to get close enough to coordinate to the metal.[?"]

Figure 2. Ni coordination to the nitrogens in the quinoid ring.[?%

The geometry is important to consider when the metal or metal oxide is incorporated into a
polymeric sensing material. The addition of a metal or metal oxide will cause the polymer to
coordinate around the metal, creating a ‘kink’ (or change in conformation) in the polymeric
chain (see Figure 2). This reduces the number of available spots for analyte coordination and
also causes a steric interaction that creates a cavity within the polymer, which can improve the
sorption of an analyte into the polymer.



Coordination of the polymer also, generally, creates strain on the bonds within the polymer,
since the polymer bends (or changes conformation) to bind to the metal. The preferred
conformation of an aromatic ring is a flat plane. This strain can be seen in Figure 2 by the “boat”
conformation (the aromatic ring has been bent into the shape of a “boat”, with two carbons bent
upwards) that is created when polyaniline (PANI) coordinates to the Ni. To bend into the “boat”
conformation, the double bonds in the carbon ring have moved (the electron density has shifted)
to allow the carbon to bend. If too much metal is added as a dopant, the polymer chains will
become too strained and begin to break, thereby significantly reducing the benefit of the addition
of the metal or metal oxide dopant.

It should also be noted that the metal oxide may not actually incorporate itself into the polymer
because the strain is too great for the polymer to conform around the metal oxide. For example,
poly (2,5-dimethyl aniline) (P25DMA) is unable to coordinate with zinc oxide (ZnO). In this
case, the ZnO was added during the polymerization of P25DMA and resulted in minimal
polymer formed around the ZnO nanoparticles because the strain was too great and the polymer
chains could not withstand the strain caused by conforming around the ZnO.[?!]

Steric Hindrance

The previous four primary effects are all attractive forces that draw an analyte towards the
sensing material. Steric hindrance, on the other hand, is a repulsive force. Each atom is
surrounded by an electron cloud that repels other atoms. Therefore, the larger (and bulkier) the
molecule, the larger the electron cloud. However, the geometry of a molecule plays a role as
well.

Steric hindrance is caused by the electronic repulsion of the electrons on molecules. All
molecules are surrounded by a cloud of electrons that repel the molecule in question from other
molecules. The bulkier a molecule (analyte), the larger the electronic cloud that surrounds it and
therefore, the harder it is for that molecule to come near another molecule or fit into an
interstitial space of a sensing material. Therefore, smaller, less bulky analytes (such as
formaldehyde or methanol) are able to interact with a sensing material more easily than larger,
bulkier analytes (such as triethylamine). This, as a result, can improve the selectivity of a sensing
material.

Note that as more atoms are added onto the side group, the electron cloud gets larger. A t-butyl
group (three methyl groups off one carbon atom) is much larger than hydrogen and therefore,
exhibits more repulsion due to a larger electron density. A t-butyl group also requires more
space due to the increased number of atoms and is therefore, a very bulky side group. Due to the
bulkiness of t-butyl, it is much more difficult for an analyte to reach the central carbon. This can
be thought of as the t-butyl group protecting the central carbon. This can be used to an
advantage in sensing materials by excluding (and thus “protecting” the sensing material from)
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larger analytes, similar to a molecular sieve. The bulkiness can also be used to increase
interstitial spaces or cavities in a sensing material to improve access of the analyte into the
sensing material, thereby improving sensitivity.

Dispersion and van der Waals Forces

Electron density shifts around an atom and appears to have an average symmetric distribution
around an atom; however, at any given time, the electron density may be greater on one side of
an atom or compound. This results in a slight negative charge on that side and a slight positive
charge on the opposite side. These charges last very briefly, but are enough to induce small
electrostatic forces that bring molecules together in close proximity.

Dispersion and van der Waals forces are the result of induced dipoles created when two
molecules come into close proximity. These induced dipoles are stabilized by electrostatic
forces created with one molecule being slightly positive and the other slightly negative, where
the two molecules are “touching”. The electron density does not shift between the two
molecules, just around each molecule, such that one side of the molecule is positive and the other
side is negative.l??

Secondary Effects

Secondary sensing mechanisms are effects that occur once the analyte is in close proximity to the
sensing material. These effects are not what initially attracts the analyte to the sensing material;
however, these secondary effects can also contribute considerably and often appear as part of the
dominant mechanism.

Swelling

Absorption of an analyte (or multiple analytes) can reach a point where the analyte(s) pushes the
polymer chains away from one another. When this happens, the polymer swells, increasing in
overall volume. It should be noted that swelling of a conductive polymer, which is typically in a
glassy state at room temperature, is expected to be low; however, swelling has been observed for
multiple conductive polymers.[?l

Polymer swelling can affect the response in different ways. For example, when water absorbs
into polyaniline (PANI), swelling increases the resistance (reduces the conductivity); however,
when water absorbs into polypyrrole (PPy), swelling reduces the resistance (increases the
conductivity).[?4!



PANI’s conductivity is related to its conjugation and defects along the polymer chain and the
conjugation between the polymer chains. When water molecules are absorbed into PANI,
initially the water increases the conductivity by increasing the number of defects and altering the
conjugation along the polymer chains. However, when too much water is absorbed, the water
molecules push the polymer chains further apart, resulting in the polymer swelling, and reducing
the amount of conjugation between polymer chains. This means that it is more difficult for a
charge to be carried across multiple polymer chains, thus resulting in a decrease in PANI’s
conductivity.[?4

Conversely, the absorption of water molecules into PPy initially causes a reduction in
conductivity because the water molecules increase the space between polymer chains, causing
minor swelling. This reduces the charge transfer between polymer chains and thus, conductivity
as well. However, as the concentration of water increases, a threshold is reached and the
conductivity of PPy begins to increase with an increase in water concentration. This may be due
to the water molecules forming a continuous layer between the PPy chains, effectively creating a
charge transfer bridge between the conductive PPy chains.[?

Solvent Effects

Swelling of a polymer may lead to solvent effects, where the analyte sorbs and diffuses into the
polymer matrix to the point at which the analyte begins to behave as a “solvent”. When this
occurs, the polymer chains become mobile. For conductive polymers, this may result in a
decrease in conductivity because electrons may no longer be able to jump from one chain to
another.[®1  However, the solvation of the polymer chains increases the conductivity if the
solvent (analyte) has a higher electrical permittivity than the polymer.[26]

Multiple Mechanisms

Multiple mechanisms occur, sometimes simultaneously, when a gas analyte interacts with a
sensing material. Some of these mechanisms may be the result of (triggered by) other
mechanisms. For example, an analyte may be attracted to a polymer and sorb by hydrogen
bonding or Lewis acid-base interactions. As more analyte sorbs, the sensing material begins to
swell. This changes the properties of the sensing material and may result in more analyte sorbed
than would be otherwise. In a sense, the partitioning characteristics of the target analyte change
between the bulk phase and the polymer (interaction/sensing) sites. This, of course, affects the
diffusivity characteristics of the analyte, whereby the movement of the polymer chains, as the
sensing material swells, results in a change of pore size and distribution and thus, a
corresponding change in the diffusion of the analyte into the sensing material. Swelling can also
lead to solvent effects, whereby the analyte concentration has passed a threshold and begins to
behave more like a “solvent” than an analyte.
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In a crystalline polymer, as an analyte is sorbed, it enters the larger pores first. Many pores are
interconnected and the analyte continues to move (diffuse) into the polymer with ease until all of
these larger pores are saturated. Once these pores are saturated, the analyte can continue to
migrate into smaller pores as the analyte begins to behave as a “solvent”, which results in some
polymer chain mobility. As the chains move, some of the smaller pores are widened, which
intensifies the solvent effects. This also results in further swelling of the polymer (and enhanced
sorption). Eventually, the polymer is not able to swell any further, which results in no more
analyte being able to sorb into the polymer since saturation has been reached.[?’ At that point,
no more analyte can be sorbed onto the polymer and thus, the maximum limit (highest
concentration) of how much analyte can be detected has been reached.

Solubility and Solubility Parameters

Solubility, in general, is the ability of one substance to mix with another. Solubility between a
solute and a solvent ranges from fully miscible, such as ethanol and water, to essentially
insoluble, such as silver chloride in water. For gas sensors, the solubility of the target gas
analyte, and the interferents in the sensing material, particularly in the polymeric sensing
material, is important. If the gas analytes are even somewhat soluble in the sensing material,
then the gas analyte is able to diffuse into the sensing material, thereby increasing the amount of
analyte that is able to bind and ultimately produce a measurable response.

Many factors affect the solubility of a substance in another substance; for example, the polarity
of the two substances. The general rule is that polar molecules dissolve in other polar molecules
and non-polar molecules dissolve in non-polar ones; however, solubility is much more
complicated since other factors, not just polarity, influence a molecule’s solubility.

Solubility parameters are useful indicators in assessing whether two molecules are miscible since
they are based on both a molecule’s chemical structure and physical state. Each substance
(molecule) has a solubility parameter that in essence summarizes the forces with which the
substance is likely to interact with another substance, given the substance’s chemical nature and
state. If the solubility parameters of two substances are similar, then they are likely soluble in
one another.

It should be noted that these solubility parameters are either determined experimentally (where
some error is always present) or calculated based on models (that always use certain
approximations and assumptions). This often results in discrepancies between solubility
parameters published in the literature.

There are two types of solubility parameters, the Hildebrand solubility parameter (3) and the
Hansen solubility parameters (dp, dp, 61). The Hildebrand solubility parameter summarizes the
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different contributions to the cohesive energy density (CED) function of the specific substance
and therefore, some information about solubility is lost. On the other hand, the Hansen solubility
parameters break down the CED of a substance into three types of contributions: dispersive
energy (6p), polarity (6p), and ability to hydrogen bond (dn); see Tables 2 and 3. The Hildebrand
and Hansen solubility parameters are related as per Equation 7.

§* =685+ 65+ 6; Equation 7

In general, if two compounds have similar Hildebrand parameters, then they are likely to
dissolve within one another. For example, acetone (19.9 MPa?) and aniline (21.1 MPa%?)
should be fairly miscible due to their similar solubility parameters. However, due to the
simplification of the calculation, this is not always the case. For instance, toluene (18.2 MPa/?),
which is not capable of hydrogen bonding, has an identical Hildebrand parameter to ethyl acetate
(18.2 MPa*?), which is capable of hydrogen bonding. However, their Hansen Solubility
parameters are quite different (see Table 2).12?

Therefore, the Hansen solubility parameters, which break down the solubility into dispersive
energy (dp), polarity (dp), and ability to hydrogen bond (dn) contributions will give a better
indication. If these three parameters are close in nature (i.e. when plotted against one another,
the two substances are located close in the 3-D space), then the two substances are likely to be
soluble. For example, benzene and chloroform have similar Hildebrand solubility parameters
(18.6 MPa? and 19.0 MPa'?, respectively), but different Hansen solubility parameters (see
Table 2), whereas benzene and toluene have similar Hildebrand and Hansen solubility
parameters.

Note that the op of the Hansen solubility parameters for benzene is not zero (see Table 2), despite
benzene being non-polar. This is because the electron density is constantly shifting across the
atoms in a molecule, even in non-polar molecules, such as benzene. This can result in a small
polarity for a brief moment, and thus have a non-zero polarity solubility parameter.l!
Therefore, an aromatic molecule such as benzene, which contains delocalized electrons, has a 6p
of 2.0. Non-polar molecules, which cannot exchange electrons, such as butane, have both a dp
and o of zero, as seen in Table 2.

Table 2. Hansen and Hildebrand Solubility Parameters for Various VOCs

Analyte Hansen (MPal/?)[28] 'E:\I/II(:)Z?,Z?SS
oD OH op 0
Butane 14.1 0 0 14.1
Xylene 17.8 1 3.1 18.0
Ethyl Acetate 15.8 5.3 7.2 18.2
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Toluene 18 1.4 2 18.2
Benzene 184 0 2 18.6
Chloroform 17.8 3.1 55 19.0
Tetrahydrofuran 16.8 5.7 8 19.4
Acetone 155 10.4 7 20.1
Dichloromethane 18.2 6.3 6.1 20.3
Acetaldehyde 14.7 8 11.3 21.1
Acetic Acid 145 8 135 21.3
Phenol 18 5.9 14.9 24.1
Acetonitrile 15.3 18 6.1 24.6
Formaldehyde 12.8 14.4 154 24.7
Ethanol 15.8 8.8 19.4 26.6
Methanol 15.1 12.3 22.3 29.7
Ethylene Glycol 17 11 26 32.9
Water 155 16.0 42.4 47.9

Note that the solubility parameters for polymers are simply estimates. Typically, the solubility
parameters of a polymer are experimentally obtained by dissolving the polymer in solvents and
estimating the solubility of the polymer based on how well the polymer dissolves in different
solvents.*4" Thus, typically, only the Hildebrand solubility parameter is available (if a parameter
is available at all). Therefore, the Hildebrand solubility parameter is used in the discussion that
follows as an indicator of solubility.

In addition, the solubility parameters of a monomer (i.e. aniline) will be different from those of
its corresponding polymer (i.e. polyaniline (PANI)), although the values are close. For example,
aniline has a Hildebrand solubility parameter of 21.1 MPa%?, whereas PANI has a Hildebrand
solubility parameter of 22.2 MPaY/2.351 Therefore, the solubility parameter for the monomer may
be used as a very rough guide for that of the corresponding polymer, if the solubility parameter is
not available.

Table 3. Hansen and Hildebrand Solubility Parameters for VVarious Polymers

1NI28 Hildebrand
Polymer Hansen (MPa*) (MPal/2)[2]
oD OH op 0
Polyethylene - - - 16.2
Poly (butadiene-co-styrene) 17.55 3.36 2.7 18.07
Poly (2,6-dimethyl-1,4-phenylene i i i 19.6 121
oxide) '
Poly (ethylene oxide) 17.3 3.0 94 19.9
Poly (2,5-dimethyl aniline) - - - 21 29
Poly (vinyl chloride) 18.72 10.03 3.07 21.46
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Polyaniline 17.4 8.1 10.7 22.2 1301
Polystyrene (LG, BASF) 21.28 5.75 4.3 22.47
Poly (methyl methacrylate) 18.69 10.56 7.51 22.8
Poly (vinylidene fluoride) 17.2 12.5 9.2 23.2

Polypyrrole - - - 25.2 [32]
Poly (vinyl pyrrolidone) - - - 25.6
Poly (vinyl acetate) 20.93 11.27 9.66 25.66
Polyethylene - - - 16.2

Note that the composition of a polymer, including amorphous and crystalline fractions,
copolymer composition, and crosslinking, all affect the solubility parameters of a polymer.
Table 4 shows five different values observed for the Hildebrand solubility parameter for
polystyrene, two values observed for poly (styrene-co-divinylbenzene), and the -effect
crosslinking has on the solubility parameters of poly (styrene-co-divinylbenzene).

Table 4. Hildebrand Solubility Parameters for Polystyrene

Polymer Hildebrand (MPal/?)[8]
Polystyrene 17.52
20.16
18.6
18.72
18.62
Poly (styrene-co-divinylbenzene) 17.39
14.8
5% Crosslinking 15.7
10% crosslinking 17.8
20% crosslinking 151

Dominant Mechanisms for Different Volatile Organic Compounds
(VOCs)

The dominant mechanisms for how different analytes interact are discussed next. The analytes
are classified by their functional groups such as alcohols and amines. In total, six different
functional groups are discussed in the subsequent subsections (alcohols, aldehydes, alkanes,
amines, aromatics, and ketones). At the end of each subsection, a table summarizes various
sensing materials used for the detection of the analytes, as well as sensitivity (detection limit)
and selectivity (if available). Note that in many of the tables in this section, there are no entries
for selectivity. This is due to the fact that very few publications conduct or report any selectivity
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experiments (i.e. most often, only one analyte is used to evaluate the efficacy of a sensing
material).

Alcohols

Alcohols are organic compounds that contain a hydroxyl (-OH) group, such as methanol and
ethanol. These small alcohols are polar, due to the oxygen atom pulling electron density towards
itself, away from the other atoms in the molecule, making the oxygen more electronegative and
the other atoms more electropositive. Alcohols are also able to hydrogen bond because of the
large dipole created between the oxygen and hydrogen. Therefore, alcohols are attracted to
sensing materials that are polar, especially those able to hydrogen bond.

As an example, polyaniline (PANI) is a common sensing material for both methanol and
ethanol.36-%1  PANI contains an amine group that makes it polar and able to hydrogen bond.
PANI is also conductive when doped with an acid, which makes it an ideal sensing material in
resistive type sensors (see Figure 3a). The doping leads to positive charges on the nitrogen
atoms, due to the additional hydrogen sharing electron density from the acid, and creates holes
along the polymer chain that allow electrons to hop from one to another, thus making PANI
conductive.®®)  These positive charges also more strongly attract electronegative atoms and
molecules, such as the oxygen in methanol and ethanol because of the larger dipole and
therefore, stronger electrostatic forces. When an electronegative atom binds to the amine on
PANI, by donating some electron density, the hole on the nitrogen is filled and the resistance on
the polymer chain increases, which can be measured.®
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Figure 3. (a) Polyaniline (PANI) and (b) Polypyrrole (PPy).

By modifying PANI, the sensitivity and/or selectivity can be improved. Athawale and Kulkarni
compared how different PANI derivatives responded to different aliphatic alcohols and found
that selectivity was overall improved towards methanol when an ethyl group was added to the
amine group.[*l  This ethyl group “protected” the nitrogen from the larger alcohols through
steric hindrance, since an ethyl group is much larger than a single hydrogen atom. Due to
methanol’s smaller size, methanol is able to more easily reach the nitrogen, despite the added
steric hindrance from the ethyl group.
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Polypyrrole (PPy) is very similar to PANI (see Figure 3b), containing a conjugated chain and an
amine group. The conjugated chain allows electrons to migrate down the PPy chain and is thus,
conductive, making it a common sensing material in resistive type sensors.?*4%1 PPy attracts
alcohols through electrostatic forces with its amine group (slightly positively charged hydrogen
on a nitrogen). The amine is able to hydrogen bond with the —OH in the alcohol.™*3! Because the
amine is a secondary amine in nature (it is bonded to two carbon atoms, and one hydrogen atom),
there is some steric hindrance surrounding the positively charged nitrogen. Due to the rigid
nature of PPy, the chains are able to pack more closely together, creating smaller interstitial
spaces for the analytes to diffuse into.* The combination of the polar amine (-NH) on PPy,
which is more attracted to other, more polar species that are able to hydrogen bond (such as
small alcohols), with the steric hindrance that repulses larger molecules than methanol, explains
the selectivity shown by Mabrook et al.*? Similarly, Babaei and Alizadeh demonstrated better
selectivity by using perchlorate as a dopant.[**! The perchlorate is negatively charged and thus
attracted to the positively charged hydrogen on the amine group. By binding to the amine, the
perchlorate “protected” some of the amines, thus reducing the number of available sensing sites
(amine groups, in this case) for the analytes to bond to. Since perchlorate was only used as a
dopant, not every amine would be protected.

Table 5 summarizes various polymeric sensing materials used for either methanol or ethanol.
Selectivity values towards the target analyte are also shown in Table 5. The higher the value for
the selectivity, the lower the response from the interferent. Typical interferents were other
alcohols (e.g. methanol, ethanol, and propanol) and aromatics (e.g. benzene and toluene),
amongst others.

Table 5. Polymeric Sensing Materials for Alcohols

Sensing Detection .
Analyte Material Dopant Limit Selectivity Reference
Poly (N-ethyl Propanol (1.48)
. Ethanol (1.86)
Methanol aniline) HCI [40]
PNEA Butanol (2.88)
Heptanol (18.40)
Polyaniline
Methanol (PANI) Pd 1 ppm - [36]
Nitromethane (4.5)
Ethanol (4.9)
Polypyrrole  Perchlorate Acetonitrile (7.5)
Methanol ~pp ) cloy  S0OPPM 4 cetone (10.3) [41]

1-propanol (11.5)
Ethyl Acetate (12.5)
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Chloroform (13)
2-propanol (16.9)
Toluene (20.5)

Polyaniline Diimine
Methanol (PANI) 100 ppm Triethylamine 371
Ethanol (1.3)
Polypyrrole Propanol (1.6)
Methanol (PPY) None 5000 ppm Chioroform (2.2) [42]
Benzene (2.9)
Polyaniline (vinPc:iIé/ene Methanol (2.0)
Ethanol y y . 100 ppm Benzene (5.0) [38]
(PANI) fluoride) Toluene (3.3)
(PVF) '
Poly (2,5-
dimethyl Methanol (3.5)
Ethanol aniline) None 3 ppm Benzene (4.8) [21]
(P25DMA)
Poly(diallyld Nitrogen dioxide
imethyl (19.6)
; Tin Oxide Hydrogen gas (9.9)
Ethanol - ammonium = o " 10PPM o i dioxide (95.6) 4]
chloride) Hydrogen Sulfide
(PDDAC) (49.0)
Poly(3,4-
ethylenediox
ythiophene):
Ethanol  poly(styrene None 5000 ppm - [9]
sulfonate)
(PEDOT:
PSS)
Ethanol QV-275 None 500 ppm Benzene (7.1) [46]

Methanol (8.8)

Poly (diallyldimethyl ammonium chloride) (PDDAC) (see Figure 4a) contains a positively
charged nitrogen that acts as a Lewis acid. The oxygen on an alcohol, such as ethanol, has two
lone pairs of electrons, capable of acting as a Lewis base. The electrostatic force draws the
ethanol towards the PDDAC. Zhan et al. doped PDDAC with tin oxide (SnO2), a common
inorganic sensing material for volatile organic compounds (VOCs).**l By incorporating SnO2
into the PDDAC, the SnO> nanoparticles were stabilized in the PDDAC matrix, and therefore
aggregation of the nanoparticles was reduced, allowing for more SnO: to be available to interact,
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through metal coordination, with the analytes. This resulted in the doped PDDAC being more
sensitive to ethanol than either PDDAC or SnO; alone. It should be noted that Zhan et al.
claimed high selectivity towards ethanol by using inorganic gases as a comparison, which often
behave differently than organic gases.[*!

N* o=
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Figure 4. (a) Poly (diallyldimethyl ammonium chloride) (PDDAC), (b) Poly(3,4-
ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT: PSS), (c) OV-275.

Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT: PSS) (see Figure 4b) also is
likely to interact with ethanol through Lewis acid-base interactions, with the sulfur and oxygen
atoms on the PEDOT:PSS behaving as Lewis bases with their lone pairs of electrons. Ethanol, a
Lewis acid, is able to hydrogen bond to the PEDOT:PSS. Similarly, the cyano groups on OV
275 (see Figure 4c) behave as Lewis acids and the ethanol is able to hydrogen bond to the
nitrogen in the cyano group. In terms of selectivity, ethanol probably has a similar solubility to
OV 275, compared to methanol, despite ethanol and methanol being chemically similar. The
Hildebrand solubility parameters of ethanol and methanol are 26.6 and 29.7, respectively (see
Table 2).

Aldehydes and Ketones

Aldehydes and ketones are very similar. Aldehydes have at least one double bonded oxygen
(C=0) on a terminal carbon and ketones have at least one double bonded oxygen on a non-
terminal carbon (see Figure 5). This oxygen draws electron density towards itself, resulting in a
dipole with a slight negative charge on the oxygen, thus aldehydes and ketones are polar, but not
as polar as alcohols. The two lone pairs on the oxygen act as a Lewis base, thus sensing
materials that behave as Lewis acids are ideal. In addition, the high electronegativity of oxygen
allows other molecules capable of hydrogen bonding to hydrogen bond to the oxygen in the
aldehyde or ketone.
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Figure 5. Schematic of an (a) aldehyde and a (b) ketone.

Due to the double bonded oxygen drawing electron density away from the carbon, both
aldehydes and ketones are susceptible to nucleophilic attack from a nucleophile. In addition, the
planar geometry of aldehydes and ketones limits steric hindrance; thus, the carbon is easily
accessed by the nucleophile. However, ketones are more sterically hindered than aldehydes due
to the fact that the ketone is surrounded by two carbon chains and an aldehyde has a hydrogen on
one side. Nucleophilic attack is similar to Lewis acid-base interactions where the Lewis base
(the nucleophile) donates electron density to the Lewis acid (electron deficient carbon) in the
aldehyde or ketone. While Lewis acid-base interactions are likely to occur when hydrogen
bonding is a possibility, it is more likely the dominant mechanism is hydrogen bonding due to
the electrostatic forces.*"]

Formaldehyde is the simplest aldehyde, containing only one carbon. Many sensing materials
have been investigated for formaldehyde due to its role in poor indoor air quality. It should be
noted however, that many papers which describe sensing materials for formaldehyde use
formalin (liquid formaldehyde) as their formaldehyde source.l*”°1 The problem is that formalin
is 37% formaldehyde and 10 - 15% of stabilizer, typically methanol, in water. Therefore, it is
difficult to assess whether the response is from formaldehyde or methanol, unless methanol is
used as an interferent. If methanol shows a much poorer response than what was observed from
formalin, then it can be assumed the response from the formalin is indeed from the
formaldehyde. Otherwise, it is likely that response from the formalin is at least partially from
both formaldehyde and methanol; however, it is impossible to distinguish which gas produces
what percentage of the response. Therefore, the best method to evaluate a formaldehyde sensor
is to use formaldehyde in gaseous form from a compressed gas cylinder rather than the vapour
from formalin.

For example, for both polyaniline (PANI) doped with silver (Ag) nanoparticlest*”! and graphene-
poly (methyl methacrylate) (graphene-PMMA) nanocomposite,[*®! the combination of methanol,
formaldehyde and water is more likely to cause the response observed than formaldehyde alone.
This is due to the ability of both methanol and water to hydrogen bond.

PANI is hydrophilic and both water and methanol are able to hydrogen bond to either the
nitrogen or hydrogen in the amine; however, the hydrogen in PANI’s amine is only able to
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hydrogen bond to formaldehyde. This effectively means that two molecules of methanol and/or
water can bind to one amine (sensing site) on PANI (with one bound to the nitrogen and the
other to the hydrogen) and only one formaldehyde molecule can bind to the amine. So for each
sensing site (amine) on PANI, half as much formaldehyde is able to bond as its interferents,
water and methanol. This results in a more sensitive sensor for the interferents than for
formaldehyde. Additionally, this is why PANI is often used as a sensing material for methanol,
as shown in Table 5.

Zhang et al. modified PANI by doping it with silver (Ag).[*l The addition of Ag largely
increased the porosity of the PANI matrix, which allowed more surface area, and therefore more
sensing sites, for the analytes to bond to. The authors suggested nucleophilic attack as to why
formaldehyde produced a larger response than the interferents tested; however, since formalin
was used as the source for formaldehyde, this is not likely the case. Hydrogen bonding may be
more likely between the amine group and the oxygen on formaldehyde, due to the electrostatic
forces, since formaldehyde is polar (2.33 D). This may also explain why there was such a large
response to formaldehyde and methanol (which is capable of hydrogen bonding). In addition,
acetone was tested as an interferent and a smaller response was observed for acetone than
formaldehyde. This is despite the fact that acetone (2.91 D) is more polar than formaldehyde
(2.33 D), also behaves as a Lewis base (electrophile), and is susceptible to nucleophilic attack.
However, Ag is often used to catalyze methanol into formaldehyde for industrial applications
and thus, methanol and formaldehyde would be highly attracted to the Ag (more than acetone)
and both are able to easily coordinate with the Ag, thus increasing the response observed for
formalin.[4

In some cases, the combination of methanol and formaldehyde can improve the sensitivity to
formaldehyde. For example, Antwi-Boampong and BelBruno combined PANI and poly
(ethylene imine) (PEI) (see Figure 6a) and doped it with formic acid to create a selective sensing
material for formaldehyde.*®! PANI, which is conductive, has increased resistance when an
analyte sorbs onto it and thus was the responsive part of the sensing material. PEI was used to
protect the PANI and improved its selectivity. The authors suggested a mechanism in which the
PEI “trapped” the formaldehyde, which then was able to interact with PANI, resulting in a
response. However, this does not explain the selectivity since PEI would “trap” many of the
other interferents such as acetone, methanol, and ammonia, in a similar way to formaldehyde
(acetone) or through hydrogen bonding (methanol and ammonia). A better explanation as to
why formaldehyde produced such a large response, compared to the other interferents tested, is
due to the way in which the materials were tested. The six interferents are all liquid at room
temperature, whereas formaldehyde is not. Since formalin was used for formaldehyde, three
vapours (formaldehyde, methanol, and water) were simultaneously exposed to the sensing
material and thus, would result in all three gases interacting with the sensing material. Since
methanol and water are able to hydrogen bond, they would more readily bind to the amine
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groups in PEI, reducing the number of available sorption sites on PEI. Formaldehyde would
then not be able to bind to the PEI; however, it could bind to PANI, resulting in a large response
since PANI’s conductivity decreases as more analyte sorbs onto it.
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Figure 6. (a) Poly (ethylene imine) (PEI), (b) poly (methyl methacrylate) (PMMA), (c) poly
(vinyl alcohol) (PVA), and (d) poly (2,5-dimethyl aniline) (P25DMA).

Similarly, Alizadeh and Soltani created a graphene-poly (methyl methacrylate) (graphene-
PMMA) nanocomposite that used the less hydrophilic nature of PMMA (see Figure 6b) to
“protect” the graphene from highly polar analytes such as water.[*1  The PMMA sorbs
interferents capable of hydrogen bonding, such as methanol and ethanol, and sterically repels
larger interferents such as tetrahydrofuran and acetonitrile. Small molecules that cannot
hydrogen bond, such as formaldehyde, are able to diffuse through the PMMA and sorb onto the
alkoxy functional groups on graphene, reducing graphene’s conductivity, and thus producing a
response.

The morphology of the sensing material is also important. Wang et al. compared flat and
nanofibrous membranes of poly (ethyleneimine)/poly (vinyl alcohol) (PEI/PVA) (see Figure 6¢)
as a sensing material for formaldehyde.[®! It was found that the nanofibrous membrane was three
times greater than the flat membrane. The nanofibers created a more porous membrane that
allowed for easier diffusion into the matrix. This also resulted in a much higher specific surface
area of the nanofibers than the flat membrane. A higher surface area results in more sensing sites
available to the analytes and therefore, a potential for a larger response.

Wang et al. also compared different compositions of PEI/PVA and found that more than just
morphology affected the sensing material’s response.l® Two sensing materials were made with
different PEI-PVA compositions that had similar specific surface area; however, the material
with the higher PEI content produced a larger response. The authors suggest that PEI interacting
with formaldehyde through Lewis acid-base interactions is the dominant sensing mechanism,
with the formaldehyde acting as a Lewis base. However, both PEI and PVA are able to
hydrogen bond to formaldehyde and thus, hydrogen bonding seems to be the dominant
mechanism. In addition, the amines in PEI are stronger nucleophiles and Lewis bases and thus,
if Lewis acid-base interactions did occur, it was more likely for formaldehyde to act as a Lewis
acid. Further evidence for hydrogen bonding as the dominant mechanism exists when comparing
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ethanol and formaldehyde, which are of similar size. Ethanol is capable of hydrogen bonding,
but formaldehyde is not; however, formaldehyde produced a much larger response. Steric
interactions can explain why acetone, which is also susceptible to nucleophilic attack (acts as a
Lewis acid), produces a much lower response than formaldehyde since formaldehyde is smaller
than acetone. In addition, aldehydes are more reactive (stronger Lewis acids) than ketones.

Itoh et al. created a sensor able to detect aldehydes, with acetaldehyde producing a larger
response than formaldehyde.”® The sensor used intercalated layers of poly (2,5-dimethyl
aniline) (P25DMA) (see Figure 6d) and molybdenum trioxide (MoQOsz). The MoOs is used as a
catalyst to oxidize alcohols into aldehydes and ketones.[2%% Therefore, alcohols, ketones, and
aldehydes are all able to coordinate with Mo. The greater sensitivity to acetaldehyde and
formaldehyde, than to ethanol, methanol, and acetone, suggests that the MoOz was protected by
the P25DMA and the analytes had to first diffuse through the P25DMA to reach the MoOz. The
aromatic interferents would have much larger steric hindrance due to their larger size and bulkier
configuration and thus, they did not readily diffuse into the P25DMA. In addition, the aromatic
compounds may have bonded to the P25DMA through n-stacking with the aromatic rings in
P25DMA,; however, the change in resistance came from binding with the Mo, not the P25DMA.

Comparing the solubility parameters of P25DMA to these analytes (see Table 6), shows that
P25DMA has a similar Hildebrand solubility parameter to acetaldehyde. The Hildebrand
solubility parameter essentially amalgamates many of the different factors that affect solubility,
thus giving a general rule for determining whether two compounds are miscible with one
another. The Hansen solubility parameters are related to the Hildebrand solubility parameter
(see Equation 7); they break down the solubility into three different contributions/parameters (dp,
on, and op, which correspond to the dispersion forces, hydrogen bonding, and polar
intermolecular forces, respectively). If two compounds have similar solubility parameters, they
are likely to be miscible with one another. Therefore, P25DMA is more soluble in acetaldehyde
than the other eight interferents, and vice versa. This can be extended to diffusion, where more
soluble analytes are able to more readily diffuse into the polymer matrix. Thus, acetaldehyde is
more likely to diffuse into the P25DMA and be able to coordinate with the MoO3 creating a
response from the resistive sensor.
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Table 6. Hildebrand and Hansen Solubility Parameters for P25DMA, PANI, and Gas Analytes

Hansen (MPa/?)i28l Hildebrand
Polymer/ (MPa/2)i281
Analyte oD OH op 5
P25DMA - - - 21 [29]
PANI 17.4 8.1 10.7 22.2 [30]
Xylene 17.8 1 3.1 18.0
Toluene 18 14 2 18.2
Benzene 18.4 0 2 18.6
Chloroform 17.8 3.1 55 19.0
Acetone 155 10.4 7 20.1
Acetaldehyde 14.7 8 11.3 21.1
Formaldehyde 12.8 14.4 15.4 24.7
Ethanol 15.8 8.8 19.4 26.6
Methanol 15.1 12.3 22.3 29.7

Acetone is the simplest ketone. Acetone will interact with PANI in a similar manner to
formaldehyde, although acetone is bulkier. When comparing the detection limits of acetone and
formaldehyde in Table 7, note that PANI has been doped with various metal oxides or used in a
copolymer, which would affect the response.

A blend of polypyrrole (PPy) and poly methyl methacrylate (PMMA) was also used as a sensing
material for acetone. The amine group on PPy would behave similarly to the amine in PANI,
hydrogen bonding to the double bonded oxygen in acetone. Ruangchuay et al. noted that while
acetone reversibly bound to PPy, acetic acid (which was evaluated as an interferent) permanently
bound to PPy.[® This is because PPy, which contains conjugated bonds (alternating double and
single bonds), will partially oxidize in the presence of an anionic dopant such as a-naphthalene
sulfonate (a-NS°). This results in a positively charged nitrogen (=N-) on PPy that is able to
stabilize the negatively charged dopant. When acetic acid is present, the a-NS™ steals a hydrogen
from acetic acid, resulting in the acetic acid becoming its conjugate base (acetate), which then
strongly binds to the positively charged PPy through electrostatic interactions (see Figure 7).
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Figure 7. Substitution of a-naphthalene sulfonate (a-NS°) with acetic acid in polypyrrole (PPy).
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The addition of PMMA to PPy resulted in a polymer that swelled when analyte was present,
which pushed the conductive PPy chains apart and reduced the conductivity of the sensing
material. The greater the swelling of a polymer, the greater the resistance, and the larger the
response observed. When acetone interacted with PPy/a-NS7/PMMA, a lot of swelling occurred
when acetone absorbed into the sensing material to hydrogen bond to PPy. However, when
acetic acid absorbed into the sensing material, it displaced the a-NS° molecules by first
neutralizing the o-NS, and subsequently stabilizing the positively charged =N- in PPy.
Therefore, the a-NS would be free to migrate through the sensing material matrix to a spot where
the a-NS had more space (and was less sterically repulsed). This would result in less swelling of
the PMMA, since acetic acid is smaller than a-NS; however, the PMMA would not shrink since
the a-NS would still be in the polymer matrix. The difference in swelling results in a larger
response to acetone than to acetic acid, thereby creating a sensor that is more selective towards
acetone.l>

Table 7. Polymeric Sensing Materials for Aldehydes and Ketones
Sensing Detection

Analyte Material Dopant Limit Selectivity Reference
Chloroform (4068)
Polyaniline/ Acetone (2582)
Form- Poly Formic Dicholoromethane
aldehyde (ethylene Acid 38 ppm (2469) [48]
imine) Water (186)
(PANI/PEI) Methanol (121)
Ammonia (91)
NiO
Form- Polyaniline (5 wt. %) Acetaldehyde (1.79)
5 ppm Benzene (2.11) [10]
aldehyde (PANI) Al,03 Ethanol (1.86)
(wt.15%) '
Ag Acetone (112)
Form- Polyaniline Hexane (105)
aldehyde  (PANN oMol %) L24ppm o oform (25) 5]
Nitric acid

Benzene (3)
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Dichloromethane

) (27.4)
Graphene Acetone (11.4)
Poly (methyl
Form- methacrylate) None 0.01 ppm Water (11.4) [49]
aldehyde y LPP Acetonitrile (10.5)
(Graphene-
PMMA) Tetrahydrofuran (8.6)
Ethanol (6.9)
Methanol (6.2)
Ethanol (7.4)
. Acetone (9.6)
Poly Poly (vinyl Benzene (125)
Form- alcohol) .
(ethylene 10 ppm Dicholoromethane [5]
aldehyde . " (PVA)
imine) (PEI) (~40 Wt.9%) (125)
7 Toluene (125)
Chloroform (125)
Formaldehyde (1.3)
Izi(i):r):e(tiﬁ Chloroform (9.2)
aniline))// Methanol (235)
Acet- Ethanol (235)
aldehyde Moly'/bd.enum None 0-91 ppm Acetone (47.1) [29]
trioxide
Benzene (235)
(P25DMA/
MoOs) Toluene (42.8)
; Xylene (118)
Polyaniline
Acetone (PANI) HCI 29 ppm - [56]
Polypyrrole/ a-
Poly (methyl naphthalene
Acetone  methacrylate)  sulfonate 30.3% Acetic Acid (3.9) [54]
(PPy/ (0-NS)
PMMA) (~8%)
Amines

Despite the emphasis on how volatile organic compounds (VOCSs) interact with polymeric
sensing materials, ammonia has been included even though it is not a VOC. Ammonia has been
included because it is essentially the simplest form of an amine group, where all R-groups are
hydrogens.

Ammonia is a small, polar molecule capable of behaving as a Lewis base and able to hydrogen
bond. Ammonia is electrostatically attracted to sensing materials that are also polar and able to
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hydrogen bond. This includes polymers that have polar functional groups, including amines
such as polyaniline (PANDB®571 and polypyrrole (PPy):5 carboxylic acids such as poly (acrylic
acid) (PAA);1 and esters such as poly (methyl methacrylate) (PMMA).[64

The amine groups in PANI and PPy are able to hydrogen bond to ammonia. Acid-doped PANI
and PPy are both conductive and have better conductivity when the polymer chains are more
crystalline, which results in closer stacking of the polymer chains.[? The small size of ammonia
means it is less sterically hindered and thus, still able to diffuse into the smaller interstitial spaces
of PANI and PPy. In addition, the acid doping results in positively charged amine groups (acid)
on both polymers that attract the slightly negative nitrogen in ammonia (base), resulting in a
Lewis acid-base interaction.[]

Similarly, ammonia is able to hydrogen bond to the OH in the carboxylic acid on PAA; however,
ammonia is also able to hydrogen bond to the double bonded oxygen as well. It should be noted
that ammonia and carboxylic acids commonly undergo acid-base reactions, creating an amide,
and therefore, ammonia can chemically bind to the PAA, making it extremely difficult to remove
and thus reduce the reusability of the sensing material. This was observed by.[

Multiple sensors listed in Table 8 used titanium dioxide (TiO2) nanoparticles to improve the
sensitivity towards ammonia. TiO2 is commonly used to oxidize ammonia into nitrogen
monoxide (NO) and nitrogen dioxide (NO2).[®3l Therefore, ammonia will coordinate well with
TiO2. In addition, TiO2 was able to coordinate well with both PAA and PANI. Gold (Au)
nanoparticles were also used as a dopant in PANI;P® however, it was not likely that Au
improved the sensitivity to ammonia. It is more likely that the mercaptans (which contain an
SOz3) that stabilized the Au nanoparticles are what improved the response to ammonia, compared
to undoped PANI. The negatively charged mercaptan electrostatically attracted the slightly
positively charged hydrogens on ammonia.

Triethylamine (TEA) contains three ethyl (C2Hs) groups instead of three hydrogen atoms around
a nitrogen atom. TEA is therefore much bulkier than ammonia, and it is also less polar than
ammonia. In both cases, the nitrogen carries a slight negative charge; however, TEA is unable to
hydrogen bond unless it bonds to something capable of hydrogen bonding like an amine or
alcohol. Ji et al. used a copolymer of PANI-PMMA doped with toluene sulfonic acid (TSA).[54
The TSA protonated the amine on PANI and also provided some steric hindrance (since TSA is a
bulky acid), increasing the interstitial spaces between the polymer chains, thus making the
amines on PANI more accessible. The slightly negatively charged nitrogen in TEA was attracted
to the positively charged amine on PANI.

Note that doping a sensing material may improve non-sensing properties, such as mechanical or
electrical, and thus, doping may not always be beneficial in terms of sensitivity and selectivity.
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The addition of poly (vinyl alcohol) (PVA) to PPy was to improve the mechanical properties of
PPy.[51 While the PVA likely increased the interstitial spaces in the polymeric material, thereby
improving diffusion into the polymer, the alcohol groups on PVA were also able to hydrogen
bond to ammonia. This would have reduced the sensor’s sensitivity, since sorption onto PPy is
what created a change in conductivity (in this case) and thus, a measurable response. Any
ammonia bound to PVA would not have produced a measureable response.

Table 8. Polymeric Sensing Materials for Amines

Sensing Detection .
Analyte Material Dopant Limit Selectivity Reference
Poly (methyl  bis(2-ethyl
methacrylate)- hexyl)
Ammonia  Polyaniline hydrogen 10 ppm - [61]
(PMMA- phosphate
PANI) (DIOHP)
Titanium Butyl amine (1.9)
_ dioxide/ Pyridine (3.8)
Ammonia  poly(acrylic None 0.11 ppm Ethanol (13.8) [60]
acid) Toluene (20.4)
(TIO2/PAA) Chloroform (43.6)
Polyaniline
. (PANI)
. Titanium x
Ammonia dioxide (TiO2) Hydr(?- 50 ppt - [57]
chloric
Acid (HCI)
Poly (vinyl
. Polypyrrole alcohol)
Ammonia (PPy) PVA 1000 ppm [59]
(5 wiv%)
Gold (Au)
3-
- mercapto- Ethanol
. Polyaniline
Ammonia (PANI) 1-propane  10.8 ppm Toluene [58]
sulf(?mc Acetonitrile
acid
(3MPS)
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Toluene
sulfonic 20 ppm - [64]
acid (TSA)

Triethyl- PMMA/
amine PANI

*parts per trillion (ppt)
Aromatics

Aromatics are molecules that contain conjugated (alternating single and double bonds) planar
rings. The alternating single and double bonds, combined with the planar geometry, result in
delocalized electron density across the p-orbitals in the aromatic ring. Filled p-orbitals that are
oriented such that the delocalization is in a planar geometry allow for n-stacking and therefore,
aromatics are attracted to other aromatics. There are cases where an aromatic can n-stack with
other functional groups such as a trifluoro-group (as in SXFA, see Figure 8), where the p-orbitals
of the three fluorine atoms are in a planar configuration and benzene, which is also planar, is able
to mt-stack.[®%
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Figure 8. Benzene n-stacking onto SXFA.

All of the polymeric materials used for aromatic analyte detection are at least partly conjugated
and thus, have an aromatic component to them. This is what the aromatic rings in benzene,
toluene, and xylene are able to n-stack with. Because aromatic compounds are typically the only
VOC:s that are able to n-stack, many non-aromatic interferents will not bind very well and thus
high selectivity will be observed towards the aromatic compounds.[®®! Aromatic molecules are
also bulkier than the other VOCs discussed and therefore, need larger interstitial spaces to easily
diffuse into the polymer matrix.

For example, as shown in Figure 9a, a copolymer (poly (methyl methacrylate-co-chloromethyl
styrene) modified with N,N-dimethyl-1,3-propanediamine (MCD)) contains multiple aromatic
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rings and other long R-chains that create large interstitial spaces between the polymer chains.
These larger interstitial spaces allow toluene to diffuse into MCD more easily and bind to the
aromatic rings through =n-stacking, which pulls charge density away from the conductive MCD.
This effectively makes it harder for the charge to travel along the copolymer chains, which
results in a reduction of MCD’s conductivity.[?] Note that this displacement of charge density
while the polymer and aromatic analytes interact through z-stacking results in a change in
conductivity. This is how most of the responses are measured for the sensors listed in Table 9.
Resistive-type sensors are commonly used for aromatic analytes because a conjugated polymer is
typically conductive. 6]

(a)

Figure 9. (a) MCD and (b) single wall carbon nanotubes doped with iron-tetraphenylporphyrin
(SWCNT-Fe-TPP).

Toluene has one methyl functional group and thus, has a small dipole moment (0.36 D).
However, it is below 0.4 D and therefore, toluene is still considered non-polar. Xylene, on the
other hand, is considered polar with a dipole moment of 0.64 D. This is why polymers, such as
polyaniline (PANI) and polypyrrole (PPy), are slightly more selective towards xylene than
toluene and benzene. The electrostatic forces are why xylene is favoured over toluene and
benzene when interacting with PANI® and PPy.["1 Note that while ethylbenzene is also polar
(0.58 D), it is slightly less polar than xylene; ethylbenzene is also bulkier, which means ethyl
benzene is also more sterically hindered than xylene.

Rushi et al. did, however, demonstrate that single wall carbon nanotubes doped with iron-
tetraphenylporphyrin (SWCNT-Fe-TPP) (see Figure 9b) had slightly better selectivity towards
toluene than xylene, despite all three aromatic compounds (benzene, toluene, and xylene) being
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able to m-stack with the aromatic rings on both the porphyrin and SWCNT.[™YI' This is due to the
incorporation of Fe. Toluene coordinates well with Fe and thus, is more preferentially bound
than xylene and benzene.l’

Table 9. Polymeric Sensing Materials for Aromatics

Sensing Detection .
Analyte Material Dopant Limit Selectivity Reference
Ethanol (11.3)
Benzene SXFA None 500 ppm Methanol (12.5) [63]
MMA-CMS Carbon
- t-
Toluene Black 50 ppm - 67
DMPDA  (109) PP [67]
Single wall Iron-
carbon tetraphenyl Xylene (1.8)
Toluene nanotubes porphyrin 500 ppb Benzene (2.8) (7]
(SWNT) (Fe-TPP)
Methanol (6.1)
Ethanol (>4000)
Isopropanol (>4000)
Acetone (>4000)
Toluene  P3HT-benzyl 1 ppm Methyle(2e6§:hlor|de [66]
Acetonitrile (6.8)
Benzene (2.1)
Hexane (>4000)
Cyclohexane (>4000)
Xylene  Polyaniline HCI 200 ppm Toluene (1.3) [69]

Benzene (1.9)

Ethylbenzene (2)
Xylene Polypyrrole CI 67 ppm Toluene (4) [70]
Benzene (10)

Alkanes

Unlike most of the volatile organic compounds (VOCs) discussed, alkanes are non-polar.
Therefore, alkanes are not attracted to sensing materials through large electrostatic forces from
dipoles. Instead, alkanes are attracted by very small van der Waals forces, which only occur at
very short distances.
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Alkanes are simple hydrocarbons that only have singly bonded carbons and hydrogens. They
can be either linear or branched; branched alkanes are bulkier and thus more sterically hindered.
As an example, methane, the simplest hydrocarbon and alkane is discussed.

Methane is a small, non-polar molecule which is typically detected through the catalytic
oxidation over metal and metal oxide catalysts.’*l In some cases, a polymer matrix is used to
support the catalytic metal oxide (see Table 10). For example, Xie et al. used a polyaniline
(PANI) doped with camphor sulfonic acid as a matrix for palladium oxide (PdO).I"4 PdO is used
as a catalyst to oxidize methane and thus, readily coordinates with methane. It is important that
these materials have a porous structure that allows methane to diffuse through the polymer and
reach the metal oxide, as is the case for the PANI-PdO nanocomposite. The PANI matrix was
used to “filter” out interferents such as water (humidity), since PANI is hydrophilic and water is
able to hydrogen bond to the amines in PANI. The removal of water as an interferent is
important, since water reduces PdO’s effectiveness as a catalyst for methane.[”®

Supramolecular cryptophane-A, which is a cage-like structure (see Figure 10), has also been
used as a sensing material for methane.l’8’"1 Cryptophane-A has a shell-like structure and is able
to form a stable complex with methane.[”®! Methane’s small size means it is not easily sterically
hindered and can thus enter the cryptophane-A, since it is not being electrostatically repelled.
This lack of repulsion is also due to methane’s non-polar nature. The complex formed between
methane and cryptophane-A is a result of van der Waals forces.["”]

Figure 10. Schematic of Cryptophane-A.
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Table 10. Polymeric Sensing Materials for Alkanes

Sensing Detection .
Analyte Material Dopant Limit Selectivity Reference
PdO (17%)
Polyaniline Camphor
Methane (PANI) sulfonic 3000 ppm [74]
acid (CSA)
Methane  Crytophane- None 5000 ppm - [76]
A
Ammonia
(1.4)
Nitrogen Dioxide
Crytophane- 20 000 (3.2)
Methane A None ppm Carbon Monoxide 771
(51.5)
Hydrogen Gas
(9.4)

Experimental

We now combine examples from the literature as well as our own experimental work to evaluate
potential sensing materials for different analytes. The following experimental procedures were
used to synthesize and evaluate sensing materials.

Polymer Synthesis

This procedure is for the polymeric materials that were synthesized using their respective
monomers. Some polymers were bought directly from the manufacturer and are labelled as such
in Section 5, whereas the polymers that were synthesized are designated by their respective
monomers. All chemicals were used as received from the manufacturer.

The monomer (up to 0.4 g), metal oxide nanoparticle dopant (up to 0.08 g), and deionized water
(20 mL) were added to a 100 mL round bottom flask. The total mass of the monomer and the
metal oxide dopant was 0.4 g; therefore, if 0.08 g of dopant was added, 0.32 g of monomer was
used; no dopant was added to 0.4 g of monomer. The monomer, dopant (if added), and water
were sonicated for 30 minutes. Then the mixture was cooled to -1 °C. In each polymerization,
1.0 g of ammonium persulfate (reagent grade, Sigma-Aldrich, Oakville, Ontario, Canada) was
used as the initiator. The initiator was dissolved in 5 mL of deionized water, then immediately
added to the cooled monomer mixture. The flask was swirled for 30 seconds, and the mixture
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left to polymerize for 6 hours. The polymer was filtered using a Biichner funnel and Whatman
#5 filter paper. The polymer was washed with deionized water and ethanol, and then left to air
dry. The polymers were stored in 20 mL scintillation vials at room temperature (21 °C).[?Y1 Note
that all of the chemicals were used as received from the manufacturer and no purification was
done prior to the polymerizations.

Test System

The polymeric sensing materials were evaluated on a specially designed test system. The
polymeric sensing materials were exposed to low concentrations of different analytes, in a
balance of nitrogen, to determine the amount of each analyte that sorbed onto the polymer.

Gas analytes flowed from gas cylinders (certified standard grade, Praxair, California, USA) into
the test system using a mass flow controller (MKS RS-485) at a flow rate of 200 sccm. The gas
entered a 100 mL round bottom flask, where the polymer sample was deposited. A pressure
controller (MKS 640A) and flow meter (MKS 179A) placed after the round bottom flask were
used to ensure that the flow rate and pressure were maintained in the system (i.e. the test system
was not leaking). The gas then flowed into a very sensitive gas chromatograph (GC) that was
used to measure the amount of gas analyte that did not sorb onto the polymeric sensing material
(see Figure 11). The GC (Varian 450) had a pulse discharge helium ionization detector (PDHID)
that was able to measure down to the parts per billion (ppb) range.l™

Al 40 4
j N W Vi T—. Gas Chromatograph
Analyte VG

AnaID

MFC

Figure 11. Schematic of the test system, where MFC, PC, and FM are mass flow controller,
pressure controller, and flow meter, respectively. For example, the three analyte tanks could be
ethanol, methanol, and benzene.

Evaluation of Polymeric Materials
The polymer samples were prepared by depositing 0.120 g of polymer sample into a 100 mL

round bottom flask with 20 mL of ethanol. The polymer was swirled around the flask to evenly
distribute the polymer. The flask was then placed in an oven at 50 °C for 16 hours to allow the
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ethanol to evaporate. The polymer samples were then cooled to room temperature (21 °C) before
evaluation on the test system was done. The polymer samples were purged with 5.0 grade
nitrogen (Praxair, Mississauga, Ontario, Canada) for 75 minutes just prior to being tested on the
system.

An empty flask (blank) was run on the test system initially to ensure that the appropriate
concentration of analyte was present. For example, if 5 ppm of ethanol was being used to
evaluate a polymer, the GC should measure 5 ppm of ethanol in the gas stream since there was
no polymer in the blank and thus, nothing for the ethanol to sorb onto. Note that each gas
analyte was not diluted further and the polymeric materials were evaluated using the certified
standard concentrations.

Each sample (both the polymers and the blank) was subjected to the gas analyte for 60 minutes,
after which two consecutive samples of the gas were measured by the GC. This was done to
ensure the sorption had reached equilibrium. The amount of gas analyte measured by the GC
was the amount of analyte that did not sorb onto the polymer sample. By subtracting the amount
not sorbed from the amount of analyte (concentration) from the gas tank, the amount of analyte
sorbed onto the polymer was obtained.

Three independent replicate samples were run for each polymer-gas pair evaluated. The amount
of gas sorbed was used to compare the effectiveness of different polymeric sensing materials for
a single analyte and/or to compare the sorption of multiple analytes on a single polymer sample
(i.e. selectivity). The results were statistically analyzed using analysis of variance (ANOVA),
Bonferroni t-test, and Fisher’s least significant difference (LSD) to determine if there were
significantly different responses from different polymer and gas analyte combinations.

Selecting Sensing Materials

When designing or selecting sensing materials for gas analytes, there are a few items to be
considered. The first step is to choose a target analyte (volatile organic compound, VOC) for a
specific application. Then, examining the chemical nature of the target analyte, determine which
functional group(s) are present on the analyte. These functional groups will dictate the dominant
sensing mechanisms with which the sensing material and analyte will interact.

Before continuing with sensing material selection, it is important to look at the type of sensor
that will be used since the type of sensor may constrain the types of polymers used. For
example, a resistive type sensor requires a conductive polymer and a capacitive sensor may
require a polymer that is capable of swelling. If the type of sensor is unknown, then the issue
becomes more complicated, but still a sensing material could be chosen that is able to work on a
variety of different types of sensors.
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In addition, the environment the sensor will be used in may also provide constraints. These
include the types of interferents present which have an effect on selectivity, operational
temperatures, size of sensor, response and recovery times. It is important to consider all these
factors when selecting potential sensing materials.

Sensor Application Requirements

A sensor’s application will always carry some constraints such as operational temperature and
sensitivity required. It is important to consider these constraints when designing a sensing
material. The sensor application designates not only the target analyte, but also the environment
in which the sensor will be used.

Sensitivity

The sensor application determines how sensitive the sensor needs to be. For example, a
formaldehyde sensor for indoor air quality must be able to detect formaldehyde below the
concentration that has been determined as toxic. According to the World Health Organization
(WHO), the concentration of formaldehyde should not exceed 0.08 ppm (80 ppb) over a 30
minute exposure.l! Therefore, a formaldehyde sensor for indoor air quality must be able to at
least detect 0.08 ppm of formaldehyde (the target detection limit). Ideally, a sensor’s sensitivity
should be lower than the target detection limit.

To achieve such high sensitivity (low detection limit), the sensing material must have as many
sensing sites as possible. This is because there is a correlation between the amount of analyte
that sorbs and the sensitivity; the more the analyte sorbs, the more sensitive the sensing material.
In addition, when less analyte is present (i.e. lower concentration), less analyte sorbs onto the
sensing material. Therefore, having more sensing sites available is likely to increase the number
of analyte molecules that sorb (barring steric hindrance and other counterbalancing sensing
mechanisms), thereby increasing the sensitivity of the sensing material.

Furthermore, the sensitivity of the sensor should not be limited by the sensor electronics. The
noise should be at least three times lower than the response of the sensor to the target analyte at
the detection limit. The sensitivity of the sensor must be evaluated with the sensing material on
the sensor, since some sensing materials work better (have better sensitivity) than other materials
on the same sensor. Also, two different sensing materials may produce different noise levels
(one material may produce more noise than the other) on the same sensor.[?%
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Selectivity

In any given environment, there will be the target analyte, as well as other interferents present.
The application, and thus the environment the sensor will be used in, determines what these
interferents are. For example, in an indoor air quality sensor, where the target analyte is
formaldehyde, common interferents include acetone, ammonia, butanol, formic acid, toluene,
and xylene.®  Therefore, a selective sensor for formaldehyde must selectively identify
formaldehyde when all of these other VOCs are present.

It is important to note that the concentrations of all VOCs present in an environment are not
equal. Some interferents may be at concentrations an order of magnitude lower than the target
analyte’s concentration. If this is the case, the interferents present in the environment at very low
concentrations (i.e. present at the ppb level when the concentration of the target analyte is at the
ppm level) can be ignored (considered negligible), since they are not likely to create a response
from the sensor at such low concentrations.®!

Operational Temperature

The operational temperature is an important consideration, especially with regards to polymeric
materials. It is important that the polymeric sensing materials are in their glassy states, since
polymers above their glass transition temperature (T4) begin to soften and “flow”. If this occurs
while a sensor is in operation, a response may not be detectable or the softened polymer chains
may produce an erroneous or biased response. Because of this, the Tq of a potential sensing
material should be above (ideally, well above) the operational temperature. Therefore, the
operational temperature may eliminate some potential polymeric sensing materials. The
operational temperature may also be optimized to improve the selectivity of the sensor.®

In addition to the temperature at which the analyte is being sensed, the temperature at which the
sensor recovery takes place may also be a consideration. This is the case for sensors with built-
in heaters that are used to speed up the recovery times of a sensor by providing more energy
(heat) to break the bond between the analyte and sensing material, regenerating the sensing
material.[**)  Therefore, the Ty of potential polymeric sensing materials must be above the
temperature at which the sensor is heated, not just the sensing temperature.

Response and Recovery Times
Most applications require fast response and recovery times, ideally in the order of seconds or
quicker. The response time is the time needed to reach 90% of the final signal (100% response);

recovery time is the time the response takes to return to the baseline. Generally, the recovery
time is longer than the response time.
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It is possible to reduce the response time by doping a polymeric material with a metal oxide
dopant, especially in conductive sensors. For example, the incorporation of platinum (Pt) into
polyaniline (PANI) increases the conversion rate between conductor and insulator, which
decreases both the response and recovery times.[® The recovery time can also be reduced by
heating the sensing layer, which gives energy to the analyte molecules and breaks the physical
bonds formed between the analyte and sensing material (%!

Target Analyte’s Chemistry (Mechanisms)

When choosing sensing materials for a target analyte, it is important to look at the functional
groups of the target analyte. For example, ethanol has an alcohol, formaldehyde has an
aldehyde, and benzene is aromatic. The functional groups dictate the chemistry with which the
analyte will interact with the polymeric sensing materials. Therefore, the functional groups on
the polymeric materials are also important. Section 3 described the dominant mechanisms for
different volatile organic compounds (VOCs). Determining the mechanisms by which the target
analyte is likely to interact with a sensing material will help narrow down potential sensing
materials for a target analyte.

For example, ethanol contains an alcohol functional group and thus, ethanol is a polar molecule
with a hydrogen attached to an oxygen. Therefore, ethanol is able to hydrogen bond.
Consequently, a corresponding sensing material that would show affinity to ethanol should also
be polar and ideally be able to hydrogen bond. Polymers that fall into this category are, for
example, polymers containing alcohols, amines, and carboxylic acids.

Case Studies

This section provides examples and counterexamples of the dominant mechanisms that occur. In
some cases, it is more difficult to determine the dominant sensing mechanism because more than
one mechanisms have a strong effect and the mechanisms may compete with one another.

Examples

Effect of Hydrogen Bonding

Polyaniline (PANI) and poly (N-methyl aniline) (PNMA) were evaluated using ethanol and
acetone to determine if ethanol interacted with PANI through hydrogen bonding. Both PANI
and PNMA were synthesized as described in Section 4.1 using their respective monomers:
aniline (A.C.S. reagent, Sigma-Aldrich, Oakville, Ontario, Canada) and N-methyl aniline (A.C.S.
reagent, Sigma-Aldrich, Oakville, Ontario, Canada). It was hypothesized that ethanol’s OH
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group hydrogen bonded to the NH group on PANI. PNMA was chosen as a counterexample
since PNMA is chemically similar to PANI, except the amine group on PNMA is “protected”
through steric hindrance by a methyl group (see Figure 12). Acetone was chosen as a
counterexample (to ethanol) since PANI may still hydrogen bond to the double bonded oxygen
(=0) on acetone, but acetone itself cannot hydrogen bond and thus would not sorb onto PNMA.
It should be noted that acetone is a little larger than ethanol (77.5 cm®/mol and 62.6 cm®mol,
respectively; however, acetone is more polar than ethanol (2.91 D and 1.69 D, respectively).
Despite these differences, on the whole, acetone and ethanol are similar molecules.

N—— - N——
| |

H
(a) (b)

Figure 12. Schematic of (a) polyaniline (PANI) and (b) poly (N-methyl aniline) (PNMA).

Acetone is able to act as a Lewis-base; however, PANI would prefer to hydrogen bond since the
hydrogen in the amine on PANI is electron deficient and wants to gain electron density through
hydrogen bonding. The electronegative oxygen (on acetone) will seek out the positively charged
hydrogen, resulting in a hydrogen bond. The tertiary amine on PNMA will act as a Lewis-base
and does not have a hydrogen attached to its amine able to hydrogen bond to acetone. Therefore,
acetone is unable to bond with PNMA. However, ethanol is still capable of hydrogen bonding to
the tertiary amine on PNMA because of the alcohol (OH) group in ethanol.

Both PANI and PNMA were subjected to 5 ppm of ethanol (balance of nitrogen) and 5.5 ppm of
acetone (balance of nitrogen), separately. The amount of gas (ethanol or acetone) that sorbed
onto the sensing material (PANI or PNMA) was subsequently measured. It was found that
significantly more ethanol and acetone sorbed onto PANI than onto PNMA. In addition,
significantly more ethanol sorbed onto both PANI and PNMA than acetone (see Figure 13).

38



1.40

OReplicate W Average
1.20

o O

1.00

0.80

0.60

Amount Sorbed (ppm)

0.20

oo _

PANI (Ethanol) PANI (Acetone) PMNMA (Ethanol) PNMA (Acetone)

Figure 13. Amount of ethanol (circles) and acetone (squares) sorbed onto both PANI and
PNMA.

Despite acetone being more polar than ethanol, acetone is only a hydrogen bond acceptor, which
means that it doesn’t have a hydrogen capable of hydrogen bonding. This results in acetone
being attracted to both PANI and PNMA through electrostatic forces, but is limited in physically
bonding with these polymeric sensing materials. Ethanol’s ability to hydrogen bond allows it to
sorb onto both PANI and PNMA. Since PANI is also able to hydrogen bond and PNMA is only
a hydrogen bond acceptor, due to PNMA'’s a tertiary amine, PANI will more readily sorb both
acetone and ethanol.

There is some steric hindrance that occurs as well, which enhances the difference in sorption
between ethanol and acetone. Acetone is larger than ethanol and has a bulkier shape. Acetone is
trigonal planar in shape, whereas ethanol is linear and has one less carbon atom. This means that
acetone is more sterically hindered. It should be noted that the polar attractive forces and the
steric repulsion do compete against one another and given that acetone is not that bulky, in
general, the attractive forces are likely to win out, especially for PANI, where the amine is
unprotected. However, the steric repulsion is more of an issue when it comes to PNMA, where
the amine is somewhat “protected” by a methyl group, which would exert greater steric
repulsion.

Incorporation of Metal Oxide Dopants into a Polymeric Sensing Material

The incorporation of a metal oxide nanoparticle into a polymer (doping) can improve both the
sensitivity and selectivity of a sensing material. For example, doping poly (2,5-dimethyl aniline)
(P25DMA) with just 5 wt. % alumina (Al203) improved both the sensitivity to ethanol, as well as
the selectivity (see Figure 14). The P25DMA was synthesized using 2,5-dimethyl aniline
(A.C.S. reagent, Sigma-Aldrich, Oakville, Ontario, Canada) with 5 wt. % Al>O3 nanoparticles
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(particle size <50 nm, 10 wt. % dispersion in H>O, Sigma-Aldrich, Oakville, Ontario, Canada),
as described in Section 4.1.
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Figure 14. Sorption of different gases (left to right, ethanol, formaldehyde, methanol,
acetaldehyde, acetone, and benzene) to P25DMA and P25DMA 5% Al,O:s.

Al,03 was added to increase the sensitivity® and selectivity of P25DMA to ethanol.[®! Ethanol
more readily decomposes on Al,Oz than other volatile organic compounds (VOCs) such as
methanol and acetaldehyde.[®®] Therefore, ethanol is able to coordinate better with the Al and
thus, adding Al>O3 should ideally improve the selectivity of P25DMA, which it did.

The addition of Al2Os to P25DMA also changed the morphology of the sensing material. The
addition of Al>Os created “kinks” along the P25DMA chain, resulting in polymer chains that
could not stack as neatly. This resulted in an increase in surface area available for the analytes to
sorb to. In addition, the structure became more porous (see Figure 15), which also increased the
number of sensing sites for the analytes to bond to. This increase in number of sensing sites
improved the selectivity of the P25DMA.
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Figure 15. SEM images of (a) P25DMA and (b) P25DMA doped with Al2Os.

Competing Mechanisms

Poly (2,5-dimethyl aniline) (P25DMA) was doped with nickel oxide (NiO) nanoparticles and
exposed to ethanol gas to evaluate P25DMA doped with NiO as a potential sensing material for
ethanol (see Figure 16). The P25DMA was synthesized using 2,5-dimethyl aniline (A.C.S.
reagent, Sigma-Aldrich, Oakville, Ontario, Canada), with 5 wt. %, 10 wt. %, and 20 wt. % NiO
nanoparticles (particle size < 50 nm, concentration of 99.8%, Sigma-Aldrich, Oakville, Ontario,
Canada) as described in Section 4.1.
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Figure 16. Ethanol sorption on P25DMA and P25DMA doped with different concentrations of
NiO.

P25DMA primarily interacts with ethanol through hydrogen bonding. Adding 5% NiO created
“kinks” in the polymer chain, where the P25DMA changed conformation to reduce strain caused
by the bond between the Ni and the amine groups on P25DMA.12% This created larger interstitial
spaces in the polymer and thus, improved diffusivity into the polymer. This resulted in the
amount of ethanol sorbed which significantly increased for P25DMA 5% NiO compared to the

41



undoped P25DMA. Even with the added NiO, the dominant mechanism for P25DMA 5% NiO
was still hydrogen bonding, although metal coordination did play a minor role in the improved
sorption observed.

Further increasing the amount of NiO to 10 wt. % resulted in a large and significant drop in
ethanol sorption, likely due to competing mechanisms. At a concentration of 10 wt. %, metal
coordination likely began to take over. The larger and more numerous interstitial spaces created
by the kinks in the polymer chain would have increased the diffusion into the polymer matrix
where most of the NiO resided. Note that the NiO bound to multiple amine groups in the
polymers, thereby reducing the number of sites (amines) to which ethanol hydrogen bonded.
This reduction in sensing sites coupled with reduced access to NiO (where metal coordination
occurs) resulted in a reduced amount of ethanol sorbed.

By increasing the amount of NiO to 20 wt. %, the amount of ethanol sorbed increased again,
although not back to the level of P25DMA 5% NiO. This increase in ethanol sorption from 10%
to 20% NiO was likely due to the higher availability of NiO with which ethanol was able to
coordinate. P25DMA 20% NiO had the most kinks in the polymer chains and thus, an increased
number of larger interstitial spaces to improve diffusion (and therefore, less steric hindrance). In
addition, the increased amount of NiO allowed more ethanol to coordinate to the Ni, despite the
NiO reducing the number of amines on the P25DMA to which the ethanol could hydrogen bond.

In the case for P25DMA doped with NiO, two competing mechanisms dominated. At low
concentrations of NiO (5 wt. %), hydrogen bonding dominated and resulted in a large amount of
ethanol sorption. As more NiO was added, the NiO coordinated to more and more amine sites
on the P25DMA, significantly reducing the number of amines available to which ethanol could
hydrogen bond. However, as the concentration of NiO increased, the dominance of metal
coordination increased. At 20 wt. %, the increased NiO content allowed metal coordination to
dominate due to the availability of NiO and reduction in hydrogen bonding sites on the
P25DMA.

Counterexamples

Sometimes the dominant mechanism for a target analyte and/or sensing material can have
detrimental effects on sensitivity and selectivity. For example, a sensing material that is capable
of hydrogen bonding, such as poly (ethyleneimine) (PEI), may sorb interferents more
preferentially or may bind too strongly to certain analytes to be useful. Another example is when
a metal oxide is added to improve the sensing properties of a polymer, but instead it is either not
incorporated into the polymer matrix or destroys the polymer matrix, resulting simply in polymer
coated nanoparticles.
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Competing Analytes (Poor Selectivity)

Poly (ethyleneimine) (PEI) was chosen as a potential sensing material for ethanol due to its
numerous amine groups (see Figure 17). PEI (50 wt. % in water, Sigma-Aldrich, Oakuville,
Ontario, Canada) was dried at room temperature (21 °C) for two months, then purged with
nitrogen (5.0 grade) for 4 hours before being evaluated with 5 ppm of ethanol (balance of
nitrogen). It was found that PEI sorbed only 0.05 ppm, which can be considered negligible,
since the error was determined as 1% (based on three independent replicates).
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Figure 17. Schematic of poly (ethyleneimine) (PEI).

Based on the chemical structure of PEI, it would appear that there is a high density of sensing
sites due to all the amines present. In addition, the branching would reduce the polymers ability
to pack, increasing the interstitial spaces between the polymer chains, thereby improving
diffusion of an analyte into the polymeric material. However, because of these amine groups,
PEI is extremely hydrophilic and thus, PEI was saturated with water molecules, even after PEI
had been dried, which left no open sensing sites for ethanol. A few ethanol molecules may have
sorbed onto the water molecules through hydrogen bonding, but it was a negligible amount.

While it may have been possible to remove more water from the PEI, its use as a sensing
material is limited due to its affinity to water. In atmospheric conditions, where water vapour is
present (relative humidity), water vapour will preferentially bind to PEI since it is much more
polar than any other polar analyte. Note that PEI has been used in sensor applications; however,
it has been combined with other materials such as poly (vinyl alcohol) for a formaldehyde
sensor®l or combined with multi-walled carbon nanotubes for a humidity sensor.["]
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Incompatible Metal Oxides and Polymers

There are cases where a metal oxide either does not bind to the polymer at all or only a small
percentage will be incorporated. In the case where the metal oxide is not incorporated into the
polymer, the polymer is not considered doped with the metal oxide. In the case where only a
small percentage of metal oxide is incorporated, despite adding more metal oxide (i.e. only 5%
of a metal oxide is taken up, despite 20% being available), the polymer is considered doped.
These two cases are the result of poor coordination between the metal oxide and the polymer.

Copper (I1) oxide (CuQ) (particle size <50 nm, Sigma-Aldrich, Oakville, Ontario, Canada) was
polymerized with 2,5-dimethyl aniline (A.C.S. reagent, Sigma-Aldrich, Oakville, Ontario,
Canada) at three concentrations of CuO (5 wt.%, 10 wt.%, and 20 wt.%, based on amount added
during polymerization) to form a doped poly (2,5-dimethyl aniline) (P25DMA). Note that the
three samples will be referred to as P25DMA 5% CuO, P25DMA 10% CuO, and P25DMA 20%
CuO. However, none of the CuO was incorporated into the final polymer. The lack of CuO was
confirmed by electron dispersive spectroscopy (Ametek EDAX, New Jersey, USA); see Table
11. In addition, there was no significant difference between the amount of ethanol sorbed
between P25DMA 5% CuO, P25DMA 10% CuO, and P25DMA 20% CuO (see Figure 18) and
the scanning electron microscopy (SEM) images showed that P25DMA 5% CuO, P25DMA 10%
CuO, and P25DMA 20% CuO all had similar morphologies (see Figure 19). It was, however,
interesting to note that the morphology of the P25DMA made in the presence of CuO had a
different morphology and sorption response to ethanol than P25DMA made without any dopant
added during polymerization (see Figures 18 and 19).

Table 11. EDAX Measurements for P25DMA Doped with CuO

. . Weight Percent
Polymeric Nanocomposite

of Cu
P25DMA 5% CuO 0.16
P25DMA 10% CuO 0.07
P25DMA 20% CuO 0.11
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Figure 18. Amount of ethanol sorbed onto P25DMA doped with CuO.
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Figure 19. SEM images of (a) P25DMA, (b) P25DMA doped with 5% CuO, (c) P25DMAdoped
with 10% CuO, and (d) P25DMA doped with 20% CuO.

This suggests that despite the CuO not incorporating into the P25DMA matrix, it did have an
effect on the synthesis. It is likely that the CuO created “kinks” along the P25DMA chain as the
polymer attempted to conform around a CuO nanoparticle as the polymer chain grew; however
the strain was too great and the weak bond between Cu and the P25DMA would break to relieve
this strain. The “kinks” would, however, remain and result in a more porous morphology since
the polymer chains would not be able to stack more closely together. Note that a more porous
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morphology does not necessarily mean the polymer has a larger number of accessible sensing
sites. This is the case for the CuO doped P25DMA versus the undoped P25DMA.

The conformational strain of a polymer chain when the polymer is bound to the metal oxide
nanoparticle results in a polymer coated nanoparticle, as is the case of P25DMA with 20 wt. %
zinc oxide (Zn0).[®8¥ By coating the ZnO nanoparticle with P25SDMA, the ZnO is no longer
accessible by the analyte and thus, the ZnO cannot interact with the analyte. In addition, the
P25DMA is essentially “‘destroyed’ and thus the ZnO decreases the number of sorption sites on
P25DMA, resulting in significantly reduced sensing ability of the P25DMA to ethanol.[?]

Both of these examples, P25DMA with CuO and ZnO, show that choosing dopants that
coordinate well with the polymer matrix is important. However, this may not always be evident,
and as such, dopants are chosen based on their likelihood to improve sorption of the target
analyte. Therefore, preliminary screening tests are important to determine if the dopant (metal
oxide) is incorporated well into the polymer matrix and if the dopant has an effect on the sensing
properties.

Practical Prescriptions and Applied Example

Practical Prescriptions

The prescriptions herein are for designing and selecting polymeric sensing materials for volatile
organic compounds (VOC); see Figure 20 for an overview. They take into consideration the
previously described dominant sensing mechanisms with which the analytes and sensing
materials interact (see Sections 2 and 3).

When designing a sensing material for a target analyte, it is best to begin by looking at the
chemistry of the target analyte. Determining the type of functional group(s) on the target analyte
will help narrow down the types of polymers that could work as sensing materials. In addition,
the size of the target analyte is a consideration. If the target analyte is bulky such as benzene or
trimethylamine, then a polymer whose chains do not pack as tightly (i.e. has larger interstitial
spaces) would be better; however, a small molecule such as methanol or formaldehyde can more
easily penetrate smaller interstitial spaces due to reduced steric hindrance.

The type of functional groups on the target analyte will determine the dominant mechanisms
with which the target analyte and the polymeric sensing material interact. See Section 3 for
further details about which mechanisms dominate for which functional groups. Based on the
sensing mechanisms, potential polymer classes can be selected, which will be further refined by
other constraints.
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The next step is to look at the target application. The target application will have some
constraints such as operational temperature and environmental stability. The polymer must be
able to remain in its glassy state at the operating temperature (range). Therefore, the glass
transition temperature (T¢) must be above the operational temperature of the sensor. In addition,
the polymer must have good mechanical and environmental stability to withstand repeated and
long term use.

The main constraint is sensitivity (detection limit). For a particular application, the detection
limit of a sensor must be lower than the target limit. In general, a sensing material with more
“sensing sites” has a lower limit of detection and is thus more sensitive. The more accessible
(available) sensing sites are on the surface of the sensing material; thus, a morphology with high
surface area-to-volume ratios is best.

The target application will also determine the types of typical analytes (interferents) present with
the analyte, as well as typical concentrations of all analytes. If the interferents are present at an
order of magnitude (or more) lower than the target analyte, then those interferents may not
appreciably interact with a sensing material. In addition, the list of potential polymers may be
reduced by considering the chemistry and functional groups of the interferents. For example, the
response from larger interferents can be reduced through steric hindrance since the larger
interferents will be repelled by steric effects and thus not be able to sorb onto the sensing
material and produce a response. Therefore, polymers with bulkier side groups/chains may be
eliminated from the list of potential polymers. Another example is using hydrophobic and
hydrophilic copolymers to reduce a response caused by water vapour (humidity).

The type of sensor used will significantly affect the types of polymers considered. If a resistive
(conductive)-based sensor is used, then the sensing material must be conductive. Therefore, a
conductive polymer is needed for resistive type sensors. Currently, resistive type sensors are
most commonly used. Other types of sensors include capacitive-based sensors, where a
conductive polymer may hinder the sensor performance, and mass-based sensors, where
polymeric sensing materials are advantageous because they are of light weight compared to
metal and metal oxide sensing materials.

The list of potential polymers has now been reduced through dominant mechanisms, application
constraints, and types of sensor. The resulting polymers can also be modified by adding,
removing, and/or changing some functional groups on a polymer backbone. This can be done to
improve any number of properties. Two or more polymers can be combined, creating a
copolymer to change the properties. In addition, dopants can also be added. In some cases,
dopants can be used to make a polymer conductive, such as adding acid to polyaniline. In many
cases, metal and metal oxide dopants are added to improve the sensitivity and/or selectivity of
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the polymeric material. It is important to note that not all metals are able to coordinate with all
polymers.

Once a final list of potential polymers has been selected, they can be ranked in terms of what
may be the most effective in terms of sensitivity and/or selectivity. These polymers can now be
synthesized and evaluated as sensing materials for the target analyte.

Note that selection of potential sensing materials is a two pronged approach. The selection
combines the chemical nature of the target analyte and how it is likely to interact with a
polymeric sensing material with the practical constraints placed on the application of the final
sensor. Therefore, when looking at the chart in Figure 20, begin at the top. There are three paths
(factors) to consider: target analyte, target application constraints, and typical interferents.
Combining these three factors will result in a set of potential polymeric materials. Next, dopants
can also be added. These polymers (with or without dopants) can then be evaluated as sensing
materials for the target analyte and application.
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Figure 20. Prescription Flow Chart for Sensing Material Selection.

Polymeric Sensing Material Selection Example

As an example, an ethanol gas sensor will be used, with a target detection limit of 5 ppm. This
sensor will typically operate at room temperature (around 21 °C) and may be either a resistive or
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mass-based sensor. The sensor will be used where appreciable amounts of methanol and acetone
may also be present as interferents.

Initially, looking at ethanol, it has an alcohol group and therefore, it is able to hydrogen bond. It
can also act as a Lewis-base; however, hydrogen bonding is the dominant mechanism.
Therefore, potential polymers should include amines, alcohols, carboxylic acids, ethers, esters,
amides, etc. This is a long list that needs to be pared down. For this example, a list of 12
potential polymers will be initially considered (see Table 12).

For a sensor working at room temperature, the polymers need to be in a glassy state above room
temperature. Given that sensors are often pushed outside their typical operational range, the
sensing material must not soften considerably or begin to flow. Therefore, for this application
which can result in storage near 50 °C, a T4 above 60 °C is preferable. This drops the list of 12
candidates in Table 12 down to 7.

Looking at the functional groups of the main interferents (acetone and methanol) reduced the list
of potential materials further. Methanol, similar to ethanol, is also an alcohol and thus, is also
able to hydrogen bond. Acetone, on the other hand, cannot hydrogen bond, but as a ketone, will
behave as a Lewis base. Therefore, keeping polymers that are not able to hydrogen bond, but
have oxygen or nitrogen that ethanol is able to hydrogen bond to may improve selectivity.
Therefore, the OH, COOH, and NH functionalized polymer chains will be eliminated, leaving 4
candidate polymers at this stage, namely, PETE, PMMA, PVP, and PPO.

A check with the Hildebrand solubility parameters, where ethanol is 26.6 MPa'?, shows that the
Hildebrand solubility parameter of PPy is 25.15 MPa'?, which is close to that of ethanol.
Therefore PPy will be added back to the list, bringing the number up to 5 potential polymeric
sensing materials. PETE (21.9 MPa*?) and PPO (19.6 MPa/?) were the most different in terms
of Hildebrand solubility parameters. To reduce the list to 4 potential polymers, PETE was
eliminated and PPO was kept because PPO is conductive and PETE is not. This leaves 2
polymers that are conductive (PPy and PPO) and 2 polymers that are non-conductive (PMMA
and PVP). This allows for flexibility on the type of sensor that may be used.
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Table 12. Potential Polymeric Sensing Materials for Ethanol

Glass Transition Hildebrand
Solubility Structure Functional
Polymer Temperature, Ty
o [28] Parameter Groups
O (MPal?) 28
Poly (ethylene oxide) 43 19.9 JENGR -0-
(PEO)
|
Poly (vinyl acetate) ./ix
30 25.66 i COOR
(PVAC) @ )\l
Polyamide 50 23.02 )K/} CNOR
(PA) : 1:\/\/\,Iq
[}
Poly (lactic acid)
(PLA) 57 21 ‘oﬂ/ COOR
Poly (ethylene S ;
terephthalate) 67 21.9 ¥ o_/_]_ COOR x2
(PETE)
o-H
Poly (vinyl alcohol)
(PVA) 85 21.7 OH
Polyaniline [30] \
(PANI) 100 22.2 l+ NH
Poly (methyl o °
methacrylate) 105 22.8 COOR
(PMMA)
0 0-H
Poly (acrylic acid)
(PAA) 106 19.2 COOH
Poly (vinyl ( BQ‘::_U
pyrrolidone) 128 25.6 | CONR
(PVP) ’FLV]/
Poly (2,6-dimethyl- \
1,4-phenylene oxide) 215 19.68%4 o} -O-
(PPO)
Polypyrrole / \
270 25,2632 NH
(PPy) |
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These four polymers (PMMA, PVP, PPO, and PPy) were evaluated with respect to their sorption
of ethanol, methanol, and acetone. PMMA (Average Mw= 15,000, Sigma-Aldrich, Oakville,
Ontario, Canada), PVP (Average Mw= 40,000, Sigma-Aldrich, Oakville, Ontario, Canada), PPO
(Average My = 30,000 Sigma-Aldrich, Oakville, Ontario, Canada), and PPy (Conductivity 10 —
50 S/cm, pressed pellet, Sigma-Aldrich, Oakville, Ontario, Canada) were all used as obtained,
without further modification. The polymers were prepared in round bottom flasks and tested as
described in Section 4.3.

All four polymers showed good sorption of ethanol. In addition, all four polymers showed
poorer sorption of methanol and acetone (see Figure 21). Therefore, all four polymers had good
selectivity towards ethanol with respect to methanol and especially to acetone. From here, only a
couple of polymers need to be deposited onto a sensor for further evaluation. If a resistive type
sensor is chosen, then PPy and PPO can be used; if a mass-based sensor is selected, then any of
the four polymers could be employed; however, PVP had the best selectivity and thus would be
the best choice, despite PVP sorbing the least ethanol of the four polymers. This demonstrates
that the practical prescriptions can significantly improve the efficiency of choosing (and further
testing) potential sensing materials. When coupled with preliminary evaluation of a sensing
material’s sorption characteristics to specific gas analytes, the cost of deposition and sensor
testing is also significantly reduced.
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Figure 21. Sorption of the four polymers to ethanol, methanol, and acetone.

Concluding Remarks

By examining the way an analyte interacts with a sensing material, it is possible to determine the
dominant sensing mechanisms. We examined a multitude of potential sensing mechanisms and
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how they may interact with one another (or counteract each other). Using this knowledge, the
dominant sensing mechanisms for six different types of volatile organic compounds (VOCs)
were discussed in more detail. Compiling (highly scattered) sensing mechanisms from the
literature into a single source has enabled a better understanding of how sensing materials
interact with gas analytes and improved the way sensing materials can be designed and chosen.

Using the practical prescriptions laid out, it is possible to improve the way sensing materials are
designed, beginning with a target application. This approach is more efficient, since less
experimental work is needed for testing (since time consuming trial-and-error scenarios are
largely eliminated). In addition, this approach reduces the costs associated with synthesizing
new materials, depositing sensing materials onto sensors, and the number and type of sensors
having to be used.
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