
ABSTRACT 

JOHNSON, CHRISTOPHER MILES. Novel Material for Detection of Pathogens, Chemical 
Warfare Agents, and Biological Threats. (Under the direction of Drs. Saad Khan and Julie 
Willoughby). 
 

 Due to the frequent threat of pathogen attack, intentional or unintentional, and the 

potential for catastrophic effects from chemical and biological attack, quick, effective, and 

easy to use detection systems are a must.  Current detection methods are either too slow, 

require additional work to be useful, or are not user friendly.  In order to satisfy a growing 

need for improved detection systems, we have investigated the use of polyaniline, a 

conducting polymer with color changing ability associated with its several oxidation states, 

as a detector for pathogen and chemical/biological threat detection.  Using interfacial 

polymerization to polymerize polyaniline, we developed a colorimetric sensor for use in 

pathogen detection.  Dispersing polyaniline in a 0.25 mM hydrogen peroxide solution, we 

were able to demonstrate the detection of horseradish peroxidase by visually observing color 

change through the catalytic oxidation of polyaniline by hydrogen peroxide, and verify the 

results analytically via UV-VIS spectroscopy.  We found the polyaniline based sensor 

achieved the lower detection limit of 5.5 x 10-10 M HRP at a rate of 40 minutes.  The reaction 

conditions were an operating temperature of 23°C, PANI concentration of 1.35 mM, H2O2 

concentration of 0.25 mM, pH of 6.4, and constant agitation.    

 For use as a chemical and biological threat sensor, it is desired to design a fibrous mat 

capable of detecting either gases or liquid.   To that extent polyaniline was grafted to two 

substrates of differing surface dynamic properties, poly(dimethylsiloxane) and 

polypropylene.  Polyaniline was grafted to the substrates via in situ chemical oxidative 

polymerization through the use of a silane coupling agent, 3-



(phenylaminopropyl)trimethoxysilane.  The substrate surfaces were modified via 

ultraviolet/ozone treatment (UVO) to facilitate the silylation of the substrates with the 

coupling agent.  Polyaniline was then grafted to the silylated substrates at aniline moiety end 

of the coupling agent.  Sessile contact angle, Fourier Transform Infrared Spectroscopy in the 

Attenuated Reflection Mode (FTIR-ATR), and optical methods confirmed the presence of 

polyaniline on the substrates.  
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CHAPTER 1: Introduction 

 Pathogens and chemical warfare agents continue to be a threat to people everywhere.  

In the US alone, pathogens affect nearly 1 in 6 lives.1  In a similar vein, chemical weapons 

continue to be a constant threat all over the world, from the use of mustard gas2 to the use of 

common gases such as chlorine3 to the use of more sophisticated weapons such as Sarin.4  

Based on the threat, the interests of all involved are best served by the availability of threat 

detection systems that are easy to use, have quick response times, and are inexpensive to 

produce.  With this end in mind, we investigate using polyaniline (PANI) as a colorimetric 

sensor in two potential applications, as a liquid dispersion to detect the presence of pathogens 

and as graft to substrates for use as a vapor sensor. 

1.1 Motivation 

1.1.1 Pathogen detection 

 According to the Center for Disease Control (CDC), the largest threat from pathogens 

comes from foodborne pathogens, contributing to roughly 48 million illnesses every year, 

resulting in approximately 3,000 deaths.1  To prevent the spread of pathogens, quick 

detection methods are required.  Established pathogen detection methods include polymerase 

chain reaction,5-7 culture and colony counting,8, 9 and immunological detection.10, 11  The 

polymerase chain reaction method can produce detection results in 5-24 hours, however that 

time does not include any previous enrichment steps.  Culture and colony counting can take 

up to 16 days to get a positive result.  Immunological detection can provide results within 

several hours, however it has low sensitivity compared to other methods.  We aim to develop 
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a facile detection system that can positively detect low concentrations of pathogens utilizing 

a colorimetric sensor.   

 We envision a multistep detection system that employs PANI as the colorimetric 

sensor.  Step 1 involves capturing pathogens from a food source using a fibrous support.  

Step 2 then entails exposing the fibrous support to a solution containing pathogen detection 

antibodies conjugated with horseradish peroxidase.  Finally, Step 3 requires exposing the 

fibrous support to a dispersion containing PANI and hydrogen peroxide (H2O2).  If pathogens 

are present on the fibrous support from Step 1, the fibrous support will also contain 

horseradish peroxidase from Step 2.  Exposing the fibrous support containing pathogens (and 

horseradish peroxidase) to a PANI/H2O2 dispersion will cause the PANI to change colors,12 

indicating the presence of pathogens. 

1.1.2 Chemical warfare agent detection 

 Chemical warfare agents (CWA) remain a viable threat to civilian and military 

personnel, and therefore the detection of CWAs has been the focus of scientific research.13  

There are several classifications of CWAs, including blister agents, choking agents, blood 

agents, and nerve agents.  Sulfur mustard, commonly referred to as mustard gas, is a common 

CWA causing severe blistering when it contacts skin.  Choking agents are a class of gases 

that are toxic to the lungs when inhaled.  Some common choking agents include chlorine gas 

and phosgene gas.  Blood agents are chemical asphyxiants that interfere with oxygen 

transport at the cellular level causing tissue hypoxia and lactic acidosis.  A common blood 

agent is hydrogen cyanide.  Finally, nerve agents are organophosphorus compounds that 
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inhibit the enzyme acetylcholinesterase, resulting in an accumulation of acetylcholine 

causing end-organ overstimulation.  Common nerve agents include Sarin and VX.14 

 Due to the lethality and persistence of some CWAs, particularly the nerve agents, 

accurate and rapid detection methods are necessary.  Some detection methods discussed in 

the literature include detecting dimethyl methylphosponate (DMMP), a stimulant to Sarin, 

using a tin dioxide based gas sensor,15 coating a transducer with a thin polymer film that 

displays specificity to certain CWAs,13 and the fabrication of multiwalled nanotubes-polymer 

composites to discriminate between chemical toxic agents.16 

 Current detection methods in practice, particularly in the military, include placing 

chemical alarms in areas where a chemical attack is expected, scanning an area with a hand-

held chemical agent detector, or testing unknown liquids in an area with special paper.17  

Figure 1.1 shows examples of some equipment currently in use by the military for CWA 

detection.  These methods either are reactive in nature, do not allow for rapid detection if 

personnel are conducting a mission in an area and are attacked, or require personnel to carry 

additional equipment.  The development of a detection system that allows for quick and 

accurate detection, while allowing personnel to continue their mission without additional 

equipment, would be ideal.  To further improve CWA detection, we propose to develop a 

detector that comprises a system of fiber mats for potential integration into military apparel.  

1.1.3 Polyaniline 

 Over the last couple of decades, PANI has been the target of a significant amount of 

research due to its electrical and optical properties.18  PANI is of interest because it is 

environmentally stable, inexpensive and simple to polymerize, and can exist in several 
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oxidation states that provide its inherent conductive behavior.  PANI can be polymerized via 

several methods, including electrochemical polymerization, chemical oxidative 

polymerization, and interfacial polymerization.  Electrochemical polymerization is conducted 

in a conventional three-electrode cell containing a strong acid.  Aniline is added to the acid 

solution and the electrode is cycled in the potential range -0.2 V to +0.8 V to obtain PANI 

films.19  Chemical oxidative polymerization utilizes two solutions; 1) an aniline in acid 

solution and 2) an aqueous oxidant solution, usually ammonium persulfate.  The oxidant 

solution is added to the aniline solution, forming PANI.18 Interfacial polymerization also 

requires two solutions.  The first solution consists of aniline in an organic solvent, such as 

dichloromethane.  The second solution consists of an aqueous oxidant solution.  The less 

dense solution is poured onto the more dense solution.  For example, the oxidant solution 

would be poured onto the dichloromethane solution.  PANI forms at the interface between 

the organic and aqueous phases.20 

 As polymerized, PANI exists in an emeraldine salt (ES) form, also known as “doped” 

or “protonated” PANI, and is green in color.  PANI’s highest conductivity state is in the ES 

form, exhibiting a conductivity of 8 #-1cm-1 as a solid dry film, increasing to 120 #-1cm-1 in 

a hydrofluoric medium.21  The oxidation states of PANI can be changed chemically via 

acid/base reactions and/or oxidation/reduction reactions.  Figure 1.2 shows the various forms 

of PANI and the processes required to achieve the forms, as proposed by Stejskal and 

Kratochvil.22  As can be seen in Figure 1.2, each oxidation state is associated with a color.  

What is not as clear, however, is that conductivity changes with each oxidation state.  The 

blue emeraldine base, the violet pemigraniline base, and the colorless leucoemeraldine are 
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not conductive.  The blue protonated pemigraniline is conductive; however it is less 

conductive than the green protonated emerladine.  Several groups have utilized these 

properties of PANI for sensor applications.  Hu, et al developed an optochemical ammonia 

(NH3) gas sensor from semiconductor PANI films.23  Films were cast on glass slides and 

polymethyl methacrylate substrates and then exposed to various concentrations of NH3 gas in 

order to determine adsorption kinetics of the gas with PANI.  Dhawan, et al utilized 

conducting PANI as a sensor material for aqueous ammonia by capitlizing on the electrical 

properties of PANI.24  They adsorbed PANI to insulating fibers, such as wool, to form 

conductive fibers.  Exposing the now conductive fibers to aqueous ammonia caused a 

reduction in the conductivity of the fibers due to the transition of PANI from the conductive 

oxidation state to the insulated oxidation state.  Collins, et al utilized polymer-coated fabrics 

for chemical sensing of ammonia gas and nitrogen dioxide gas by weaving PET or nylon 

threads coated with PANI into a fabric mesh.25  They measured the resisitivity changes of the 

PANI coated fibers from exposure to the toxic gases. 

 Despite the quantity of research dedicated to PANI and its sensing abilities, we have 

not found any research pertaining to chemically grafting PANI to polydimethylsiloxane.  

There is research on grafting PANI to polypropylene through various methods, however 

there is no research on grafting PANI through use of the silane coupling agent, 3-

(phenylaminopropyl)trimethoxysilane.  With this in mind, we intend to use 3-

(phenylaminopropyl)trimethoxysilane as a coupling agent to graft PANI to 

polydimethylsiloxane and polypropylene, and to explore the color change rates of the two 

substrates grafted with PANI.    
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 All the research mentioned thus far has used either the electrical or optical properties 

of PANI for sensor applications, focusing on the acid-base reaction or the reduction-

oxidation reactions to change PANI from the green protonated emeraldine (conducting) form 

to the blue emeraldine base (non-conducting) form.  A key capability of PANI that makes it 

so desirable in sensor applications is that the reactions are reversible.  For example, after 

exposure to a basic vapor, such as NH3, the sensor can be “reset” by exposing the sensor to 

an acid.  

1.2 Research goals and thesis organization 

 In this thesis, we investigate the use of PANI as a colorimetric sensor in a pathogen 

detection system and a chemical warfare agent detection system.  In Chapter 2, we provide 

an overview of the detection system, and then focus on the sensor part consisting of a 

solution of PANI and hydrogen peroxide (H2O2).  Above a certain concentration, hydrogen 

peroxide induces color change of PANI through an oxidation-reduction reaction.  Below that 

concentration, hydrogen peroxide can still cause a color change when exposed to horseradish 

peroxidase.  Our sensor is based on that reaction.  We want to establish the optimum reaction 

and sensor conditions to maximize the rate of color change while lowering the sensor 

detection limit.  We investigate the effects of several reaction conditions on the optical 

properties of PANI.  After polymerizing PANI, we examine the effects of H2O2 

concentration, pH, temperature, and constant agitation on the sensor system. 

 In Chapter 3, our goal is to graft PANI to two substrates, polydimethylsiloxane 

(PDMS) and polypropylene (PP), using a silane coupling agent, 3-

(phenylaminopropyl)trimethoxysilane, and then compare the response times for color change 
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when exposed to various vapors.  We are using PP because it is a common nonwoven and we 

chose to use PDMS because it is a flexible material known to have fast repsonse rates to 

changes in the chemical environment.  Additionally, the two substrates have different 

molecualar mobility, as evident in their significantly different glass transition temperatures, 

and we will examine which of these two polymers provides a faster response rate when 

exposed various stimuli.  In the chapter, we discuss modifying the surfaces of the substrates 

in preparation for silylation with the silane coupling agent, conducting the silylation reaction, 

and grafting PANI to the substrates.   
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         (a)    (b)    (c)  

Figure 1.1 Common military chemical warfare agent detectors. (a) M22 Chemical Agent 
Alarm;26 (b) Improved Chemical Agent Monitor;27 (c) M9 paper28 
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Figure 1.2 Various oxidation states of PANI, colors associated with the oxidation states, and 
the chemical routes that lead to each oxidation state. 
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CHAPTER 2: Dispersion Based Sensor 

2.1 Introduction 

The frequency of foodborne pathogen illnesses in the United States has prompted a 

need for a facile detection system.1  Current detection methods can range from several 

hours2-4 to several days5, 6 for detection of a pathogen, not including additional time to 

prepare the sample for testing.  Food supply companies have a desire for fast detecting 

systems for quality control of their products.  Potential quality control uses of a foodborne 

pathogen detection system include quality testing of food immediately prior to packing and 

shipping and also as a random quality control check of products in storage or at stores.  Prior 

to shipment, food products could be tested to ensure contaminated food is not being shipped 

to stores.  A fast acting detector is necessary to facilitate the quick shipment of food to 

maximize freshness of the food at the store.  Food supply companies do not want to wait 

several days to ship food while they wait for testing to determine if their food is 

contaminated.  A detection system providing quick detection of foodborne pathogens 

potentially could prevent pathogen outbreaks, such as salmonella outbreaks from food 

supplies.  After shipment of food products, companies could use a pathogen detection system 

to test food that is already on the shelves as a preventative measure, or to quickly test food if 

there is a reported case of an illness attributed to a foodborne pathogen.  Quick response 

detection systems would allow for notification of a positive result in a timely manner, 

facilitating the timely removal of the contaminated food stocks from the shelves.   
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 To this end, we aim to develop a dispersion based colorimetric sensor using 

polyaniline (PANI) polymerized via interfacial polymerization, hydrogen peroxide (H2O2), 

and horseradish peroxidase (HRP). 

2.1.1 Detection system overview 

Figure 2.1 provides a simplified graphical depiction of a proposed pathogen detection 

system, consisting of several steps: (a) Antibodies are immobilized on a fiber mat, creating a 

platform for the capture of a pathogen.  The antibodies on the mat will capture a pathogen 

from a food sample.  (b) This mat is exposed to a food sample, either by rubbing the food 

sample with the mat or by dipping the mat in a liquid, such as juice.  (c) If a pathogen is 

present on the sample, the antibodies on the mat will grab the pathogen, and the mat now has 

foodborne pathogens on it.  (d) This mat is then dipped in a solution containing antibodies 

conjugated with HRP. We refer to these as detection antibodies. (e) The antibodies attach to 

the pathogen, resulting in the mat having HRP on it.  (f) The mat is then dipped in a solution 

consisting of PANI and H2O2.  The PANI solution will change colors due to the HRP on the 

mat catalyzing the oxidation of PANI by H2O2.  

 This work focuses on the sensor section (see Figure 2.1f) of the pathogen detection 

system.  The primary goal of this work is to assess PANI as a colorimetric sensor for the 

detection of HRP.  First, we examine if PANI dispersed in a hydrogen peroxide solution 

changes color in the presence of HRP.  Once we determine that PANI dispersed in H2O2 

changes color after the addition of HRP, we examine several detection conditions to 

determine the HRP detection limit of the sensor.  We do this because in our detection system 

HRP is only present when pathogens are present.  If we are able to detect a low concentration 
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of HRP, then we are able to detect a low concentration of pathogens.  To evaluate the 

detection limit of our sensor, we examine the effect of temperature, pH, and agitation on 

HRP detection. 

2.1.2 Horseradish peroxidase and hydrogen peroxide  

Horseradish peroxidase is a monomeric heme-containing enzyme that catalyzes the 

oxidation of a variety of organic compounds by hydrogen peroxide.7, 8  A heme is an iron 

containing prosthetic group of an enzyme.  Heme has the redox potential for several catalytic 

reactions due to its ability to collect electrons.  This ability allows heme-containing enzymes 

to catalyze the oxidation of organic compounds by activating H2O2.9 

 HRP and hydrogen peroxide are frequently used in chemiluminescent assays and 

chromogenic assays.10-12  The chemiluminescent and chromogenic assays emit light and 

color, respectively, when oxidized.  In both these processes, HRP conjugates target specific 

molecules and are then exposed to chemiluminescent or chromogenic substrates in the 

presence of H2O2.  HRP catalyzes the oxidation of the substrates by H2O2, causing the 

substrates to emit light or color.  In our sensor, PANI is akin to the previously mentioned 

chemiluminescent and chromogenic substrates.  PANI is dispersed in H2O2 and we expect it 

to be oxidized when HRP is added, thus causing a color change. 

 Although hydrogen peroxide is a strong oxidizer, it will not oxidize PANI in small 

enough concentrations.  However, in the presence of HRP, hydrogen peroxide will oxidize 

PANI according to the following reaction:  

                           (1) 

where PANI is assumed to act as the hydrogen donor.13 
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 In our proposed detection system, HRP is conjugated to an antibody with an affinity 

for a foodborne pathogen.  If a pathogen is present on the fiber mat, HRP will be on the fiber 

mat due to the HRP conjugated antibodies binding with the pathogen.  The fiber mat will be 

placed in a solution consisting of PANI and H2O2.  If HRP is present on the mat, the HRP 

will catalyze the oxidation of PANI via H2O2, according to Equation (1), indicating the 

presence of a foodborne pathogen. 

2.1.3 Polyaniline 

Polyaniline is a conducting polymer that achieves its conductivity from its multiple 

oxidation states.  In addition to each oxidation state affecting the conductivity of PANI, each 

oxidation state is associated with a color.  Transitions between different oxidation states 

occurs via acid-base reactions and oxidation-reduction reactions.14  Researchers have focused 

on both the optical15-17 and electrical17-20 properties of PANI when developing various sensor 

systems.  PANI has seen success in research as a sensor platform for the detection of several 

gases,21,22 including ammonia23,24 and nitrogen dioxide.23 Many sensors based on PANI have 

utilized PANI in the solid state, such as a films22, 24, 25 or fibers.17, 19, 26 

 We intend to concentrate on the oxidation-reduction route to transition from one 

PANI oxidation state to another.  Our sensor will use PANI in a dispersion with hydrogen 

peroxide to capitalize on the HRP catalyzed oxidation of PANI by H2O2, similar to that of 

other systems built around chromogenic substrates, HRP, and H2O2.   

2.2 Materials and Methods 

2.2.1 Materials 

Aniline hydrochloride, ammonium persulfate (APS), dichloromethane (DCM), and 

hydrochloric acid (HCl) used in the polymerization of polyaniline (PANI) were obtained 
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from Sigma-Aldrich.  Hydrogen peroxide (35% w/w) and horseradish peroxidase (type II, 

150-250 units/mg) were obtained from Sigma-Aldrich. Deionized (DI) water was produced 

via a Dracor filter system from Dracor Water Systems. 

2.2.2 Polyaniline polymerization 

PANI was synthesized via interfacial polymerization.27  The organic phase consisted 

of 0.32 mol of the monomer, aniline hydrochloride, dissolved in 1 liter of DCM.  Due to 

some non-dissolved aniline, the organic phase of the solution was a grey-green color.  The 

clear aqueous phase comprised of 0.08 mol of the oxidant (ammonium persulfate) dissolved 

in 1 liter of 1 M HCl.  Since the organic phase has a higher density than the aqueous phase, it 

served as the bottom phase for the interfacial polymerization.  The organic phase was poured 

into a 2 L jar and placed in an ice bath for pre-cooling.  The aqueous phase was slowly 

poured into the 2 L jar via a funnel directed towards the side of the jar to prevent mixing of 

the phases.  The reaction proceeded overnight.  Figure 2.2 graphically depicts the interfacial 

polymerization of PANI.  Once the organic phase turns an amber color, the reaction is 

complete.  The aqueous phase, containing PANI, is separated from the organic phase via 

pipette. 

2.2.3 Purification of PANI 

PANI was purified via dialysis using Fisherbrand dialysis tubing obtained from 

Fisher Scientific.  The dialysis tubing had a molecular weight cut-off (MWCO) of 12,000-

14,000 Daltons and a flat width of 10 mm.  The dialysis tubing is filled with PANI and 

placed in a 3 L beaker filled with DI water. The dialysis tube is filled with PANI, placed in 

three liters of DI water for two hours.  At this point, the DI water was flushed to facilitate 
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continued diffusion of PANI impurities from dialysis tubing to the water in the beaker.  This 

procedure was repeated at a minimum two more times in a 24-hour window.  After 

completion of the purification, the PANI was collected from the dialysis tubing and placed in 

a jar for future use.    

2.2.4 Scanning Electron Microscopy (SEM) 

SEM was conducted on FEI XL30 Field Emission SEM using a TLD detector at a 

working distance of 5.8 mm with an accelerating voltage of 5 kV.  The magnification of the 

SEM images ranged from 2500x to 160000x. 

2.2.5 Ultraviolet-Visible Spectroscopy (UV-VIS) 

UV-VIS spectra of the PANI solutions were taken using a JASCO V-550 UV-VIS 

spectrophotometer.  Spectra were determined by measuring a reference and the sample 

simultaneously.  Samples were placed in 2 mL polystyrene cuvettes obtained from VWR.  

Spectra peaks were analyzed using the Spectra Manager software provided by the 

manufacturer. 

2.3 Results and Discussion 

2.3.1 Polyaniline polymerization 

Figure 2.3 shows the progress of the interfacial polymerization of PANI.  

Immediately upon pouring the aqueous phase on to the organic phase, a color change was 

observed in the aqueous phase, indicating the reaction was occurring, as shown in Figure 

2.3(b).  When initially formed, the PANI was violet in color and iridescence was observed in 

the aqueous phase.  After an hour, a thin amber color was observed at the interface in the 

organic phase.  Figure 2.3(c) shows that after adding all of the oxidant solution, the aqueous 

phase was completely green with polymerized PANI.  After allowing the reaction to run 
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overnight, it appeared to be complete due to the organic phase being dark amber in color and 

the aqueous phase being dark green in color, as seen in Figure 2.3(d).  The amber colored 

organic phase and the green aqueous phase were indicators the reaction was complete.27 

 When the aqueous phase was poured on to the organic phase, the APS oxidant 

oxidized the aniline monomer forming an aniline cation radical as illustrated in Figure 2.4(a).  

The aniline cation radical formed one of its three resonance structures (see Figure 2.4(b)), 

most likely using the center form for the formation of PANI due to its lack of steric 

hindrance.  The aniline cation radical then reacted with its resonance form, producing a dimer 

(see Figure 2.4(c).  Through a series of hydrogen losses and rearrangement, the dimer 

polymerized to form para-aminodiphenylamine (PADPA) (see Figure 2.4(d)).  PADPA was 

then oxidized, forming a dimer cation, which reacted with either an aniline monomer cation 

or another dimer cation, forming a trimer or tetramer.  This process continued until 

completion of the polymerization reaction.14, 28  

 Following completion of the PANI polymerization, the aqueous phase was separated 

from the organic phase via pipette.  The PANI in the aqueous phase was purified using 

dialysis tubing and monitored by the changing pH of the aqueous media (starting pH was 

7.28).  Once the DI water receiver reached a pH of 4.88, sufficient acidic impurities had 

diffused across the dialysis membrane completing one purification cycle.  The acidic 

impurities were expected because the aqueous phase was in 1 M HCl and H+ ions were 

released during the polymerization of PANI.14  Subsequent DI water changes resulted in 

smaller pH changes over longer periods of time until a pH change plateau indicated the 

dialysis completion.  The final purified product was dark green. 
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 In order to analytically verify the observed color of the PANI, UV-VIS spectroscopy 

was conducted for polymerized PANI through determination of the minimum absorbance 

wavelength to correlate with wavelength of the color that is visually seen.  For measurement 

in the UV-VIS spectrometer, the purified PANI was diluted with DI water to avoid 

oversaturating the spectrometer.  Figure 2.5 shows the UV-VIS spectra for the polymerized 

PANI in DI water where the minimum absorbance wavelength was 493.5 nm.  This value is 

consistent with the green region wavelength in the visible light spectrum.  Scanning electron 

microscopy was performed on samples of the purified PANI.  Figure 2.6 shows the SEM 

images from 2500x magnification to 80000x magnification.  The images at higher 

magnifications show the formation of a network of nanofibrils and a porous medium.  The 

porous nature of the PANI could allow for better mass transport of the oxidizing agent, 

facilitating the oxidation and color change of PANI.  The images were in agreement with 

those obtained by Huang, et al during their investigation of polymerization conditions on the 

interfacial polymerization of PANI.27   

2.3.2 Determining optimum H2O2 concentration 

Our sensor is based on HRP catalyzing the oxidation of PANI by H2O2. When PANI 

is oxidized, it changes color from green to blue to violet, causing a decrease in the minimum 

absorbance wavelength.  Hydrogen peroxide is a strong oxidizer and in high enough 

concentrations, will oxidize PANI without the addition of HRP.  If the concentration of H2O2 

is too high, it will fully oxidize PANI to the violet pemigraniline base form.  Once PANI is in 

the violet pemigraniline base form, the addition of HRP will not cause any further color 

change as the PANI cannot be further oxidized and the PANI is already at the end of the 
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visible spectrum, making it impossible to observe any further color changes.  Therefore, we 

examined the effect of various concentrations of H2O2 on PANI, with a goal of determining 

the highest concentration of hydrogen peroxide that will not cause the oxidation of PANI 

without the presence of HRP.  The oxidation of PANI was determined by a shift (i.e., 

decrease) in the minimum absorbance wavelength, as a decrease in the minimum absorbance 

wavelength indicates a color change from green (the color of polymerized PANI) to blue to 

violet.   

 Figure 2.7 shows the effect of different concentrations of H2O2 (0.05 mM, 0.125 mM, 

0.25 mM, and 0.50 mM) on PANI solutions.  The highest H2O2 concentration (0.50 mM) has 

a significant change in the minimum absorbance wavelength for the PANI solution.  The 

significant change in minimum absorbance wavelength indicates a change in the color of the 

PANI, thus the oxidation state of PANI is changing.  The lower concentrations of H2O2 

resulted in little to no change in the minimum absorbance wavelength of PANI, suggesting 

no change in color or oxidation state was occurring.  

 Since the lower three concentrations (0.05 mM, 0.125 mM, and 0.25 mM) of H2O2 

showed no change in the PANI oxidation state, we investigated the effect of varying peroxide 

concentration on PANI in the presence of HRP.  We did this to determine which hydrogen 

peroxide concentration resulted in the fastest rate of color change of PANI after the addition 

of HRP since our sensor is based on the oxidation (color change) of PANI after the addition 

of HRP.  Figure 2.8 shows at a higher concentration of HRP (550 nM), the concentration of 

H2O2 had little effect on the rate of color change of PANI.  PANI dispersions in 0.125 mM 

and 0.25 mM H2O2 both changed color at approximately the same rate as is evident by a 
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similar decrease in the minimum absorbance wavelength.  However, at a lower concentration 

of HRP (5.5 nM), 0.25 mM H2O2 was needed to observe a visual change in the optical 

properties of PANI and to observe a shift in the minimum absorbance wavelength of the 

PANI solution.  At 0.125 mM H2O2 and 5.5 nM HRP, no color change was observed and 

there was no change in the minimum absorbance wavelength, verifying what was seen 

visually.  As a result, an H2O2 concentration of 0.25 mM was used for subsequent 

experiments. 

2.3.3 Determining optimum pH 

In addition to the hydrogen peroxide concentration, the oxidation state of PANI is 

affected by the pH of the solution.  As polymerized, PANI is in its protonated acidic state.  

The acid-base transition occurs at a pH between zero and one,14 therefore when the PANI 

solution is exposed to any pH greater than one, the oxidation state of PANI is expected to 

change with the associated color indication of the solution.  The PANI solution accordingly 

changed from green to blue to purple as a function of pH.  To insure the starting solution was 

not at the detection limits of the visible spectrum (violet is very close), we targeted a starting 

solution color of green or blue.  Figure 2.9 shows the effect of several pH buffers on PANI.  

The minimum absorbance wavelength was measured each hour to determine the effect of the 

various pH buffers over time.  The starting minimum absorbance wavelengths (time = 0) 

were different due to the immediate effect on PANI of increasing the pH, however all PANI 

solutions in each pH buffer exhibited a shift of approximately 25 nm.  After six hours the 

minimum absorbance wavelengths began to plateau.  At this point, we added H2O2 to observe 

the effects of hydrogen peroxide on PANI in the various pH buffers because our sensor 
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requires the presence of H2O2.  We wanted to determine if any pH buffer/H2O2 solutions 

cause PANI to be fully oxidized, making it unusable for our sensor.  The H2O2 was added 

after the minimum absorbance wavelengths plateaued so we could attribute any changes to 

the PANI solution to the appropriate factor.  After 18 hours of exposure to 0.25 mM H2O2 in 

each pH buffer, PANI solutions in pHs $ 6.0 had similar minimum absorbance wavelengths, 

at approximately 440 nm.  Solutions exhibiting a minimum absorbance wavelength near 440 

nm were blue in color.  Using solutions with a minimum absorbance of 440 nm was 

advantageous because a color change to violet would be observed at a wavelength of 

approximately 430 nm, requiring only a small change to the oxidation state.   

 In addition to utilizing pH buffers to generate PANI solutions of an advantageous 

color and minimum absorbance wavelength, the solutions must also optimize HRP activity.  

According to Enzyme Handbook 7, the optimum pH for HRP activity is between 6.0 and 

6.5.29  Based on the effects of the various pH buffers on PANI and the optimum pH for HRP 

activity, we used a buffer pH of 6.0 and 6.4 for the HRP detection experiments. 

2.3.4 Effect of temperature on HRP detection 

We determined the solution conditions for HRP detection would be for a PANI 

dispersion in pH 6.0 and 6.4 buffers and 0.25 mM H2O2. We investigated the effect of 

temperature on the catalytic reaction between HRP and H2O2 to oxidize PANI as we expect a 

faster reaction rate with increasing temperature.  Initial experiments were done at HRP’s 

storage temperature of 4°C with a resultant reaction rate of 1683 minutes for a detection limit 

of 5.5 nM HRP.  In an attempt to improve the reaction rate, and potentially increase detection 

sensitivity, experiments were done at room temperature (approximately 22°C) and at 5°C 
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increments from 30°C-50°C.  We did not investigate the effect of temperatures greater than 

50°C because HRP is stable for only 30 minutes at 50°C and inactive at 52°C.29 

 Figure 2.10 shows the effect of color change rate as a function of temperature.  

Higher temperatures resulted in a faster color change rate of PANI solutions with 0.25 mM 

H2O2 and various HRP concentrations.  Figure 2.10 illustrates that at solution conditions of 

pH 6.4 and an HRP concentration of 5.5 nM, PANI changed color in 30 minutes at 45°C, as 

opposed to changing in nearly 1700 minutes at 4°C.  The oxidation of PANI exhibits 

behavior that follows the Arrhenius equation: 

                                                                   (2) 
 
where k is the rate constant, A (Arrhenius A factor) and Ea (activation energy) are constants 

characteristic of the reaction, R is the universal gas constant, and T is the temperature of the 

reaction.  Equation (2) was rearranged to Equation (3) below to make it possible to solve for 

Ea.  

                                                                       (3) 
 

Plotting the natural log of color rate change as a function of inverse reaction temperature (see 

Figure 2.11), allows us to determine the slope from Equation (3).  The activation energy is 

then determined by using Equation (4): 

                                                                     (4) 
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The activation energy of our reaction (HRP catalyzed oxidation of blue emeraldine base to 

violet pemigraniline base) was 71.9 kJ/mol for solution conditions of pH 6.4, 0.25 mM H2O2, 

and 5.5 nM HRP.  Moon, et al found the activation energy of oxidizing the leucoemeraldine 

base to emeraldine base to be 50.4 kJ/mol when oxidized by oxygen gas at 30°C.30 

 To insure increasing the temperature was not causing H2O2 to further change the 

oxidation state of PANI prior to the addition of HRP, we investigated the effect of increasing 

temperature on solutions of PANI and H2O2 without the presence of HRP.  Figure 2.12 

shows increasing temperature does not cause H2O2 to further oxidize PANI, prior to addition 

of HRP.  PANI in pH 6.4 buffer and 0.25 mM H2O2 exhibited a decrease in minimum 

absorbance wavelength of only 3 nm, not enough to indicate a color change or change in 

oxidation state.  Therefore, the increase in temperature did not cause hydrogen peroxide to 

oxidize the PANI, rather the addition of HRP at increased temperature caused the oxidation 

of PANI and improved reaction rate. 

 After examining the effect of temperature on the detection of HRP, we found the 

optimal conditions for HRP detection to be 0.25 mM H2O2, pH 6.0 or pH 6.4, and a solution 

temperature of 45°C. 

2.3.5 Effect of constant agitation 

During the experiments, we observed that PANI settled out of solution (see Figure 

2.13).  After approximately three hours, the settling was noticeable (see Figure 2.13(b)), and 

after being undisturbed overnight, the PANI solution had completely settled (see Figure 

2.13(c)).  Prior to recording absorbance measurements, we needed to shake the PANI 

solution to get a homogenous solution.  Since our sensor is based on the HRP catalyzed 
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oxidation of PANI by H2O2, we wanted the maximum amount of PANI to come in contact 

with the hydrogen peroxide to facilitate the oxidation of the PANI in solution.  PANI settling 

to the bottom of the vial may have resulted in less PANI being available for oxidation, 

limiting the amount of color change observed.  This does not pose a problem for high 

concentrations of HRP since the higher concentrations of HRP catalyzed the H2O2 oxidation 

of PANI (and resultant color change) prior to the PANI settling out of solution.  However, at 

lower concentrations of HRP, the times for color change were slower, and the PANI would 

settle.  We investigated the effect of constantly stirring the solution at room temperature 

(22°C) in an effort to keep the solution as homogenous as possible and maximizing the 

exposure of PANI to the HRP catalyzed H2O2 to facilitate the color change of PANI.  Figure 

2.14 shows that constant stirring of the solution resulted in color change occurring twice as 

fast as without stirring at HRP concentrations of 5.5 nM (Figure 2.14(a)) and 0.55 nM 

(Figure 2.14(b)).  The effect of constant stirring was independent of pH, as we saw similar 

results at pH 6.0 and pH 6.4.       

2.4 Conclusions and Future Work 

A novel HRP detection system has been developed using PANI to detect HRP at 

concentrations ranging from 550 nM down to 0.55 nM using a dispersion consisting of PANI 

and 0.25 mM H2O2. We were able to detect an HRP concentration of 0.55 nM in 40 minutes 

using the optimal reaction conditions of 22°C, 1.35 mM PANI, 0.25 mM H2O2, pH 6.0 and 

pH 6.4, and maintaining the solution at constant agitation.  These results were a significant 

improvement over our initial results of an HRP detection limit of 5.5 nM at 4°C and no 

limited mixing.  At those conditions, the rate of color change was 1683 minutes.    
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 Future work will involve the investigation of three more factors.  First, investigation 

will be done on the effect of constant agitation at various temperatures.  As already shown, 

increased temperatures result in a faster reaction rate for PANI dispersions with limited 

mixing.  At room temperature, constant agitation increased the reaction rate.  Therefore, the 

next step is to determine the reaction rate of the PANI/H2O2 dispersion in the presence of 

HRP at increasing temperatures without mixing limitations.  The second factor for further 

investigation is the effect of PANI concentration as the described experiments have been 

conducted at a constant PANI concentration of 1.35 mM.  While lower concentrations of 

HRP may be catalyzing the H2O2 oxidation of PANI, there is a chance that all of the PANI 

may not be getting oxidized minimizing the apparent color change.  Various PANI 

concentrations will be investigated under constant agitation and various temperatures to 

insure that the level of PANI is not oversaturated for a visible color change.  Finally, 

conjugated HRP will be investigated versus the current procedure of utilizing free HRP.  As 

we envision the final detection system to be based on immobilized HRP, we need to insure 

that its efficiency is not hampered once bound to a substrate.  Conjugating HRP to an 

antibody will mimic the effects of immobilized HRP thus this reaction scheme will be 

investigated under the same reaction conditions as performed for the free HRP system. 
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Figure 2.1 Overview of pathogen detection system.  (a) Capture antibodies are immobilized 
on a fiber mat.  (b) The mat is exposed to a sample.  (c) If a pathogen is present, the capture 
antibodies will capture it.  (d) The mat is then exposed to detection antibodies (antibodies 
conjugated with HRP).  (e) If a pathogen is present, the detection antibodies will bind to the 
pathogen.  (f) The mat is then placed in a PANI and H2O2 solution.  If a pathogen is present, 
the HRP that is conjugated on the capture antibody that is bound to the pathogen will 
catalyze the oxidation of the PANI solution by H2O2, causing a change in oxidation states 
and color of the PANI. 
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  (a)        (b) 
 
 
Figure 2.2 Interfacial polymerization of PANI.  (a) Aniline is dissolved in the organic phase 
and the oxidant, ammonium persulfate, is in HCl.  The aqueous oxidant solution is slowly 
added to the organic phase.  Immediately PANI forms at the interface between the aqueous 
and organic phases.  (b) At the completion of the reaction, PANI is dispersed in the aqueous 
phase and no aniline monomer remains in the organic phase.  
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       (a)                    (b)                     (c)                    (d) 
 
Figure 2.3 Progress of interfacial polymerization of polyaniline.  (a) Aniline-hydrochloride 
in dichloromethane before addition of aqueous phase.  (b) Addition of aqueous phase.  
Immediately upon contact of the aqueous phase with the organic phase, red was observed.  
As more aqueous phase was added, the color changed from red to blue to green.  (c) 
Completion of addition of aqueous phase.  After the aqueous phase was added, the aqueous 
phase was green.  (d) Completion of polymerization.  The organic phase was dark amber, 
indicating completion of the reaction.  The aqueous phase was dark green.   
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Figure 2.4 Polymerization of PANI.  (a) Aniline cation radical formed when aniline 
monomer reacts with an oxidant to initiate the polymerization of PANI.  (b) Resonance 
structures formed from the aniline cation radical.  Form (ii) is most likely the most reactive 
species due to the availability of the radical.  (c) The formation of a polyaniline dimer.  The 
aniline cation radical reacts with one of the resonance structures of the cation radical, 
forming a dimer.  (d) After the release of 2 hydrogens and rearrangement, the dimer becomes 
para-aminodiphenylamine (PADPA).  PADPA is oxidized twice forming a radical dimer 
which then reacts with other radicals in solution, forming PANI. 
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Figure 2.5 UV-VIS spectrum of PANI in DI water after interfacial polymerization.  The 
minimum absorbance value of 493.5 nm indicated the PANI was green in color. 
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Figure 2.6 SEM micrographs of PANI. (a) 2500x magnification, (b) 5000x magnification, 
(c) 10000x magnification, (d) 20000x magnification, (e) 40000x magnification, (f) 80000x 
magnification. 
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Figure 2.7 Effect of H2O2 concentration on PANI.  After over 25 hours, H2O2 concentrations 
! 0.25mM had little to no effect on the oxidation of PANI, however PANI was being 
oxidized after a few hours at an H2O2 concentration of 0.50 mM. 
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Figure 2.8 The effect of different H2O2 concentrations and different HRP concentrations on 
the oxidation of PANI.  At an HRP concentration of 550 nM, PANI was oxidized regardless 
of the H2O2 concentration (black squares and blue triangles).  At an HRP concentration of 5.5 
nM, 0.1 mM H2O2 (red circle) did not oxidize PANI, however 0.25 mM H2O2 (inverted 
purple triangle) did oxidize PANI. 
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Figure 2.9 Effect of pH on PANI as a function of time.  H2O2 was added after six hours.   
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Figure 2.10 Effect of increasing temperature on rate of color change for PANI at pH 6.4, 5.5 
nM HRP, 0.25 mM H2O2.  At T=4°C, color change occurred at 1683 min.  At T=22°C, color 
change occurred at 188 min.  At T=45°C, color change occurred at 30 min. 
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Figure 2.11 Arrhenius plot of oxidation of PANI at pH 6.4, 0.25 mM H2O2, 5.5 nM HRP, 
and T=4°C, 22°C, and 45°C.  Using the slope of the linearly fitted line, the activation energy 
(Ea) was 71.9 kJ/mol. 
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Figure 2.12 Effect of temperature on PANI and 0.25 mM H2O2 solution, without addition of 
HRP. 
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    (a)   (b)   (c) 
    
Figure 2.13 Images of PANI settling over time: (a) time=0; (b) time"3 hours; (c) time"18 
hours (overnight). 
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Figure 2.14 Effect of constant agitation on the time required for color change of PANI.  
While under constant agitation, the PANI solutions changed color twice as fast.   
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CHAPTER 3: Solid Based Detection System 

3.1 Introduction 

 This chapter focuses on the beginning stages towards the development a colorimetric 

chemical warfare agent detector utilizing polyaniline (PANI).   We attempt to graft PANI to 

two substrates with considerably different glass transition temperatures Tg using a silane 

coupling agent.  We use polydimethylsiloxane (PDMS) and polypropylene (PP) as our two 

substrates and 3-(phenylaminopropyl)trimethoxysilane (PAPTMOS) as our silane coupling 

agent.  We are investigating two substrates with different Tg’s to determine the effect of Tg 

on the colorimetric response time. We expect the response time for the substrate with the 

lower Tg, PDMS, to be faster due to its inherent polymer backbone flexibility allowing the 

grafted colorimetric response to quickly rearrange for optimal contact with a probing media 

such as ammonia. 

3.1.1 Polydimethylsiloxane and polypropylene 

 Polydimethylsiloxane is a silicone rubber with low density, high hydrophobicity, and 

low conductivity1 comprising a Tg of 145-150 K.2  It comprises an alternating Si-O-Si 

backbone with two methyl groups bound to the silicone (see Figure 3.1a).  PDMS has broad 

application in microfluidic devices,3 insulation, anticorrosion, and antifouling coatings.4  

Additionally, Hiamtup et al. dispersed PANI in a PDMS matrix, however the PANI was not 

bound to the PDMS.5  This was done to study electrorheological effects of PANI in PDMS 

for potential uses as vibration dampers or clutches.  When an electric field was applied to the 

composite, the material stiffens and only a percentage of the flexibility was recovered when 

the electric field was removed.  
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 Polypropylene (PP) (see Figure 3.1b) is a versatile thermoplastic that is processed in 

large quantities by major fabrication processes such as molding, extrusion, film, and fiber 

technology.  Major applications of PP include pipe and automobile parts, filtration media, 

and nonwovens.6  PP comprises a carbon backbone with a methyl group bound to every other 

carbon in the backbone with a Tg of 373K.7    

3.1.2 Previous work on grafting PANI 

 Due to the previously mentioned properties of PANI, many research groups have 

grafted PANI to various substrates.  Anbarasan et al. reported a method to chemically graft 

aniline on poly(ethylene terephthalate) (PET) fiber and Nylon 6-6 fiber.  Their method 

required that the fiber be soaked in hydrochloric acid prior to the addition of monomer and 

oxidant.8, 9  Lei et al. utilized %-(2,3-epoxypropoxy)propyltrimethoxysilane (EPTMS) as a 

coupling agent on nano silica.  The EPTMS modified silica was reacted with aniline and then 

PANI was grafted via in situ chemical oxidative polymerization.10  Ji et al. developed a 

multiple step process to graft PANI on poly(tetrafluoroethylene) (PFTE) films.  The steps 

included silylating PTFE with (p-aminophenyl)trimethoxysilane (APTS) and oxidative graft 

polymerization of aniline.11  Li et al. also developed a multiple step process that led to PANI 

grafted to Si(100) wafers.  The steps involved in this process include 1) hydroxylating the 

wafers, 2)  silylate the wafer with phenyltrichlorosilane, 3) react with triflic acid to remove 

the benzene layer, 4) substituting the triflic acid with aniline, and finally 5) graft 

polymerization of PANI.12 

 Another method for grafting PANI to substrates is through the use of PAPTMOS as a 

coupling agent.  PAPTMOS is a desirable coupling agent because one end of the coupling 
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agent will readily bind to hydrophilic surfaces, whereas the other end has an aniline moiety 

as a location to initiate PANI polymerization.  Figure 3.1c shows the structure of PAPTMOS.  

Wheelwright et al. utilized PAPTMOS to graft PANI to silica14 and Wu et al. grafted PANI 

to glass slides and silicon wafers using PAPTMOS.15  Both routes were successful as 

measured by FTIR, 13C Nuclear Magnetic Resonance (NMR), and X-ray Photoelectron 

Spectroscopy (XPS).   

 We propose a method to graft PANI to PDMS and PP via PAPTMOS.  This method 

does not require etching of the substrate surface, nor does it require additional substitution 

steps as an aniline moiety is already present on the coupling agent.  We modify the substrate 

surface, silylate the surface, and then polymerize PANI from the surface.  Figure 3.2 shows a 

schematic of the procedure. 

3.2 Materials and Methods 

3.2.1 Materials 

 Polypropylene (Exxon 3155) was obtained from Exxon Corporation in pellet form.  

The pellets were melt-pressed to discs at a temperature of 185° C.  Polydimethylsiloxane was 

synthesized using Dow Corning Sylgard-184 elastomer kit.   The Sylgard-184 elastomer kit 

contained two components, Sylgard-184A (base polymer) and Sylgard-184B (crosslinker 

plus catalyst).  A mixture of 10:1 Sylgard-184A:Sylgard-184B by mass was stirred in a petri 

dish.  Gentle vacuum was applied to remove air bubbles from the mixture and then cured for 

24 hours at 75°C.1  Post-cure, PDMS was extracted with toluene to remove any unreacted 

monomer.  All other chemicals were used as received from Sigma Aldrich.  For the 

polymerization of PANI and subsequent washing steps, aniline hydrochloride, ammonium 
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persulfate (APS), hydrochloric acid (HCl), 1-methyl-2-pyrrolidinone (NMP), and acetone 

were employed.  Methanol (99.5% anhydrous) and 3-(phenylaminopropyl)trimethoxysilane 

(PAPTMOS) were required for the silylating reaction.  Ammonia hydroxide (28-30%) was 

used for vapor sensing.   

3.2.2 Ultraviolet Ozone (UVO) Treatment 

 The surfaces of PP and PDMS were modified via ultraviolet/ ozone (UVO) treatment 

using UVO cleaner model number T10X10/OES from Ultraviolet Ozone Cleaning Systems 

(UVOCS).  Substrates were treated for 45 minutes on each side. 

3.2.3 Silylation  

 After UVO treatment of the substrates, a silylation reaction was done with the treated 

substrates and the silane coupling agent, PAPTMOS.  The reaction was done in a solution 

consisting of 20.4 g of PAPTMOS in 100 mL of methanol.  The reaction was conducted at 

85°C for 24 hours under reflux to ensure no loss of methanol.  After 24 hours, each substrate 

was sonicated in 50 mL of methanol for 30 minutes to remove any non-reacted PAPTMOS. 

3.2.4 Polyaniline graft polymerization 

 Polyaniline was grafted to the silylated substrates via chemical oxidative 

polymerization at 0°C using a procedure similar to that done by Wu et al.15  In a 20 mL vial, 

0.194 g of aniline hydrochloride was dissolved in 10 mL of 1.2 M HCL to make an aniline 

solution with a concentration of 0.15 M.  In a separate 20 mL vial, 0.342 g of APS was 

dissolved in 10 mL of 1.2 M HCL to make an APS solution with a concentration of 0.15 M.  

Both vials were placed in ice in a cooler for 2 hours.  One silylated substrate was added to the 

vial with the aniline solution.  The APS solution was then added to the aniline solution 

dropwise in direct contact with the substrate.  The reaction vial remained on ice during the 
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polymerization reaction for 2.5 hours.  The substrate was then removed from the reaction vial 

and placed in 50 mL of DI water and sonicated for 30 minutes to remove excess PANI not 

chemically bonded to the substrate. 

 To further verify that PANI was chemically bonded to the surface as opposed to being 

adsorbed on the substrate surface, the PANI grafted substrates were converted from the 

emeraldine salt (ES) form to the emeraldine base (EB) form of PANI.  This was done 

because the EB form of PANI dissolves in NMP.11, 14-16  The PANI was converted to the EB 

form by placing the PANI grafted substrate in 50 mL of MilliQ water for 24 hours.  MilliQ 

water was used because it acts as a weak base.  A strong base will convert the PANI to the 

EB form, however strong bases will cleave the Si-O bond.11  After conversion to the EB 

form, the PANI grafted substrate was placed in 50 mL of NMP and sonicated for 30 minutes 

to remove adsorbed PANI.  The PANI grafted substrate was then placed in 10 mL of 1.2 M 

HCl to convert the EB form back to the ES form of PANI. 

 After conversion to the ES form of PANI, the PANI grafted substrates were exposed 

to ammonia hydroxide vapor.  Ammonia hydroxide was poured into a 50 mL jar.  The 

uncapped jar was placed in a fume hood and the PANI grafted substrate was held above the 

jar to observe the effect of vapor on the PANI. 

3.2.5 Contact angle measurements 

 Static contact angle measurements were conducted via the sessile drop method using 

a Dataphysics Contact Angle System OCA20.  Substrates were placed on a glass slide and 

the glass slide was then placed on the sample stage.  A 2.0 µL drop was made with the 

syringe and the sample stage was raised to the drop and then lowered immediately after the 
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substrate made contact with the water drop.  The contact angle was recorded 15 seconds after 

drop deposition.  Measurements were taken at three different locations on each side of the 

substrate. 

3.2.6 Fourier Transform Infrared Spectroscopy in the Attenuated Reflection Mode 

 Fourier Transform Infrared Spectroscopy in the Attenuated Reflection (FTIR-ATR) 

mode was conducted using a Thermo Fisher Nexus 470 FTIR with a germanium OMNI ATR 

crystal.  Spectra were recorded after 64 scans at 2 cm-1 resolution. 

3.3 Results and Discussion 

3.3.1 UVO treatment of PDMS and PP 

 In order to successfully bond a silane coupling agent to a surface, the surface must 

have hydrophilic groups, for example -OH groups or -COOH groups.14  A common method 

for doing this is UVO treatment of substrates.1, 17  After modifying the surface of PP and 

PDMS, there was no visual difference in the substrates to suggest the UVO treatment was 

successful.  In order to determine the success of the UVO treatment, two methods were 

employed: contact angle and FTIR-ATR.  Contact angles greater than 90° indicate a 

hydrophobic surface, whereas contact angles less than 90° indicate a hydrophilic surface.18  

Contact angle measurements were conducted prior to and after UVO treatment of PP and 

PDMS.  Table 3.1 shows the results of the contact angle measurements for both sides of PP 

and PDMS in duplicate.  The naming convention for the samples was Substrate-Sample 

Number-Side (e.g., PP-1-A refers to the first PP sample, side A).  Contact angle 

measurements prior to UVO treatment clearly show the hydrophobic nature (contact angles 

greater than 90°) of both PP and PDMS and the contact angles agree with literature 

values.1,16  After UVO treatment, there was a significant drop in the contact angle values for 
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PP and PDMS.  The contact angle for PP decreased an average of 45°, and the contact angle 

for PDMS decreased an average of 85° indicating successful modification (see Figure 3.3).  

FTIR-ATR spectra of PP and PDMS taken prior to UVO treatment were contrasted with the 

spectra taken following the UVO treatment to identify the formed hydrophilic groups.  Figure 

3.4 shows the FTIR-ATR spectra of PP before and after UVO treatment.  Peaks of interest on 

the post-UVO treatment spectra are the peak located at 1708 cm-1 (C=O and COOH 

frequencies) and the broad peak located from 3115 cm-1 to 3600 cm-1(hydroxyl groups (-

OH)); these functionalities are the signature fingerprint of UVO treatment to polymers.19  

The remaining peaks on the spectra are characteristic peaks of PP.  Figure 3.5 shows the 

FTIR-ATR spectra of PDMS before and after UVO treatment.  Like with the PP spectra, 

peaks of interest on the post-UVO treatment spectra were the peak located at 1712 cm-1, 

associated with the hydrophilic moieties C=O and COOH, and the broad peak associated 

with hydroxyl groups located from 3100 cm-1 to 3604 cm-1.19  These peaks indicated the 

UVO treatment was successful on the PDMS surface as previously demonstrated by others.4  

3.3.2 Silylation of PP and PDMS 

 The UVO modified PP and PDMS were silylated with the silane coupling agent, 

PAPTMOS.  The methoxyl moieties of PAPTMOS reacted with the hydrophilic groups on 

the UVO modified substrates, forming a bond between the substrate surface and the coupling 

agent, as proposed by Wheelwright et al.14   

 Static contact angle and FTIR-ATR measurements were conducted to verify the 

successful silylation of PP and PDMS.  Using static contact angle, we expected the contact 

angles of the substrates to increase due to the presence of the benzene ring on the end of the 
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coupling agent that was not bound to the substrate.20  Table 3.1 shows the static contact angle 

measurements of PP and PDMS before and after the silylation reaction.  The contact angle 

measurements recorded before the silylation reaction were the same contact angles recorded 

after the UVO treatment.  The contact angles for PP increased an average of 35°, however the 

magnitude of the increase in contact angle was not consistent on both sides of the PP.  Both 

sides of both PP samples showed an increase in contact angle, indicating the silylation 

reaction was successful.  The contact angle for PDMS increased an average of 72°, indicating 

the silylation reaction was successful.  One side on one of the PDMS samples did not have a 

final contact angle as high as the other PDMS samples indicating less PAPTMOS was bound 

to the surface.   Although the contact angle on this sample was not as high, there still was a 

significant increase in contact angle, indicating PAPTMOS was still bound to that side.   

 The resulting contact angle measurements after silylation for PP and PDMS samples 

were greater than 90°, indicating the surfaces were hydrophobic, which suggested the 

benzene ring on the coupling agent was exposed to the surface and would be available for 

PANI graft polymerization.20  Figure 3.3 shows images of water droplets on the surface of 

the silylated surface indicating the more hydrophobic nature of the substrates following 

silylation.  

 Figures 3.6 and 3.7 show the FTIR-ATR spectra of PP and PDMS, respectively, 

following the silylation reaction.  Peaks of interest were the peaks located at 1506 cm-1, 1598 

cm-1, and 3400 cm-1 on the spectra for PP and peaks located at 1504 cm-1, 1601 cm-1, and 

3409 cm-1 on the PDMS spectra.  The peaks located near 1500 cm-1 and 1600 cm-1 were 

associated with aromatic rings, attributed to the benzene ring located on the PAPTMOS and 
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the peak located near 3400 cm-1 was associated with amines, which is present because of the 

N-H bound between the propyl chain and the benzene ring on the coupling agent.19 The 

presence of these three peaks indicated the successful bonding of the silane coupling agent to 

the surface of the PP and PDMS.14 

3.3.3 Polyaniline graft polymerization 

 The PANI graft polymerization was conducted at 0°C to increase the selectivity of the 

surface polymerization rate from the PAPTMOS modified PP and PDMS as compared to 

bulk polymerization.  Previous work conducted by other groups concluded that the aniline 

moiety at the end of the coupling agent most likely reacts with aniline molecules or 

oligomers in the solution to form longer chains.15, 21   

 In the polymerization of PANI, APS was dispensed directly onto the surface of the 

substrate to facilitate preferential radical formation on the substrate surface.  Otherwise, the 

rate of reaction for bulk polymerization of aniline could be faster than the surface rate of 

reaction.  During the APS addition to the aniline solution, the liquid turned from clear to pink 

to blue to green over a time span of approximately three minutes (see Figure 3.8) In contrast,  

PANI polymerization reactions performed at room temperature turned green almost 

immediately upon the addition of the oxidant consistent with the assumed slower reaction 

time 0°C versus 25°C.22 

 Upon polymerization completion, the PP samples were dark green in color and the 

PDMS samples were light green.  After sonication in DI water, both substrates remained 

green, although some PANI particles were visually observed in water for the PP substrate. 

After soaking in MilliQ water overnight, both substrates were blue.  The blue substrates 

indicated the PANI was converted to the EB form.11, 14  When the converted PDMS substrate 
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was placed in NMP, the PANI instantly began dissolving.  After 30 minutes, the PDMS 

substrate was clear and the NMP solution was clear as well.  The clear PDMS substrate 

indicated the PANI was only absorbed to the PDMS surface versus covalently bound.  The 

PP had different results.  After 30 minutes sonication in NMP, both the solvent solution and 

substrate remained blue.  The blue NMP solution indicated the EB form PANI was dissolved 

in the NMP and the blue PP sample indicated PANI was still on the PP sample.  To ensure 

the PANI remaining on the PP was grafted and not adsorbed, the PP sample was sonciated 

for another 30 minutes with fresh NMP.  This was done to verify the NMP solution was not 

saturated with EB PANI and could no longer dissolve PANI from the PP sample.  After 

additional sonication, the NMP solution was clear and the PP was blue, indicating the 

remaining EB PANI was indeed grafted to the surface of the PP.  When the PANI grafted PP 

sample was placed in 1.2 M HCl to convert the PANI to the ES form, it instantly turned 

green upon contact with the HCl solution.  Figure 3.9 shows images of each substrate 

following the polymerization reaction, sonication in DI water, conversion to EB form, 

sonication in NMP, and conversion to ES form (PP only).  In image (c) of Figure 3.12, the 

EB form of PANI was already coming off the PDMS substrate.  The substrate was accidently 

placed in NMP prior to taking a photograph of the substrate.  The substrate was in the NMP 

for no more than 2-3 seconds before it was taken out to get a photograph of the blue EB 

PANI on the surface.  From the image, it is clear the PANI was not grafted to the surface of 

the PDMS. 

 Figure 3.10 shows the FITR-ATR spectra of the PANI grafted PP.   There were two 

notable differences in the spectra of the PP silylated with PAPTMOS (PP-PAPTMOS) versus 
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the subsequent spectra of the PP grafted with PANI (PP-PANI).  Namely, the peaks located 

at 1506 cm-1 and 1598 cm-1 were no longer present.  The second difference was the 

appearance of a small peak located at 1660 cm-1.  There are three relevant functional groups 

that are associated with a peak at 1660 cm-1: aromatics, amines, and imines.19  The aromatic 

peak is due to the benzene ring in the aniline repeat unit.  The amine peak is attributed to the 

N-H that was located throughout the backbone.  The imine peak came from a nitrogen bound 

between two carbons, to one carbon with a single bond, and to the other carbon with a double 

bond.  

 Figure 3.11 shows the FTIR-ATR spectra of the PDMS that was used in the PANI 

graft polymerization reaction.  The spectra show the PDMS before the polymerization 

reaction and after the sonication with NMP.  There is no change to the peaks located at 1504 

cm-1 and 1601 cm-1, the key identifying peaks of the coupling agent.  Since the original peaks 

associated with the coupling agent remained, no Si-O bonds were cleaved during the 

conversion to the EB form or during the washing in NMP.  It is not clear at this point why the 

reaction on the PDMS substrate did not proceed as on PP.  We speculate that the accessibility 

of the benzene ring was reduced on the flexible Si-O backbone due to a preference to orient 

away from the polar solvent.  Follow-up contact angle experiments with the polymerization 

solution as the probing media will be conducted to elucidate our conflicting results between 

the two substrates. 
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3.3.4 Exposure to ammonia hydroxide vapor 

 The PP-PANI was exposed to ammonia vapor to change the oxidation state of the 

PANI.  The functionalized substrate changed from green to blue/blue-violet immediately 

upon being held over the open-end of the jar with ammonia hydroxide.  The rapid color 

change indicated the oxidation state of PANI changed making our functional substrate a 

potential a vapor detector.  Figure 3.9 shows a picture of PP-PANI after exposure to NH4OH 

vapor. 

3.4 Conclusions and future work 

 A new method for grafting PANI from a PP substrate was developed using a silane 

coupling agent, PAPTMOS.  The silylation reaction was conducted at 85°C in a solution of 

methanol and PAPTMOS.  The PANI graft polymerization was conducted at 0°C via 

chemical oxidative polymerization by adding the oxidant dropwise directly onto the 

substrate.  Sessile contact angle and FTIR-ATR confirmed successful completion of each 

process step. Although PDMS was successfully silylated with PAPTMOS, the subsequent 

polymerization of PANI occurred in the bulk solution as opposed to being ‘grafted from’ the 

PDMS-PAPTMOS substrate. 

 The ultimate goal of this research was to develop a chemical warfare agent detector 

utilizing PANI as the detector.  The next step in achieving this goal is to adapt the reported 

process to fibers.  Therefore, a method for modifying the surface of fibers with hydrophilic 

groups will be investigated.  After the surfaces of fibers are successfully modified, the fibers 

will be silylated with PAPTMOS.  Polyaniline will then be grafted from the silylated fibers.  
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Finally, the PANI grafted fibers will be exposed to various vapors to determine detection 

limits and response times.  

 Additionally, a goal of this research was to compare detection response times of 

substrates with different polymer backbone mobility.  Unfortunately, PANI was not 

successfully grafted to PDMS.  As well as going further with applying the grafting process to 

PP fibers, work will continue to understand the grafting polymerization mechanism for an 

activated PDMS substrate.  Polymerization methods that minimize the bulk while focusing 

the polymerization at the PDMS surface will be explored.  For example, the polymerization 

can be done in a solution volume that barely covers the substrate and the oxidant would be 

added directly to the substrate surface.  Another potential method would be to add a drop of 

the oxidant solution directly to the surface of the substrate and then add a drop of the 

monomer solution to the same spot.  Once PANI is successfully grafted to the surface of 

PDMS, experiments can be conducted to compare the response times of PANI grafted PP and 

PANI grafted PDMS upon exposure to vapors. 
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a)  b)  

c)  
Figure 3.1 Chemical structures for the components of chemical sensors where a) 
polydimethylsiloxane (PDMS) and b) polypropylene (PP) are the substrates and c) 3-
(phenylaminopropyl)trimethoxysilane (PAPTMOS) is the silane coupling agent for 
subsequent surface grafting and polyaniline polymerization.  
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Figure 3.2 Graphical depiction of procedure to graft PANI to a substrate (PP or PDMS) 
using PAPTMOS.  The substrate is treated with UVO for 45 minutes, generating hydrophilic 
groups (e.g. hydroxyls) on the surface.  The modified substrate is silylated with PAPTMOS, 
and finally PANI is polymerized from the coupling agent. 
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Table 3.1 Average contact angles of PDMS and PP before UVO, after UVO, and after 
silylation with PAPTMOS, with standard deviation (SD). 
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Substrate Before UVO After UVO After Silylation 
PDMS 

 
a) 

 
 
 
b)  

c) 
 

PP 

 
d) 

 
 
 
e)  

f) 
 
Figure 3.3 Images from the OCA20 obtained during measurement of static contact angle of 
PDMS (a-c) and PP (d-f) before UVO treatment, after UVO treatment, and after silylation.  
The actual contact angle is also shown. 
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Figure 3.4 FTIR-ATR spectra of PP before and after UVO treatment.  Peaks of note on the 
PP-OH spectrum are the peak located at 1708 cm-1 (C=O and -COOH) and the broad peak 
ranging from 3115 to 3600 cm-1 (-OH). 
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Figure 3.5 FTIR-ATR spectra of PDMS before and after UVO treatment.  Peaks of interest 
on the PDMS-OH spectrum are the peak located at 1712 cm-1 (C=O and -COOH) and the 
broad peak located from 3100 to 3600 cm-1 (-OH).  
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Figure 3.6 FTIR-ATR spectra of unmodified PP and PP after silylation.  Peaks of interest on 
the PP-PAPTMOS spectrum are the peaks located at 1506 cm-1 and 1598 cm-1 (aromatic 
ring) and the broad peak centered on 3400 cm-1 (amine).  
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Figure 3.7 FTIR-ATR spectra of unmodified PDMS and PDMS after silylation.  Peaks of 
interest on the PDMS-PAPTMOS spectrum are the peaks located at 1504 cm-1 and 1601 cm-1 
(aromatic ring) and the peak at 3409 cm-1 (amine). 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 
Figure 3.8 Images of the PANI polymerization reaction vial.  Image (a) is the monomer 
solution with a substrate in it; (b) after addition of 1 mL oxidant solution; (c) after addition of 
more oxidant solution; (d) after addition of 10 mL oxidant solution; (e) approximately 3 
minutes after beginning to add oxidant solution.    
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

 
 
i) 

Figure 3.9 Images of PDMS (a-c) and PP (d-h) throughout the PANI 
grafting process. a) unmodified PDMS; b) PDMS after PANI 
polymerization; c) PDMS after conversion to EB form and after 2 
seconds in NMP;  d) unmodified PP; e) PP after PANI polymerization; 
f) PP after conversion to EB form; g) PP after sonication in NMP; h) PP 
after conversion to ES form; i) PP after exposure to NH4OH vapor. 
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Figure 3.10 FTIR-ATR spectra of PP after silylation (PP-PAPTMOS) and after PANI 
polymerization (PP-PANI).  The difference in the two spectra is the new peak at 1660 cm-1 
(aromatic, amines, and imines).   
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Figure 3.11 FTIR-ATR spectra of PDMS after silylation (PDMS-PAPTMOS) and after 
PANI polymerization (PDMS-PANI).  There is no change to the peaks located at 1504 cm-1 
and 1601 cm-1, indicating the coupling agent is still present on the PDMS surface. 
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CHAPTER 4: Conclusions and Future Work 

4.1 Conclusions 

 In this work we discussed using the optical properties of polyaniline (PANI) as the 

basis for colorimetric sensing in two types of detector devices.  The detector devices 

capitalized on the color changes associated with transitioning between the multiple oxidation 

states of PANI.  We looked at utilizing a PANI dispersion for the detection of horseradish 

peroxidase (HRP) as a sensor for future use for pathogen detection.  Additionally, we 

investigated using PANI in the solid form as a sensor by grafting PANI to 

polydimethylsiloxane (PDMS) and polypropylene (PP) using a silane coupling agent for 

future development as a colorimetric sensor that has potential to be utilized in chemical 

warfare agent detection. 

4.1.1 Pathogen detection system 

 In Chapter 2, we discussed a proposed pathogen detection system, where PANI was 

dispersed in a dilute hydrogen peroxide (H2O2) solution.  The detection system is based on 

HRP catalyzing the oxidation of organic compounds by hydrogen peroxide that is commonly 

used in bioassays.1  Our detection system involved three main steps: 1) a substrate with an 

affinity for pathogens is exposed to a food sample by dipping or rubbing; if a pathogen is 

present in the food sample, the substrate will capture the pathogen; 2) the substrate is then 

exposed to a solution containing HRP conjugated to antibodies with an affinity for 

pathogens; if the substrate has a pathogen on it, the antibodies will bind to the pathogen and 

the substrate; 3) the substrate is then dipped into the PANI/hydrogen peroxide dispersion; if 
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HRP is present on the substrate, PANI will change color.  Based on the proposed detection 

system, our objective was to assess the feasibility of using PANI as a detector for HRP. 

 In order to determine the feasibility of using PANI as an HRP detector, we created a 

dispersion of PANI and H2O2.  Above a certain concentration, hydrogen peroxide will 

oxidize PANI without the use of a catalyst like HRP.  The goal for our sensor is to use the 

optical properties of PANI to indicate the presence of HRP.  To do this, PANI cannot be 

completely oxidized by H2O2 prior to the addition of HRP.  If PANI is completely oxidized 

by H2O2, the addition of HRP will not cause further oxidation, or further color change.  

Therefore, we determined the concentration of H2O2 that would not fully oxidize PANI by 

itself and would maximize reaction kinetics upon addition of HRP.  We first added PANI to 

solutions of varying H2O2 concentrations to determine concentration cut-off for PANI 

oxidation.  Next, we added various concentrations of HRP to the PANI/H2O2 dispersions to 

determine the optimum  hydrogen peroxide concentrations  for the fastest rate of oxidation 

and color change of the PANI.  Finally, after determining the optimal H2O2 concentration, we 

investigated the effect of other reaction parameters, namely solution pH, temperature, and 

agitation. 

 We examined the effects of pH on the PANI dispersion across several fronts.  We 

looked at how pH affects the PANI dispersion without H2O2.  We wanted to determine how 

increasing pH influenced the oxidation state of our PANI.  Secondly, we added our optimal 

H2O2 concentration to the PANI dispersions in various pH buffers to determine if the pH 

affected the amount of oxidation from the H2O2 without the presence of HRP.  Our last step 
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determined which pH buffers were the efficient at allowing HRP to catalyze the oxidation of 

PANI by hydrogen peroxide through the addition of HRP.   

 We expected the reaction rate to increase exponentially with an increase in 

temperature.  We investigated the effect of temperature on the PANI/H2O2 dispersions by 

testing various temperatures without the presence of HRP to ensure increased temperature 

would not cause the hydrogen peroxide to further oxidize the PANI.  Various concentrations 

of HRP were added at different temperatures to determine if increased temperature improved 

the reaction rate.  We found that increasing temperature did increase the reaction rate of color 

change in the PANI dispersions. 

 Finally, we looked at the effect of constant agitation on the sensor.  We found that 

over a period of several hours, PANI settled out of the dispersion.  We conducted 

experiments at room temperature while maintaining the PANI dispersion at constant 

agitation.  We found that maintaining the dispersion at constant agitation improved the time 

of color change by a factor of two. 

4.1.2 Chemical warfare agent detection 

 In Chapter 3, we discussed grafting PANI to two substrates using a silane coupling 

agent with an aniline moiety.  We aimed to compare the color changing response times after 

exposure to a vapor for substrates with two different glass transition temperatures.  We 

hypothesized that the substrate with a lower Tg would have a faster response time due to ease 

of rearrangement and improved molecular movement.  To meet this need, we investigated PP 

and PDMS.  Our procedure consisted of four main steps: 1. Surface modification of the 

substrates with hydrophilic groups; 2. Silylation of modified substrates with the coupling 
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agent, 3-(phenylaminopropyl)trimethoxysilane (PAPTMOS); 3. Polymerization of PANI at 

site of coupling agent; and 4. Exposure of PANI grafted substrates to vapor. 

 Through the use of FTIR-ATR and static contact angle for verification, we were able 

to successfully modify the substrate surfaces with hydrophilic groups via UVO treatment and 

silylate the substrates with the silane coupling agent.  We were able to successfully graft 

PANI on PP by conducting chemical oxidative polymerization of PANI at 0°C, however we 

were not successful in grafting PANI to PDMS.  Finally, we exposed the PANI grafted PP to 

NH4 vapor and observed the PANI change from green to violet within five seconds of 

exposure. 

4.2 Future work 

4.2.1 Pathogen detection system 

 Future work for the pathogen detection system remains focused on lowering the 

detection limit of HRP.  We will investigate other conditions that may influence the 

oxidation of PANI.  We will continue to look at the effect of constant agitation on the 

system.  As reported, we have only observed constant agitation at room temperature.  We 

will expand to observing higher temperatures at constant agitation.  We will examine the 

effects of lowering the concentration of PANI with the hypothesis that at lower 

concentrations of HRP, PANI oxidation by H2O2 was still being catalyzed, however not all of 

the PANI present in the solution was being oxidized, so the color change was not visible.  

This may be negated through a lower PANI concentration.  As we determine optimal 

individual reaction conditions, we will conduct experiments combining the factors to 

determine the overall optimum conditions for HRP, and thus pathogen, detection. 
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 After determining optimal conditions for detecting free HRP, we will apply those 

conditions to the detection of conjugated HRP.  After investigating various reaction 

conditions for conjugated HRP detection, we will examine HRP immobilized on a substrate 

similar to the one that will be used in the final pathogen detection system, as described in the 

proposed detection system. 

4.2.2 Chemical warfare agent detection 

 In order for our findings from Chapter 3 to lead to a viable chemical warfare agent 

detector, several things need to be done.  We need to further investigate a method for grafting 

PANI to PDMS to determine if Tg plays a role in sensor response time.  Finding the optimal 

substrate for the sensor is a key parameter to the effectiveness of a detection system. The 

goal is to have a fiber based detector that can be integrated into a uniform; therefore we also 

will apply our methodology to fibers.  To that end, we will research methods to modify the 

surfaces of fibers in preparation for the silylation reaction.  Finally, a system to incorporate 

the PANI sensor needs to be developed, primarily to improve the selectivity of PANI.  

Exposure to an oxidizer or acid can cause PANI to change oxidation states, and color, 

providing a false positive.  We envision this detection system consisting of multiple layers.  

Potentially, one layer would comprise a fiber mat immobilized with organophosphorus 

hydrolase (OPH).  OPH is an enzyme that results in the hydrolysis of nerve agents that are 

organophosphorus compounds.2, 3  The second layer would be a fiber mat grafted with PANI.  

After grafting PANI to the fibers, the PANI would be converted to the emeraldine base (EB) 

form (blue) or the violet pemigraniline base.  PANI would need to be in the EB form because 

the hydrolysis reaction between OPH and nerve agents results in a drop in the pH to less than 
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pH 6.  A drop in the pH would then cause the EB PANI fibers to transition to the emeraldine 

salt oxidation state, changing in color from blue or violet to green. 

 



 

78 

REFERENCES 

(1) Veitch, N. Horseradish peroxidase: a modern view of a classic enzyme. Phytochemistry 
2004, 65, 249-259. 

 
(2) Russell, A.; Berberich, J.; Drevon, G.; Koepsel, R. Biomaterials for mediation of 

chemical and biological warfare agents. Annu. Rev. Biomed. Eng. 2003, 5, 1-27. 
 
(3) Gill, I.; Ballesteros, A. Degradation of organophosphorous nerve agents by enzyme-

polymer nanocomposites: Efficient biocatalytic materials for personal protection and 
large-scale detoxification. Biotechnol. Bioeng. 2000, 70, 400-410. 

 
 

 

 

 

 


