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Abstract 

There has been a growing need to develop an artificial mimic of mammalian olfaction in 

a manner analogous to the charged coupled device (CCD) chip in machine vision. This 

need is motivated by the existence of devices to mimic all five senses except the sense of 

smell and taste. One major challenge is the limited number of chemically different 

sensing surfaces that are be useful as multi-sensor array comparable with olfaction in its 

capacity to engage ≈1000 unique olfactory receptors to discriminate odorants. To be 

technically viable, such a device will involve the development and incorporation of 

several chemically distinct sensors to perform similar functions as its natural counterpart. 

A typical array of artificial sensors would be composed of easily tunable, chemically 

diverse sensing elements. An approach to create such a multi-sensor array was explored 

in this research involving electrosynthesis of homopolymers and copolymers sensors. The 

resulting array consists of 81 (eighty-one) chemically unique sensors, which were used to 

discriminate analytes such as homologues of alcohols and fuels. 

Electro-copolymerization offers unique means of creating new sensor materials different 

from their homopolymer counterparts, where conducting and non-conducting 

components of the eventual sensors offered complementary means to improve the 

number of chemically different sensors generated from them and also impact their 

electrical characteristics. Modification of both homopolymers and copolymer sensors was 

performed through growth of sensors at varied oxidation (growth) potential, or holding 

individual ‘as-grown’ sensor films to different redox potential after growth. These 

modifications altered the physiochemical properties of resulting films such as the 

electrical conductivity and film thickness, which influence analyte sorption 
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characteristics and performance behavior. Therefore, chemically (compositionally) 

different sensor films were generated. Additionally, changing dopant-type during 

electrodeposition served to further modify resulting sensors. This simple fabrication 

method was designed to construct a large array of inexpensive sensors, electrochemically 

deposited to discriminate and classify different analytes. While variable signature 

resistance responses were generated from sensors interacting with analytes, differential 

response patterns were created to discriminate amongst them. The task of identifying 

unique patterns for analytes, the classification of each analyte as A or B, and the 

uniqueness of each sensor was investigated to ascertain that the chemical variation of 

these sensors occurred. Pattern recognition algorithms involving techniques such as 

principal component analysis and linear discriminant analysis were relevant to relate the 

measured resistance responses in the form of data clusters or numerical separation of 

clusters to differentiate patterns as a function of sensor-analyte interactions. This created 

the needed discrimination, as the resolving power of the multi-sensor arrays was 

investigated with linear discriminant analysis as a function of analytes or sensors. A 

decision boundary provided through this analysis shows the uniqueness of each 

chemically diverse sensor in the array. An ensemble of all homopolymer, copolymer and 

conducting polymer composites created in this research resulted in broadly responsive, 

partially selective arrays which progressively tend towards realizing the number of 

olfactory receptors (450 unique receptors in humans) utilized by the mammalian 

olfactory system in performing odor discriminatory function.  To determine the efficacy 

of the modifications applied to vary the sensing films, spectroscopic methods were used 
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to monitor the various changes in their chemical composition. A real world application of 

these arrays as ‘fuel sensor’ has been investigated and is included in this thesis. 

Note: Some details of Chapters 2, 3, 4 and 5 are based on the publications: 

Iyogun, A. A.; Kumar, M. R.; Freund, M. S. Sens. Actuators, B 2015, 215, 510-517. 
Iyogun, A. A.; Buchanan, D. A.; Freund, M. S. RSC. Adv., 2015, 6(39), 32549-32559. 

Reproduced with written permission from Elseivier pulisher, 2015 and 2016 respectively. 
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Chapter 1 
Introduction 

1.1 Overview of the Mammalian Versus Artificial Olfaction 

The mammalian olfactory system is broadly sensitive to discriminate odors. It is 

capable of differentiating between odorants or mixtures of odorants with the use of 

broadly tuned receptors known as olfactory receptors (ORs). Chemically distinct ORs are 

expressed in the olfactory receptor neurons (ORNs) of the olfactory epithelium located in 

the olfactory bulb (OB). The interactions of ORs with odorants produce electrical signals 

that are transduced and interpreted by the brain for odor characterization.  

The discriminatory properties of the olfactory system have some limitations. 

These include, the descriptive methods for odor classification that can often become too 

general. Hence, to classify odors, terms like sweet, aromatic, flowery, pepperminty, 

fruity, minty and pungent are historically used to identify odorants without distinct 

classifiers. Another weakness is its inability to accurately quantify odorants. Therefore, 

the need to develop broadly tuned arrays of artificial sensors that can perform these 

functions in order to overcome the above-listed limitations is an on-going research goal.  

Several conducting materials including metal-oxide semiconductors and 

conducting polymers (CP) have been investigated as transducers in the development of 

artificial sensors. The use of conducting polymer or copolymer films can play a 

significant role in creating an effective sensor platform. This is due to their electrical 

conduction characteristics needed to generate electrical signals through their interaction 
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with analytes. Another advantage of using CPs is the ease of modification of these films 

to obtain a broadly responsive array and ultimately, their capacity to be integrated into 

small devices for machine olfaction. Therefore, these films are the main focus of this 

work and, to use them to develop chemically diverse sensor array. The ability to broaden 

their chemical composition (chemical diversity— creating new material properties) and 

hence, differential interaction with analytes will be discussed. These chemically diverse 

sensors fulfill a useful criterion of producing differential partitioning with analyte(s), due 

to their variable chemical characteristic. Therefore, their partial selectivity for analytes 

creates the broad response patterns that are anticipated to mimic natural olfaction. This is 

effective in analyte detection and quantification. The methods used for creating 

chemically diverse sensors and their characterization will be discussed in this thesis.  

The ultimate aim of making unique sensors is to generate distinct response 

patterns (in analysis of resistance responses) from their exposure to many analytes, with 

the sensors exhibiting a high discriminatory capacity. These chemiresistors generate 

multi-dimensional data that are usually complex to interpret. Hence, different ‘pattern 

recognition algorithms’ are required to show the uniqueness of each sensor or analyte. 

Therefore, the principles of operation of these techniques will also be described. 

 The resulting sensor films were analyzed with different spectroscopic and 

electrochemical techniques with a view to understanding the impacts of various 

compositional modifications that resulted in the differential response patterns attributed 

to these chemically diverse sensors. Therefore, experimental details and description of 

these methods are also highlighted. 
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1.2 Olfaction 

Olfaction is the sense of smell that involves the highly complex interplay of ORs 

that function as detectors through their interactions with odorants. They convert air- or 

water-borne chemicals or mixtures of chemicals also known as odorants into signature 

patterns that are encoded by the brain. Mammals are capable of sensing an enormous 

number and variety of odorants, with humans capable of discriminating up to 100,000 

different volatile compounds.1  

An individual odorant activates ORs that are expressed in ORNs. Each ORN 

expresses a single OR and a set of these ORs is activated by a particular odorant to 

produce a unique response pattern that is interpreted by the brain to identify an odorant. 

Figure 1.1 shows the organization of ORs on the membrane of a typical nasal epithelium.  

These ORs interact with odorant molecules and transmit the signals through numerous 

hair-like cilia, protruding from the olfactory receptor cell, consisting of ORNs 

(transduction medium). Also highlighted in Figure 1.1 are the series of events that occur 

in the process of interaction between ORs and odorants, resulting in signal transduction to 

the brain.  
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Figure: 1.1 Odorant receptors and the organization of the olfactory system. The 
identification of odorants by olfactory receptors and the series of events that results in 
signal transduction to the brain are also highlighted. Adapted from Ref.2  

The OB of Mice has been reported to contain approximately 1000 chemically 

distinct ORs while that of humans contains approximately 350 variants of ORs, which 

explains the enhanced performance of the former in odor differentiation (sense of smell). 

These ORs are broadly responsive (broadly tuned receptor neurons)3 and are only 

partially selective for odor discrimination.1,4 Therefore, the number of ORs and the 
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numerical patterns that are generated to discriminate odorants by these systems differs 

significantly. Hence, mammals such as mice and dogs with higher number of chemically 

distinct ORs have a better odor discriminatory capacity than humans. 

Odorants are typically hydrophobic, small molecular species with molecular 

weights of about 300 Da. They vary in structure, ranging from classes of small organic 

acids to aromatics, esters, alcohols, aldehydes, ketones, amines, nitriles and sulfur 

containing compounds. Their interactions with chemically distinct ORs generate 

responses based on small variations in their structure or concentration.5 Different 

odorants are recognized by distinct combinations of ORs.  

Most natural smells, perfumes and fragrances are complex mixtures of chemicals, 

making it vital to determine the mechanism of interaction between the ORs and odorants 

to produce different signals that distinguish them. Axel and Buck6,7 have reported that the 

sensing mechanism of rodents occurs by engaging approximately 2000 distinct ORs. 

These findings suggest that each odorant is recognized by a combination of chemically 

unique ORs, where each OR interacts with odorants to different extents in discriminating 

structurally different odorants based on their diversity. Laurent and Davidowitz8 also 

described how odorants evoke coherent and rhythmic local field potential oscillations in 

the olfactory system. These interactions produce pronounced excitation in the olfactory 

bulb of individual olfactory neurons at about 40 Hz for mammals9 and about 20 Hz for 

locusts.10 This excitation results in olfactory transduction and possible odor 

categorization and detection. There are several theories about the mechanism that results 

in odor perception and interpretation, but the most commonly accepted theory relates to 

the different firing rates (frequency) of ORNs on interaction with odorants, which is their 
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responses to stimulus.1,4,11,12  

Given that the differential response patterns produced to identify odors (as 

encoded by the mammalian brain) occurs as a result of subtle differences in the chemical 

compositions of ORs, this work is set up to create artificial sensor arrays based on 

electrodeposited organic conducting polymer/co-polymer base with slight compositional 

differences. It was anticipated that the subtle changes in the physicochemical parameters 

of such sensors (transducers) could result in differential responses upon exposure to 

analytes and therefore mimic natural olfaction in a small device.  

These chemically diverse conducting polymer sensors or chemiresistors utilize a 

measurable change in resistance of the sensor films on exposure to different analytes to 

discriminate them. The exact transduction mechanism of conducting polymer films is still 

poorly understood due to the difficulty in characterizing their properties such as chain-

lengths, the degree of cross-linking and their macromolecular structures. However, 

various mechanisms have been proposed for the electrical response of conducting 

polymers to vapors. These include, the decrease in conductivity (increase in resistance) 

observed for the exposure of polypyrrole (PPy) film to electron donating vapors such as 

NH3, N2H4 and H2S which dedopes the polymer film.13-15 A poly(pyrrole-vinyl acetate) 

(PPy-PVA) composite was also reported to exhibit enhanced sensitivity to ethanol 

vapor16 as a function the vapor concentration but a decreased response with increased 

polymerization charge. The sensing behavior was explained by the use of the Langmuir 

isotherm.  The conductivity of polyaniline (PAni) films was observed to increase with its 

exposure to water, which was explained by the formation H-bond linkages inside the 

polymer film.18 However, the linearity of such increase attains equilibrium (plateaus) on 
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saturation with an analyte. Blackwood et al.19 also suggested that the differential 

conductivity observed for variably doped PPy exposed to methanol occurred due to 

electron transfer between the methanol molecules and the polymer to produce a charge-

transfer complex. Other mechanisms of vapor interaction with conducting polymers 

include adsorption/desorption, which influences the potential barrier between the grains 

in the polymer matrix, thereby changing the electrical properties of the sensing material. 

Another mechanism is swelling of the polymer film.20 A conducting polymer can swell in 

solvents, thus influencing the effective volume of the base-polymer, to alter its 

conductivity. The absorption of acetone into the interstices of PPy films was earlier 

shown to cause the disruption of the dispersing interaction between the aromatic pyrrole 

rings, thereby increasing the disorder within the polymer matrix, to produce an increased 

resistance.21 H-bonding and dipole-dipole interactions are also found to contribute to the 

various means through which the conductivity of conducting polymer is altered with 

sensing vapors.17,22 Bartlett et al.23, demonstrated that the sensing mechanism of CP films 

in the case of PPy, on interaction with analyte was a diffusion limited and a 

sorption-based process. In that work, they showed that the differential sensitivity of the 

sensor was a function of its material composition and the amount of analyte partitioned 

onto the sensor. Therefore, the electrical responses of CPs to analyte exposure are critical 

in relating the differential response patterns of these artificial sensors to signals 

transmitted by ORNs in the mammalian olfactory system to the brain for interpretation. 

 

1.3 Chemical Diversity and Sensor Arrays 

Conventionally, chemical sensors are fashioned after the ‘lock and key’ model 
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wherein a highly specific sensor-analyte interaction results in strong selectivity to detect 

the analyte. A typical example of such highly specific method that has been widely 

utilized is the enzyme-linked immunosorbent assay (ELISA)24 for the detection of 

proteins and a variety of molecules (e.g., drugs). Despite its high specificity, its 

application is restricted because of the high cost associated with its production, and the 

irreversibility of  the receptor-analyte site, creating the need for a new sensor for each 

analysis, and other challenges involving quantification. Such specificity will not fulfill 

the requirements of broad sensitivity and partial selectivity of ORs in mammalian 

olfaction, where the ORs interact with a vast number of different types of odorants to 

discriminate them (Figure 1.1).  

An attempt to mimic the mammalian olfactory system requires an alternative 

approach based on creating broadly responsive, chemically diverse (chemically unique or 

compositionally different) sensing elements in an array. Such an array can provide a 

platform of chemical diversity to discriminate analytes. The pioneering work of Persaud 

and Dodd towards generating a broadly responsive sensor arrays25 was reported, in which 

they used three tin oxide sensors for analyte identification.  This was further elaborated in 

the work of Schumer et al.26 wherein they described a model for artificial olfaction based 

on commercially available n-type tin oxide (transition-metal doped) discrete detectors. 

The individual sensing elements were modified with different catalysts as dopants. The 

catalysts were added to enhance the sensitivity of the n-type tin oxide sensor towards 

reducing gases,27 to obtain uniqueness in their sensor characteristics. The signal 

transduction of these sensors upon interaction with analytes produced an output voltage 

that was a linear function of their concentration, which is utilized as signals, by 
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amplification into a pattern recognition system for identification. This type of response is 

similar to the electrical signals obtained from the interaction between ORs and odorants 

in mammalian olfaction, which is processed by neural architecture and encoded by the 

brain for odor discrimination. Their assumption was based on the premise that an array of 

non-specific sensors interfaced with a suitable data processing algorithm could mimic 

natural olfaction. This array of SnO2 is a typical example of the concerted efforts to make 

miniaturized sensors for machine olfaction that was developed by the Warwick group 

(Figure 1.2), in which tin-oxide arrays were fabricated with microchip technology. This 

device was limited in broad selectivity due to the inability to create significant variation 

in the chemical nature of the metal oxide semiconductor (MOS) sensing surfaces. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2:  The Warwick nose, an array of 12 commercially available SnO2 sensors. 
(Reproduced with written permission from Elsevier Science, 2015. Ref.26) 
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Metal oxide sensors are limited in broad selectivity and require high temperatures 

(> 300 0C) for optimal sensitivity and device performance. Their sufficiently large band 

gap (0.5-5.0 eV) requires energy above the Fermi level for electronic conduction. These 

transitions are made possible by the interaction of redox gasses with the surface of the 

metal oxide film (surface adsorbed oxygen) due to changes in the charge carrier 

concentration of the material. The metal oxides adsorb O2 with a consequent extraction of 

electrons from the conduction band of the materials which are trapped on the surfaces or 

grain boundaries. This produces large resistances in these areas due to the depletion of 

the charge carriers. The exposure of a typical n-type metal oxide sensor to reducing gases 

like H2, CO, with O2 cause a release of the trapped electrons into the conduction band 

with a consequent increase in conductivity. Conversely, a p-type metal oxide sensor with 

holes as majority charge carriers interacts with oxidizing gases to further dope the hole 

carrier concentration, with resulting increase in conductivity. The absorbed species on the 

surface of the metal oxide is O2-, while the reactive surface oxide anion, O- is believed to 

be dominant at operating temperature > 300 0C. Hence, the high temperature requirement 

for these sensors. These sensors are also associated with good sensitivity, but poor 

selectivity for different analytes. Water have also been observed to interacts with metal 

oxides films to alter their conductivity.28 Hence, a device fabricated from them will need 

to be well protected against exposure to any moisture. However, major advances have 

been made in recent research to overcome these challenges. A typical example is the use 

of copper-doped, ultra thin films of the composite of indium tin oxide/tin oxide for the 

detection of methanol at room temperature.29 Various methods have been investigated to 

increase the selectivity of these metal oxide sensors. These include bulk/surface doping,30 
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optimization of operating temperatures and variable surface modifications.25,31 The 

introduction of small impurities (dopants) into metal oxide sensors have also been done 

to overcome the problem of their poor selectivity.  

Notwithstanding the previously mentioned advances, there are still challenges 

associated with the development of broad range metal-oxide detectors. These include the 

difficulty in modifying their chemical nature (once fabricated) to reflect the ‘chemical 

diversity characteristic’ of ORs, and the operation of such sensors at ambient conditions.  

Several attempts to detect or quantify analytes with artificial receptors (sensors) 

have also been made over the past few years. These include the use of quartz crystal 

microbalance gas sensors32  and conducting polymer/composite sensors.17,33-40 Other 

earlier examples of portable artificial sensor devices include Cyranose 320 41 (developed 

in 1999 by Cyrano Sciences Inc.), zNose 4500 by Electronic Sensor Technology42 while 

Kim Y. et al. developed a gas sensing instrument by incorporating 16 carbon black 

composite sensors interfaced with a personal digital assistance (PDA) in 2005.43 Detailed 

review of the different approaches to the development of machine olfaction has been 

published in the literature, and readers can consult these sources for details.44-46  

The working principles of most ‘e-nose’ detectors are generally based on 

detectors such as quartz crystal microbalance (QCM) or chemiresistors (metal oxides or 

conducting polymers). Their measurable parameters are changes in resonance frequency 

and conductivity respectively. While these technologies have been used as detector 

devices for specific environmental gasses such as CO, NH3 and NO2, their effectiveness 

is limited in versatility. This is because the majority of the sensors that utilize metal oxide 

detectors tend to function at elevated temperatures, while QCM sensors require 
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instruments that are expensive. Hence, even with their low cost of production, 

commercial applications of metal oxide semiconductor-based (MOS) detectors are 

limited.28 Therefore, the motivation for the use of conducting polymers as active sensing 

layers in this work, in comparison to olfactory receptors includes their broad response, 

high sensitivity and partial selectivity, low power consumption, capacity for 

miniaturization and compatibility with complimentary metal-oxide (CMOS) integrated 

circuits. 

One major challenge in mimicking the broad odor characterization capabilities of 

the mammalian olfactory system is the limited number of sensing materials (monomers, 

in the case of chemiresistors) needed to provide a platform for identification, 

quantification and analysis of chemically different odorants. The ability to develop new 

sensing materials will result in a significant increase in the number of response patterns 

achieved due to their different mechanisms of interaction with various analytes. Also, the 

incorporation of such chemically diverse sensing materials into an integrated circuit 

device with CMOS technologies is anticipated to enhance the ability of such a device to 

perceive the chemistry of its environment.  

This project was initiated to overcome the challenge posed by the limited number 

of conducting monomer-base feedstock needed to develop an array of chemically diverse 

sensor elements. The approach involves applying variable modifications to polymer films 

hence, producing ‘as-many-as-possible’ chemically unique sensing materials. The design 

of these chemically diverse sensors was based on the development of electropolymerized 

conducting polymers of pyrrole and aniline, copolymers of pyrrole and substituted vinyl 

monomers and composites of pyrrole and aniline in variable percentage composition. A 
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typical illustration of the use of compositionally different (chemical diversity) sensors to 

obtain a signature response pattern is represented schematically in Figure 1.3. This Figure 

shows the characteristic of an array/analyte interaction that is anticipated to function with 

broad responses to analytes in a similar manner to machine olfaction, with the 

incorporation of several unique sensing elements. This type of array response to analyte 

exposure suggests that it should be possible to produce a unique signature pattern that is 

useful for analyte discrimination.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3: A schematic illustration of an analyte interaction with a compositionally 
different sensor array to produce a unique pattern for analyte discrimination. 

 

There are many ways to modify conducting polymer films to create additional 

chemical diversity in their arrays. These include, altering the molecular structure of the 

base polymer, changing dopant, copolymerization and composite formation. It has been 

reported that the variation in monomer and electrolyte concentration impacts the rate 

(kinetics) of polymerization and physical parameters like electrical conductivity.47 The 

type of supporting electrolyte (source of dopant anion) is also known to influence the 
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polymer film morphology. This impacts its electrical conductivity, especially when films 

of different porosities are considered as a function of analyte sorption behavior.48 

Moreover, the dopant type/size has been shown to influence the conductivity of 

chemiresistors derived from them.48-50  

It is also possible to alter chemiresistor’s properties in a sensing array by varying 

the oxidation state of polymer films. This modification has been achieved by altering the 

redox potentials of the as-grown film, to alter the composition of the resulting polymer 

films.51,52 Such modifications have been shown to impact the sensitivity of the sensors to 

different analytes. 40,21 For grown polymer films whose oxidation states have been held at 

different redox potentials, the variation in the sensitivity of the films is due to the 

movement of the dopant anion in-and-out of the polymer by oxidation process, which can 

be removed by reduction process to render the polymer non-conductive. Therefore, by 

holding polymer films at different redox potentials, their sensor characteristics are 

expected to change. Similarly, the introduction of a second component (copolymerization 

and conducting composites) has also been found as an effective means to modify the 

molecular structure of the resulting sensor film,40,53-55 which also alters their sensing 

characteristics.  

Some requirements for creating an effective broadly responsive chemical sensor 

involve the determination of the physical parameters of the sensing layers that will 

change as a consequence of analyte interaction. It also depends on its affinity towards 

analyte and available device for its response quantification. For this work, conducting 

polymers, copolymers and their composites were chosen because they (chemiristors) 

have been noted to produce a simple transduction mechanism in the form of a measurable 
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change in the dc resistance of the films.  

There are other basic criteria that also must be met in order to develop new and 

effective sensor arrays to mimic mammalian olfactory. One such criterion is that the 

proposed sensor array response must be reproducible and reversible for analyte 

determination using pattern recognition techniques. Also, the response-pattern identity 

must be verifiable with libraries of stored response patterns. The impact of temperature 

on sensor sensitivity is also crucial in considering sensor selection for any given 

application.  

Conducting polymer sensors have been known to operate at room temperature26 

with reasonable sensitivity, thereby simplifying the system electronic requirements. 

However, there are some performance limitations associated with their performance, 

which include a poorly understood transduction mechanism and a high sensitivity to 

humidity.56 These polymers are also prone to batch-to-batch variation57 and their 

performance stability is often poor (typically 9 to 18 month) due to oxidation of the 

polymers in air.58   

 

1.4 Conducting Polymers 

Polymers are long-chain macromolecules made up of many repeat units called 

monomers. They are joined together end-to-end in a chain or network. Most polymers 

consist of long, flexible organic chains of carbon-based monomer units. Traditionally, 

they are regarded as passive materials, which are widely used as coatings and insulators 

for active materials. They possess variable mechanical, optical and electronic properties. 

The development of polymer materials since their discovery in 1977 has shifted from this 
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limited view with the finding that polyacetylene (CH)x, a prototype conducting polymer 

was p- or n-type doped either chemically or electrochemically to the metallic-like 

state.59,60 Although, ‘aniline black’ had been synthesized early in the 20th century,61 as a 

product of oxidation of aniline, its electronic characterization was not well known. 

Polymers that enable electrical conductivity across their molecular networks are 

regarded as conducting polymers. They are wide-band gap materials in their neutral state 

with properties similar to semiconductors.62-64 Their direct band gap allows for optical 

luminescence with absorption or emission at the band edges due to the process of 

electronic excitation to form an electron-hole pair. 

There has been increasing research interest in the field of conducting polymers 

due to the ease of their synthesis through chemical or electrochemical methods. This 

subsequently makes them available for a diverse number of applications including 

sensing. Investigations have shown that they can also be compatible with biological 

molecules in neutral aqueous solutions.65 They can also be modified to bind biomolecules 

to create a biosensor.66 Electrochemical deposition enables their direct deposition and 

modification onto an electrode surface (substrate). A predetermined polymer film 

thickness can also be obtained by applying a constant charge density to the precursor 

solution during polymer growth. Another advantage derived from CPs is that, their 

molecular chain structures are easily modified. The insertion of a second component into 

the CP, through copolymerization or composite formation can be readily achieved to alter 

their physiochemical properties. The ability to alter their properties have made them 

attractive for use in various sensor applications.67  
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Figure 1.4: Structures of typical conducting polymers in their neutral forms. 

In Figure 1.4 the structures of ten (10) typical ‘intrinsically conducting polymers’ 

(ICP) in their pristine state are shown. Their ‘intrinsic’ nature is attributed to conjugation 

and the presence of a delocalized π-electron system in their backbone. The main chain 

structure consists of alternating single and double bonds, which leads to broad π-electron 

conjugation. Their electronic delocalization is responsible for charge mobility in the 
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backbone of the polymer chain.68 Therefore, they are suitable candidates for electronic 

transducers. To obtain polymers that possess the appropriate electronic properties, their 

conductivity may be adjusted through ‘doping’.  

 

1.4.1 Doping of Conducting Polymers 

Although, CPs can exhibit semiconductor properties in their pristine (neutral) 

state, their conductivity can be increased by doping.59,67,69 The doping of CPs involves 

the partial addition (reduction) or removal (oxidation) of electrons from the π-system of 

the polymer chains.70 In the case of PAni, doping can be achieved through redox reaction 

or protonation.  

The concept of doping typically distinguishes CPs from other types of polymers. 

During the process of doping, the conductivity of the organic polymer which is typically 

in the insulator or semiconductor range (10-10 S cm-1–10-5 S cm-1 respectively) is 

increased to the metallic range (1– 104 S cm-1), where the polymer becomes highly 

conductive. It must be noted that, while doping generally involves insertion of impurities 

into the host material to dramatically increase its conductivity, the doping of CPs differs 

from classical semiconductors such as silicon. In inorganic semiconductors, minute 

quantities (parts per million or less) of dopants such as boron (electron deficient) or 

nitrogen (electron rich), is added into the crystal lattice of the material to generate free 

holes (p-doping) or excess electrons (n-doping) respectively. During this process the 

conductivity of the semiconductor increases significantly. In contrast, the doping of CPs 

involves controlled addition of non-stoichiometric amounts of chemically oxidizing or 

reducing (10% to 30%) agents to obtain a partially oxidized or reduced polymer 
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backbone with each oxidation state exhibiting unique redox potential. These processes 

are redox based, where the number of electrons associated with the polymer backbone 

changes. A typical example is the p-doping of polyacetylene, 

𝐶𝐻 ! → [(𝐶𝐻)!!]!   + 𝑥𝑦   𝑒!                                                                    (1.1) 

where, the polymer is obtained by chemical or electrochemical redox reaction with the 

formation of a charged polymer backbone.  

To maintain electrical neutrality, a counterion, 𝐴! is provided to stabilize the 

distorted polymer structure. This may be derived from the oxidizing or reducing species 

in the reaction system or completely different from them. 

[(𝐶𝐻)!!]!   + 𝑥𝑦 𝐴! → [(𝐶𝐻)!!𝐴!!]!                                                            (1.2) 

The counterion is fixed in a position while mobile charge(s) in the polymer backbone are 

believed to be delocalized across units of the polymer chain. The charge carrier (electron) 

is mobile in the presence of an electric field, which is responsible for its electronic 

conductivity.

Most CPs are p-type doped, resulting in electron deficient charge-carriers as 

shown in Eqn 1.2. Their doping can also be accomplished by partial chemical or 

electrochemical reduction of the backbone π-system of the polymer chain to produce an 

n-type doped conducting polymer. A typical example is n-type doped polyacetylene, 

which was obtained through a reducing agent such as sodium naphthalene59 as shown in 

Eqn. 1.3. This n-type doped polymer was also generated from the electrochemical 

reduction of trans-(CH)x in LiClO solution.71 

𝐶𝐻 ! +    𝑥𝑦   𝑁𝑎!(𝑁𝑝ℎ𝑡ℎ)! →       [𝑁𝑎!! 𝐶𝐻 !!]! +   𝑁𝑝ℎ𝑡ℎ  (𝑦 ≤   0.1)         (1.3) 

In the case of polypyrrole, the oxidation process results in the removal of 
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electrons from the π conjugated backbone. The product is a radical-charge pair known as 

polaron. Further oxidation can occur, causing the formation of either two polarons or an 

energetically favorable (lower energy) spinless dication known as a bipolaron (doubly 

charged polaron). The increase in charge-carrier density from a polaron to a bipolaron, as 

shown in the doping process for PPy (Scheme 1.1), renders the polymer species highly 

conductive. The conductivity of the polaron state is less than that of the bipolaron state.  

The polaron/bipolaron states are defects that lead to localized energy levels in the 

band gap. Hence, optical absorptions characteristic of charged polymers is often observed 

with changes in their electronic band structure. This property makes these materials 

useful in electrochromic displays and optical sensors. Polarons and solitons (electrically 

neutral defects) perform such important roles in influencing the conductivity of 

conjugated polymers that, electrical conduction in doped polyacetylene is believed to 

occur solely due to hopping that involves the capture of electrons from neutral solitons in 

an adjacent chain. Although a soliton is uncharged, it can propagate along the polymer 

chain. It moves by pairing to an adjacent electron, thereby contributing to charge transfer 

between different chains.  
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Scheme 1.1: Mechanism of formation of charged species (polaron/bipolaron) on the 
π-conjugated system of polypyrrole (Adapted from ref.72) 

 

Studies have shown that, to fully understand the phenomenon of p- and n-doping, 

it may be necessary to clearly distinguish between the oxidizing or reducing agent and the 

dopant ion involved in the doping process.69 Although, traditional methods of doping of 

the conducting polymers have been described, it must be emphasized that the doping of 

PAni typically differs because the control of its electronic state is achieved by two 

different means: variation of the number of (1) electrons and (2) protons per repeat unit. 

Thus, the doping process in PAni is pH dependent. Its electroactivity in an aqueous media 

almost ceases at pH>4,73 while its conductivity has been observed to decrease 

dramatically by almost six orders of magnitude when the pH of the medium is varied 
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from 0 to 6.74 This is an indication of the influence of proton induced conductivity 

(protonation) in PAni.  

The concept of doping of conducting polymers also extends beyond n-, p-type 

chemical or electrochemical doping as described above where the mobile charge carrier is 

stabilized by a counterion. Other examples of doping include ‘photo-doping and charge 

injection doping’. These doping methods involve no counter ions, but transitory doped 

species are generated under appropriate experimental conditions. Solitons, which are 

electrically neutral defects that extend over the carbon chains, have been obtained in 

some instances when trans-(CH)x was exposed to radiation with an energy greater than 

its band gap. This is associated with the promotion of electrons across the band gap, 

resulting in photo-doping of the resulting polymer.75 

The interaction of analytes with doped polymers (primary doping) causes a 

change in their charge carrier density, which results to changes in the conductivity, 

optical and magnetic properties of the polymer. Different forces of interactions occur 

between the polymer and the analyte molecules, due to intermolecular forces such as, 

H-bonding, van der Waals forces and other interactions76 between the species. The 

influence of an analytes, in causing further changes in the doping state of a 

doped-polymer has been described as ‘secondary doping effects’.76 This is accompanied 

by a change in conductivity of the resulting chemiresistor. The impact of analyte 

interactions with polymer sensors will be further reviewed in Section 1.5.  

The physical and chemical properties of CPs can be altered by the type of dopant 

incorporated into polymer. Potje-Kamloth et al. have previously shown the influence of 

the nature of dopant48 on the gas sensing performance of a heterojunction type sensor. In 
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another report, Chibukswar et al. also characterized a PAni NH3 sensor,77 using acrylic 

acid doped PAni and observed a decreased resistance with the sensor exposure to NH3 in 

contrast to an increased resistance for pure PAni sensor exposed to the same analyte. This 

observation was explained by the removal of a proton from the free acrylic acid dopant 

by the NH3 molecule to form a favorable NH4
+ in a protonation/deprotonation event. 

In this work, polypyrrole, polyaniline and conducting copolymers of the former 

were characterized to demonstrate their sensitivity to analytes. The impact of changing 

dopants and the oxidation states of these polymers on their sensing parameters was also 

investigated. The performance of sensors derived from them as a function of the unique 

patterns they create, due to their interaction with analytes are the key indicators of the 

chemical diversity attributed to them. A general overview of the nature of the two major 

classes of CPs (homopolymers and copolymers) is discussed with an emphasis on 

examples of CPs that were utilized in making arrays of electronically active materials or 

chemically diverse sensors in the course of this research. 

1.4.2 Classification of Conducting Polymers 

Conducting polymers can be broadly classified into two groups, homopolymers 

and copolymers. A polymer chain in which all the repeat units are the same type is 

termed a homopolymer while its counterpart composed of different repeat units is known 

as a copolymer. The following section will be dedicated to the description of these typical 

examples of conducting polymers. 
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1.4.2.1 Homopolymers 

The homopolymers of interest to this work were polypyrrole (PPy) and 

polyaniline (PAni), which are reviewed in the following section. 

 

1.4.2.1.1 Polypyrrole 

Polypyrrole is a conducting polymer whose chains consist of five-membered 

heterocyclic pyrrole rings linked by direct carbon-carbon linkages.78 The presence of 

secondary nitrogen atoms enables the formation of a quinonoid system, which is unstable 

but can be stabilized by carbinol formation. It is one of the most widely studied 

conducting polymers due to its attractive chemical and electrochemical characteristics. It 

is readily synthesized by using a chemical or electrochemical methods to obtain a film or 

infusible powder whose color ranges from brown to black depending on its oxidation 

state.  

There is considerable interest in the use of polypyrrole and its derivatives for 

optical, electronic and diagnostic devices,79,80 including its use as a radar-absorbing 

material.81 Polypyrrole nanotubes have also been synthesized on various inert 

surfaces79,82,83 with variable functionalization. They are useful in optical switching, high-

density reversible photoelectrical information storage device amongst several other 

applications including analytes sensor,84,85 which is central to this work. PPy films are 

relatively stable in air and possess good electrical conductivity, ca. 1-200 S/cm86 which 

can be switched between metallic and insulator state by redox modification. It had been 

suggested that the presence of electron donating or accepting substituents on the pyrrole 

structure could increase or decrease the conductivity of polypyrrole film/sensor 
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respectively.85,87,88  

 

1.4.2.1.2 Polyaniline 

Polyaniline (PAni) is arguably the most studied organic conducting polymer. It is 

obtained from the polymerization of aniline monomer (primary aromatic amine). The 

main polymeric chain consists of structural units of quiniod and benzenoid components, 

which can be transformed into each other (Scheme. 1.2b). Classes of its compounds differ 

by the ratio of amine to imine nitrogen (degree of oxidation).  

Polyaniline exists in three oxidation states that include leucoemeraldine 

(colorless)-(C6H4NH)n, emeraldine (green for the salt and blue for the base 

([C6H4NH]2[C6H4N]2)n) and pernigraniline (blue/violet)- (C6H4N)n. Leucoemeraldine and 

pernigraniline are the fully reduced and fully oxidized forms, respectively. The base 

polymer (Scheme 1.2a) exists in oxidation states ranging from the completely reduced, 

m=0, to completely oxidized, n=0. Details of the nomenclatures of the various forms of 

PAni have been described elsewhere.22,59 

The emeraldine salt of PAni has attracted considerable attention as a result of its 

high conductivity (5 S cm-1).59,89 Representative structures of polyaniline are presented in 

Scheme1.2a showing its neutral state while Scheme1.2b shows the base forms of PAni in 

its completely reduced and oxidized states. In these states, they are non-conducting, 

except the protonated acid doped form as seen in Scheme 1.2c which is conducting. This 

conducting form of PAni (Scheme 1.2c) consists  of the subunits n:m (Benzenoid : 

quinoid = 3:1). 

 

a 



	   26	  

  

 

 

 

 

 

 

 

 

 
Scheme 1.2: Polyaniline in its various states (a) its neutral state indicating its 
composition of two different structural subunits (b) the completely reduced state with 
benzenoid rings and the oxidized state consisting of both benzenoid and quinoid 
components and (c) the protonated salt of PAni obtained by acid doping. Adapted from 
Ref.89 

 

Polyaniline has been extensively studied for use in electronic and optical 

applications. These applications include rechargeable batteries,90,91 transistors,92 

photoelectrochemical cells,93,94 catalytic activity,95 and as anion exchange polymer96 due 

to its equilibration in acid solution to impose anions in the polymer, which have been 

used to separate mixtures of halide ions.96 

 

1.4.2.2 Copolymers 

Numerous applications of conducting polymers have been reported in the 

literature, and some of them have been mentioned in the previous sections. These 

applications may be characterized with limitations such as processability and mechanical 
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stability. A typical example of this limitation was observed with PPy films, which are 

relatively stable under ambient conditions but are subject to degradation in which their 

conductivity decreases by an order of magnitude within one year through irreversible 

oxidation over time.86  

Most CPs are insoluble and infusible11 with the exception of a few such as 

polyaniline and poly(3-alkyl thiophene). The incorporation of a second component into a 

CP (homopolymer) matrix is one way of improving its physiochemical, mechanical and 

electrical characteristics. The addition of the second component through chemical or 

electrochemical deposition could generate composites (blends), bilayers (micelles) and 

copolymers.22  

Copolymers are obtained by the polymerization reaction of two or more monomer 

units to produce a macromolecule composed of the constituent monomeric repeat units. 

Their properties differ significantly from their constituent homopolymers or blends of 

individual polymers. The significant differences observed by copolymerization in tuning 

the properties of their films with respect to their monomeric constituents, results in their 

use for various applications. Guenther et al. developed a chemical sensor that was 

effective in varying the gel volume-phase transition temperatures as pH sensor due to 

changes in the polymer composition.97  Nazzal and Street synthesized one of the earliest 

electropolymerized graft-copolymers of pyrrole and styrene,46 where they chemically 

incorporated styrene into the growing polypyrrole film (not just physically dispersed as 

blends). They speculated that, due to the ease of generation and modification of the 

product copolymer film, it could be possible to use an electrochemical method to 

generate large varieties of copolymers of pyrrole with non-conducting substituents. This 
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is an important method that is used in this work in the search for generating array 

elements of chemically diverse materials for sensing applications. 

 The effect of copolymerization in tuning the properties of the resulting material 

was also observed with a copolymer of polyacetylene. In that study,98  

doped-polyacetylene with an unsaturated backbone was initially synthesized. The 

resulting film had a moderate conductivity (10-3 S cm-1)98 but was brittle and insoluble. 

The formation of a block copolymer with polynorbornene resulted in a rubbery material 

with conductivities in the range of its homopolymer counterpart (after doping), and 

enhanced physical-mechanical properties. Copolymers of pyrrole and N-methyl pyrrole 

were also synthesized by Kanazawa et al.,86 where they observed the conductivity of the 

product copolymer as intermediate between the metallic conductivity of pyrrole and the 

semiconducting value for N-methyl pyrrole. Hence, a new material was effectively 

created by this method. 

 

1.4.3 Synthesis of Conducting Polymer Sensor Films 

          Conducting polymers or intrinsically conducting polymers are generally 

synthesized by chemical or electrochemical methods.67 The process involves the 

oxidation of monomers in a stoichiometric electron transfer between the monomer and 

the oxidant. The deposition of these materials onto micron-sized substrates represents an 

advancement in the development of chemical sensors that has been significantly 

important to analytical chemists in the analysis of various samples.          

          Chemical sensing devices can deliver real-time information about the presence of 

specific compounds that occur as the interaction between analyte and sensor element, 
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where the chemical information is transformed into analytically useful signals 

(schematically represented in Figure 1.3). In the following sections, two major methods 

(chemical and electrochemical synthesis) of generating these conducting polymer sensor 

films are discussed. 

 

1.4.3.1 Chemical Synthesis  

          Chemical synthesis is one of the major methods of generating conducting 

polymers. In chemical synthesis, the mixing of a monomer and an oxidant occurs in 

solution resulting in the polymerization of the monomer. Conventional oxidants used for 

polymerization include potassium dichromate, hydrogen or benzoyl peroxide, and ferric 

ions. These oxidants are readily ionized in solution and are highly reactive to oxidize the 

monomer, generating cationic radicals in the process to propagate polymer growth, 

thereby yielding oligomers or insoluble polymers. Addition polymerization can also 

occur where the polymer growth depend on radical anion or cation formation at the end 

of the polymer chain. Other routes for chemical synthesis include condensation reactions 

and the use of catalysts such as Ziegler-Natta catalyst for polyacetylene formation.60,99  

 Chemical synthesis is preferable for large-scale synthesis of CPs to obtain well-

defined polymer structures. For example, in the case of polythiophene, a soluble product 

polymer was obtained using a chemical synthesis,100 as opposed to the insoluble films 

generated by an electrochemical method.101 Although, the latter was observed to show 

superior electrochemical and optical properties. However, PAni synthesized by chemical 

method have been reported to yield only powders102 while electrochemical synthesis gave 

smooth, coherent films.92 Other limitations of the chemical synthesis method include the 
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limited range of chemical oxidants available, which ultimately act as dopant in polymer 

films and the difficulty associated with the control of the oxidizing rate of the dopant in 

the reaction mixture.  

Chemically synthesized conducting polymers have been used in many sensing 

applications.  For example, Shim et al. developed a chemically synthesized humidity 

sensor, using poly(1, 5 diaminonaphthalene) doped carbon powder, where they recorded 

a reversible and linear response to changes in relative humidity.103 A miniaturized 

ion-selective sensor, based on the chemical integration of PPy and plasticized 

polyvinylchloride (PVC), was selective for potassium ions as reported by Zachara et 

al.104 Chemical polymerization method was also utilized by Freund et al. to generate an 

array of conducting polymer/plasticizer with resulting variable sensitivity to discriminate 

analytes.37   

1.4.3.2 Electrochemical Synthesis 

          Electrochemical synthesis of CPs often provides a simple and versatile method for 

depositing polymer films,67 as it is possible to control growth parameters by varying the 

total charge passed through the electrochemical cell during deposition. The controlled 

growth of CP films onto a “patterned microelectrode” is also an added advantage in the 

field of chemiresistors. Moreover, the application of an oxidizing potential in an 

electrochemical cell to enable the growth of polymer film and provide a means for the 

simultaneous insertion of a dopant is an advantage over chemically grown films. In 

electrochemical polymerization, the electrodeposition of conducting polymers onto 

electrode surfaces generally occurs with the oxidation of electroactive monomers in 
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solution in the presence of excess supporting electrolyte.  

Conducting polymers such as PPy can be prepared by electrochemical 

polymerization (oxidation) of a pyrrole monomer. The mechanism described by Diaz and 

his colleagues105,106 is often encountered in the literature for the electrochemical synthesis 

of PPy. It includes the electrogeneration of unpaired electron density belonging to pyrrole 

radical cations. The mechanism (Scheme 1.3) involves a two-step oxidation process and 

dimerization of pyrrole, followed by aromatization and oxidation of the dimer. In this 

process, 2 electrons/molecule of pyrrole are involved in the electrochemical 

polymerization needed to generate oxidized polypyrrole film. It has been shown by cyclic 

voltammetry105 that the electronic properties of PPy films can be reversibly switched 

between the oxidized and reduced states with the mobility of anions in and out of the film 

determining the switching rate.105  
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Scheme 1.3: The mechanism of electropolymerization of pyrrole involving (1) 
electroinitiated monomer oxidation, (2) dimerization, (3) oxidation of dimer to its radical 
species, (4) chain propagation with the formation of oligomers and polymer and (5) chain 
termination. 
 

 The electrochemical synthesis approach has been successfully utilized to 

synthesize PPy films onto several conductive surfaces based on the earlier mechanism 

proposed by Diaz et al.106 Another important mechanism of electrochemical 

polymerization that was fundamental to this work, is the electrochemical 

copolymerization of pyrrole with non-conducting substituents. This method is a means of 
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generating new electroactive sensor films to increase the number of sensor array elements 

needed to broaden the range of chemically diverse sensors that can effectively mimic 

olfactory receptors. 

            The mechanism of electropolymerization of pyrrole and substituted vinyl 

monomers used in this work was based on the work of Jin et al.107 It involves the earlier 

steps in pyrrole polymerization (Diaz’s mechanism) combined with a further chemical 

reaction of the pyrrole oligomer radical cation (step 4 in Scheme 1.3). The radical reacts 

with electron rich sites of the alkene functional group, present in the vinyl (e.g., styrene) 

monomer to generate a block copolymer.  

           Other methods that have been utilized to synthesize conducting polymer films as 

active layers of sensor devices include dip-coating, spin-coating, Langmuir-Blodgett 

technique, layer-by-layer deposition and thermal evaporation. A review of these methods 

has been published.22 
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Scheme 1.4: A typical mechanism for the electro-copolymerization of pyrrole with 
styrene (adapted from ref.107). 
             

Several applications of electropolymerized homopolymers and their copolymer 

counterparts have been reported in the literature. These include the novel work of Bartlett 

et al. in the use of PPy, N-methyl PPy, poly-5-carboxyindole and PAni sensors to 

discriminate between 5 vapor phase analytes that  included methanol and ethanol.23,36 
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1.5 Interaction Between Conducting Polymers Sensors and Analytes  

            A microsensor consists of a transducer and a chemically selective layer with a 

thickness on the order of few microns at the microscale. Research involving the use of 

CPs for analyte sensing has long been tailored towards methods to generate large arrays 

of broadly responsive microsensor devices to mimic olfaction. Therefore, it is important 

to understand the methods of interaction between the chemically diverse sensors and 

analytes.  

The interaction of analytes with CPs (chemically selective layer) can be broadly 

classified into two groups: those involving chemical reactions with the analyte 

(chemisorption) and physical absorption/adsorption interactions. A CP sensor may 

generate a response by interacting with an analyte. Its signal transduction varies, based on 

the type of sensing material involved. Examples of these sensors and the responses they 

generate include chemical sensors (conductivity changes), surface acoustic wave devices 

(mass changes); where they are only used as active sites to tune the property of the 

crystal, field effect transistor (work function changes) or optical waveguide (UV-vis 

spectral absorbance changes). Various mechanisms have been suggested for the 

interactions between analytes and CPs. A detailed review of this subject have been 

published by Swagger et al.63  and Bai et al.22 amongst others. 

          The sensing of analytes by CPs has been previously described as a sorption 

process,108 based on measured solvation parameters. The partitioning process of vapor 

phase analyte onto a CP film is based on the saturated vapor pressure of gasses, where the 

partitioning process is between the vapor pressure of the analyte in the gas phase (mobile 

phase) and the stationary phase of the CP film; similar to the gas-solid chromatographic 
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partitioning. The solvation equation109 is then used to explain the sorption process of the 

analyte, which involves the interaction of the CP sensor (stationary phase) and the analyte 

(mobile phase). The partition coefficient, K, is a thermodynamic parameter that describes 

the distribution of the analyte between the solute (gas) phase and sorbent phase, given by 

Eqn. 1.4.  

𝐾 = !!
!!

                               (1.4)                                                                               

where, 𝐶! and 𝐶! represents the concentration of analyte in the polymer film and vapor 

phase, respectively. The magnitude of the partition coefficient is proportional to the 

amount of analyte absorbed into the polymer film. Therefore, the response of the polymer 

film is proportional to the amount of analyte sorbed into or onto the device. 

The interaction between CPs and gaseous species can also be influenced by the 

formation of charge-transfer complexes (CTC)110 between the polymer and the analyte.  

A typical example is the formation of weak CTC (withdrawal of charge from the 

delocalized π-system of the CP) between poly(3-alkyltiophene) and O2. It has been 

reported to influence the conductivity of the polymer and its subsequent application as an 

O2 sensor.111  

The absorption of organic vapors by CPs have also been observed to cause the 

swelling of the films.112 Swelling of the polymer film is an important factor that may 

influence the sensing behavior (especially the resistance) of the films. The mechanism 

involves the absorption of analyte molecules into the polymer matrix. This absorption 

may increase the interchain distance, which in turn impacts electron hopping between 

different polymer chains. The increased ‘hopping’ distance effectively reduces the 

conductivity of the film. The expansion of polymer molecular structure has been 
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observed to decrease its conductivity113 due to decreased electron hopping mobility. Virji 

et al.,114 also reported the swelling of PAni sensors with CHCl3, causing an increase in its 

resistance.  

Another factor that influences sensor/analyte performance is doping.115 The 

insertion of electron-donors or –acceptor species into CPs films impacts their 

conductivity by altering the number of charge carriers in the polymer backbone. The 

transfer of electrons between the polymer and analyte can cause changes in the resistance 

and work function  of the sensing material. The work function is defined as the minimum 

energy required to remove an electron from the bulk to vacuum energy level. Therefore, 

the physical properties of polymer films such as resistance and optical absorption can be 

altered. 

Electron accepting analytes like O2, O3 and NO2 interact with electron deficiencies 

in CPs (p-type doped) to increase the doping level. This doping process occurs with a 

further withdrawal of electron density from the polymer, thereby increasing its 

conductivity due to the prevalence of more holes as charge carriers. An increase in the 

number of charge carriers was measured for a PTh sensor in its interaction with NO2,
116

 

resulting in decreased resistance. Similarly, NO2 has been reported to interact with a 

PAni film with a resulting decrease in its resistance.117 NO2, an oxidizing gas, withdraws 

electron(s) from the polymer, causing the polymer to be positively charged hence its 

increased conductivity. In contrast, a PAni film,  exposed to NO2 responded with an 

increased resistance.118 The differences in the mechanisms were based on the different 

protonation states of PAni. In the former, the PAni film was not protonated (emeraldine 

base)  whereas, the latter case involved HCl protonated PAni. The latter mechanism was 
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explained by de-protonation of the emeraldine salt due to the oxidation of NO2 

(deprotonation of oxidized emeraldine salt to pernigraniline salt in the former).  

           Electron donating analytes like NH3, H2S and N2H4 interact with CPs causing a 

de-doping to occur and a subsequent increase in the sensor’s resistance. The mechanism 

of electron transfer for de-doping of PPy sensor films was earlier proposed by Bhat et 

al.,119 and Yoon et al.,120 based on the adsorption and desorption of NH3 onto PPy. 

Resistance changes may also be influenced by analytes causing doping/de-doping, as this 

could also alter the potential barrier for hopping of charge carriers between chains, 

causing an increased resistance.  

Other forms of interactions that may impact the sensitivity of CP sensors include 

physisorption of analyte, which may cause morphological changes due to swelling, that 

can break conductivity linkages thereby resulting in increased resistance of the sensor. 

Weak interactions such as H-bonding, π-π interactions and changes in dielectric 

properties of the CP may also influence its sensitivity. Analytes can also act to solvate 

CPs counter ions, where the interaction of the side chain with an electron-withdrawing 

analyte results in further doping of a p-type CP, thus influencing its conductivity.  

Another mechanisms for the interaction of CPs have been reported, involving 

surface acoustic waves sensors, with associated changes in resonance frequency of the 

CP surface-modified device,121 due to the absorption of analyte.  

 

1.5.1 Chemiresistor Array for Analytes Detection 

 The development of a chemically diverse sensor array has been investigated by 

various approaches,25,87,122 in an effort to produce broadly responsive sensors of 
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polymer/composites for machine olfaction. Chemical sensors have been created with 

similar architectures, which contain chemically sensitive materials with a responsive 

interface to a transducer, as schematically demonstrated in Figure 1.3 (Page 13). In this 

case, an analyte interacts with individual array elements of variable chemical 

compositions to produce a response pattern that may be unique for its use in its (analyte) 

discrimination.  

Although, the term ‘electronic nose’25,37,43,123 has been used to describe the 

different types of intelligent chemical sensor array networks used to sense odorants in 

similar manner to natural olfaction, they will be described herein as ‘chemically diverse 

sensors’.  

Previous work by Freund et al. have made progress towards achieving a 

significant diversity in sensor array elements, with a view of mimicking natural 

olfaction.37 In this work they describe an array of chemically polymerized pyrrole with a 

variable concentration of plasticizers (polymer/plasticizer), which enabled the sensing 

elements to produce differential sensitivities to different analytes, which led to their 

identification. Similar approaches have included the development of a sensor array based 

on carbon black composite, where the variability in the composition of sensor elements 

was obtained through the blending of carbon black with a variety of non-conducting 

polymers. Carbon black provided the needed charge transport component while the 

non-conductive polymer counterpart served as means to achieve chemical diversity by 

tuning the property of the resulting composite. The resulting sensors interacted with the 

analytes with variable sensitivity due to differential partitioning of the analytes. These 

differential response patterns are typical of different analytes for their identification. The 
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arrays were used to monitor stored grain volatiles.124 In another work, an array of 

electrodeposited PPy and PAni sensors were generated by changing dopant anions, and 

modifying the redox state of the polymer films after growth, to produce an array of 48 

differentially tuned sensor elements, which were effective in discriminating between 5 

different analytes.125  

The current work is focused on generating a large number of electrodeposited 

chemically diverse sensors. This will be enabled by tuning the properties of polymer 

materials during/after growth, to obtain several compositionally unique sensor films. The 

resulting array is intended to mimic human olfaction with an insight into the future 

incorporation of these sensors into an artificial device capable of functioning as machine 

olfaction. 

 

1.6 Instrumentation 

The need to generate new sensor films in order to create an array of chemically 

diverse sensors has been an on-going challenge. The ability to classify them by 

identifying uniquely sensitive films (chemically diverse sensors) is equally as important 

as the capacity to generate them. Hence, this section will provide a description of 

instruments and techniques involved in their analysis.  

 

1.6.1 Electrodes 

1.6.1.1 Gold Electrode (Working Electrode) 

Electrochemical polymerization reactions are often performed in a conventional 

three-electrode electrochemical cell involving the use of a potentiostat.  The set up for 
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this experiment consists of a working electrode (WE), a reference electrode (RE) and a 

counter electrode (CE). Events occurring at the WE are often of primary concern. 

Therefore, it is carefully selected to enable an uninterrupted electron transfer process. An 

ideal WE should exhibit favorable redox behavior by not interfering with the electron 

transfer process and be conveniently operated in a large potential window without 

fouling. Hence, inert materials such as gold, platinum and glassy carbon are frequently 

used as WE. A solid gold disk electrode with a 10 mm diameter was used throughout this 

work for voltammetric measurements and some other electroanalytical characterizations. 

This is due to the relative stability of Au to surface oxidation, especially at lower positive 

potentials. Another reason an Au disk electrode was preferred as a WE is because the 

substrate material for the interdigitated array electrode working-device used to generate 

array sensing elements is covered with gold. This was done to ensure that any observable 

electroanalytical behavior of monomers, polymer films and composites in solution are 

relatively comparable to their characteristics on the interdigitated array electrode (IDE) 

device. To ensure reproducibility during electrochemical measurements, the Au disk WE 

was mechanically polished before each procedure.  

A RE is another component of the three-cell electrochemical set up with known 

potential in an equilibrium reaction to determine the reference level. Typical examples of 

reference electrodes that are used for electrochemical studies include standard calomel 

electrode (SCE) and Ag/AgCl (KCl). They are involved in electrochemical studies where 

aqueous and non-aqueous solvents are used.  
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Ag/AgCl (KCl) was used throughout this work as RE for both electrodeposition 

and characterization of polymer films. Both aqueous and non-aqueous RE were used 

appropriately.   

 

1.6.1.2 Interdigitated Array Electrode 

Interdigitated array electrodes (IDE) are electronic devices that have been used 

extensively for the study of resistive and capacitive characterization of chemical sensors. 

These two broad mechanisms of IDE devices derive their benefits from increased contact 

area between the sensor and sensing circuitry but are different in their sensing role.  

The conductivity of a resistive chemical sensor is a measure of the resistance 

between two electrodes, which occurs as a result of the passage of electric current across 

the sensing layer. A typical example of a resistive chemical sensor is an interdigitated 

patterned electrode as seen in Figure 1.5, where a thin film of polymer on the surface of 

an IDE device could interact with an analyte to change the conductivity of the sensing 

layer which causes changes in resistance of the film. Such a device will interact with 

different concentrations of an analyte to produce differential resistance response. An 

array of differentially sensitive films consisting of compositionally different CP can be 

used to discriminate analytes at constant partial pressure, P/P0. The application of 

different chemical modifications on the chemical identity of a sensing layer is meant to 

produce an effective sensor array on an IDE device.  

The resistance changes for CP sensor/analytes interaction is a bulk property of the 

polymer material and is influenced by the thickness of the polymer-sensing layer. 

Generally, the resistance value of a material is proportional to its length, L, but inversely 
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proportional to its cross-sectional area, A. Hence, electrodeposition of sensing films onto 

IDE electrodes are meant to be done carefully, to ensure approximately uniformly thick 

films on each sensor path. This is to certify that changes that occur in a chemiresistor 

device (CPs on IDE) are similar from batch-to-batch. This can be achieved by growing 

polymer films of similar composition onto sensor elements (detectors) by passing a 

constant charge-density to deposit polymer films on an individual device. Several designs 

of IDE126-128 have been fabricated to enhance device performance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: A schematic illustration of interdigitated array electrodes (IDE). The orange 
patterns represent conducting electrodes and the white part is insulating substrate. The 
schematic on the right-hand side shows a schematic of polymer thin film on the IDE 
device. Ra and Rb represent two points resistance between the electrodes for the plain 
device and a device with polymer respectively.  
 

1.6.1.3 Indium Tin Oxide 

Optically transparent and highly conducting indium tin-oxide (ITO) coated glass 

slides were used as WE in this work for electrodeposition of CP materials for non-sensor 
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characterization involving FTIR, SEM, XPS analysis and further probe of the 

electroactivity of polymer films in solution. The transparent nature of ITO is 

advantageous; as it allows for the observation and quantification of color changes during 

growth of polymer film and to monitor the potential at which growth commences. Indium 

tin-oxide is an inert material and stable in the presence of moisture. Hence, it is a very 

suitable substrate for performing electrochemical deposition and characterization.  

 

1.6.2 Experimental Techniques 

1.6.2.1 Cyclic Voltammetry 

Voltammetry, in an electrochemical experiment, is the measurement of the current 

that flows at an electrode as a function of potential applied to the working electrode. In 

cyclic voltammetry (CV), the potential of the working electrode is scanned linearly with 

time in forward and reverse directions, starting from a potential where no electrode 

reaction occurs to potentials where reduction or oxidation of electroactive species occurs 

in solution. The scan rate (sweep) controls the time scale of the experiment, and a 

supporting electrolyte is available to decrease the resistance of the solution.  

Cyclic voltammetry is a powerful tool for the analysis of electrode reaction 

occurring in solution near the electrode surface such as chemical steps following electron 

transfer, or in-between electron transfer and prior to electron transfer. It is one of the 

most useful electroanalytical techniques for the study of electroactive species or materials 

such as conducting polymers129-130 because it is easy to generate a reduction and 

oxidation couple in solution of their monomer(s). The resulting information is useful for 

probing the fate of redox species and to characterize the growth of polymer films.  
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In a CV experiment it is important to select a potential range, the scan rate and 

appropriate number of scans, to either probe the electroactivity of species in solution or 

perform electrodeposition. During multiple scans, it is easy to identify the redox 

potentials and the potentials where polymer growth occurs.  

A non-aqueous reference electrode is preferred for most experiments involving 

monomers like styrenes that were mostly soluble in organic solvents. This is done to 

prevent fouling and to also enable a wide range of potential to observe the overpotential 

required to effectively propel the movement of redox species (flux), which give rise to 

measurable current. For an electrochemical cell containing CP monomer(s) in an aqueous 

solution, such as pyrrole in H2SO4
 solution, a moderate potential range (e.g, -1.0 to 1.3 V 

vs. Ag/AgCl) is selected to properly observe the redox activities of species in solution 

without necessarily driving the reaction to extreme conditions where other unwanted 

reactions such as hydrogen evolution and water splitting occur.  

Cyclic voltammograms have been instrumental in the study of various 

electrochemical reactions that occur at the electrode surface. In a previous study by Diaz 

et al. 105, their analysis of the CV of PPy films show that the nature of electrolyte salt can 

influence its kinetics and reversibility. They also described the impact of different 

electrolytes on the shape of the CV  as seen in Figure 1.6.The PPy films grown with 

different electrolytes shows significant differences in their electrochemistry. 
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Figure 1.6: Cyclic voltammograms of PPy in CH3CN containing various electrolyte salts 
illustrating their impact on their electrochemistry (Adapted from ref.105 Reproduced with 
written permission from Elsevier Science, 2015). 
 

The use of ‘different dopants (electrolytes)’ was instrumental in this work to add 

another dimension to the chemical diversity of sensor arrays. Hence, the probe of redox 

behavior of species in solution and the electrochemical behavior of chemically diverse 

sensor films was a major focus. Investigation of the electroactivity of such materials was 

performed to verify the nature and compositional characteristics of homopolymers, 

copolymers and conducting polymer composites. Due to differences in monomer choices, 

all electrochemical characterization involving CV scans were performed in aqueous 

solutions, except in cases involving electrogeneration and characterization of copolymers 
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of pyrrole and vinyl derivatives, which was performed in a non-aqueous electrolyte with 

the corresponding reference electrode.  

 

1.6.2.2 Potentiostat 

A potentiostat is an analytical instrument that is used to measure and/or control 

the potential difference between the working electrode (WE) and the reference electrode 

(RE). The instrument operates as a driving force that generates an appropriate current 

across the WE to achieve a desired potential at any time. This function is performed by 

maintaining the potential of the WE as a function of RE while varying the current at the 

counter electrode (CE) to keep the current flow to the RE approximately zero. The user 

usually specifies the magnitude of an applied potential or current. The time scale of the 

experiment is monitored using a feedback mechanism, which is often in the form 

experimental observables such as the plots of current vs. potential (I-V) or current vs. 

time (I-t). 

An experiments where the current is measured as a function of time is regarded as 

chronoamperometry. These measurements were performed throughout the course of this 

work with a CH instrument 760C Potentiostat. It must be stated that this instrument has 

the feature to operate as a bipotentiostat, which enables two working electrodes to be 

operated simultaneously. This feature was effective in the deposition of polymer films at 

different potentials on an IDE device, as test-sensors to observe their variable chemical 

sensing behaviors. It also serves as means to readily modify as-grown polymer films on 

an IDE device by holding sensing elements to different redox states. 
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A conventional three-electrode setup was herein used for all electrochemical 

experiments involving the use of a potentiostat for polymer characterization. With a 

three-electrode setup, the working electrode is often made up of inert material; a gold 

disk electrode was used as working electrode (as described in Section 1.6.1.1), a counter 

electrode made of platinum is utilized to complete the cell circuit and an Ag/AgCl 

electrode (both aqueous and non-aqueous) was used as reference electrode. 

 

1.7 Sensors Fabrication and Characterization 

1.7.1 Electrochemical Deposition 

 Electrochemical methods are based on processes that occur at the 

electrode-electrolyte interface involving charge transport across the interface. The 

electrode(s) serve as source of charge carriers through the movement of electrons while 

charge transport through the electrolyte occurs by the movement of ions. With an applied 

potential, there is a flow of current due to mobility of electrons across electrode/solution 

interface. The magnitude of current observed is a function of the rate of electron/ion 

transport across chemical phases, which affect the transport of charge across the interface 

between an electronic conductor and ionic conductor. One major advantage of 

electrochemical polymerization is the ability to deposit CPs on patterned electrodes as 

mentioned in Section 1.3. Polymer films can be deposited on an electrode surface from a 

solution containing their monomers or polymer through processes such as dip coating, 

spin coating, chemical or electrochemical polymerization.   

  Electrochemical methods were used to deposit polymers on interdigitated arrays 

electrodes (IDE) throughout this work due to ease of electrodepostion and the subsequent 
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modification of grown films. The working electrode device has been described in Section 

1.6.1.2.  

  The procedure used in this work, for electrodeposition, involves using a 

conventional three-electrode cell. In this set-up, the IDE, platinum wire and Ag/AgCl are 

used as working, counter and reference electrodes respectively. Polymers were grown at 

constant potential using a potentiostat as the driving force. This method has been used for 

deposition of several CP’s on various substrates, including the earlier report by Bartlett 

P.N et al., where they grew PPy on gold electrodes.36  

 A constant charge can be passed to deposit polymer materials onto similar 

electrodes as described in Figure 1.5. Polymer film growth occurs at the edges of 

interdigitated gold wires and spreads onto the non-conducting spaces between the wires 

until the growing films are connected. At this point, growth is usually terminated and the 

device is tested for measurable resistance between the two electrodes. This enables 

identical films to be grown on pairs of electrodes on the IDE device. 

     Polymer films can also be electrochemically deposited onto ITO slides for other 

characterizations such as the determination of chemical composition of polymer films 

with SEM, FTIR and XPS. Electrodeposited films obtained from such procedures are 

used to further probe their electrochemical properties such as determining the redox 

nature of as-grown polymer films with CV to select potentials where, the polymer is 

expected to exhibit different chemical behaviors based on its electroactivity.  

A schematic representation of an IDE design is shown in Section 1.6.1.2. Once 

the polymer films are grown, they are tested for conductivity by connecting the electrodes 
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to an Amprobe 34XR-A multimeter, to ensure that the electrodes are shorted together. 

The sensor array device is then rinsed and dried for further characterization. 

 

1.7.2 Mass Flow Controller System 

The gas flow and vapor management system in Freund’s group at the University 

of Manitoba utilizes a FLO-9HL series to determine the performance of CP sensors 

interaction with analytes as a function of measurable resistance or changes in resistance. 

The unit consists of both software and hardware configured to deliver appropriate vapor 

flow that satisfies our research need for measurement of resistance across the sensor 

films. The entire system setup consist of these units: 

I. The main control station 

II. The computer and display unit 

III. Vapor mixing unit  

IV. The vacuum pump 

V. The temperature control bath for the bubblers 

VI. The bubblers (8) 

VII. The sensor test chamber 
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Figure 1.7: Schematic diagram illustrating the gas management system in Freund’s 
group (Adapted from Plasmionique FLOCON-09 Manual). 

 

The vapor flow system (Figure 1.7) is configured with mass flow controllers 

(MFC1 to MFC9) whose outputs are connected to shut-off-valves (SV1 to SV8) as 

output, with vapor mixing chamber controlled by three-way valves (TWV). A control 

program regulates the gas flow rate for each line, which define the location and timing of 

vapor injections. MFC9 regulates the flow of nitrogen carrier gas carrier gas in the entire 

setup, where it mixes with desired test vapor across each flow line. At other times, it is 

regulated to flow only nitrogen without necessarily mixing with another analyte, to return 
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the response of the sensor film to its baseline.   

The motivation for this design setup is to enable uninterrupted vapor flow with 

the ability to modify both flow rate and number of sequential or random analytes 

exposures in a controlled temperature system. The system is also equipped with multiple 

bubblers such that sensors can be exposed to several analytes sequentially and the impact 

of analyte ordering on repeatability becomes readily noticeable.  

For this work, prefabricated CP sensors are exposed to analytes at their saturated 

vapor pressure by mixing the analyte with N2 at predetermined partial pressure at flow 

rates in standard cubic centimeters per minute (sccm). For example, to obtain a 

standardized amount of air mixture such as methanol/N2 at 8090 ppm, 20 sccm of 

methanol is mixed with 380 sccm of N2 based on Dalton’s law of partial pressure.  The 

interactions of analytes with sensors occur in a sensor test chamber (Figure 1.8), where 

different levels of concentrations are achieved for individual analytes. It must be stated 

though, that, all analytes exposed to sensors were maintained at constant partial pressure 

(𝑃 𝑃!)  of 5% to be able to relate the differential response as a function of chemical 

diversity inherent in chemically diverse sensing layers. 
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Figure 1.8: Sensor test chamber with a typical CP sensor array (IDE) showing four 
plug-in inlets to insert the IDE devices.  
 

The sensor test chamber is a compartment that houses the IDE devices consisting 

of vapor inlet and outlet valves. Figure 1.8 is a picture of the vapor test chamber used for 

this work. The test chamber utilized enables four wire-bonded chips (28 sensing 

pathways) to be plugged simultaneously into a modified block-pad. This enables 

compositionally different sensors to be consecutively exposed to analyte.  

The operation of FLO-9HL is fully automated but allows for manual adjustments 

of some flow parameters and its Gas Management System is computer controlled. A 

LabView software is used to control the mass flow controllers, the valves and pressure 

transducers.  

 

1.7.3 Resistance Measurement 

The measured response of a chemiresistor sensor exposed to analyte is a property 

of the chemical nature of the sensor as a function of its interaction with the analyte. For 
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chemiresistors as described herein, their electrical responses are often probed by 

measuring their resistance or capacitance. For this entire work, the resistances across 

differential sensitive polymer films on IDE devices were measured to show pattern 

variations with analytes for chemically diverse sensors. Changes in resistance of CP films 

on interaction with analyte occur as a bulk property of the sensor films. The conductivity 

of such films is influenced by three major parameters earlier reviewed by Bai et al22, 

namely: intermolecular conductivity, 𝜎!, which arises due to the redox state of the CP 

film and is influenced by doping, intramolecular hopping, 𝜎!, across chains, due to 

swelling of polymer films, H-bonds, dipolar-dipolar interactions and ionic conductivity, 

𝜎!, which arises due to ion mobility as influenced by ions-analytes interactions. 

There are several pre-processing methods for the characterization of the electrical 

resistance changes of chemiresistors. Several of them have been proposed to overcome 

the issue of baseline drift that is commonly associated with CP sensors.131 These include:   

(a) Differential sensor response 

𝑅!! =   𝑅! − 𝑅!                  (1.5) 

(b) Relative sensor response 

𝑅!! = !!
!!
                       (1.6) 

(c) Fractional (normalized) sensor response   

𝑅!! = !!!!!
!!

                     (1.7) 

The resistance of the material, 𝑅!! changes as a function of measured response, 

𝑅!, and the baseline response 𝑅!. The process of normalization of signals obtained from 

individual sensor resistance responses to analytes is discussed below. 
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1.7.4 Normalized Resistance Responses 

Normalization of the responses obtained from the changes in conductivity (ΔR/R) 

of CP sensors is performed to highlight the changes in sensitivity associated with 

differential sensing elements as shown in Eqn. 1.8. This is obtained by subtracting 

resistance signal from its baseline and dividing the result by the baseline signal. It is 

necessary to perform this procedure because the baseline resistance signals of identical 

sensing electrodes often vary. To avoid these discrepancies, the relative change in the 

normalized response is often used to return the response signal data for identical sensing 

elements to similar values. Signals resulting from chemical interactions between analytes 

and the sensing species are electrical in nature and are measured as changes in resistance 

or current. The focus of this research is to relate the variable resistance responses 

obtained from chemically diverse sensors to the uniqueness of these sensors by 

measuring a change in their resistance response, relative to their baseline resistance.  

To perform this experiment involves using a mass flow controller system that 

enables the exposure of sensing elements to adjustable partial pressures of analytes (flow 

rate) using nitrogen as the carrier gas. The design and operation of this set-up have been 

described in Section 1.7.2 and previously reported in the literature.124,125 The resistance of 

the sensing elements are recorded as a function of time exposed to an analyte, using an 

Agilent 34980A multifunction switch/measure unit. A plot of resistance vs. time is 

obtained as represented schematically in Figure 1.9. 
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Figure 1.9: A representative resistance response of a polymer film to analyte 

A change in resistance as a function of baseline resistance is determined as: 

∆!
!
= (!!  !  !!)  

!!
        (1.8) 

Where ΔR/R is the normalized resistance response, R0 and Rt are baseline resistance and 

measured resistance at time t, respectively. Normalization of resistance responses is often 

performed to ameliorate any experimental variation such as baseline drifts. This method 

has been used in classifying responses for metal-oxides and polymer arrays sensors.131 

A plot of normalized resistance changes upon exposure to analytes (ΔR/R) is 

expected to yield relatively similar peak intensities for polymers grown under the same 

conditions, with variations in peak intensities expected for chemically different analytes 

on similarly grown sensor arrays. It is expected that the resistance responses of modified 

sensor elements in an array will show significant differences in magnitude (sensitivity) 

unlike the exposure of one sensor to analyte sequentially.   
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1.7.5 Figures of Merit  

1.7.5.1 Repeatability/Reproducibility 

The term ‘repeatability’ describes the closeness between successive results 

obtained from replicate measurements. The reproducibility of a sensor can be described 

as the magnitude of the sensor output signal in the presence of a fixed input, with 

repeated measurements. Although, analytical chemists define the term reproducibility as 

the closeness between results obtained with identical methods under different 

conditions,132 such as operator, apparatus or time, the reproducibility of results obtained 

herein is based on batch-batch closeness of the resistance response results. The results 

obtained from identical sensors, randomly re-exposed to analytes over several hours in 

batches are compared. In other cases, duplicate sensors are made and exposed to the same 

analytes at a later time. The results from these different batches are compared to 

determine their reproducibility.    

 One major advantage of using mass flow controllers as described in Section 1.7.2 

is the ability to do several repeated exposures of sensor arrays to analytes without having 

to interrupt the vapor flow process in order to collect resistance data. The exposure of 

sensor arrays to analytes using N2 as a carrier gas can be performed to detect repeatability 

or batch-to-batch reproducibility. In this process, a couple of repetitive exposures of 

sensors to analyte’s partial vapor pressure (on-stage) are performed until steady state is 

attained. Thereafter, only N2 (off-stage) is flown to return the sensors to their baseline 

resistance. 

A schematic plot of resistance (Rt) vs. time, showing similar peak heights of 

successive exposure of sensing material to individual analytes confirms repeatability of 
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sensing materials (Figure 1.9), with small variation probably due to instrument artifacts 

or residual analytes, captured in the standard deviations (variance) of data. With 

chemically different analytes, differential patterns of similar peak heights for repetitive 

analyte-exposures are expected. Similar trends have been reported for a PPy/PVA 

composite sensor upon exposure to methanol gas.16  

1.7.5.2 Stability 

The characteristic of a sensor to keep its response intensity constant in time is a 

measure of its stability. The stability of CP sensing materials in this work was partly 

determined by showing the similarity of resistance responses of similarly grown materials 

to individual vapors. For short-term stability, repeated exposure of sensors can be 

observed to determine the efficiency of sensors responses to return to their baseline. 

Long-term exposures can also be performed in order to monitor variations in resistance 

measurements performed on previously analyte-characterized sensors, ranging from 24-

48 hrs to establish the ability of sensing layers to withstand repeated use.  

One major weakness of CPs (e.g., PPy and PAni) have been their lack of 

mechanical stability.22,107 As anticipated, electrochemical copolymerization of PPy-co-

Pvinyls produced films that were firmly adhered to electrode surfaces, thus improving the 

stability of sensing films. Samples were stored and re-exposed to analytes, to monitor the 

stability of sensors over long periods of time (months).  



	   59	  

1.7.5.3 Sensitivity 

The sensitivity of a sensor is a measure of the magnitude of change in input 

parameter (resistance in this case) required to produce an output. It is the slope of 

response with concentration in the process of sensor interacting with analyte.  

Exposures of chemically different sensing layers are expected to produce unique 

responses for each individual analyte. The measurements of the sensitivity for CPs have 

been done based on the differential fractional partitioning of analytes on sensors.133 The 

sensitivity of the sorption-based CP array is based on the Δ𝑅 𝑅  response as a function of 

analyte’s concentration in the vapor phase. To ensure a concentration independent 

response of the sensors, analytes are presented at a fixed partial pressure, 𝑃 𝑃!  (5%). 

Where P is the partial pressure of the analyte and 𝑃! is the vapor pressure at room 

temperature. The sensitivity of sensors can be defined as: 

𝑆 = 𝑋  (𝑠,𝑛)          (1.9) 

(where S is the sensitivity, represented by the mean of the sum of sensors normalized 

(Δ𝑅 𝑅) response strength X, and n is the number of responses to analyte.  

 To demonstrate different levels of sensitivity of CP films, including the modified 

ones, they were exposed to different analytes in order to obtain signature resistance 

patterns by making plots of their normalized or fractional resistance change upon 

exposure (ΔR/R) as a function of analytes. Different patterns for analyte discrimination 

have been reported and used to quantify sensor array devices with various sensitivity.22,39  

Changes in the sensitivity of various compounds due to the degree of 

functionalization is herein used to investigate the role of the degree of modification on 

differential sensitivity of the sensing polymer. In doing so, the normalized resistance 



	   60	  

changes are compared for exposures of chemically diverse sensor arrays. The sensitivity 

of the sensor array responses is therefore based on the fractional signature response 

patterns of sensors to analytes. 

 

1.7.5.4 Selectivity 

The ability of a sensor to distinguish one analyte from another is a measure of its 

selectivity. One drawback in the use of CP sensors, is their lack of specificity, as they 

tend to respond to a wide range of vapors.23 As a result, signal overlap and noise is a 

major challenge with CP detectors. Their response to several vapors (broad response) 

could however be advantageous if such interactions produce a distinct pattern specific to 

that vapor. As a result, this presumed weakness could become an advantage.  

The ability of the sensor array elements to discriminate between different vapors 

is a measure of selectivity that is performed in this research and signature patterns for 

analyte discrimination will be discussed. Pattern type will be related to analyte type while 

pattern height is used to determine sensor sensitivity. Exposure of grown polymer films 

to a wide range of vapors can be performed to include those whose method of interaction 

reveals the influence of chemical properties such as polarity, H-bonding (strong-water, 

weak-toluene), and dipole-dipole interactions. It is also possible to show selectivity of 

sensor arrays material by their ability to selectively discriminate similar vapors such as 

homologues of alkanes.39 

 

1.8 Data Analysis and Pattern Recognition Techniques 

The analysis of the data generated through the interaction of analytes with a 
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chemiresistor is most appropriately analyzed with methods that can recognize patterns. 

This involves the use of pattern recognition algorithms to characterize large volumes of 

output data obtained from their electrical signals. These algorithms include statistical 

methods based on techniques such as artificial neural network, principal component 

analysis (PCA), linear discriminant analysis (LDA) and other computational resources 

such as kernel-based methods and Bayesian computational methods.134 These have been 

used to classify odor of agricultural products such as tea, eggs and beverages.35,135 Odor 

classification and characterization can be done using detector array signal processing 

methods. Principal component analysis will be used as one of the data reduction 

techniques in this work, while the task of classifying the performance of different sensor 

elements in an array and the array capacity to differentiate analytes was analyzed with 

LDA.  

 

1.8.1 Principal Component Analysis  

Principal component analysis is a dimensionality reduction technique that is used 

to identify important factors (variables)136,137 in multidimensional data. It is useful to 

visualize and interpret a large amount of data involving samples and sensors in this case. 

The main idea is to extract relevant information from a multivariate dataset, by reducing 

redundancy,138 because the original variables are replaced with weighted averages. In 

PCA, pre-knowledge of class assignment within data is not necessary (unsupervised) 

because the discrimination power is not taken into consideration.  

In a dataset matrix X with dimensions m×n, where columns represent different 

samples data (n), they can be transformed into new variable u1, u2… such that, 
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𝑢 = 𝑤×𝑋                                                    (1.10) 

where, u(n) are the new dimensions (principal components), or new variables, which are 

the linear combination of the original variables, based on the amount of variance they 

explain. 𝑤, is the weight assigned to individual variables and each PC has a loading 

vector that explains the contributions of each variable to it. The PCs are obtained by 

projecting the original variables X (x1…xn) onto u. In this way, new dimension, u(n) are 

projected such that u1 and u2 are orthogonal and the rotation of axis results in the 

reduction of the dimensionality of data without losing a significant amount of 

information. The separation between the transformed data in the new components is a 

quantitative measure to evaluate the performance of the sensor array in the various 

exposures of analytes to the array.   

Pre-processing of data is initiated by autoscaling the data using a linear 

combination of the original variables (sensors resistance responses) to obtain their 

weighted averages. By autoscaling the data, the mean value of all the measured responses 

is subtracted from each variable and then divided by the standard deviation 

(normalizing). The product is a normalized data with zero mean and unit variance for 

each sensor.  

Variations in the data can be described by principal components, where the first 

principal component (PC 1) provides the most information on the variations. The 

explained variations become smaller with every additional component. This technique 

was adopted to visualize the capacity of sensors to discriminate analytes from the 

intractable resistance response data. 

PCA will be performed for all sensors, using the values of ΔR/R responses from 
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each compositionally different sensor sample. The mathematical computation is 

performed with Matlab software to project the data into principal components PC1, PC2, 

PC3…PCn, where PC1 contains the highest variance of orthogonal data projection. 

Different clustering is expected from response patterns of copolymers in comparison with 

their homo-polymers or electrochemically-modified array. Hence, with a large array of 

sensors with compositionally different material, significant differences in clustering 

patterns is one basis to associate resistance-response data and pattern variations to 

chemical diversity in them. 

Variations obtained from PCA plots are used to interpret the dataset obtained 

from polymer sensors where compositionally identical sensors are expected to show little 

variance in response to one analyte but large variance for chemically different analytes. 

To investigate modified sensor elements, the expectation is that such variations will 

become significantly large enough to enable clear spatial distinction in principal 

components. This technique has been used to characterize several conducting polymers 

responses, such as the discrimination of fluorescent isomer groups.139 The variances 

highlighted by the PCA plots of sensor array elements through modification of all sensors 

of homopolymer/copolymer sensing layers are used to reveal the level of diversity that 

the incorporation of these new materials is able to bring. These arrays can then be 

incorporated into an electronic device, compatible with CMOS integrated circuits. 
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1.8.2 Linear Discriminant Analysis 

Linear discriminant analysis is a statistical classification algorithm140 that uses a 

discriminant function to divide the feature space by a hyperplane decision boundary. It 

has been appropriately chosen in this work as one of the methods to characterize sensor 

arrays or classification of analytes due to its effectiveness in previous classification 

tasks.141,142 LDA was useful in these analysis to get a thorough understanding of sensor 

performance in odor-detection and classification. 

The key objective of LDA is a separation of features in multidimensional space. It 

has found use in analyte chemical sensing with an approach to perform the task of 

classifying uniqueness of sensors or assignment of analytes as a or b. It selects a 

hyperplanar decision boundary between two known preprocessed (normalized) data 

clusters of interest, by maximizing the separation between them, while minimizing their 

within-cluster variability. To maximize the separation between two different clustered 

data points, a decision boundary is selected such that the response, X, to each analyte can 

be described as a d-dimensional vector: 

𝑋 =    𝑐!!
!!! 𝑥!                   (1.11) 

where ci is a weighing factor determined by the LDA algorithm and xi is the autoscaled 

response of the ith sensor to analyte exposure. 

Array classification of analytes has been previously performed for carbon-black 

sensor using this method based on the resolving power of sensor array in various analytes 

classification tasks.141,143 Therefore, to maximize two different population values 

representing their separation task, a pairwise resolution factor (rf) for analyte pairs is 

obtained along any vector, 𝑤, describing the linear (numerical) distance between cluster 
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centroids  𝑑!, divided by the square root of their projected standard deviations, 𝜎!,! and 

𝜎!,! for the repeated exposures of two analytes, a and b. The resolution factor is given as: 

𝑟𝑓 = 𝑑𝑤

!!,!
! !!!,!

!
                              (1.12) 

The rf is a multidimensional analogue of the separation factors used to quantify 

the resolving power in a chromatographic column. Hence, by considering the resolving 

power of an array generated in this work, a quantitative indication of how two analytes 

(resistance response patterns) or sensors differ from each other is highlighted. The rf is 

also an inherent property of the data and it is independent of any other algorithm that may 

be used to assign individual data point to a class.140 

 

1.9 Techniques for Polymer Films Characterization 

The instruments described in the following section are techniques that were used 

for the characterization of as-grown polymer films for compositional classification. 

 

1.9.1 Fourier Transforms Infra-red Spectroscopy (FTIR) 

FTIR has been an invaluable technique for the analysis of organic materials 

including conducting polymers.144 It is most commonly used for functional group 

identification by observing characteristic peaks in the spectra of compounds relative to 

the vibrational frequencies of atoms involved in molecular bonds, during their exposure 

to IR radiation source. FTIR has been used to determine the composition of poly(3,4-

ethylenedioxythiophene) (PEDOT) as a function of dopant145 or copolymer.146 When 

used in conjunction with XPS, FTIR is a potent instrument for the chemical analysis of 
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solid-state material like polymer films.  

FTIR analysis was herein used to investigate all electrochemically deposited 

polymers films, including any modified ones. This instrument (Thermo Scientific Nicolet 

7600) was continuously purged with N2 (g) to minimize interference of CO2 and H2O. It 

has a scanning wavenumber range of 400 cm-1
− 4000 cm-1.  

The preparation of polymer films for FTIR characterization is often performed by 

depositing their thin films on ITO slides by applying the same charge density (150 

mC/cm2) at constant potential. Films of an individual homopolymer, copolymers and 

controls can be grown in this manner for further characterization. It is also possible to 

grow polymer films at suitable (varied) growth potential to expose compositional 

characteristics of individual films. As-deposited films are dried overnight for further 

analysis. These films are then stripped off, grounded with KBr, made into pellets and 

subsequently used to obtain their absorbance spectra. 

 

1.9.2 X-ray Photo-electron Spectroscopy (XPS) 

Among the various analytical instruments available for characterizing the surface 

of solid materials, XPS is one of the most versatile and quantitative spectroscopic 

analyzer for CP films. Other instruments such as IR and NMR have been used for 

analysis of CP films but they are characterized by some operational limitations. IR 

analysis of CP film is often associated with the coupling of the electronic and nuclear 

components within the polymer network, thereby resulting to the breakdown of the 

Born-Oppenheimer approximation. The influence of the local environment on groups 
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being probed is also a major challenge. Finding suitable solvents is also a limitation 

associated with NMR characterization.  

The basic principle of XPS is based on excitation of an electron in a solid using 

X-ray radiation to eject their core electrons from atoms in the solid. By studying the 

photo-ionization and energy dispersive analysis of the emitted photoelectron, the 

composition and electronic state of the surface material is readily observed. 

XPS have been used to demonstrate the composition of electrodeposited 

conducting polymers, including homopolymer and their copolymers counterparts.147,148 

These analyses reveal elemental compositions of materials being studied. XPS can be 

used to differentiate between polymer films by observing peaks unique to one polymer as 

a function of another. Glide et al.,149 performed spectra decomposition of C(1S) signals 

from a copolymer of pyrrole and its functionalized derivative, 1-(propionic acid) pyrrole. 

They were able to account for the variations in the copolymer composition based on the 

XPS characterization of their resulting films.  

In this work, XPS spectra were recorded in a Kratos Axis Ultra DLD spectrometer 

with an A1Kα (1486.7 eV) 15kV anode voltage and monochromatic light at 10 mA 

emission current. There was no charge neutralization, as samples were sufficiently 

conductive to prevent charge buildup. To distinguish differences in the composition of 

typical polymer films used in this work, quantitation of the nitrogen peak (contained in 

pyrrole) was compared with the chlorine peak in polychlorostyrene, where its presence in 

the eventual copolymer films enabled the quantitation of nitrogen/chlorine peaks to serve 

as the basis for the comparison. Variation in the relative intensities of elemental peaks 

was also monitored to show effective copolymerization and amounts of co-monomers 
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incorporated into the grown films. Deconvolution of peaks and high-resolution spectra of 

films provided a means to quantify elemental film composition and a basis to highlight 

the differences between polymer types (copolymer or homopolymer).  

 

1.9.3 Scanning Electron Microscope 

Scanning electron microscope (SEM) is a versatile instrument for observing 

features of solid materials especially their morphology. Users can obtain very high 

magnification images and resolution as low as 25 Angstroms.150 

An SEM instrument operates with the interaction of a highly energetic primary 

beam of electrons, produced via an electron gun, usually fitted with a tungsten filament 

cathode. These electrons interact with samples of interest in a high vacuum environment 

to generate secondary electrons (SE), backscattered electrons (BSE) and diffracted BSE 

that are ejected from the sample surface. They are collected and displayed in a high-

resolution micrograph.  

Scanning electron microscope images of CP films and control samples were 

observed with a JEOL® 5900 IVAN-LV instrument. The magnification range used was 

from ×106 - ×2500 and polymer films were scanned randomly at different locations to 

obtain representative images. One advantage of observing SEM images of conducting 

polymer films is that they are sufficiently conducting without any need for a further 

coating with electrically conducting materials.  

Samples of polymer films grown under variable conditions on ITO were 

characterized to study possible variations in surface morphologies of polymer films. 
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1.10 Summary and Thesis Outlook 

The development of a broadly responsive, partially selective sensor array is an 

ongoing research effort to mimic the sense of smell in machine olfaction. A typical 

device that can function in such a capacity should consist of an array whose elements are 

easily tunable sensors, effective under ambient conditions to discriminate analytes.  

The goal of this research is to develop new methods for creating a chemically 

diverse sensor array, using homopolymers (PPy and PAni), copolymers of conducting 

polymer monomers (e.g., pyrrole) and several substituted vinyl monomers and 

composites of PPy/PAni through electrodeposition.  By selecting a range of substituted 

vinyl derivatives and controlling deposition conditions it was possible to create a wide 

range of chemical variations resulting in differential partitioning and in turn differential 

sensor responses.  

The research is divided into specific objectives including demonstrating: 1) the 

effectiveness of the polymer synthesis; 2) the approach of varying the polymer 

composition for altering sensitivity of sensor to different odorants; 3) the performance of 

an array of sensors generated with this approach and 4) the behavior of these materials in 

a real world application. These objectives were developed and discussed as chapters in 

this thesis. 

In the first objective, the effectiveness of the electrochemical polymer deposition 

was investigated by determining the composition of polymer films as a function of 

concentration, potential and other variables using spectrometric techniques (including 

FT-IR and XPS) to determine the degree of incorporation of monomers into the 

copolymer and also, the differences inherent in different polymers.  The second objective 
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was explored by determining changes in sensitivity (e.g., changes in resistance) of 

sensors to various odorants as a function of degree of functionalization.  The performance 

of chemically diverse arrays (the third objective), was explored by using response 

patterns and statistical methods such as principle component analysis to demonstrate that 

the variance associated with chemical diversity are capable of differentiating different 

odorants.  Figures of merit including reproducibility, sensitivity and stability were also 

determined. 

The array performance was established based on resistance changes due to 

partitioning of analytes in the various polymer sensors. This deposition approach was 

demonstrated in sensing different classes of analytes especially the petroleum-based ones. 

Hypothetically, it demonstrates the effectiveness of their use in a real world application. 

The incorporation of these sensors into a micro device could potentially revolutionize 

computer perception in a manner analogous to the CCD chip and its impact on machine 

vision.  This would in turn be useful for a wide range of applications including 

monitoring quality standards in industries such as food, agricultural and health.   
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2.1 Introduction 

The electrogeneration of an array of conducting polymer (CP) films capable of 

showing different responses to a variety of analytes have been considered as a viable 

means of creating sensors that can mimic ORs.1-3 Some of the monomers used for this 

purpose include pyrrole, aniline, thiophene, phenylvinylene, and indole. The interest in 

these materials has grown significantly in the last few decades due to their unique 

properties and prospects in applications such as electronic, optoelectronic, photonics and 

sensing.4-6 One major hurdle facing the use of these materials as sensor arrays is that 

there are limited numbers of the different types of CP monomers (sensing materials) 

needed to perform similar functions as ORs. These materials (monomers in the case of 

CPs) are required to provide a platform for the identification, quantification, and analysis 

of chemically different analytes (odorants). Therefore, the development of new 

electroactive materials to increase the number of electronically sensing layers is seen as a 

significant contribution to sensors-analytes detection while simultaneously broadening 

the range of their chemical diversity.  

As plausible as it is to create these chemically different sensing films, it is 

onerous to probe the features that are inherent in them for their proper chemical 

classification as distinct sensing films. Hence, to verify the differences in the 

physiochemical properties of the sensing films, investigation of their composition was 

performed.  

The uniqueness of CP films is based on different growth parameters that are 

necessary to create the chemically diverse polymer films. The fabrication and 

characterization of these films are shown as a significant step towards achieving broad 
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chemical diversity. Therefore, the polymer films grown in this work were modified by 

changing their electrodeposition parameter. These include altering the concentration of 

monomer(s) in solution, changing polymer growth potential (oxidation) and altering the 

redox potential of grown films. These applied modifications were investigated to 

highlight the ability to tune the properties of the resulting films. A typical example is 

found in a previous report which indicates that the polymerization rate, during the growth 

of PPy film is related to both monomer concentration and the polymerization potential.7 

By varying these growth parameters the characteristics of the resulting films were altered. 

This chapter will be used to highlight the various compositional differences 

observed in the films of CPs as a function of the growth parameter. Emphasize will also 

be placed on the chemical differences noticed in the films of the compositionally 

different polymer films, intended to alter their sensitivity to analytes. In copolymer films, 

the degree of incorporation of substituted vinyl monomers into pyrrole and the ability to 

differentiate them from their various homopolymer counterparts was also investigated. 

Fourier transform infra-red, scanning electron microscope imaging and X-ray 

photoelectron spectroscopy were used as tools to probe the differences/similarities in the 

chemical composition and morphological changes observable in the sensing films. 

The electrochemical behavior of monomers, polymers and the experimental 

details of their composition are investigated using microscopic and spectroscopic 

instruments. It is possible to identify the chemical composition of conducting polymer 

films by using different approaches to obtain a useful classification of their films. 

Therefore, it is beneficial to commence the process of classifying the sensor films as 

unique, by first understanding the electrochemical characteristics of the presumed 
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differential sensitive films as a function of their electroactivities in the solution of their 

monomer(s) or as-grown polymer films.  

In Section 1.6.3 (Figure 1.6), the impact of different electrolyte salts on the 

electrical characteristics of PPy was highlighted by cyclic voltammetry. The I-E plots 

revealed the characteristic influence of electrolyte-type on PPy film8 during the 

film-growth process. The collaborative work of Hideki Shirakawa, Alan J. Heeger and 

Alan G. MacDiarmid also described the influence of dopants (anions) in causing dramatic 

changes in the electronic, optical, magnetic and structural properties of CPs.9,10,11	  They 

were awarded the Nobel Prize in Chemistry in 2000 for this discovery.5,12-14 In the 

following section the electrochemical characterization of the sensing materials used for 

this work is described. These include the use of cyclic voltammetry in the analysis of 

monomers and polymer films as a function of monomer concentration, growth potentials, 

and dopants. Steps were further taken to understand the composition of copolymer sensor 

materials used as chemically diverse sensors.  

2.2 Experimental 

2.2.1 Chemicals 

The reagents used for this work include pyrrole monomer (distilled and stored in a 

dark refrigerator), aniline, styrene, 4-chlorostyrene, 4-t-butoxystyrene and 

tetrabutylammonium tetrafluoroborate (Bu4N+BF4
-) (all analytical grade) were obtained 

from Sigma Aldrich. 4-t-butoxystyrene was purchased from Polysciences, Inc. USA and 

used as received.  
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2.2.2 Materials and Methods 

2.2.2.1 Electrochemical Characterization 

The electrodeposition and characterization of conducting polymer/copolymer 

films involves the use of a one compartment, three-electrode electrochemical cell. In this 

set up, Ag/AgCl, platinum wire, and a polished gold-disk electrode were used as the 

reference, auxiliary and working electrodes respectively. A CH Instruments® model 

760C potentiostat was used throughout these processes. All electrochemical potentials 

mentioned in this work are measured relative to Ag/AgCl electrode.  

Prior to polymer deposition, a sweep of the entire potential range was performed 

to obtain a cyclic voltammogram (CV) of monomer(s) in solution. The information 

obtained from such a plot was useful in determining the electroactivity of the monomer(s) 

in solution, the nature of the electrodes and the reactions occurring at these interfaces 

(including redox activities). An investigation of the monomers (0.1 M pyrrole and 0.5 M 

substituted vinyl monomers) was performed in a solution of 20 mL nitromethane 

containing 0.1 M Bu4NBF4 as the supporting electrolyte. However, the reactions that 

involved electrogeneration of homopolymers of pyrrole and aniline were conducted in a 

solution of 0.25 M H2SO4. The reaction vessels were initially de-aerated with nitrogen for 

10 minutes before each experiment.  

2.2.2.2 FTIR Characterization 

Films of electrodeposited CP were investigated using an FTIR spectrophotometer, 

to show their compositional differences, especially those modified by applying the 

procedures mentioned above. A Nicolet 7600 Thermo Scientific instrument was used for 
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sample analysis and it was continuously purged with N2 (g) to minimize the interference 

of CO2 and H2O, as they can absorb energy from infrared sources.  

In the analysis of the copolymer films, both PPy and the copolymer films, grown 

by varying growth potentials, were deposited onto ITO for comparison to each other. The 

as-grown films were rinsed and dried overnight for further analysis. The resulting films 

were removed from their substrates, ground with KBr, and made into pellets that were 

used to obtain their absorbance spectra. 

2.2.2.3 SEM imaging 

Conducting polymer films were electrodeposited onto ITO at a constant charge 

density of 150 mC/cm2  to maintain a uniform deposition rate for the growth of identical 

films, and observed with a JEOL® 5900 IVAN-LV scanning electron microscope 

operated at acceleration voltage of 10 kV. The films were scanned in various locations at 

a magnification range of 106× to 2500× to obtain their representative images.  

Samples of copolymer films and pyrrole were investigated to study the possible 

variations in the surface morphologies of these films. No pre-coating of the samples was 

done to enhance their conductivity as the resulting films were sufficiently conducting. 

2.2.2.4 XPS Characterization 

The CP films meant for XPS characterization were electrodeposited onto ITO 

coated glass slides at a constant charge density of 150 mC/cm2. The deposition solution 

typically contains 0.1 M pyrrole, 0.5 M 4-chlorostyrene, while Bu4NBF4 was used as the 

supporting electrolyte in nitromethane solution. The X-ray photoelectron spectroscopy 
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spectra of copolymer (PPy-co-PCS) films, grown at three different growth potentials onto 

Indium tin-oxide (ITO) slides were investigated. The growth of these compositionally 

different films is based on the cycling behavior of pyrrole (conducting), and 

4-chlrostyrene (non-conducting) monomers in a solution containing Bu4NBF4
-, as shown 

in Figure 2.1. Three different current peaks were observed in the figure to show that the 

deposition of polymer films at their corresponding potentials could result in 

compositionally different materials due to the variable rate of polymerization and 

deposition. After deposition, the films were rinsed with the same solvent used in the 

electrodeposition process and were further rinsed with Millipore water and air-dried prior 

to characterization.  

All of the XPS spectra were obtained with a Kratos Axis Ultra DLD spectrometer 

using an A1Kα (1486.7 eV) with 15kV anode voltage and 10 mA emission current, with 

the photogenerated electrons captured normal to the surface. There was no charge 

neutralization as samples were sufficiently conductive to prevent charge buildup.  

The resulting spectra were used to illustrate the effect of growth potentials on the 

elemental composition (ratio) of the resulting copolymer films.  
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Figure 2.1: Cycling behavior of 0.1 M pyrrole, 0.5 M 4-chlorostyrene in nitromethane 
and 0.1 M Bu4NBF4 as the dopant. The arrows are used to highlight different potentials at 
which there are significant differences in the observed electroactivities (differences in the 
current response to applied potential) of the monomers in solution. The polymer films 
grown at these potential have been shown to be compositionally different.15,16 Therefore, 
the different copolymer films grown at these potentials increases the chemical diversity 
of the eventual array. 

Survey scans were obtained for the binding energies between 0 and 1200 eV, to 

investigate the elemental make-up of the polymer films. High-resolution spectra of the 

C1s, N 1s and Cl 2p regions were obtained, allowing the relative amount of each co-

monomer incorporated to be determined based on the ratio of these peak areas. Analysis 

of the spectra was conducted using CasaXPS software, with the binding energies 

referenced to the adventitious C 1s peak at 285 eV.  

2.3 Results and Discussion 

2.3.1 Electrochemical Characteristics of Conducting Polymer Films 

In Figure 2.2 the redox behavior of pyrrole (conducting) and a solution containing 

both pyrrole and styrene (non-conducting) monomers in nitromethane solution are 
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shown. In this experiment, the current flowing through the cell is plotted as a function of 

the potential of the working electrode. The resulting cyclic voltammograms of pyrrole 

(black) and styrene (co-monomer-red) are significantly different. It is obvious from the 

CV plots that the reaction occurring at the electrode surfaces are non-Nernstian as 

minimal reduction process was observed. Other reactions could be occurring to terminate 

the oxidation process, thereby preventing the reduction of the oxidized species. However, 

a small reduction peak is observed in the case of pyrrole as shown in Figure 2.2a (black). 

The oxidation of pyrrole begins at approximately 0.8 V while that of the 

co-monomer occur at 1.0 V (vs. Ag/AgCl). As expected, the cycling of these monomers 

shows that pyrrole is highly electroactive compared to a solution containing both pyrrole 

and styrene monomers. Further analysis of the CVs shows that the increase in anodic 

potential caused the polymerization of pyrrole and styrene to occur at 0.9 and 1.8 V 

respectively. Jin et al.,15 reported that the polymerization of pyrrole and styrene 

copolymer did occur, based on their anodic polymerization peaks. They concluded that 

copolymer films were formed rather than a composite or blends because the product 

copolymer films were grown at a potential higher than 1.0 V (> than the polymerization 

potential of pure pyrrole, at 0.9 V), but lower than 1.8 V (< than the potential for 

oxidation of pure styrene). The product copolymer was thus shown to contain styrene 

units. 

The properties of CP films are known to change by the application of variable 

polymerization parameters, including growth potentials.17 Hence, the multiple anodic 

peak-potentials (Figure 2.2b) at 1.0, 1.5 and 1.8 V were selected as oxidation potentials 

for the growth of different electroactive product-polymer films used in this work. This 
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was used as a means of creating variants of the new sensing copolymer films. The 

significance of this modification is the ability to tailor the resulting polymer films with 

the capacity to produce differential sensitivity on interaction with the analyte. Therefore, 

the resulting films are expected to be physiochemically different. The resulting 

copolymer films were further analyzed with spectrometric and microscopic instruments 

to characterize them. 

Figure 2.2: Cyclic voltammograms of (a) pyrrole (black), styrene (red) monomers and 
plain gold electrode (green), (b) 0.1 M pyrrole and 0.5 M styrene showing different 
electrodeposition potentials selected to grow copolymer (PPy-co-PS) in nitromethane 
solution, containing 0.1 M Bu4NBF4, at a scan rate of 100 mV s−1. The CV plots show the 
differences in their electroactivities.  

In Figure 2.3a the current-time plot for the copolymer films grown by altering the 

concentration of styrene monomer in the electrochemical cell is shown. It is observed that 

the rate of electrodeposition depends on the monomer type. For example, 

electrodeposition of pyrrole is fast (< 50 s), compared to that of the co-monomer of 

pyrrole and styrene in solution. The effect of altering the concentration of styrene in the 

electrochemical cell is noticeable from the differences in their i-t plots, which show that 

PPy is highly electroactive compared to its copolymer counterparts. By increasing the 
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monomer concentrations of styrene from 0.2 M to 4.0 M, there is a resulting decrease in 

the rate of pyrrole polymerization. The variation of the monomer concentration has been 

reported to influence the conductivity18,19 and morphology20 of the resulting polymer 

films. As shown in the current-time plot (Figure 2.3a), the presence of styrene reduces the 

electroactivity of the redox species in the solution, which also influenced the current 

response in the process of copolymer films deposition. Figure 2.3b also shows the cycling 

behaviors of the co-monomers in the electrodeposition solution, where pyrrole is kept 

constant at 0.1 M and the styrene component is varied from 0.2 to 4 M. The CV of 

pyrrole is approximately three orders of magnitude higher in electroactivity (current 

response) than those of its co-monomers counterparts as shown in Figure 2.3b.  

Figure 2.3: The effects of varying the concentration of styrene component in the 
electrochemical cell consisting of comonomers of pyrrole and styrene. (a) Current-time 
behavior of the comonomers of pyrrole and styrene at variable concentrations in a typical 
copolymerization process, (b) CV of 0.1 M pyrrole and various feed ratios of styrene 
(represented by PS in legends), electrodeposited on gold disk electrode. The polymer 
films were electrodeposited at a growth potential of 1.35 V (vs. Ag/AgCl) at a scan rate 
of 100 mV/s.  
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The individual CV of the co-monomers where the concentration of styrene was 

varied, also shows a decreasing current-response from 0.2 >0.5>2>4 M styrene. These 

differences observed in the cyclic voltammograms of the various modified co-monomers 

further supports the theory that the use of various feed ratios of co-monomers did result 

in the electrogeneration of compositionally different polymer films. Based on this 

observation, it is possible that the mobile ions (oxidized species) in the electrochemical 

cell consist of both pyrrole and styrene, which are transported for onward deposition onto 

the electrode surface. Hence, the resulting CP films could possess variable electrical and 

morphological features due to the progressive insertion of styrene (non-conducting) into 

the copolymer matrix.2,21 The details of the compositional differences resulting from 

these modifications are discussed in the subsequent sections. 

 

2.3.2 FTIR Characterization of Conducting Polymer Films 

The FTIR characterization of polypyrrole, copolymers of pyrrole and variable 

substituted vinyl monomers are herein investigated. Based on a previous report on 

electrodeposited PPy-co-PS,15 it is expected, as observed in the CV of pyrrole and styrene 

(Figure 2.2b) that at lower potentials (≤ 1 V), only pyrrole oxidation may be occurring, 

while at higher potentials (1 ≤2 V), there is proportional increase in the amount of 

substituted styrene monomers inserted in the copolymer. This trend of increasing 

styrene’s insertion is visible from the FTIR spectra of PPy-co-PtBS (Figure 2.4). The 

qualitative ratio of the PPy peaks at the 1084 cm-1 band (C-H in-plane deformation 

vibration of pyrrole ring) decreased with increasing copolymer growth-potential, from 

10:1 (PPy: PtBS) at 1.0 V, to 5:1 at 1.8 V. By comparing the PPy peaks with styrene 
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absorption bands (Figure 2.4 a, b, c,d and e) in t-butoxystyrene peaks at 1536 cm-1 (C-C 

stretching of substituted benzene ring), the intensity increased from 1:5 at 1.0 V to 5:1 at 

1.8 V.  

Figure 2.4: FTIR spectra of PPy-co-PtBS films comparing peak areas of polypyrrole 
(1084 cm

-1
) and polystyrene (1531 cm

-1
) insertion into the copolymer at varied potentials.

(a) PPy, PPy-co-PtBS (b) 1. 0 V, (c) 1.5 V, (d) 1.8 V and (e) t-butoxystyrene. 

This trend was observed for all copolymer types as further highlighted by clear 

differences in the spectrum of pyrrole, copolymer (PPy-co-PS) and polystyrene (Figure 

2.5). Moreover, Figure 2.6 shows that the copolymer spectrum contain features of both 

homopolymers (PPy and PS) spectra bands. In comparison, the absorbance peak at 1083 

cm-1, assigned to the in-plane C-C deformation vibration of the pyrrole ring, is strong for 
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pure pyrrole and significantly present in the copolymer but completely absent in pure 

polystyrene. There is also a strong band at 699 cm-1, typical of the out-of-plane C-H 

deformation vibration of benzene ring as found in PS. The noticeable differences in the 

spectra of PPy, PS and the copolymer are a clear indication that the product copolymer 

film (Figure 2.5b) is new polymer film containing units of both styrene and pyrrole in the 

copolymer which was grown at a higher potential than the polymerization potential of 

pyrrole (0.8 V vs. Ag/AgCl). 

Figure 2.5: FTIR spectra polymer films comparing peaks of (a) pure polypyrrole, (b) 
copolymer (PPy-co-PS) and (c) pure polystyrene. The copolymer film (b) consists of both 
pyrrole peak at 1083.52 cm-1 and styrene peak at 699.56 cm-1, which are not 
simultaneously present in PPy (a) or PS (c). 

The observations as discussed above confirm the successful use of oxidation 

potential as a tool to modify the copolymer films. Moreover, the IR spectrum of pure PPy 

and t-4-butoxystyrene with similar absorption bands have been reported in the 
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literature,22 and they correspond with those obtained in this work. The FTIR spectra of 

other homopolymer and copolymer films used in this work were also investigated, and 

they show similar uniqueness in their spectra. 

Another modification that was applied to vary the amount of co-monomer in the 

grown films was to alter the concentration of vinyl monomers in the electrodeposition 

solution (Figure 2.3). Previous reports have shown that polymer growth parameters such 

as monomer (s) concentration, applied potential and the nature of the electrolyte media 

affect the electro-polymerization process.7,8,23 The increase in monomer concentration has 

been suggested to contribute to the diffusion of electroactive moieties, which impacts 

film deposition quality.24 Therefore, to investigate this effect, compositionally different 

copolymer films of PPy-co-PS were grown by keeping the concentration of pyrrole 

monomer constant at 0.1 M, while varying the concentrations of styrene monomer in the 

reaction vessel.  

In Figure 2.6 FTIR spectra are shown for the films of PPy-co-PS that were grown 

with variable monomer concentrations. The resulting films were characterized to observe 

the impact of changing the concentration of styrene in the electrodeposition solution. The 

differences in the FTIR peak intensities observed for PPy-co-PS films containing styrene 

monomer at 2M (red) and 4M (black) are noticeable. The qualitative ratio of styrene peak 

at 699.56 cm-1 to PPy peak at 1084 cm-1 increased with increasing concentration of 

styrene in the polymer-growth solution as indicated by an arrow. This is due to the 

increasing insertion of styrene into the copolymer films, with a qualitatively higher ratio 

of styrene peaks (699.56 cm-1) in the resulting spectrum of PPy-co-PS grown at 4M.  

Therefore, it is possible to use the different growth parameters (growth potentials and 
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monomer concentration) to alter the composition of the resulting CP film. This 

observation is a further proof of the significant differences in the electroactivities and 

cycling behaviors of their monomers in solution, during the growth of the 

compositionally different films (Figure 2.3).  

 

 

 

 

 

Figure 2.6: FTIR spectra of PPy-co-PS grown at an oxidation potential of 1.35 V (vs. 
Ag/AgCl), showing the qualitative differences in the pyrrole peak (red) at 1083.52 cm-1 
and styrene peak (black) at 699.56 cm-1 to highlight the impact of changing monomer 
concentration in the composition of the resulting films [0.1 M pyrrole + 2 M styrene (red) 
and 0.1 M pyrrole + 4 M styrene (black)]. 

The films of PPy and PAni were also investigated using infrared spectroscopy. 

Figure 2.7 shows the FTIR spectra of the PPy and the PAni films that were 

electrodeposited onto ITO. Polyaniline (black) shows characteristic peaks at 1590 and 

1500 cm-1 due to the presence of quinoid and benzenoid groups respectively. The peak at 

1300 cm-1 is typical of the –NH2 group. These peaks are in agreement with the 
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characteristic peaks of PAni reported in the literature.25,26 The peaks for these films also 

differ significantly from the PPy peaks discussed above. Based on these data, it can be 

inferred that the resulting CP films can be said to be compositionally different from the 

previous films. 

Figure 2.7: FTIR spectra of PPy (black) and PAni (blue) grown at 1. 0 V (vs. Ag/AgCl), 
using monomer concentrations of 0.1 M and H2SO4 as electrolyte. 

2.3.3 XPS Spectra of Polymer Films 

In Figure 2.8 the distinct X-ray photoelectron spectra of the survey scan of 

homogeneous copolymer films and their homopolymer counterpart (PPy) are shown. The 

presence of the Cl 2p peaks at a binding energy of 200.1 eV is conspicuously present in 

all the compositionally graded copolymer films but absent from PPy film (black). 
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Analysis of poly(pyrrole-co-4-chlorostyrene) films grown at 3 different growth potentials 

demonstrates the substantial impact of growth conditions on the composition of the 

resulting films. The high-resolution N 1s and Cl 2p XPS spectra of the PPy films and its 

copolymer poly(pyrrole-co-4-chlorostyrene) analog, grown at different potentials, are 

shown in Figure 2.9. By considering the ratio of the peak areas, the relative amount of 

pyrrole and chlorostyrene incorporation can be determined. The results of these 

compositions are shown in Table 2.1. The ratio of the N 1s and the Cl 2p to the C 1s peak 

area were calculated and the N 1s /C 1s ratio was found to be 0.178, which is close to the 

0.25 expected for a polypyrrole film. 

As the oxidation potential of polymerization is increased, an increase in Cl 2p 

peak area is observed, indicating an increased chlorostyrene content in the film relative to 

pyrrole. By comparing the ratio of the peaks of Cl 2p to N 1s, the relative amount of 

chlorostyrene units to pyrrole units can be determined. The film grown at 1.8 V shows a 

2:1 (Cl 2p/N 1s = 1.94) incorporation of chlorine to nitrogen (in pyrrole), which indicates 

that at these higher growth potentials, there is an increasing incorporation of 

chlorostyrene in the sample. This observation is consistent with previous reports 

involving the use of XPS to investigate the copolymer films consisting of pyrrole and 

functionalized pyrrole monomers.27 The elemental composition of the films is shown in 

Table 2.1. The result reveals a consistent decrease in the elemental ratio of carbon to 

chlorine from 0.369, for copolymer grown at 1.0 V, to 0.056 for the copolymer grown at 

1.8 V. This is an indication that the growth of the copolymer at higher potential enables 

the incorporation of more styrene. Physical evidence of this phenomenon was also 

observed in the different color intensities of the picture of copolymer films grown on IDE 
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at different potentials, and will be discussed in Chapter 3. This demonstrates the 

compositional changes for these films, revealing the unique identity of these modified 

copolymer films. It is also clear from these elemental ratios that the modification of the 

films results in a proportional increase of the non-conducting component incorporated 

into the resulting film, while holding the concentration of the pyrrole monomer constant.  

 
Figure 2.8: X-ray photoelectron survey spectra of PPy (black) and poly(pyrrole-co-
chlorostyrene films grown at variable growth potentials [ 1.0 V (blue), 1.5 V (green) and 
1.8 V (red)]. 
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Table 2.1: XPS analysis of parameters for the quantification of elemental composition of 
poly(pyrrole-co-4-chlorostyrene) in comparison with its homopolymer analog (PPy). 
 

 
Elemental ratio 

          poly(pyrrole-co-4-chlorostyrene) 
PPy 1.2 V 1.5 V 1.8 V 

C 1s /N 1s 0.178 
 

0.164 
 

0.092 
 

0.056 
 

C 1s/Cl 2p - 0.369 
 

0.200 
 

0.171 
 

Cl 2p/N 1s - 0.48 
 

1.16 
 

1.94 
 

 

 

Figure 2.9: High resolution Cl 2p region X-ray photoelectron spectra of electrodeposited 
poly(pyrrole-co-chlorostyrene) films grown at varied growth potentials (a) 1.8 V, (b) 1.5 
V (c) 1.2 V and (d) polypyrrole film. Arrow indicates evolution of spectrum envelopes as 
the composition changes from copolymer film to that of PPy. 
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2.3.4 Morphological studies: SEM  

It has been reported that polymer films grown by altering their growth conditions 

affects their morphology and as such, their physical properties.28-30 In the following 

section the effects of electrochemical copolymerization on the physical morphology of 

PPy-co-PCmS and PPy-co-PtBS are herein compared to that of PPy. Different surface 

morphological features were observed using SEM spectral images of the as-grown 

polymer films (Figures 2.10 and 2.11). These figures show the effects of changing the 

growth conditions, such as polymer type and growth potential on the surface morphology 

of the resulting films. 

In Figure 2.10 the differences observed in the morphologies of the samples of PPy 

(a), PPy-co-PCmS (b) and PPy-co-PtBS (c) are shown. The insets also highlight clearer 

views of the images at higher magnification. Distinct morphological differences exist 

between the films of polypyrrole and its copolymer counterpart. These differences can be 

seen in the globular growths in PPy-co-PCmS film, compared to the interconnected 

growths in PPy-co-PtBS film. These results demonstrate that all the copolymer types 

contain significant growth-steps, made up of interconnecting networks, compared to the 

smooth films of PPy even at higher magnification (Figure 2.10a). In addition, significant 

differences are also seen in the pattern of steps on the films of PPy-co-PCmS and PPy-co-

PtBS (Figures 2.10b and c). This is an indication of the possibility to modify copolymer 

films by changing the co-monomer type. Therefore, the different morphologies of these 

modified copolymer films could also be a major factor in determining the differential 

sensitivity of their sensors to analytes.31 From the data presented here, it can be shown 
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that this analysis is yet another method that can be and was used to identify unique array 

elements for the discrimination of analytes. 

 

 

In Figure 2.11 the SEM micrographs of PPy-co-PCmS (one copolymer-type) 

films that was modified by varying their growth potentials are shown. They displayed 

significant morphological differences as a result of this applied modification. The SEM 

images of PPy-co-PCmS films clearly reveal film grown at 1.0 V (a) consisted of mainly 

globular growths, while the film grown at 1.35 V (b) contained interconnected networks 

of growth. The changes in the granules size in this case of PPy-co-PCmS as a function of 

concentration may be directly related to the increasing insertion of styrene component 

b c a 

Figure 2.10: SEM images of thin films (a) PPy with inset at higher magnification 
(×2490) (b) PPy-co-PCmS with inset at higher magnification (c) PPy-co-PtBS with inset 
at higher magnification  

c b a 

Figure 2.11: SEM images of PPy-PCmS at different growth potentials (a) 1.0 V (b) 
1.35 V and (c) 1.8 V 
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into the growing film. The granular sizes of PAni composite have also been reported to 

differ, based on the stabilizing action of the non-conducting component of the mixture.32 

Therefore, based on the resulting morphological differences observed for pyrrole and 

their copolymer counterparts with the associated application of the above-mentioned 

variables, it was possible to tune at least some of the properties of CP film.  

 

2.4 Conclusions 

The generation and analysis of compositionally different CP films have been 

demonstrated in this work. The use of CV enabled the direct analysis of the 

electrochemical behavior of the different monomers in the process of their 

electrodeposition. Fourier Transform Infra-red analysis of both homopolymers and 

copolymer films showed that there was qualitative incorporation of substituted vinyl 

monomers into the copolymer film. The quantitation of the elemental composition of a 

prototype PPy-co-PCS also confirms the effects, adjusting deposition potential has on the 

resulting copolymer films by creating composition. This presents an opportunity for 

tuning the properties of CP film for large-scale designs. 

The compositionally different polymer films obtained in this work were 

electrodeposited onto IDE devices, which were eventually used as an array of chemically 

diverse elements. Their broad sensitivity and selectivity to various classes of analytes are 

reported in Chapter 3. 
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3.1 Introduction 

The mammalian olfactory system is known to have a high odor discrimination 

capacity by engaging numerous non-specific receptors in a complex interplay of olfactory 

receptors (OR) in what is regarded as the sense of smell. These ORs are broadly 

responsive to odorants, yielding a ‘fingerprint’ response pattern characteristic of a 

particular gas phase odorant. The patterns they generate are then transmitted to the brain 

for pattern recognition to detect odorants. While the concept of an electronic nose has 

been explored over the past decades,1-4 integrated circuits analogous to charge-coupled 

device (CCD) devices with this kind of chemical sensitivity have not been developed. 

One of the challenges is the ability to deposit large numbers of chemically diverse 

sensing layers within large-scale integrated circuits.  

Odor perception has been reported to involve the use of non-specific olfactory 

receptor genes with enormous diversity.5-7 Conducting polymers (CP) have been 

investigated to produce chemically diverse sensor arrays8,9 which may replicate this 

diversity in artificial devices. The use of CP, as sensing layers is attractive because they 

can be electrodeposited on pre-fabricated structures without the need for additional 

lithographic steps. It is also possible to use CPs to generate an array of incremental 

sensors of different elements that can respond to different analytes or classes of analytes 

in an alternative approach to mammalian olfaction. However, the limited number of CP 

monomers available to be developed into chemically diverse sensing layers restricts their 

applicability. In the previous chapter, some chemically unique polymer films were 

analyzed and it was shown that they could be classified as unique materials. Therefore, 

these materials were characterized in this work as sensor array elements for sensing 

applications.  
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The response intensity of an array of variably doped poly(2,5-thienylene vinylene) 

copolymer was previously reported by De Wit et al.,10 and found to be a linear function 

of the concentration of gas phase alcohols (from 5% to 100%). Similarly, Doleman et 

al.,11 previously reported that the mean resistance response intensity of carbon-black 

sensors was essentially constant by using a constant fraction of an analyte concentration 

(P/P0) in the gas phase, for a series of alkanes but varied as a function of increasing 

analyte concentration. Therefore, the responses of the CP arrays in this work is expected 

to produce resistance variations that would be based on the physiochemical interactions 

with analytes and not based simply on the differences in analytes gas phase 

concentrations. Moreover, for these sensors it is expected that their exposure to analytes 

at a constant vapor pressure of 5% (P/P0) will produce different response intensities for 

the various modified array elements. These differential response magnitudes would likely 

be due to the differential partitioning of the analyte on the chemically modified films.  

To enhance the chemical diversity of conducting polymers that were investigated 

in this work, homopolymers of pyrrole and aniline were grown and modified. The use of 

copolymers of pyrrole and substituted vinyl monomers was also explored to generate 

chemically unique sensors. The ability to significantly increase the level of chemical 

diversity was further investigated by varying dopant-type and changing the oxidation 

level of as-deposited polymer films.  

Lastly, composites of pyrrole and aniline were also developed. A similar method 

was used to grow compositionally different films of this hybrid material (PPy/PAni—

50:50).12 It was observed from the CV of their monomers, that the growth of the 

composite film predominantly occurred at an electrodeposition potential of 1.0 V. 

Although their work was primarily focused on the ability to use electrochemical 
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deposition method to generate this composite material, in this work this method is used to 

create unique sensing elements from variable compositional blends of pyrrole and aniline  

The application of various modifications to the polymer films significantly 

increased the size of the working array. The process involves the use of different dopants, 

inserted into polypyrrole and polyaniline during their polymer-film growth to produce 

variants of homopolymer sensor films. Twelve new sensors were created with this 

method. The as-grown sensors were held at three different oxidation states to create 

thirty-six additional unique sensors. The films were held at three different redox 

potentials, in high-, moderate-, and low-conducting states respectively. Therefore, 

changing the two different variables for PPy and PAni films produced forty-eight 

chemically diverse sensing elements. They were used to effectively discriminate twelve 

different analytes.  

By changing variables such as monomers, growth potentials, different dopants or 

the different oxidation states of the films, it was possible to generate eighty-one sensor 

array elements. The differential responses and patterns obtained from the exposure of 

these chemically diverse sensing elements are discussed in this work. They are suitable 

for incorporation into integrated circuits.  

 

3.2 Experimental  

3.2.1 Chemicals 

Analytical grade reagents such as pyrrole monomer solution (distilled and stored 

in a dark refrigerator), aniline monomer and various substituted vinyl monomers were 

obtained from Sigma Aldrich. Dopants, including sulfuric acid, nitric acid, oxalic acid 

(the three from Fisher Scientific Inc.), 1-naphthalene sulfonic acid (NSA), sodium 
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dodecyl sulfate (SDS), p-toluene sulfonic acid, and sodium dodecyl benzene sulfonate 

(DBS) were used as received to make their respective solutions for incorporation into PPy 

and PAni sensors.  

Analytes, including acetonitrile, methanol, toluene, nitromethane and kerosene 

were used as obtained from Sigma Aldrich. Jet A1 (Jet A), AvGas (AVG), and diesel 

were purchased from Shell gas station, while petrol (naphtha-white gas) was purchased 

from Cabela’s (all in Winnipeg MB) and used as received. Others, such as acetonitrile, 

methanol, toluene and nitromethane were used as obtained from Sigma Aldrich. 4-

methylstyrene, 4-chloromethylstyrene and 4-t-butoxystyrene were purchased from 

Polysciences, Inc. USA, while dopants like tetrabutylammonium (-tetrafluoroborate, -

perchlorate, -persulphate and -hexafluorophosphate) salts were also purchased from 

Sigma Aldrich.  Ultrapure water (Milli-Q, 18.2 MΩ·cm at 25 ºC) was used to prepare all 

the aqueous solutions and to generate water vapor in sensor experiments. Commercial 

nitrogen carrier gas (purity > 90%) was purchased from Praxair Canada and used as 

received. 

The chemical structures of the various substituted vinyl monomers and their 

copolymers used for this work are shown in Figure 3.1, while the various copolymers 

obtained from their incorporation into PPy are listed in Table 3.1. 
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Figure 3.1: Structures of monomers used for the electrodeposition of copolymer sensor 
array. 
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Table 3.1: Copolymers of PPy with various non-conducting substituted vinyl 
compounds. 

Non-conducting component Copolymer 

Styrene PPy-co-PS 

4-methylstyrene PPy-co-PmS 

4-t-butylstyrene PPy-co-PtBS 

4-t-butoxystyrene PPy-co-PtB-o-S 

4-chlorostyrene PPy-co-PCS 

4-chloromethylstyrene PPy-co-PCmS 

Vinyl pyridine PPy-co-PVP 

Divinyl benzene PPy-co-PDVB 

3.2.2 Experimental Setup 

Electrochemical methods were used for electrodepositing and characterization of 

all films used in this work. The apparatus consisted of three-electrode electrochemical 

cell, where Ag/AgCl, a platinum wire, and a polished gold-disk electrode were used as 

the reference, auxiliary and working electrodes respectively. Before polymer deposition, 

a sweep of the entire potential range was performed to obtain a cyclic voltammogram 

(CV) of monomer(s) in solution. Information obtained from such plot was useful in 

determining electroactivity of the monomer(s) in solution, the nature of the electrodes and 

the reactions occurring at these interfaces (including redox activities). The investigation 

of the monomers (0.1 M pyrrole and 0.5 M vinyl monomers) was performed in a 20 mL 

nitromethane solution, containing 0.1 M Bu4NBF4 for experiments involving the 

electrodeposition of copolymers. On the other hand, experiments involving the 

electrogeneration of homopolymers of polypyrrole (PPy) and polyaniline (PAni) were 

performed in ultra-pure water, using different electrolytes (Bu4N+BF4
-, Bu4N+HSO4

-, 
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Bu4N+PF6
- and Bu4N+ClO4

-) prepared at 0.25M. Sulfuric acid was used as the electrolyte 

for the electrodeposition of PPy/PAni composites.  

Experiments involving the process of tuning the oxidation state of as-grown CP 

films were also performed. The set up involves electrodeposition of the polymer film 

onto an IDE device at a constant potential on all the seven fingers. The resulting sensor, 

made up of compositionally similar sensor elements were tested for electrical 

connectivity and dried overnight. The device is then modified by setting the individual 

sensor elements at different redox potentials in a monomer free solution. The choice of 

the individual redox potential was based on the behavior of the as-grown film, obtained 

from their cyclic voltammograms. 

The reaction vessels were de-aerated with nitrogen for ten minutes before each 

experiment. 

3.2.3 Determination of Analytes Concentration 

The flow of pure nitrogen (at 400 sccm) was intermittently mixed with one of 12 

analytes, toluene (Tol), dichloromethane (DCM), methanol (Met), ethanol (Eth), 

isopropanol (ISP), acetonitrile (AN), water (Wat), Jet A1 (Jet A), AvGas (AVG), petrol 

(Pet), kerosene (Kero) and diesel (Die) (at 20 sccm). To ensure a standardized amount of 

air mixture [volume per volume of analytes/N2 (g)] was exposed to sensors, the 

concentrations of analytes were determined in parts per thousand (ppth). Dalton’s law of 

partial pressures was used to calculate the concentration of each analyte at 25 0C and 

one-atmosphere pressure, as shown in Eqn. 3.1. 

C!   =
!!  ×!"""

!!
(3.1) 
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where: Ca is the concentration of analyte in parts per thousand by volume, 

Pa is the partial pressure of analyte at 5% of its vapor pressure, and 

Pt is the total pressure (5% analyte + 95% nitrogen in air - 1 atmosphere) 

The concentrations of these analytes (ppth) are shown in Table 3.2. 

Table 3.2: Concentration of analytes in nitrogen carrier gas based on their vapor 
pressures. The flow rate of N2 (g) was fixed at 380 sccm, while the pressure of the mixing 
analyte was 20 sccm (5%), to obtain a total gas mixture pressure of 400 sccm. The vapor 
pressures of the analytes13,14 are shown in table 3.2. 

Analytes Analyte 
vapor 

pressure at 
25 0C 

(mmHg)a 

Analyte 
concentration 

(ppth) 

Toluene 25.47 1.68 
Dichloromethane 300.05 20.28 
Acetonitrile 84.95 5.79 
Methanol 119.98 8.09 
Ethanol 58.9 4.58 
Isopropanol 33.1 2.57 
Water 23.37 1.57 
Jet A 3.7 0.29 
AVG 278.2 20.94 
Petrol 775.6 54.27 
Kerosene 0.28 0.021 
Diesel 10.3 0.807 

a see refs. 13 and 14 

3.2.4 Polymer Deposition and Sensor Preparation 

In Figure 3.2 the pictures of the interdigitated array electrodes (IDE) are shown. 

All of the polymer sensor films were grown and characterized on these electrode arrays. 

The array consists of seven pairs of identical sensor pads coated with thin layer of gold. 

The details and the design dimensions were reported15 and previously described in 

Section 1.6.1.2. This type of IDE enables the electrodeposition of identical polymer films 
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on all of the seven-fingered Au plated paths, which served as the working electrodes 

during the electrodeposition process. It is also possible to electrodeposit polymer 

materials consisting of compositionally different films onto individual IDE device as seen 

in Figure 3.2c, where the different colors of polymer films represent polymer films of 

different compositions. The ease of sensors modification, all on one device, and the 

ability to compare the signals of compositionally different films during their exposure to 

an analyte is an added advantage.  

Figure 3.2: Interdigitated array electrodes containing (a) same polymer film on each 
sensing element (b) plain electrodes (c) compositionally different polymer films on each 
sensing elements. 

The PPy and PAni films were electrodeposited onto IDE from solutions 

containing 0.1 M pyrrole and aniline monomers in given electrolytes (dopants). For other 

experiments involving the growth of copolymers of pyrrole and substituted vinyl 

monomers, 0.1 M pyrrole was mixed with 0.5 M vinyl monomers in a solution of 

nitromethane, containing 0.25 M Bu4N+BF4
- (dopant). The polymer electrodeposition was 

performed at an appropriate oxidation potential that was derived from the CV of their 

monomers in solution. This method has been used for the deposition of several ECPs on 

various substrates.8  
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During the deposition, the same charge density was passed to deposit polymer 

materials on similar electrodes (pairs of IDE electrodes). Therefore, seven nominally 

identical sensor elements were generated. The as-grown polymer films (PPy sensor 

elements) were tested to ascertain that the electrodes on individual sensor paths were 

shorted together. To ascertain this connectivity a multimeter was used to measure the 

resistance value of each sensor. Once grown, the array-sensor device was rinsed and dried 

overnight for further characterization. To further prepare copolymer sensors, the same 

procedure described for PPy sensor film was used. Once the co-monomer solution is 

prepared, a CV is taken (Figure 2.2a). A previous report had shown that as anodic 

potential increases, the polymerization of pyrrole and styrene is optimal at 0.9 and 1.8 V 

respectively, based on the differences in the anodic-current peaks.16 In that report, it was 

also show that the electrodeposition of copolymer films at the corresponding potentials 

creates films of variable composition and properties, signifying the ability to vary the 

conductivity of the materials held at such potentials. Hence, multiple anodic peak 

potentials, signifying the ability to grow different electroactive product-polymers are used 

as a means of creating variants of new sensing copolymer films. By selecting three (3) 

different potentials at which the corresponding anodic currents are different as previously 

shown in Figure 2.2, chemically different sensing films were grown. As such, starting 

with one pyrrole monomer (conducting) and eight substituted vinyl monomers (non-

conducting), identical sensor elements were deposited onto the IDE device at the three 

selected growth potentials for each copolymer type. A total of 27 chemically diverse 

copolymer sensors were deposited onto IDE devices, which are subsequently 

characterized by exposing them to 12 analytes.  

A similar method was used for the preparation of electrodeposition solution for 
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the composites of polypyrrole and polyaniline from pyrrole and aniline monomers 

respectively and H2SO4 was used as the electrolyte. The monomer mixtures were 

prepared at different ratios; pyrrole and aniline were mixed at 30:70, 50:50 and 70:30 

vol-vol.  

3.2.5 Resistance Measurements and Data Processing 

In Figure 3.2 the picture of the typical interdigitated array electrodes (IDE) device 

used in this work, containing electrodeposited sensors was shown. On one IDE device 

(Figure 3.2a), identical PPy films were electrodeposited onto 7 pairs of the electrodes. 

Contrarily, copolymer films of variable compositions were deposited onto another device 

(Figure 3.2c), where each of the electrode pairs contains compositionally different 

sensing elements. These sensors were exposed to analytes using a mass flow controller 

system that enabled the exposure of the sensing elements to various partial pressures of 

analytes (flow rate). The partial pressure of the analytes used in this work was 5%, 

relative to the N2 carrier gas. Sensors were exposed to analytes for 600 seconds to enable 

for complete equilibration. The sensor was then exposed to pure nitrogen for 600 

seconds, which enabled its measured resistance to return to its base value. Details about 

the design and operation of this mass flow controller set-up have previously been 

reported.15,17 The measured resistance data are recorded as a function of analyte exposure 

time using Agilent 34980A multifunction switch/measure unit. By exposing identical 

sensing elements to analytes, and measuring the electrical resistance of the sensors as a 

function their baseline resistance, the changes in the relative resistance are determined. 

Similarly grown sensor elements were exposed to the same analyte, five times in 600 

seconds random intervals. This procedure was performed for all the different analytes in 
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random order to generate five repetitive data for each sensor element. The resulting data 

are processed to obtain time-domain plots, which are further processed to determine the 

normalized resistance changes (ΔR/R),	  previously described in Eqn. 1.12. 

The results obtained from the calculations of their variable resistance signals are 

used to plot sensors sensitivity (average ΔR/R) as a function of analytes exposure. Such 

plots were obtained from the responses of the sensing films exposed to analytes at 5% 

vapor pressure. This vapor pressure was chosen because it presented the optimum 

sensor’s response for different percentage mixtures of analytes with the N2 carrier gas. 

Table 3.2 contains the concentration of different analytes in N2 mixture. These plots were 

further processed and used to determine the different response patterns created by sensors 

for the discrimination of analytes. 

Analysis of the multidimensional resistance data generated through the interaction 

of analytes with the array is appropriately processed with principal component analysis 

(PCA) and linear discriminant analysis (LDA) as unsupervised and supervised techniques 

respectively.4,18,19 These methods have been used as pattern recognition algorithms to 

characterize and classify different analytes and the results will be discussed in Chapter 4. 

3.3 Results and Discussion 

3.3.1 Measurement of the Resistance Responses of a Polymer Sensor 

In Figure 3.3 a plot of the resistance change of PPy sensor elements is shown as a 

function of analyte exposure time for five different analytes. The sensor’s resistance 

signal for each of the analytes is denoted by a separate color: toluene (black), 

dichloromethane (orange), methanol (green), acetonitrile (red) and water (blue). The 

responses attained equilibrium within few minutes of introduction of the analyte.  
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The resistance of the sensors increased when exposed to each analyte and returns 

to baseline when exposed to a flow of nitrogen in the absence of analyte. The similarity in 

the magnitude of the resistance responses obtained from the sensor to five random 

exposures of different analytes shows its repeatability. It also demonstrates that the 

magnitude (sensitivity) was similar for individual analytes but significantly different from 

the other analytes. A typical example is seen in the response of PPy to methanol 

(green-8.09 ppth), which is about three-orders of magnitude larger than its response to 

toluene (black-1.68 ppth). The sensor responses to analytes return reasonably to their 

baseline resistance values with 100% nitrogen flow. Similar plots were made for all 

sensor responses to analytes (homopolymers, copolymer and composites) and they show 

functionally similar behavior.  

 

 
Figure 3.3: Resistance response of PPy sensor to 5% analyte [toluene (black), 
dichloromethane (yellow), methanol (green), acetonitrile (red) and water (blue)] in series 
of 20 min on/off random analyte exposure. 
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3.3.2 Sensors Reproducibility and Differential Sensitivity 

In Figure 3.4a the normalized, differential resistance response of the PPy sensor to 

toluene is shown. Each bar represents the change in the resistance for five repetitive 

exposures of PPy to toluene. The error bar indicates the standard deviation associated 

with these measurements. To demonstrate sensor repeatability, the as-grown sensors were 

exposed to toluene vapor in five cycles. Each cycle was made up of 600 seconds analytes 

exposures followed by 600 seconds of just N2. For the five identical PPy sensor elements, 

the similarity in their response magnitudes is indicative of sensor repeatability.  

In Figure 3.4 the differential responses of compositionally different sensing films 

[PPy (Figure 3.4a) and PPy-co-PmS (Figure 3.4b)] to toluene at a fixed concentration of 

1.68 ppth are shown. The response signals of the PPy sensor showed increasing resistance 

while the response of PPy-co-PmS sensor showed a decreasing resistance relative to their 

baseline resistance values. These two materials also show sensor-sensor repeatability, 

which is evident in the similarity of the responses.  

The PPy-co-PmS sensor was also exposed to different analytes, which included 

toluene, dichloromethane, methanol, acetonitrile and water. In Figure 3.5 the responses of 

five identical sensor (PPy-co-PmS) elements exposed to all-five-analytes are shown. The 

relative resistance change of the as-grown sensor exposed to toluene and DCM are 

relatively small compared to the exposure to methanol and AN. Significant differences in 

sensitivity are observed in the response magnitude of the PPy-co-PS sensor (Figure 3.5) 

to different analytes, showing its unique identity (sensitivity as a function of analyte). 

PPy-co-PmS sensor shows partial selectivity to these different analytes.  

The variability in the response of the sensor after repeated exposure to an analyte 

is noticeably smaller than the variance related to the chemical difference	  among analytes. 
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Therefore, the differences in the response intensity of the compositionally different films 

is a property of the material interaction with an analyte and not based on the variation in 

the partial pressures of the analyte in the gas phase, which was kept constant at 5% of its 

vapor pressure.  

Figure 3.4: ΔR/R	   values	   of	   5	   nominally identical sensor elements demonstrating 
repeatability for (a) PPy and (b) PPy-co-PmS (grown at 1.2 V) to toluene vapor at a 
concentration of 1.68 ppth (Table 3.1). The error bars indicate the standard deviation (σ) 
from five repetitive exposures. 
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Figure 3.5: A typical PPy-co-PS (grown at 1.2 V) sensor response of five identical (5 
different colors of bars represents sensors 1-5 on IDE device) sensor elements to 5% 
analytes (toluene, dichloromethane (DCM), methanol, acetonitrile (AN) and water) in a 
series of on/off random exposures. The sensor shows differential response sensitivity to 
all five analytes. The error bars indicate the standard deviation from five repetitive 
exposures. 

3.3.3 Sensor Responses to Repeated Cycling in the Discrimination of Analytes 

The ability of a sensor to withstand several exposures of analytes without decay 

(stability) in the signal sensitivity was determined by showing the similarity of resistance 

responses of similarly grown materials to the individual analyte in repeated cycles. 

Sensor exposures to analytes were performed for 600 seconds in random order in 5 

successive cycles. Longer time exposures were also performed which included the 

exposure of array of compositionally different sensing elements (four IDE devices) to 

twelve analytes for 600 minutes. The duration of exposure ranged from 24-48 h. This 

experiment was performed to establish the ability of sensing layers to withstand repeated 
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use. A typical example is shown in Figure 3.6, where a PPy-co-PDVB sensor was 

exposed to methanol and acetonitrile in 5 cycles for 500 seconds. The sensor response 

showed little degradation over time with repeated exposure. Some samples were stored 

for some months and re-exposed to analytes. Even after these storage periods, the sensors 

still showed little degradation in their responses. The batch-to-batch (the order of 

re-exposure of sensor to different analyte in a group of analytes) stability of the sensing 

films has been found to be repeatable, and the variations will be discussed in the 

following sections.  

Figure 3.6: Resistance response intensity of a typical PPy film to repeated exposure of 
analytes to show its ability to withstand several characterizations without decay in the 
response intensity. 
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Figure 3.7: Resistance response of PPy-co-PCmS sensor to 5% of analyte vapor 
pressure, showing its partial selectivity towards three analytes. 
 
 

In Figure 3.7 the partial selectivity of a typical PPy-co-PCmS sensor is shown for 

its exposure to three different analytes (AN, Wat, and ISP). This sensor, upon exposure to 

the three analytes showed significant differences in the magnitudes of the responses. The 

responses were also observed to attain equilibrium before their return to the baseline, by 

switching to the flow of only N2 (g). It is also clear that the signal intensity is typical of the 

sensor/analyte interaction and not related to variations in the concentration of the analyte 

as the exposure of the sensor to the analytes was performed at a constant vapor pressure. 

Therefore, the response of PPy-co-PCmS cannot be said to be totally selective for any of 

the analytes, but partial selectivity was observed. This characteristic of partial selectivity 

was reported in the previous work of Bartlett et. al.20, where they observed that 

polypyrrole, poly-N-methylpyrrole, poly-Scarboxyindole and polyaniline sensors were 

partially selective in the discrimination of five different analytes. PPy-co-PS was also 

	  Isopropanol 
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seen in Figure 3.5 to display this type of partial selectivity to five organic analytes by 

showing different responses to each of the three analytes. 

The combination of differentially sensitive sensors in an array of chemically 

diverse sensors was investigated in this work and the response signatures were distinct to 

discriminate twelve different analytes. The various response parameters are discussed in 

section 3.3.4. 

3.3.4 Array-Based Analyte Sensing 

3.3.4.1 Effects of Sensor Modification on Device Sensitivity 

To tune the sensing characteristics of these CP sensors, different approaches were 

applied to modify and produce a large array of broadly responsive, chemically diverse 

sensing films. These modifications included a) changing the type of monomer, b) 

changing the growth potential, c) generating different copolymer films, d) changing the 

redox potential and e) creating conducting-polymer composite films.  

A. Effect of Changing Monomers 

Conducting polymers (CPs) have been exploited to produce sensor arrays.8,9  

Sensors with PPy and PAni films were electrochemically deposited and modified by 

using different electrolytes (dopants). A detailed description of the impact of changing 

the monomer type (PPy and PAni) that resulted in the creation of twelve differentially 

sensitive variable sensors is described in Section 3.3.4.1 (iv).  
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B. Effect of Changing Growth Potential 
 

There have been reports that growth potential plays a major role in the 

modification of PPy film morphology and its electrical conductivity.21,22 In this work, 

copolymer sensors were electrodeposited at different potentials based on the redox 

activities of a typical pyrrole and styrene monomers in nitromethane solution (Figure 

2.2).  

The resulting compositionally different copolymer sensors (PPy-‐co-‐PS),	  grown at 

different oxidation potentials showed significant variation in their interaction with the 

analytes and this data is shown in Figure 3.8. Significant differences occur in the 

magnitude of normalized resistance response data of these potential-modified sensors. 

The differences in the composition of the resulting sensors as previously determined from 

their FTIR, XPS and SEM characterizations might have resulted in the observed 

differential resistance responses.  

 

 

 

 

 

 

 

 

 
Figure 3.8: The average differential response of PPy-co-PS sensors (blue bars) compared 
to a PPy sensor (black bar) for exposure to five analytes. The responses of sensors grown 
at varied potentials are indicated by the increasing color intensity (1.2 V<1.5 <1.8 V). 
The repeatability of the responses of sensors to multiple random analytes is shown by the 
variation within the data, captured by the error bars.  
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Also, physical differences occur in the optical density of compositionally 

modified copolymer films grown on an IDE device (Figure 3.2). The picture shows 

similarity in the dark-brown color of PPy films across each IDE electrode, while the 

copolymer films show differences in color intensities. It is obvious that the incorporation 

of colorless styrene reduces the optical density of the resulting films. The copolymer 

grown at 1.0 V is darker than the film grown at 1.5 V, while the film grown at 1.8 V is 

the lightest color, giving a clear indication of the progressive incorporation of styrene into 

the growing copolymer at higher potentials. Therefore, the observed differences in optical 

density further serve as a measure of the incorporation of styrene into the copolymer 

films. 

In Figure 3.8 the average ΔR/R responses of one copolymer-type (PPy-co-PS) is 

shown for exposure to 5 analytes. The responses of the resulting individual sensors of 

PPy-co-PS are represented in blue bars. The different colors represent the sensors that 

were grown at different growth potentials [blue (1.8 V), moderate blue (1.5 V) and light 

blue (1.2 V)].  The collective responses of these modified sensors are also compared with 

the sensitivity of PPy sensor to the same analytes. The sensitivity of PPy to the analytes is 

larger compared to its copolymer counterpart, which could be related to the reduction in 

the electroactivity of the latter.  

It should be noted that the differential sensitivity of each modified sensor was 

unique in creating a distinct pattern for an individual analyte. The uniqueness of these 

response patterns is clearly seen by comparing the responses of PPy-co-PS sensors grown 

at the different potential for their exposure to DCM. The sensor grown at 1.0 V (light 

blue) showed an increase in resistance, while the resistance change of the sensors grown 

at 1.5 V (moderate blue) and 1.8 V (dark blue) decreased. This differential response 
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characteristic of the modified sensors and their differential patterns could be useful for 

analyte discrimination. 

In Figure 3.9 the responses of 13 copolymer sensors created by applying variable 

growth potentials to four copolymer-type sensors (PPy-co-PS, PPy-co-PmS, PPy-co-

PCmS and PPy-co-PtBS) are shown. All four copolymer-type sensors interacted with the 

five analytes with different magnitudes compared with pure PPy sensor. Distinct patterns 

resulted from the interactions between different sensors (both of copolymer types and 

individual modified sensors) and the analytes, with each sensor displaying a different 

relative sensitivity. An increasing resistance was observed with the exposure of the PPy 

sensor to all five analytes, which has been previously reported.15,20 The presence of H-

bonding groups (H-bond donor) in methanol and water could facilitates their interaction 

with the lone pair of electrons in nitrogen as contained in pyrrole. The higher sensitivity 

of PPy to methanol and water is in agreement with Abraham’s model solvation 

parameters in that these solvents have higher hydrogen bond acidities values compared to 

those of toluene or DCM.23 The differences in sorption characteristics may also be the 

basis for higher response magnitudes observed for copolymer sensors with highly 

polarizable substituents. PPy-co-PCmS and PPy- co-PtBS sensors containing highly 

polarizable substituents (Cl and O) interact with all five analytes to produce higher 

sensitivity (Figure 3.9c and d). The role of side chains in tuning the selectivity of 

polythiophene films have been previously reported.24 

Pattern variations were noticed with each copolymer-type in the discrimination of 

analytes. A typical example is the differential patterns obtained for the interaction of all 

four copolymer-types to water (Figure 3.9a, b, c and d, column 5). Whereas PPy-co-PS 



128	  

and PPy-co-PmS show decreasing resistance in responses to water, increasing resistance 

are observed with PPy-co-PCmS and PPy-co-PtBS.  

The potential-modified sensors also displayed significant response variation. This 

variation is evident in the responses of PPy-co-PtBS sensors grown at three different 

potentials (Figure 3.9d, column 5) and is also observed for other modified sensors in the 

array. A moderate response magnitude was observed for the sensor grown at 1.2 V (light 

magenta bar) exposed to water. On the other hand, the response of the sensor grown at 

1.5 V (medium magenta colored bar) is smaller and that of the sensor grown at 1.8 V 

(most intense magenta colored bar) produces a higher magnitude (sensitivity). There is a 

significant response pattern variation across for all potential-modified sensors to the five 

analytes. Therefore, instead of four copolymer types (4 sensors) producing four unique 

sensors, the potential-based modification resulted in thirteen chemically diverse sensors. 

Each sensor gave a broad-band response which is a property noted to improve the 

discrimination of sensor arrays.25,26 
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Figure 3.9: Average differential responses for copolymers sensors (a) PPy-co-PS (b) 
PPy-co-PmS (c) PPy-co-PCmS and (d) PPy-co-PtBS to five different analytes 
compared to PPy (black). The increasing intensity of colors represents sensors that 
were grown at varied potentials (1.8 V>1.5 >1.0 V).	   The	   error	   bars	   indicate	   the	  
standard	  deviation	  from	  5	  repetitive	  exposures. 
	  



130	  

C. Copolymers Sensor Array 

Several strategies have been employed to create an array of CP sensors with each 

sensor elements showing differential responses to a variety of analytes.27-29 In this work 

copolymerization, involving the use of pyrrole (conducting) and 8 substituted vinyl 

monomers (non-conducting) (styrene, m-styrene, 4-chlorostyrene, 4-chloromethylstyrene, 

4-t-butylstyrene, 4-t-butoxystyrene, 4-divinylbenzene, 4-vinylpyridine and pyrrole) were 

electrodeposited and characterized. A plot of the normalized resistance response for the 

twenty-seven compositionally distinct copolymer sensors in response to twelve analytes: 

alcohols [methanol (Met), ethanol (Eth) and isopropanol (ISP)], fuels [Jet A-1 (Jet A), 

Avgas (AVG), Petrol (Pet), kerosene (Kero) and diesel (Dies)] and [toluene (Tol), 

dichloromethane (DCM), acetonitrile (AN) and water (Wat)] is shown in Figure 3.10. 

The resulting response sensitivities of the 8 copolymer sensor types to all 12 analytes are 

illustrated with color-types (rows). The responses of each sensor-type (grown at different 

potentials) to a given analyte (columns) are represented by the change in the color 

intensity of the bars (sensors grown at 1.0 V = light color, 1.5 V = medium color and 1.8 

V = dark color respectively). Each bar in the plot represents 5 random exposures of each 

sensing element to an analyte. The variance associated with the data is reflected in the 

error bar.  

The different resistance response intensities in the plots of sensitivity of the 

compositionally different sensors as a function of analytes are quite significant. These 

differences in sensitivity are also observed among sensors that were grown from the same 

precursors, but grown at three different growth potentials. A typical example is shown in 

the result obtained from the exposure of PPy-co-PDVB sensors to acetonitrile (2nd row in 

Figure 3.10), creating a signature pattern to differentiate this analyte. This type of 
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signature pattern is also observed across different rows for copolymer sensors made from 

pyrrole with different substituted vinyl monomers. For example, by comparing the 

response sensitivity of PPy-co-PDVB sensors (row 2), grown at 1.8 V (most color-intense 

brown) to PPy-co-PS (row 8, most color-intense blue), grown at the same potential (same 

column), the sensitivities also vary significantly. These response intensities are unique for 

each sensor. Across each row of compositionally different sensors, the arrays are 

observed to produce signature patterns that are unique for the discrimination of each 

analyte. Therefore, each column in the entire array is in effect a finger-print to identify 

each analyte.  

	  
Figure 3.10: Average differential responses for 27 copolymers sensors to 12 different 
analytes compared to PPy. Sensors grown at varied potentials are indicated by increasing 
color intensity (1.8 V>1.5 >1.0 V). The error bars indicate the standard deviation from 5 
repetitive exposures. 
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The differences observed in the response of the PPy sensor in comparison with its 

copolymer counterparts, are significant. This observation is understandable, due to the 

insertion of non-conducting styrene substituents into the pyrrole, which reduced the 

conductivity of the resulting copolymer.16 It is also noticeable that copolymer sensors 

containing vinyl substituents like poly(vinyl pyridine) showed high response intensity 

compared to PPy-co-PS sensors.  The presence of an additional nitrogen atom in the 

former and an associated lone pair of electrons in the molecule could further enhance the 

interaction of the resulting copolymer with analytes due to intermolecular interactions. 

The same argument can be made for the increased sensitivity of PPy-co-PDVB and 

PPy-co-PtB-o-S with electron-rich vinyl and oxygen substituents respectively. While the 

former consists of a divinyl benzene substituent, the latter contains oxygen in the 

molecule, which can serve as active sites for the interaction of an analyte with the sensor 

film. Other factors that can influence the sensitivity of these conducting polymer sensors 

on interaction with analytes could include swelling of the sensor films, weak interactions 

such as π-π interactions and H-bonding.29,30	  

Therefore, the electro-copolymerization of nine monomers (pyrrole and 8 

substituted vinyl derivatives) created twenty-seven unique (chemically diverse) sensors. 

Their differential responses were significantly different in the discrimination of all-twelve 

analytes, including fuels.  

 

D. Effect of Changing Dopant 

The incorporation of different anions (dopants) into a growing conducting 

polymer film is another means of increasing its chemical diversity by producing 

compositionally different sensors that could achieve differential sensitivity to different 
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analytes.15,31 It was demonstrated that the nature of the dopant can impact the sensing 

characteristics of CPs due to their influence on polymer films morphology, molecular 

weight, electronic conductivity and band gap of the resulting sensor.2,32-34 A typical 

example was of this effect was reported for a PPy sensors doped with small spherical 

anions like ClO4
-, BF4

-. This sensor exhibited isotropic structures,35,36 while the 

incorporation of larger dopants anions like planar aromatic metallophthalocyanines 

tetrasulfonates caused an increased conductivity37,38 due to the close packing of the 

resulting film. Therefore, the sorption properties of the latter sensor were reported to 

differ from those involving smaller dopants during the sensing characterization with 

analyte.  

In Figure 3.11 the normalized responses of twelve PPy and PAni sensors grown 

with different dopants are shown for their exposure to twelve analytes. The dopants used 

were selected based on the differences in their properties, such as their molecular weights 

(nitric acid < oxalic acid < sulfuric acid < p-TSA  <1-naphthalene sulfonic acid < 10-

camphor sulfonic < DBS) and their acidity/polarity. Other properties that can impact the 

sensing characteristics of the resulting films includes swelling, intermolecular and 

intramolecular interactions such as H-bonding, π-π interaction and the ability of analytes 

to act as solvates for counter ions. Hence, the incorporation of these different dopants into 

the polymer is capable of influencing the sorption characteristics of the resulting sensor 

as discussed in the subsequent section.  

(i) Polyaniline Based Sensors 

In Figure 3.11a the average differential responses of PAni sensors doped with 

sulfuric acid, oxalic acid, p-toluene sulfuric acid (pTSA) and sodium dodecyl sulfuric 



	   134	  

acid (SDS) are shown. The incorporation of these acids with differences in their 

hydrogen-bond acidity (H2SO4 > HOOCCOOH)39 and pTSA (a larger dopant anion) are 

intended to tune the sorption properties of the resulting sensor films. The decrease in the 

resistance (increased conductivity) responses of sulfuric acid doped-PAni sensors 

compared to the smaller resistance responses of oxalic acid doped-PAni could be due to 

the difference in their ability to contribute to the polarizabilty of the sensing film, which 

may increase the chances of the sensor films undergoing weak interactions like 

H-bonding and dipole-dipole interaction that play important roles in the sensing process 

of conducting polymers. 

The presence of this polarizable substituent in the CP film could enhance its 

intermolecular or ionic interactions with polar analytes such as methanol, thereby 

influencing a change in physical properties like conductivity. The sensitivity of pTSA 

doped-PAni was also smaller compared to the sulfuric acid doped-PAni, which could be 

due to the incorporation of larger sized dopants anions like DBS and CSA. PPy-DBS 

films have been reported to result in smooth films,40 which could limit the absorption of 

analytes into the sensor film, resulting to a smaller response sensitivity of their sensors to 

analyte as seen in Figure 3.11a (dark brown bars). Therefore, the significant differences 

in the response magnitudes observed from PAni-H2SO4 and PAni-pTSA are expected.    

For PAni films doped with different dopants (Figure 3.11a), their resistance 

responses show significantly different sensitivities to all twelve analytes. The interaction 

of these sensors with analyte results in decreased resistance for the majority of the 

analytes. Similar effects have been observed for the exposure of PAni films to water, 

toluene and methanol where they responded with increased conductivity (decreased 

resistance).41-43 This phenomenon was explained by proton exchange mechanism between 
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the polymer film and the absorbed analyte in the case of water. PAni could also be 

involved in redox protonation and deprotonation. In PAni interaction with methanol, 

Blackwood et al.44 suggested that the further oxidation of the polymer backbone occurs 

with the conversion of polarons to bipolarons which results in an increased conductivity 

due to the increase in the charge carrier species. The sorption of small analyte molecules 

with a high dielectric constant (like methanol) can directly interact with the nitrogen 

constituent of PAni.29 When this occurs, the polymer chain expands to a more crystalline 

form of the polymer,45 causing an increase in the conductivity. DBS doped PAni film is 

observed to be less sensitive to analytes. This may be because DBS is known to produce 

highly smooth, dense films,40 which may limit the absorption of analytes into the polymer 

film. 

It is clear from the responses of these doped PAni sensors that four unique sensors 

were created. Their exposure to all twelve analytes created four unique responses towards 

each analyte. Previous studies of variably doped PAni have shown that the sensitivity of 

PAni sensors to analytes have been found to be influenced by dopant anions.15,46,47

Therefore, the responses analyzed in this work also created differential patterns for each 

analyte as seen in Figure 3.11a. These variable patterns can be effective in the 

discrimination of all twelve analytes. The discrimination of all the twelve analytes by 

these variably doped PAni sensors is seen in the different patterns that the exposure of the 

sensors created for each analyte (Figure 3.11a).   
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(ii) Polypyrrole Based Sensors 

In Figure 3.11b the responses of PPy-doped sensors (8 dopants) for their exposure 

to all twelve analytes are shown. It is shown in the plot of the normalized resistance of 

these doped sensors, after exposure to the different analytes that the variations within 

multiple sensor exposures are small compared to those obtained for the exposure of each 

sensor to different analytes. This is captured in the small variance (error bars) associated 

with each bar in the plot of sensors sensitivities to analytes. The average differential 

sensitivity of these sensors is mostly seen with increasing resistance for all 12 analytes. 

The phenomenon of increasing resistance of a PPy sensor has been explained by the 

interaction of electron donors like NH4
+: PPy, a p-type CP, interacts with ammonia by 

gaining electrons and in the process, dedoping the mobile charge carriers.48,49 The effect 

results in an increase in its electrical resistance. 

 The sensitivity trend for all the variably-doped PPy sensors, shows the ΔR/R is 

highest for methanol, moderate for acetonitrile, ethanol, water, petrol and diesel, and 

lowest for toluene and dichloromethane Jet A, AVG and kerosene.  

As observed in Figure 3.11, the magnitude of resistance change is strongly 

dependent upon the identity of the dopant as well as the polymer-type. A critical look at 

the twelve differential patterns created by the exposure of these sensors has been useful 

as an identity (fingerprint) for the different analytes. The data shown also demonstrate the 

uniqueness of each sensor in creating differential responses towards each analyte. In 

some cases like the responses of these sensors to Jet A and AVG (Figure 3.11b, columns 

8 and 9), their magnitudes are smaller and appears indistinguishable but when the 

response patterns are compared across all analytes, it is noticeable that no two patterns 

are exactly the same for two different analytes. 
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Figure 3.11: Normalized resistance response (ΔR/R) of 12 PPy and PAni sensors doped 
with variable doped dopants for their exposure to 12 analytes. The error bars indicate the 
standard deviation (σ) from 5 repetitive exposures. Their signature response patterns are 
based on ΔR/R values obtained from their resistance signals. 
  

(a) 

(b) 
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Therefore, the differential sensitivity of the variably doped PPy and PAni sensors 

show that the incorporation of eight different dopants created twelve unique sensors that 

enabled the sensing characterization of all twelve analytes. 

(iii) Copolymer Based Sensors 

The electrogeneration of arrays of copolymer sensors has been described in 

Section 3.3.4.1(C) as a viable means to increase the number of chemically diverse sensors. 

To further increase this chemical diversity of sensors, the impact of changing dopants 

inserted into growing copolymer films is investigated. The incorporation of different 

tetrabutylammonium salts, for example, resulted in the growth of variants of PPy-co-PCS 

sensors. The dopants differ in their acid-base properties (HSO4
->BF4

-> ClO4
- > PF6

-), 

which could alter the sensitivity of the doped sensors to the different analytes. 

In Figure 3.12 the normalized responses of 4 PPy-co-PCS sensors grown with 

different dopants is shown for their exposure to 5 analytes. The differences in the 

response patterns created by these sensors when exposed to the 5 analytes is striking for 

the case of bisulfate-doped PPy-co-PCS, containing HSO4
- anion that can readily lose a 

proton to electron withdrawing substituents. Therefore, the interaction of PPy-co-PCS 

with such an analyte will cause the withdrawal of electrons from the polymer backbone to 

further dope the already oxidized conducting sensor film. The capacity of the sensor to 

engage in ionic interaction with analytes could also be responsible for the increased 

conductivity observed with the PPy-co-PCS sensors. The dopant also contains a high 

solute H-bond acidity as reported by Abrahams in his sorption parameters for solvents 

with strong acidic strength,39,50 which further supports this assertion.  
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The differences in the magnitude of response intensities observed for 

tetrafluoroborate and perchlorate doped-PPy-co-PCS sensors were not very significant. 

This observation is likely due to the similarities in the chemical nature of Cl and F 

substituents in the resulting sensor films. Therefore, by changing the dopant type, another 

dimension has been added that can be used to further enhance the chemical diversity of 

the copolymer array. This modification was not extended to other possible copolymer 

sensor films. Applying this method to other copolymer-type sensors could possibly create 

more unique sensors.  

Figure 3.12: Normalized, average resistance response patterns of PPy-co-PCS sensors 
modified by incorporating different dopant anions, BF4

- (blue), HSO4
- (red) PF6

- 
(magenta) and ClO4

- (green) to all-five analytes. The error bars indicate the standard 
deviation (σ) from 5 repetitive exposures. 
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E. Effect of Changing Oxidation State 

 To further increase the number of chemically different sensing elements, 

PPy-co-PDVB copolymer film was chosen as a model for further modification by setting 

the redox potentials of its as-grown sensors to three different potentials (Figure 3.13) in 

monomer free solution. The goal of this experiment was to alter the polymer films 

composition to obtain differential analyte sensitivity from the modified sensors.  

 

 

 

 

 

 

 

 

Figure 3.13: Cyclic voltammogram for the cycling behavior of as-grown PPy-co-PDVB 
film in nitromethane solution, using Bu4NBF4

- (0.1 M) as electrolyte, at 100 mV/s. The 
arrows represent the redox potentials at which the sensor film was expected to exhibit 
different electrical properties (electroactivity) when the as grown film was held at these 
potential. Therefore, such sensors are expected to show different physiochemical 
characteristics (chemically different sensors or chemical diversity). 
 

         The application of sensor modification by varying their oxidation states has been 

shown to impact their responses to analytes and is a result of the changes in the 

conductivity state of the resulting sensors.43,51,52 Therefore, this technique was used to 

hold the sensing films to different redox potentials (after-growth), to alter their doping 

level prior to sensing.  
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When the modified polymer film is completely reduced, it is regarded as non-

-conducting, while when fully oxidized it is highly conducting. Kumar et al.,15 reported in 

their work with CP sensors that the application of variable redox potentials and changing 

dopants resulted in a large array of differentially sensitive response patterns . 

Figure 3.14: Average ΔR/R resistance response pattern for the exposure of 
PPy- co-PDVB (as deposited) to all-five analytes. 	  

In Figure 3.14 the average normalized resistance response of a prototype 

PPy-co-PDVB copolymer sensor film is shown. It was characterized with small organic 

analytes, water and fuels to observe their variable responses to analytes. The plot of the 

average normalized resistance responses shows that the sensitivity of this sensor varies 

significantly with the type of analyte. The response of the sensor to the different analytes 

shows that methanol was highest compared to acetonitrile, water and dichloromethane 

(moderate). The response of toluene was the lowest as it is not very reactive. It is 

noticeable though, that the responses of this sensor were different for each analyte. From 

this it can be inferred that the identical sensing elements produced chemically unique 

response intensity that was selective for the discrimination of all five analytes. They also 

showed repeatability, as shown by the small error bars.  

0.15

0.10

0.05

0.00

A
ve

ra
ge

 ∆
R

/R

Toluene DCM Methanol AN Water



142	  

To tune the properties of the as-grown sensor, variable redox potentials were 

applied to tune properties of the sensing elements. This involves cycling the as-grown 

array in a monomer free solution and obtaining a characteristic CV (Figure 3.13) of the 

copolymer film. Three redox potentials were selected to vary the oxidation state of films 

as shown in the CV plot. It was expected that the as-grown sensors, held to the three 

different redox potentials, would show different sensing characteristics, due to changes in 

their conductivity and sorption properties. The uniqueness of the resulting modified 

sensors was investigated by exposing them to ten analytes (organic solvents and fuels).  

The plots of the ΔR/R values as shown in Figure 3.15 were obtained from the three 

modified PPy-co-PDVB films. Their response intensities highlight three different 

response sensitivities (Figures 3.15, three different colors of bars) for their exposure to all 

the ten analytes, showing their uniqueness. This is to certify that the resulting sensors 

were effective in creating these ten differential patterns, compared to one pattern obtained 

from the as-grown films (sensor) before modification (Figure 3.14). The resulting 

modified sensors were sensitive towards alcohols and water, which could due to the 

higher polarizability of these analytes that may influence their sorption behavior, and 

ultimately their sensitivity. Nonetheless, they were able to discriminate fuels as shown in 

Figure 3.15b. Therefore,	   three	   differentially	   sensitive	   films	   have	   been	   successfully	  

created	   from	   one	   copolymer	   material	   (PPy-‐co-‐PDVB).	   The	   significance	   of	   this	  

modification	   model	   demonstrates	   that	   the	   copolymer	   sensors	   can	   be	   tuned	   and	  

electrodeposited	  onto	  patterned	  electrodes.	  	  
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Figure 3.15: The plot of average ΔR/R response of poly(pyrrole-co-4-divinylbenzene) to 
random exposure of analytes, where each bar represents 5 sequential measurements of 
resistance changes (sensitivity) and the magnitude of error bar represent variations (σ) 
within the data. The plots demonstrate the sensitivity of sensors modified by using redox 
potentials to set the oxidation state of the as-grown device to discriminate (a) all five 
analytes and (b) fuels. 

Another group of CP sensors that were modified by using this approach includes 

PPy and PAni films. The as-grown sensors were initially characterized by changing the 

dopants and observing their differential sensitivity to analytes [see Section 3.3.4.1 (ii) and 

(iii)]. Identical sensing elements of these sensors (grown on IDE devices) were held at 

different potentials to alter their doping level before sensing characterization. This was 

done by setting the individual sensing elements to variable oxidation states based on their 

behaviors in a monomer free solution. In Figure 3.16 the CV of H2SO4 doped-PPy 

and -PAni films is shown for the three potentials selected to tune the properties of the 

sensors. The sensor that was held at -0.5 V is reduced (dedoped), which is due to the 

movement of dopant ions out of the polymer film. At 0.5 V the sensor is moderately 

oxidized (partially doped) while at 1.0 V, it is totally oxidized (fully doped).  
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Figure 3.16: Cyclic voltammograms of a) PPy-H2SO4 and b) PAni- H2SO4 films in 0.25 
M H2SO4 solution (electrolyte). The scan rate was 20 mV-s-1 and the arrows indicate the 
potentials at which the different sensor elements were held. 

The changes in the normalized resistance (ΔR/R) response of PPy and PAni films, 

doped with variable dopants and held to different oxidation states, are shown in Figure 

3.17. It is observed from the plot that the effect of redox modifications to the as-grown 

film is more pronounced with polar analytes such as methanol, ethanol and acetonitrile. 

Although there are differences in the sensitivities of sensors held to high oxidation state, 

moderate and reduced states, there seems to be no direct trend for all analytes. A typical 

example is the response of PAni/H2SO4 films held at -0.5 V (reduced), 0.5 V (moderately 

oxidized) and 1.0 V (highly oxidized). The response sensitivity of these sensors with the 

exposure of methanol, changes in the order 1.0 V> 0.5 V>-0.5 V. This trend was not 

observed for some other vapors. Hence, there appears to be diversity in the response of 

the modified sensors as a function of potentials. Similar response variations are observed 

with PPy sensors whose films have been held at variable oxidation states.  
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A noticeable trend in the entire arrays that were held at different potentials is that, 

no two patterns are the same for different analytes.  Therefore, the resulting differential 

patterns provide diversity within this array of sensors. 
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Figure 3.17: Average differential responses for 36 (a) PPy and (b) PAni sensors, 
modified by using redox potentials to set the oxidation state of the as-grown films to 
discriminate 12 analytes. Sensors held at varied redox potentials are indicated by 
increasing color intensity (1.0 V>0.5 >-0.5 V vs. Ag/AgCl). 
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F. Sensitivity of Composites Sensors Containing Blends of Polypyrrole and 

Polyaniline at Different Compositional Ratios  

The sensitivity of sensors, made from the mixture of pyrrole and aniline in vol-vol 

ratios of 70:30, 50:50 and 30:70 to identify 12 analytes, is shown in Figure 3.18. The 

normalized resistance response magnitudes for PPy and PAni have been shown in 

previous results, where PPy sensors were observed to show increasing resistance to most 

organic analytes. On the other hand, the majority of PAni sensors analyzed also displayed 

increasing resistance responses to analytes. Although, the co-deposition or blends of CP 

films has been investigated as a means of developing new sensors,53-57 the direct 

electrodeposition of blends of PPy and PAni to create new CP sensors have scarcely been 

reported in the literature. 

Figure 3.18: Average differential responses for three sensors made from the composites 
of PPy and PAni in different ratios of their monomer mixtures on exposure to 12 analytes. 
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The sensing properties of the blends of the sensing polymer films show variable 

changes in response sensitivity. The response of PPy/PAni sensor, grown at a mixture 

ratio of 70:30 upon the exposure of water shows a relatively increased resistance while 

the sensor made from the mixture containing more aniline (50:50) responded with 

decreased resistance. This is also typical of other sensors previously investigated. By 

increasing the aniline component in the growth mixture, the resulting sensor responded to 

water with a further increase in film conductivity. The increase in conductivity for 

PAni-based sensors is a known phenomenon with their exposure to water and NH3.53,58 

By increasing the amount of pyrrole in the growth mixture (PPy/PAni-70:30) (blue bars), 

the response sensitivities show a decreased conductivity, which is similar to the 

magnitude of response earlier obtained for pure PPy.  

Significant variations occur in the response patterns generated by these sensors 

modified by altering the ratio of the conducting polymer monomers during the growth of 

their films. By changing the mixing ratio for the blends, three differentially responsive 

composite sensors were created. They were effective in creating differential response 

patterns to discriminate all-twelve-analytes.  

 

3.4 Ensemble Behavior  

An array consisting of a large number of chemically diverse CP sensors was 

developed, using variable methods to tune the properties of the resulting films that can 

interact with analytes to produce differential patterns for their identification. Five key 

parameters were employed in this process, to create unique sensors from pyrrole, aniline 

and eight substituted vinyl monomers. These include, changing monomers, copolymers, 

varying dopants, changing the doping level of sensors and growth of CP composites. By 
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applying these changes, it was possible to change the chemistry, structure and 

morphology of the polymers to affect their sensitivity towards analytes. The resulting 

array consists of eighty-one sensing elements [twenty-seven copolymer sensors (Figure 

3.10), twelve variably doped PPy and PAni sensors (Figure 3.11), three variably doped 

PPy-co-PCS sensors, thirty-six variants of PPy and PAni sensors (Figure 3.2.7), three 

PPy-co-PDVB sensors (Figure 3.15)], held to different oxidation states and three 

composite sensors (Figure 3.18).  

To process the multi-dimensional data responses from these broad arrays, they 

were further analyzed with two major chemometric pattern recognition techniques: 

principal component analysis and linear discriminant analysis, as described in Chapter 4. 

These methods were used to carefully visualize the variance captured in the data that 

enables the virtual differentiation of analytes as a function of sensors or otherwise. The 

information obtained from these arrays can be useful to determine which sensors are 

useful or redundant.59  

 

3.5 Conclusions  

The use of CPs and their derivatives for analyte sensing was investigated in this 

work. The ability to tune their polymer backbone, by changing polymer type 

(homopolymers, copolymers and blends of co-monomers), nature of dopant (large, or 

small, polar or non-polar), and the degree of doping (redox modification) resulted in the 

creation of an array consisting of a large number (81) of chemically diverse sensing 

elements. These sensors exhibited chemical diversity in their ability to differentiate 

twelve analytes. The various modifications that were employed to tune the functionality 

of the polymers were effective to a greater degree in creating chemically diverse sensors. 
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They also showed solution processability, stability, semiconductivity, flexibility, and they 

are lightweight. Therefore, they have fundamental advantages for applications in the field 

of microsensors.  

In Chapter 4, the analysis of the variable response sensitivity of sensors will be 

presented with pattern recognition algorithms such as PCA and LDA. The algorithms will 

be used to show that the variations in the data for their spatial resolution are related to the 

sensing characteristics of the array in discriminating the analytes. The ability to classify 

the analytes and also show the uniqueness of sensors as a function of analytes will also be 

discussed. 
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4.1 Introduction 

A sensor array architecture composed of broadly responsive and compositionally 

distinct chemiresistor elements has attracted current research due to the need to develop 

an artificial analog of the mammalian olfactory system. The focus has been to develop 

arrays with non-specific responses that can create differential patterns for analyte 

recognition. Previous efforts in this regard involve the discrimination between 3 alcohols 

by an array of 3 metal-oxide sensors.1 Shurmer et al.,2 further showed that 12 discrete tin 

oxide sensors could discriminate homologs of alcohols. However, the high-temperature 

operation of metal oxide based sensors is a major drawback.3-5 Organic CP sensors have 

been shown to display a broad sensitivity in various analyte discrimination tasks.6,7   

Although, the size of an array in an artificial device, needed to effectively mimic 

the discriminative capacity of the mammalian olfactory system has not been determined, 

it is expected that such a device will require the use of large numbers of chemically 

diverse sensors. It is anticipated that the sensor array can attain or approach the ‘over 450 

ORs’ in humans and ‘1000 ORs’ in canine that is engaged by mammals for odor 

recognition. Such a device will also require a suitable interface of an appropriate signal-

processing algorithm to address the computational needs associated with multi-analyte 

detection and classification. Having a large repertoire of sensors, as reported in this work, 

could also introduce some redundancies that can further complicate the multidimensional 

data generated from their interactions with analytes. Therefore pattern recognition 

algorithms are required to classify, or in some cases quantify, the analytes of interest.8,9 

The analytes used in this work can be classified into groups: alcohols [methanol 

(Met), ethanol (Eth) and isopropanol (ISP), fuels [Jet A-1 (Jet A), Avgas (AVG), petrol 
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(Pet), kerosene (Kero) and diesel (Die)] and others, [toluene (Tol), dichloromethane 

(DCM), acetonitrile (AN) and water (Wat)]. Therefore to visualize the difference in 

spatial resolution or data clustering in analyte space, arising from their resulting 

differential patterns can become difficult. It is therefore important to evaluate the relative 

performance of the array elements (sensors) in the various sensing responses by 

simplifying the multidimensional data, using a statistically based signal-processing 

algorithms.  

Statistical chemometric techniques have traditionally been used to evaluate the 

resistance responses of arrays to analytes in various pattern recognition tasks. These 

include the use of principal component analysis (PCA),2 linear discriminant analysis 

(LDA), factor analysis (FA)10 cluster analysis (CA) and artificial neural networks (ANN). 

Neural networks have also been used to identify differences in analytes as well as their 

variable concentrations.11  

In this work, the responses of the various chemically diverse sensors generated 

from PPy and PAni, including the applied modifications and those involving copolymers 

of pyrrole and substituted vinyl monomer and composites of PPy/PAni are used to 

investigate arrays discrimination capacity to visually resolve analytes. PCA and LDA 

were used in the evaluation, characterization and classification of the different features of 

the array’s response data, generated and analyzed to create a better understanding of 

sensor-analyte partitioning. Principal component analysis has been used to visualize the 

differences in the patterns obtained from the ∆R/R response previously generated in 

Chapter 3 for their exposures to the different analytes. These statistical chemometric 

techniques offer the basic interface to reduce the dimensionality of the data,12 giving 
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better spatial resolution and the needed classification of analytes.  

Preprocessing of the data was performed by normalization of the data signals 

(Eqn. 1. 8) by scaling.7 The method was also used to reduce the effects of sensor drifts, 

such that variations in the baseline resistance response from different sensing elements of 

similar composition do not contain significant variation. 

 

4.2 Experimental  

4.2.1 Methods 

The sensor array consisting of eighty-one unique sensors was used to perform 

sensing characterization of twelve analytes including different groups of alcohols. Each 

sensor element was electrodeposited onto an IDE (Figure 3.2). The various modifications 

of the various sensors were performed as previously stated in Chapter 3.  

The PPy and PAni sensors (12 sensors) were electrodeposited using the 

appropriate aqueous electrolytes and different dopants were inserted into the films during 

growth. A second set of 36 homopolymer sensors was made by altering their redox 

potentials in monomer-free electrolyte solution. The resulting sensors were used to 

investigate the ability of the sensing elements to recognize all 12 (Figure 3.12) analytes in 

principal components. 

A third set of 27 copolymer sensors was also electro-copolymerized onto IDE 

devices by changing their growth potentials to modify them. This array was used to 

investigate the ability of the sensing elements to show pairwise discrimination between 

the various analytes or linear separability between two analyte based on their resolution 

factors (rf) previously described in Chapter 1 (Section 1.8.2, Eqn. 1.12). The capacity of 
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the sensors to discriminate between analytes in PCs was also investigated. 

The sensors electrodeposited from variable composites of PPy/PAni (3 sensors) 

were also investigated with PCA to show their ability to discriminate all 12 analytes.   

The sensing characterization of all the sensors described in this chapter was 

performed by exposing them to analytes using a mass flow controller at a vapor pressure 

of 5%. The operation of the mass flow controller has been described previously (Chapter 

1). The resistances of the samples were measured every 2 minutes during the exposures, 

and the resulting normalized resistance response of each sensor was used in analyzing the 

data. 

4.2.2 Data Processing 

Analysis of the resistance response data generated through the interaction of the 

analytes with the array elements was processed with principal component analysis (PCA) 

and linear discriminant analysis (LDA) to estimate the discrimination capacity of the 

arrays generated in this work. PCA was performed from the ΔR/R responses from each 

sensor sample, using Matlab software to project data into PCs (PC1, PC2, PC3…etc.), 

where PC1 contains the highest variance of orthogonal data projection. The data was 

initially autoscaled by mean centering and normalizing according to the variance in each 

dimension before the analysis. 

LDA was used to further project the data into a new dimension by maximizing the 

between-class separability and minimizing the within-class variability of different 

clusters of data representing the discrimination of analytes as a function of sensors or 

sensor-sensor resolution. These statistical chemometric techniques have been used in 
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previous analysis of CP array data-responses.7,13,14 Johnson et al.15 using LDA described 

the correlation of differential patterns to the spatial identification and perception of odors 

in rat as a function of concentration. 

4.3 Results and Discussion 

4.3.1 Spatial Analysis of Array Response Patterns to Analytes 

The PCA plots of ΔR/R values obtained by applying various modifications to 

array elements are presented and discussed in the following section. 

4.3.1.1 Array’s Discrimination of Analytes as a Function of Number of Sensors 

In Chapter 3 (Section 3.3.2), the differences observed in the differential sensitivity 

and pattern generated by one sensor (PPy or PPy-co-PS) and that of compositionally 

different PPy-co-PS sensors was highlighted. To visualize these differences in analyte 

space, the PCA plots of the ΔR/R data of PPy-co-PS sensor (one sensor) and three 

growth-potential modified PPy-co-PS sensors are shown in Figures 4.1 and 4.2 

respectively. In the case of one PPy-co-PS sensor grown at 1.2 V, five spatially separated 

clusters in Figure 4.1a confirm the differential sensitivity of this sensor to these analytes 

by the significant variation captured in the PCs for the sensor responses. Random 

differences were also observed for the plot of the ΔR/R data for its sensitivity across 

identical sensor elements (Figure 4.1b) showing the repeatability of the sensor response. 

By comparing the PCA plot of this single copolymer to that of pure PPy (Figure 4.3), 

some similarities and contrasts are observed. In the first principal component (PC 1), both 

sensors clearly showed spatial separation of clusters (variance), which can be related to 
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their ability to discriminate all five analytes.  In the second principal component, there is 

no such major cluster separation in comparison with the PCA plot of PPy-co-PS grown at 

three different potentials (Figure 4.2). The PC plot of these multi-potential modified 

sensors showed a better discrimination capacity between analytes compared to one 

sensor, either of PPy or PPy-co-PS (as-grown). The variation in the PCs is obviously 

impacted by the uniqueness of the growth potential modified sensors. The observation is 

demonstrated by the spatial separation of the four clusters obtained from the response 

data of these sensors—PPy and PPy-co-PS grown at three different potentials (Figure 

4.2b), to analytes. This cluster separation further confirms the need for developing new 

electroactive copolymer sensor arrays.  

In contrast, the PCA plots of these two sensors show different cluster positions for 

each analyte, which is an indication of sensors differential response patterns to the 

different analytes as shown in Figure 3.7. 
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Figure 4.1: PCA plots of the ∆R/R values of PPy-co-PS sensor grown at 1.5 V, showing 
(a) sensor discrimination between the analytes (Figure 3.7)  (b) the discrimination of 
analytes by similarly grown sensor elements indicating similar behavior (from the data 
shown in Figure 3.4). 

 

 

Figure 4.2: PCA plots of the ∆R/R values of PPy-co-PS sensors grown at 3 different 
potentials of 1.2, 1.5 and 1.8 V (vs. Ag/AgCl) respectively showing (a) sensor 
discrimination between the analytes (Figure 3.7) from random exposures  (b) the 
uniqueness of sensors as a function of the analytes. Plot b was obtained from the same 
∆R/R data for the responses of four sensors (three copolymers and one PPy), transposed 
to show the PCA of sensors as a function of analytes.  
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Figure 4.3: PCA plots of the ΔR/R values for the responses of PPy sensor, based on 
randomly exposed analytes previously shown in Figure 3.7 (black bars). The variation in 
PCs shows the sensor discrimination between the analytes.  
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A. Effects of Changing Dopants 

In Figure 4.4 the PCA plot of arrays of PPy (8) and PAni (4) sensors consisting of 

various dopant anions inserted is shown. The response sensitivity and differential patterns 

generated to discriminate all twelve analytes have been discussed in Section 3.3.4.1(D). 

The incorporation of different anions (dopants) into a growing conducting polymer film 

has been shown as another means of increasing chemical diversity by producing an array 

of compositionally different sensors to achieve differential sensitivity on interaction with 

analytes.16,17 The PCA plot of the ΔR/R values for PPy and PAni sensors as a function of 

analytes (Figure 4.4a) demonstrate that the variably doped sensors clearly distinguished 

all 12 analytes by the 12 spatially separated clusters obtained from the plot. These 

spatially separated clusters appear within the PCs because of the differential response 

patterns created from the data of the array responses to different analytes as a means of 

identifying them.  

In Figure 4.4a it can be seen that the clusters of fuels are not as spatially separated 

as those of polar-organic analytes like alcohols. This is expected because the fuels are 

chemically similar and their exposure to these sensors produced relatively smaller 

sensitivities compared to the higher sensitivity of the sensors exposed to polar analytes. 

Random variations in the data for each analyte are also small (i.e., tight packing), which 

is an indication of the repeatability of their responses. This property is also reflected in 

the PC plots of their data showing tight clusters for sensors whose response variations 

were relatively minimal.  
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Figure 4.4: PCA plots of ΔR/R responses from twelve variably doped PPy (8) and PAni 
(4) sensors (patterns in Figure 3.2.0) showing (a) pattern recognition of 12 analytes, (b) 
uniqueness of sensors in the discrimination task. The different colors of the clusters in (a) 
represents the responses of sensors to different analytes. In (b) the two different symbols 
represents the clusters of different sensors (PPy = dots, PAni = stars).  
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The identity of the variably doped PPy and PAni sensors is captured in the 12 

spatially separated clusters shown in Figure 4.4b. The clusters were obtained from the 

same data used for processing Figure 4.4a but transposed to obtain a PCA plot of sensors 

as a function of analytes. The clustering patterns show sensors containing large dopants 

like DBS, SDS, and NSA (sulfonic acid anions) are closer in PCs, as their sensitivity was 

lower in the doped-PPy sensors compared to the sulfuric acid doped sensors. This 

observation can be attributed to the production of smooth, dense films by a typical 

DBS-doped polymer films,18 a condition that can limit the absorption of analyte into the 

sensing film. The large spatial separation of PAni sensors in PCs is due to their higher 

sensitivity to analytes as was shown previously in Figure 3.10a.   

By changing the dopant-type for these two homopolymers, the resulting data from 

the array shows a visible distinction between the clusters of all twelve analytes in PCs. 

The variations in the data are impacted by the dopant- and polymer-type to broaden the 

chemical diversity of the polymer films. This is evident in the separation of their clusters, 

showing four PAni sensors and eight PPy unique sensors. 

 

B. Effects of Redox Potential 

Further investigation of the effects of incorporating the different dopant anions 

(BF4
-
 HSO4

-, PF6
- and ClO4

-) was performed for the PPy-co-PCS sensors. The data for the 

differential response patterns obtained for the exposure of these variably doped sensors 

were processed using PCA to visualize their patterns in analyte space. The ΔR/R values 



	   167	  

of sensors response data are plotted in PCs as a function of the analytes. From the 

resulting PCA plot (Figure 4.5b), the spatial separation of the four clusters represents the 

chemical identities of these variably doped-sensors in their discrimination of analytes. By 

changing the dopant-type, as can be seen from the clustering of data points for each 

doped sensor, four unique sensors have been created. This observation correlates with the 

four differential response patterns obtained from their normalized resistance response 

(Figure 3.13) to differentiate between the five organic analytes. Using these data, the 

cluster separation in PCs has further confirmed the use of variable dopant-type in 

enhancing the chemical diversity of copolymer array.  

The ΔR/R data of PPy-co-PDVB redox-modified sensors were also processed 

with PCA. The resulting PCA plot (Figure 4.5a) show three spatially separated clusters. 

Each cluster represents the identity of the individual redox-modified sensors shown to be 

able to discriminate between the 5 analytes (Figure 3.14). The three spatially separated 

clusters confirm the previous data that shows that differentially sensitive films have been 

successfully created from one copolymer material (PPy-co-PDVB) by adjusting the redox 

potential. 
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Figure 4.5: PCA plots of the ΔR/R values of (a) the redox-modified PPy-co-PDVB 
sensor arrays (from the data in Figure 3.15), showing the uniqueness of sensors as a 
function of the analytes (b) PPy-co-PCS sensors (see data from Figure 3.12) modified by 
incorporating four different dopant anions [BF4

- (blue), HSO4
- (red) PF6

- (magenta) and 
ClO4

- (green)] to all-five analytes, showing the effect of changing dopants during the 
growth polymer films. The colors of clusters in PCs correspond to their respective 
differential response patterns. 
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between the data of different analytes, demonstrated by the significant spatial separation 

between their clusters in PC space. The ability of these sensors grown at varied potentials 

to show differential responses to analytes is also visualized in thirteen distinct clusters 

representing each unique sensor  (Figure 4.6b). A better separation of clusters in PCs is 

observed for the entire copolymer array compared to individual polymer sensing element, 

like PPy or three potential-modified PPy-co-PS sensors, shown in Figures 4.1 and 4.2 

respectively. This is an indication that they are not merely replicas of sensors but show 

various degrees of discrimination (chemical diversity). Therefore, the development of 

these thirteen differentially sensitive sensors has been effective in showing the usefulness 

of generating more electroactive materials capable of providing better discrimination of 

sensor-analyte patterns in a manner similar to receptor-odor characterization in the 

mammalian olfactory system.  

The variations captured in the PC plots show that PC 1 contains a higher fraction 

of variance compared to PC 2. In the entire array, the specific fractions of variation have 

been calculated for all the data and results show that the variance associated with PC 1 is 

48.9%, while that of PC 2 is 29.4 %. This imply that 78.3% of the variation is explained 

by these two components. Therefore, the variance highlighted by the PCA plots of sensor 

array elements through the modification of styrene substituents of the copolymer sensing 

layers, reveals the level of diversity that the incorporation of these new materials has 

introduced.  
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Figure 4.6: Principal component plots of the ΔR/R values of entire copolymer sensor 
arrays (Figure 3.9), showing (a) sensors discrimination between the analytes (b) the 
pattern recognition of sensors grown at varied potentials [PPy-co-PS (blue), PPy-co-PmS 
(red), PPy-co-PCmS (green) and PPy-co-PtBS (purple). Color intensity: 1.8 V>1.5 V>1.0 
V] in comparison with polypyrrole sensor. 
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representing the data from five randomly ordered exposures to an individual analyte. The 

scatter within each cluster is caused by the variation in the repeated exposures, while the 

spatial separation between clusters represents the ability of the array to uniquely identify 

the analytes. It is evident from their spatial separation that the clusters of each analyte in 

the fuel subset (Jet A, AVG, Pet, Kero and Dies) are also distinguishable as shown in Fig. 

4.7b. However, when the fuels are considered alone, there seem to be less variation in the 

data, indicative of their chemically similarity. This is particularly true for petrol and 

kerosene where the cluster overlap is significant. Due to the overlap of the PCA data, 

further statistical analysis was performed to classify the original results using LDA, as a 

supervised classification algorithm.  

  

Figure 4.7: Principal component plots of the ΔR/R values of entire 27-copolymer sensor 
arrays (from the data shown in Figure 3.9), showing the discrimination between (a) the 
twelve analytes and (b) the fuels. 
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Figure 4.8: Principal component plots of the ΔR/R values for the entire 81 conducting 
polymer sensor array (Figures 3.10, 3.11, 3.15, 3.17 and 3.18), showing sensors 
discrimination between (a) the 12 analytes, (b) a group of alcohols and (c) the fuels.  
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Figure 4.9: Principal component plots of the ΔR/R values for the entire array of CP 
sensors, showing the identity of each sensing elements in the discrimination task. The 
legend shows the various modified sensing elements. 
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4.3.1.3 Effects of Variable Modifications of the Entire Polymer Array’s Differential 

Patterns in Spatial Recognition  

In Figure 4.8 the PCA plots of the ΔR/R values from the entire CP sensor array 

are shown as a function the analytes used to characterize them. The variances that 

occurred due to the differential sensitivity of all the modified sensors created the 

differential patterns that could distinguish all the 12 analytes as seen from the 12 distinct 

clusters in PCs (Figure 4.8a). The clusters within the PC space from the array responses 

upon exposure to methanol, ethanol and acetonitrile are seen to have greater spatial 

resolution. As previously described in Chapter 3, the higher sensitivities of these polar 

analytes to the array elements could explain this variation. However, the response data 

for groups of alcohols (Figure 4.8b) and fuels (Figure 4.8c) show the sensor arrays ability 

to also identify individual members of these groups of analytes in PC space. Furthermore, 

Figure 4.9 demonstrates the impact of applying all the variable modifications to obtain 

chemically diverse sensors. The uniqueness (chemical diversity) of each modified sensor 

can be visualized in the PCA score plot using the same data as for Figure 4.8a, 

transposed. Seventy-six distinct clusters representing array elements are shown in Figure 

4.9. These include the plots of ΔR/R values for the differential response patterns obtained 

by applying all the five different modifications to tune the resulting sensors. 

Although there are some cluster overlaps, the spatial separation of the majority of 

the data clusters obtained from the responses of different sensing elements shows their 

uniqueness. In Figure 4.9, the data from 3 PPy sensors as well as 3 redox modified 

PPy-co-PCS sensors were excluded from this plot for better presentation. The resulting 

sensors can then be incorporated into an electronic device, compatible with CMOS 
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integrated circuits due to the ease of controlling their electrodeposition onto 

microstructures and their ability to show unique behavior in analytes discrimination task 

(chemical diversity).  

 

4.3.2 Classification Performance of Conducting Polymer Sensors 

Although the array of copolymer sensors investigated so far was effective in 

discriminating all the twelve analytes used in this work, some cluster overlaps were 

noted. In this section, the LDA approach will be used and discussed to determine the 

linear separation between two different data clusters associated with this discrimination. 

The approach is to determine a numerical separation of data from the responses of 

different sensors/analytes similar to the separation factor in a chromatographic column. 

 

4.3.2.1 Classification Performance of Broadly-Responsive Copolymer Array in 

Analyte Discrimination Events  

The normalized resistance responses (ΔR/R) from 27 copolymer sensor arrays 

responses to the twelve analytes were previously shown in Figure 3.10. The PCA plots of 

their ΔR/R responses were performed as shown in Figure 4.7, where some cluster 

overlaps were observed for fuels. From a typical PCA plot (Figure 4.7), the spatial 

separation of clusters can be associated with the capacity of the array to discriminate 

between the different analytes. The need to further resolve closely clustered data 

necessitates the use of another statistical algorithm to determine the capacity of the arrays 

to differentiate between the analytes, by maximizing their clusters separation. To separate 

the different analytes into two classes, the normalized resistance responses (ΔR/R) of 
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sensors (Figure 3. 8) were subjected to further processing using the linear discriminant 

analysis (LDA) method. This supervised classification algorithm has been used to 

successfully classify various mixtures of analytes with carbon-black polymer 

composites.19,20  

Evaluation of the array performance is based on its capacity to differentiate 

uniquely pairs of analytes, especially the chemically similar ones. The criterion for this 

characterization is based on the linear separation of two analytes, using the response data 

to determine a vector 𝑊 along which the data-cluster separation is maximized.8,19 The 

goal of this classification task is to present a better projection of data clusters that were 

previously analyzed with PCA where sensors in the array, although unique, may not seem 

to show clear separation of clusters in PCs. To obtain numerical values representing the 

optimal linear separation between any sets of analyte/sensor data clusters (their 

uniqueness), a decision boundary was determined such that, there exists one discriminant 

boundary for each pair of analytes. The pairwise resolution factors between two groups 

(a, b) of analytes, rf, was calculated using Eq. 1.12, for all 12 analytes, representing the 

linear separation of analyte pairs. The normalized resistance data of the sensors was used 

as the input data. The numerical separation between the centroids of the individual group 

of data responses to different analyte is shown in Table 4.1.  
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Table 4.1: The resolution factors quantifying the ability of the 27 copolymer sensing 
array elements to resolve pairwise, each of the 12 analytes. 
 
 

 Tol DCM AN Met Eth ISP Wat JetA AVG Pet Ker Die 

Tol 0 16.1 
 

33.6 25.2 51.6 1.1 11.6 11.5 42.7 5.8 39.2 30.0 

DCM  0 21.5 20.6 23.6 29.1 11.9 8.1 11.8 8.6 30.5 85.2 

AN   0 24.2 20.9 38.6 31.3 21.0 54.0 42.6 34.5 53.3 

Met    0 12.7 18.4 18.6 25.6 25.6 0.2 19.2 26.1 

Eth     0 53.9 16.7 1.0 53.0 24.3 18.5 51.9 

ISP      0 8.9 11.1 42.7 4.7 63.0 30.2 

Wat       0 11.2 4.9 1.6 9.0 5.2 

Jet A        0 15.4 11.5 11.7 24.7 

AVG         0 7.0 32.4 24.2 

Pet          0 9.0 15.6 

Ker           0 2.7 

Die            0 

 

To determine the probability of differentiating between a pair of analytes, 

assuming a Gaussian distribution within the cluster relative to their centroids, the 

resolution factors 1.0, 2.0 and 3.0 have been reported to represent 72, 92 and 98% 

respectively, the probability of correctly identifying both analytes as linearly 

separated.21,22 The rf’s for each pair of analytes are presented in Table 4.1 showing the 

array’s resolving power for 63 out of the 66 analyte-pairs with an rf>3. 

Robust discrimination is observed with the numerical differences in the rfs for 

chemically similar analyte-pairs such as methanol/ethanol (12.7), JetA/AVG (15.4). 

Therefore, the array characterization seen in the numerical classifiers (Table 4.1) is an 

indication of a good discriminant tool, useful for the classification of these organic 

analytes and fuels. Interestingly, the data clusters of some fuels that were not previously 

separated in PCs (Pet and Kero), were processed with LDA, by maximizing the between 

cluster separabilty, while minimizing the within cluster variability. A numerical rf of 9.0 

was calculated for these two analytes, indicating a good linear separation of their data 



	   178	  

clusters. Given that an rf > 3 shows a good numerical separabilty, it can be inferred that 

the sensor array can clearly distinguish between these fuels more than 98% of the time. 

The LDA analysis is a quantitative measure of the classification ability of the array 

elements and allows the discrimination between analyte-pairs that were not previously 

resolved with PCA.	  

The resolving power of the array of copolymers that were investigated in this 

work was based on the separation of clusters that arises from the differences in the 

magnitudes of the sensors responses to different analytes. The array response to two 

analytes with identical patterns, for example, as observed in the case of toluene and 

dichloromethane (Figure 3.10, columns 1 and 2), gave a resolution factor of 16.1 (Table 

4.1, row 3), yet showed a large pairwise rf value. Therefore, the degree of cluster 

separation can in some cases depend more on the differences in the magnitude of the 

response than the patterns.  

 Another metric used to measure the linear classification ability of the array is to 

consider the probability of correctly identifying analytes, based on the Gaussian 

distribution of their data within a cluster. The data used to process these plots were 

obtained from the resistance responses of the sensor, using LDA approach. Gaussian 

plots (Figure 4.10) for the numerical classification of these analytes, as shown in Figure 

4.9 illustrate the distribution of the data-set as captured in their probability density 

function (PDF). The numerical separation between the Gaussian plots is based on the rf 

for each analyte pair, using the LDA approach. These plots reveal small deviations within 

each clustered dataset (within-class variability) but a larger separation between the 

clusters, which is an indication of the array’s numerical classification of each analyte 
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from its pairwise neighbor based on their resolution factors. The broadness of each 

Gaussian also serves as a means to visualize the repeatability of array-response to 

randomly exposed analytes. Analysis of the plots shows a narrow Gaussian in the plot of 

the dataset for the array interaction with acetonitrile, which is an indication of small 

variability within the dataset. The broader Gaussian, obtained in the case of diesel, 

however is as indication of further spread from the mean of the dataset (larger standard 

deviation) that enables their classification as different analytes. Therefore, using this 

technique, better resolution between analyte pairs may be obtained relative to that 

achieved with PCA. 

 

Figure 4.10: Gaussian plots of data obtained from the resolution of analyte pairs showing 
the probability distribution and numerical separation between them (a) acetonitrile/diesel 
(b) JetA/AVG. The mean data point for each cluster is highlighted with green. 
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4.3.2.2 Sensor-Sensor Resolution of Analytes as a Function of the Degree of 

Functionalization. 

The chemical diversity of the array composed of various sensing elements has 

been investigated in this work. Principal component analysis was used to highlight the 

ability of the sensors to discriminate between analytes. As a further probe of the unique 

identity of the array elements, a numerical value was determined, to highlight the 

separation between sensor-pairs based on the sensor-sensor rf. The classification 

performance to compare the resolving power of the 27 copolymer sensors and the extent 

of separability between different sensors in the array was calculated as sensor-sensor 

resolution factors. 

In Table 4.2 the pairwise resolution factors of 27 copolymer sensors-pair are 

shown. The numerical separation between 351 sensor pairs is displayed, revealing 

various degrees of separation. Some sensors (>58%) have good high numerical separation 

(rf > 10) while others are not clearly separated which may have contributed to some noise 

in the in PCA data projection previously described. In determining an rf for each sensor 

pair, the weights used to project the two-dimensional data into one were considered and 

those sensor pairs that weighed higher are thus more effective in resolving the analytes 

considered. Examples of large numerical separations are seen in the distinction between 

the PPy-co-PS film grown at 1.8 V (PS 3) and the sensor with the PPy film grown at 1.8 

V (PS 3), with a rf of 38.2. When this separability number is compared with a very 

similar sensor such as PPy-co-PS grown at 1.0 V (PS 1) and PPy-co-PS grown at 1.5 V 

(PS 2) the rf is smaller (6.3). Similar trends are observed in the 351 sensor-sensor pair’s 

rfs. This characterization is useful in assessing sensors that may be redundant in the 
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sensing task (but may be relevant for other sensing tasks), hence may contribute to noise 

in the current data analysis. A further analysis of the optimal number of sensors needed in 

the task of using these copolymer arrays to discriminate fuels will be discussed in 

Chapter 5. The purpose is to test the hypothesis that not all the sensing elements in the 

array may be needed for the specific analyte-discrimination task (fuel sensing). 

Therefore, sensors that are highly weighed with consistently higher rfs, show a greater 

ability to resolve analyte pairs. The statistical separation values obtained from their 

resolution factors also reveals how distinct each sensor response is from its pairwise 

neighbor.  
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Table 4.2: Sensor-sensor resolution factors obtained from 27 chemically diverse 
copolymer arrays. The abbreviations for the names of different sensors were earlier stated 
in Table 3.1, while the numbers 1, 2 and 3 attached to the sensor name represents the 
sensors grown at low potential (1.0 V), moderate potential (1.5V) and high potential (1.8 
V) respectively. 
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4.4 Conclusions 

The goal of this statistical analysis was to use pattern recognition techniques to 

visualize the differential response patterns of eighty-one sensing elements in analyte 

space. Furthermore, LDA was used to compare numerically the effect of modifications on 

the 27-sensor array in different analyte’s classification tasks. The data presented in this 

chapter shows the ability of the array of chemically diverse sensors to distinguish 

between analytes. Although, in some cases, cluster overlaps were observed in the data 

clusters of some fuels, further analysis of the copolymer sensors (a subset of the entire 

array), using LDA technique could readily distinguish between most analytes. The 

sensor-sensor pairwise rf values showed the identity of these multi-elements array sensor 

in sensing application. 

In summary, the results presented provide a basis for the investigation of the 

behavior of arrays of broadly responsive sensors towards replicating the capacity of ORs 

(in the mammalian olfactory system) in an artificial device. Conducting/composite 

polymer sensors provided an easy route to implement an array-based sensing approach 

based on their differential sensitivity to analytes. The combination of PCA and LDA in 

the discrimination and classification tasks respectively, provided the necessary interface 

to evaluate the performance of  the entire array.  

The sensors investigated in this work exhibits chemical diversity in their ability to 

discriminate between the different analytes. It is also important to note that they also 

showed solution processablity, stability and semiconductivity. Therefore, they present a 

great potential for applications in the field of microsensors. 
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5.1 Introduction 

The development of sensors for fuel sensing is capable of a broad range of 

applications in the automotive and aerospace industry. One major limitation is that 

petroleum products and their various distillates consist of mixtures of hundreds of 

hydrocarbon (HC) compounds, which complicates their discrimination process. The 

various refined petroleum products (fuels) are separated into fractions based on their 

boiling point. These include gasoline, jet fuels and fuel oils.  

 Laboratory instruments such as gas chromatography-mass spectrometry (GC-

MS)1 have been used as potent tools for the analysis of petroleum products, but they are 

expensive and have not been miniaturized. Another major challenge with the use of GC 

instruments for resolving fuels is the presence of unresolved complex mixtures (UCM) in 

the chromatographs of petroleum products.2 An effective, broadly responsive, lab-on-

a-chip (LOC) micro device for sensing fuels has not been developed. Therefore, the 

development of an array of broadly responsive CP sensors as reported in this work, could 

be a viable and cheap means to identify the different fuels.  

Different methods have been investigated and used for the detection of fuels. 

These include density measurements3 and Fiber-Optic Surface Plasmon Resonance 

measurements.4 Mendonca et al., reported a copper capacitive sensor to analyze the 

quality of gasoline.5 This sensor was shown to be selective for only gasoline but not 

broadly responsive to differentiate it from other fuels. Sparks et al6 also developed a 

micro sensor that could distinguish between gasoline, diesel and biodiesel, but not all the 

different fuels. Previously, Lu et al.,7 developed a mathematical alarm model for the 

detection of the rate of vaporization of diesel based on a forecasting algorithm.  
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In previous Chapters (3 and 4), the capacity of these arrays of conducting polymer 

sensors to discriminate between different analytes, including for the fuels, has been 

shown. In this chapter, emphasis will be placed on the influence of the chemical diversity 

displayed by 27 copolymer-sensing elements in discriminating between similar fuel 

analytes such as Jet A from AVG. These two fuels have very similar chemical 

compositions. They are different distillates, which are extensively used in the aerospace 

industry for different kinds of engines. The fuel Avgas is required to meet very high 

standards due to the extreme performance requirements for their use in military and 

commercial applications. Jet A, on the other hand is required to be operable at a 

significantly low freezing point for operation in extremely cold climates. While they both 

contain mixtures of hydrocarbons such as paraffin and olefin (carbon numbers ranging 

from C4-C16), there seems to be no clear-cut chemical distinction between them. They 

also contain several additives and dyes for grade identification. The fuel Avgas is closely 

identified with kerosene while Jet A fuel is mostly classified as gasoline (naphtha). Using 

the wrong fuel can be catastrophic. So, a clear distinction between them is necessary for 

quality assurance. 

 

5.2 Experimental  

The experimental details and data processing of the resistance responses of the 

27-copolymer sensor arrays used for the analysis have been described in previous 

chapters (Chapters 3 and 4).  
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5.2.1 Data Processing 

The linear discriminant analysis (LDA) method was used to analyze the ΔR/R 

data obtained from the resistance responses of 27 copolymer sensors to three groups of 

analytes including alcohols (methanol, ethanol and isopropanol), fuels (Jet A, AVG, 

Petrol, Kerosene and diesel) and others such as toluene, dichloromethane, acetonitrile and 

water. Pairwise resolution factors (rfs) were calculated for the classification of analytes, 

including the individual sensors, as was describe previously. 

In the process of determining the pairwise sensor-sensor rfs presented, numerical 

weights, W, were assigned to each sensor data response signifying its contribution to the 

resolution tasks. These weights are determined as follows:  

The LDA projection for two samples A and B, is a solution of an eigenvalue 

problem8 in which an optimal linear separation between data clusters is based on their 

resolution factors rf (Eqn. 1.12), where the relationship between the within class 

separation Sb and the within class separation Sw are defined as,  

𝑆!!𝑆! = 𝜆𝑤              (5.1) 

where 𝜆  = J (w), is a measure of the difference between class means (𝐴 − 𝐵). The 

differences between the projected means are also expressed in respect of the original 

feature space as between-class scatter matrix 

𝑆! = (𝐴 − 𝐵)!         (5.2) 

The scatter within the multivariate feature space data is denoted by 

𝑆! =   𝑆! + 𝑆!          (5.3) 

where S1 and S2 are the covariance of each of the classes, and Sw is the within-class 

scatter matrix. The data matrix is projected to generate weights, w1 and w2, such that the 
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distance between the centroids of the two classes of data is maximized.  

The projection (W) maximizes the ratio of the between-class separation to the 

within-class variation. The resulting numerical weights w for each sensor response is 

compared to their pairs, which are used to determine the best performing sensors.  

 

5.3 Results and Discussion  

5.3.1 Arrays Performance and Optimization 

In determining the efficiency of classification of the array, regarding the 

uniqueness of each sensor elements, two classification parameters have been considered. 

These are, the ability to ensure that the response data of two unique sensors are 

maximally separated and the most efficient sensors involved in the array discrimination 

of fuels. The classification performance based on the sensor-sensor resolution between 

analyte has been discussed in Section 4.3.2.2. In this chapter, the classification of sensors 

for their optimum performance in resolving fuels is presented and discussed. The sensor 

arrays performance was studied with an emphasis on Jet A/AVG because of the need to 

clearly distinguish between them, as well as the number of sensors required for their 

effective classification. The classification is based on the premise that some sensors in the 

array may be redundant in the classification task, resulting in insufficient separation of 

some data points in PC space (Figure 4.6b). Therefore, further analysis with LDA was 

performed to determine which sensors response data contributed more to analyte-pair 

separation or otherwise, noise. To determine the uniqueness of sensor responses in 

analytes discrimination, the contribution of the sensor to the separation task was 

determined from their weight (W). The weights are assigned to each data set in the 
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process of projecting the data to the new dimensions that were used in calculating the rf 

values. The contribution of the data from each sensor is weighted and compared with its 

pairwise neighbor. The absolute weight (ABS W), which is the absolute sum of the 

weighted contribution of each sensor across all the analytes is the numerical value used to 

evaluate the effectiveness of the sensors in the discrimination task. In Table 5.1, a 

summary of the weights calculated and assigned to each of the sensors is shown.  

The ability of the array to uniquely identify the individual fuel-analytes was further 

analyzed with the LDA approach. This statistical pattern recognition algorithm was used 

to narrow down the most effective sensors in the array with the capacity to resolve 

analytes in the discrimination task. A weight close to 0 in this task is an indication that a 

sensor does not contribute significantly to distinguishing between the analytes and can be 

regarded as noise. The weights, W, as determined in Table 5.1, show each sensor’s 

effectiveness or their contribution to the discrimination between pairs of fuel analytes. 

PPy sensors grown at 3 different potentials [1.0 V= (PPy 1), 1.5 V= (PPy 2) and 1.8 V= 

(PPy 3)] are seen to consistently have high weights in the discrimination task based on 

their absolute weights, ABS W (2.16, 4.65 and 5.17 respectively) calculated for their 

contribution to the overall resolution of the analytes. For the PPy-co-PVP films grown at 

1.0 V and 1.5 V (ABS W = 1.06 and 1.09 respectively), they are also highly weighed, 

according to this classification.  

The ABS W of these sensors is a measure of their capacity to discriminate fuels, as 

a subset of the entire 12 analytes. Based on the values (ABS W) determined from their rf, 

there is an indication that eleven sensors were highly weighted in this discrimination task. 

Therefore, of the 27 sensor elements in the arrays, only those highlighted in Table 5.1 
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would be used for optimal performance. The down-selected sensors were further used to 

visualize the spatial resolution of fuels by comparing the PCA plots of these analytes 

before and after the down-selection process, for optimal performance.  

Table 5.1: The weights assigned to each sensor in the classification of analyte-pairs 
based on the previous analyzed sensor-sensor resolution factors (Table 4.2), quantifying 
the ability of the 27 copolymer sensor array to discriminate between fuels.  

JetA/
AVG 

JetA/
Pet 

JetA/
Ker 

JetA/
Die 

AVG/
Pet 

AVG/
Ker 

AVG/
Die 

Pet/
Ker 

Pet/
Die 

Ker/
Die 

ABS 
W 

PPy 1 0.27 0.00 0.27 0.32 0.23 0.03 0.00 0.57 0.44 0.03 2.16 
PPy 2 0.66 0.24 -0.15 -0.26 0.38 -0.56 -0.95 -0.66 -0.68 0.11 4.65 
PPy 3 -0.04 0.89 0.90 0.77 -0.73 0.72 -0.01 0.39 -0.16 0.57 5.17 

PPy/PS 1 0.39 0.21 0.16 0.27 0.17 -0.14 -0.01 -0.02 0.08 -0.11 1.57 
PPy/PS 2 -0.07 -0.04 0.02 -0.01 -0.02 0.06 -0.04 0.12 0.05 0.06 0.49 
PPy/PS 3 0.26 0.02 0.08 0.04 0.21 -0.12 -0.10 0.10 0.03 0.08 1.04 

PPy/PmS 1 0.18 0.10 0.08 0.06 0.08 -0.06 -0.07 -0.01 -0.05 0.05 0.73 
PPy/PmS 2 0.11 0.04 0.04 0.05 0.06 -0.05 0.05 0.00 0.00 0.00 0.41 
PPy/PmS 3 -0.10 -0.12 -0.06 -0.11 0.00 0.02 0.01 0.04 0.01 0.05 0.52 
PPy/PCS 1 0.04 -0.01 0.00 0.05 0.04 -0.03 0.00 0.01 0.08 -0.08 0.34 
PPy/PCS 2 0.11 0.00 -0.02 0.11 0.09 -0.09 0.00 -0.05 0.16 -0.23 0.86 
PPy/PCS 3 0.02 -0.02 0.00 0.00 0.03 -0.01 -0.02 0.03 0.03 0.00 0.17 

PPy/PCmS 1 0.01 0.01 0.00 0.20 0.01 -0.01 -0.05 -0.01 0.27 -0.33 0.91 
PPy/PCmS 2 -0.03 0.00 0.03 0.09 -0.03 0.04 -0.09 0.04 0.12 -0.10 0.57 
PPy/PCmS 3 -0.14 -0.25 -0.16 -0.13 0.08 -0.03 0.01 0.05 0.16 -0.12 1.14 
PPy/PtBS 1 0.09 -0.06 -0.02 0.01 0.13 -0.07 -0.03 0.05 0.10 -0.05 0.61 
PPy/PtBS 2 0.08 0.00 -0.02 0.00 0.07 -0.07 0.00 -0.02 0.01 -0.04 0.32 
PPy/PtBS 3 0.07 -0.02 -0.02 0.00 0.07 -0.06 -0.01 -0.01 0.03 -0.04 0.34 

PPy/PtB-o-S 1 0.01 0.01 -0.03 0.04 0.00 -0.03 -0.01 -0.07 0.04 -0.11 0.35 
PPy/PtB-o-S 2 0.18 -0.01 -0.07 0.10 0.17 -0.18 0.03 -0.12 0.15 -0.31 1.33 
PPy/PtB-o-S 3 -0.01 -0.01 -0.10 0.07 0.00 -0.07 0.02 -0.13 0.11 -0.30 0.82 
PPy/PDVB 1 0.24 -0.03 -0.04 0.04 0.23 -0.19 0.26 -0.02 0.10 -0.14 1.29 
PPy/PDVB 2 0.00 -0.05 0.00 0.02 0.04 0.00 0.00 0.06 0.09 -0.03 0.29 
PPy/PDVB 3 -0.01 -0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.03 -0.03 0.10 
PPy/PVP 1 0.24 -0.03 -0.04 0.04 0.23 -0.19 -0.04 -0.02 0.10 -0.14 1.06 
PPy/PVP 2 0.02 -0.01 0.03 -0.21 0.02 0.01 -0.04 0.08 -0.27 0.40 1.09 
PPy/PVP 3 0.02 0.00 0.07 -0.05 0.01 0.04 -0.01 0.11 -0.08 0.22 0.60 
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The effect of the down-selection process was applied to the PCA results as a pattern 

recognition algorithm, to determine its visual impact on arrays ability to discriminate 

between fuels regarding the PC-clustering in analyte space. In the PCA plot of data 

shown for the entire 27 copolymer sensors in Figure 5.1, there was cluster overlap 

between petrol and kerosene, each of which showed significant variations within each 

cluster. This observation could be associated with some redundant sensors whose impact 

in the array discrimination of the fuels, could have contributed to noise in the data, 

causing larger variations within the data. By removing the data of these low weighted 

sensors and applying only the 11 down-selected sensors (values in bold fonts - Table 5.1) 

to perform PCA plot on the same data, a better cluster separation was obtained for the 

response data of fuels as is shown in Figure 5.2. This implies that the LDA approach can 

single out good sensors and the seemingly non-performing ones eliminated.	   Therefore, 

the data show that there is not a need for the entire 27 sensors to effectively discriminate 

these analytes and a subset of these, as determined via LDA, sensors can be shown to be 

able to perform the assigned task. These sensors show a better discrimination between 

these fuels, especially the discrimination between Jet A and AVG which are 

compositionally very similar.  
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Figure 5.1: PCA plot of the ΔR/R values of entire 27-copolymer sensor arrays showing 
the discrimination of fuels before down-selection.  

Figure 5.2: PCA plots of the ΔR/R values of array response data consisting of 11 down-
selected (optimal) sensors responses to discriminate fuels. The efficiency of the sensors 
utilized in resolving these fuels is clear, when the clustering in PC space is compared to 
the previous clustering observed in Figure 5.1 for the entire array. 
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5.4 Conclusions 
The application of LDA in the analysis of the response data from 27 copolymer 

sensors enabled the assignment of numerical weights that were used to select the 11 

best-performing sensors for resolving fuel-analytes. The emphasis on this classification 

performance was focused on the resolution of Jet A and AVG. Although, PCA was useful 

as an unsupervised technique in detecting the individual analytes, the analysis of the 

differential response data of the multi-sensor array with the supervised LDA has clearly 

shown its ability to better-resolve chemically similar analyte pairs like Jet A/AVG. The 

procedure employed for selecting the optimal sensors for this LDA classification is 

simpler, compared to the multiple linear regression earlier used by Vaid et al.,9 for the 

discrimination of 20 e-nose detectors in resolving 22 odorants. 

The ease of the electropolymerization method and their deposition onto small 

contacting electrodes, coupled with the ability to tune the sensing elements with variable 

growth parameters, suggests that this approach will be compatible with integrated circuit 

technology. The resulting downselected sensors were shown to be able to discriminate 

between these fuel-analyte pairs, which were previously not resolved using the PCA 

approach. The ability to identify these chemically similar fuel analytes could be useful for 

grade identification and quality assurance of fuels in the petroleum industry. In the case 

of Jet A and AVG, which are extremely used in the aerospace industry, there seems to be 

no clear-cut chemical distinction between them. Using the wrong fuel can be 

catastrophic. Therefore, a clear distinction between them will be necessary for quality 

assurance, which have been shown from the data analysis involving the use of copolymer 

sensors created in this work. The unsupervised LDA approach further simplified the 

ability to distinguish these chemically similar fuel analytes for their identification. 
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Chapter 6 

Conclusion 

6.1 Thesis Summary and Future Work 

6.1.1 Chemical Diversity in Sensor Arrays 

The results presented in this work show that a large number (81) of sensor array 

elements were created and used in the discrimination of twelve different analytes. Five 

different methods were developed to functionalize the conducting polymer films, to tune 

their properties; changing monomer-type, changing the concentration of monomers, 

altering growth potential, redox-modification of the as-grown sensor films and the 

blending of monomers of pyrrole and aniline. These methods created the needed 

chemical diversity ascribed to the compositionally different films. The chemical 

variations in sensors compositions resulted in the differential partitioning of analytes and 

in turn, differential responses. Figures of merits such as sensitivity, repeatability, 

selectivity, and stability have been evaluated for the array responses as discussed in the 

various results.  

In Chapter 2 the effectiveness of the polymerization synthesis was studied using 

Fourier transform infrared spectroscopy to highlight the differences between the signature 

spectra peaks of polypyrrole, polyaniline and copolymers of pyrrole and various 

substituted vinyl monomers. Cyclic voltammetry was also utilized to investigate the 

behavior of the different monomer moieties in solution while comparing their behavior. 
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The differences between the surface morphologies of the various functionalized polymer 

films were shown in the scanning electron microscope images. X-ray photoelectron 

spectroscopy spectra were also obtained to show the incorporation of chlorostyrene 

quantitatively into polypyrrole in the electrodeposited copolymer.   

In Chapter 3, the compositionally different polymer films previously created in 

Chapter 2 were investigated for their differential responses to discriminate between 

analytes, which could be due to differential partitioning. This approach for altering the 

sensitivity of sensors to the different analytes was effective as discussed. 

In Chapter 4, The resulting response sensitivity of the array elements was further 

investigated with pattern recognition algorithms [PCA (supervised) and LDA 

(unsupervised)] to show the ability of the chemical diversity attributed to these materials 

to translate to an appreciable resolution and classification of analytes/sensors 

respectively. The resolution of the data for the array discrimination between the different 

analyte was shown, using PC spatial clustering. However, LDA was used to show a better 

resolution between the data clusters of analytes that were previously not well-resolved 

with PCA.  

In Chapter 5, an array of 27 copolymer sensors was shown to be a promising 

sensing platform for the characterization of fuels. The discrimination of the chemically 

related fuels such as the differentiation between Jet A and AVG is a useful application 

that can be derived from this work, for use in the automotive and aerospace industry. 

In summary, the effectiveness of polymer synthesis was clearly shown, where 

spectroscopic and microscopic instruments revealed the variable compositional 

differences observed in the films of copolymers of pyrrole and vinyl derivatives and the 
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uniqueness of the various functionalized sensing films. The compositionally distinct 

sensing films created, including the functionalized sensors was effective in showing 

differential sensitivity and patterns that discriminated between the analytes.  

In conclusion, chemically diverse sensors based on conducting polymers were 

created in this work and the results show the effectiveness of these sensors to differentiate 

among analytes. The sensors were easily modified in a one-step-process, with the 

potential of overcoming spatial limitations, which has been a major difficulty in using 

most composite materials for integration onto integrated circuits or microelectronics. The 

use of these sensors will effectively enhance the chemical diversity of conducting 

polymers, as their sensitivity and selectivity can be easily tuned over a wide range of 

potentials.  

Therefore, they present great potential for applications in the field of microsensors 

and petroleum-product sensing device. 

 

6.1.2 Recommendation and Future Work 

The recommendations for future work in developing a multisensor array-based 

device will involve the fabrication of a single sensor chip that can be used for 

electrodeposition of the various functionalized sensors, for sensing application. Efforts 

are currently underway to create sensing elements based on these materials utilizing 

exposed floating gate field effect transistors and associated circuitry.1 This innovation 

could enable the design of a large sensor array using standard semiconductor fabrication 

process where different types of sensing polymers are deposited.  
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The incorporation of chemically different conducting polymers like those reported 

in this work onto these numerous floating-gate metal oxide field effect transistor device, 

all in one chip, is expected to be a major advancement in the field. The resulting large 

array responses will ideally be comparable to the sensing abilities of the odor receptors 

present in the human olfactory system. The impact of such a device will be significant, as 

the deposition, modifications and the response characterization of the earlier discussed 

polymer films could be done on this single platform. This platform could enable the 

incorporation of the chemically diverse array elements obtained in this work, and future 

research to be investigated on a single sensing platform. These large arrays responses will 

be comparable to the sensing abilities of numerous odor receptors present in the human 

olfactory system.  

Other efforts could also be focused on the systematic studies of the utilization of 

copolymers involving aniline and substituted vinyl monomers. Self-doped polymers such 

as PAni-boronic acid2 and sulfonated PAni3 sensors can also be explored to enhance the 

chemical diversity of conducting polymers. To further increase the number of chemically 

diverse sensors, the five different methods of modifications previously discussed and 

used in this work, to improve the chemical diversity of the polymer films can also be 

applied to the as-grown sensors developed from these other materials.  
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