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Abstract 

Chemical warfare agents (CWA) are defined by the Chemical Weapons Convention as "any 

chemical which, through its chemical effect on living processes, may cause death, temporary loss of 

performance, or permanent injury to people and animals."  Chemical warfare agents, such as the nerve 

agents and vesicants still pose a threat to global security and western interests.  State and non-state actors 

continue to develop, stockpile, and weaponize these agents due to their mass effect on life, their ability to 

deny territory, and the ability to cause social and psychological distress. Since World War 1, CWA 

detection methodologies have been researched and implemented. They permit security forces and first 

responders to obtain early warning and adopt force protective measures.  

Briefly summarized is the chemistry of past and in-service chromogenic CWA detection systems, 

followed by a literature review of chromogenic and fluorogenic chemical-based detection methodologies 

currently being researched for nerve agents and vesicants. It is concluded that presently there is no 

suitable universal disclosure system or approach which can undergo an immediate, sensitive, and practical 

chromogenic response in the presence of CW nerve agents; phosphonofluoridates, phosphonocyanidates, 

and phosphonothioates.  As a result, a novel and practical strategy is proposed and developed which 

combine La(OTf)3 metal-ion catalyzed alcoholysis (MICA) and chromogenic sensors. Since the strategy 

utilizes alcohol at neutral conditions, it can be employed to disclose CWA on sensitive materials.  

Three novel strategies are investigated for the detection of the phosphonofluoridates, two of 

which detect for F- produced via MICA.  First, the cleavage of silylated ethers with a chromophoric core, 

and second, a displacement mechanism where F- interacts with La3+ resulting in the displacement of a 

metal-associated chromophoric sensor into solution. The third strategy focuses on the production and 

detection of H+, another product of MICA. The detection of phosphonocyanidates is adapted to this H+ 

strategy by the addition of a borderline M2+ that associates with the –CN product. Furthermore, a 

compatible sensor, 83, based on thiol-disulfide interchange, is developed and investigated for the 
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detection of phosphonothioates. Finally, the sensors and methodologies are integrated into a stable 

universal solution, and its effectiveness demonstrated. 
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Chapter 1 

Background 

The use of chemicals in warfare has been utilized as a strategic weapon since ancient 

times1: the use of arsenical smokes by the Chinese in 1000BC2, the development of “Greek fire”, 

an incendiary weapon for naval battles developed by the Byzantine Empire in the 7th Century AD, 

and during the Crimean war in 1854, where the British proposed utilizing cacodyl cyanide, 

(CH3)2AsCN, in artillery shells to break the stalemate during siege of Sevastopol3.  The Hague 

Declaration of 1899 and The Hague Convention of 1907 mandated that signatory powers abstain 

from using projectiles where “the sole object of which is the diffusion of asphyxiating or 

deleterious gases”4: this was violated during World War 1.  

When chlorine gas, phosgene, sulfur mustard (HD) and a variety of other lachrymatory, 

vesicants and irritants were employed on the battlefield by both the Allies and Central Powers in 

World War 1, the importance of personal protection and detection strategies became recognized 

and were thus researched and developed.  The discovery, weaponization, and stockpiling of G-

series nerve agents, initially with tabun (GA) in the 1930s and 1940’s by Nazi Germany led to a 

chemical race between the Soviet Union and Western powers thereafter. In the 1950’s Great 

Britain developed and stockpiled V-series nerve agents which were much more toxic than G-

agents.  In the 1960’s both the United States and the Soviet Union pursued further research and 

development and began stockpiling and weaponizing vesicants, G-Type, and V-type nerve agents 

whose structures are displayed in Figure 1.  In 1993, the Chemical Warfare Convention (CWC) 

and its associated annexes and schedules were designed to cease this chemical arms race and 

required all signatories to destroy chemicals, munitions, and equipment used in the manufacture 

of CWAs. Although all signatories obliged, in the mid-1990s Russian whistleblowers indicated 

that a Russian state program to develop a novel generation of chemical warfare nerve agents 
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known as Novichok agents5, not mandated by the CWC, was being aggressively pursued. There is 

little information and their existence is unconfirmed by western governments but a recent Iranian 

publication6 further adds weight to their possible structure and synthesis.   

 

G-series nerve agents: 

 
            Tabun (GA)                 Sarin (GB)                 Soman (GD)                  Cyclosarin (GF) 
 
V-series nerve agents: 

 
                               VX                                                                       VR 
 

Common vesicants: 

 

               Sulfur mustard (HD)                      Nitrogen mustard (HN1)                   Lewisite (L) 
 

Figure 1. Common G-and V-series nerve agents, and vesicant CWAs. Each structure is associated 
with its common name and military symbol which are used interchangeably. 

 
The proliferation and employment of CWA’s by state parties and non-state actors 

encouraged and currently fosters comprehensive government, academic, and industrial research 

and development in the detection, identification, protection, decontamination and remediation 

strategies of CWAs. Recent examples of the employment of CWAs include its use in the 1962-
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1970 North Yemen Civil War, the 1980-1988 Iran-Iraq war, the 1988 Halabja Sarin attack, the 

ongoing Syrian Civil War (2012-), North Korea’s alleged assassination of Kim Jong Nam with 

VX (2017), Aum Shinrikyo use of sarin (GB) in Japan during the mid-1990’s, Al-Qaeda use of 

chlorine in Iraq during 2006-2007 and the current and recent development and employment of 

crude sulfur mustard by the Islamic State in the Levant (ISIL) against Peshmerga and Iraqi forces 

(2017).7 It has been assessed that due to global instability, the access to readily available technical 

knowledge,8 materials, and resources, non-state actors will use chemicals as tactical battlefield 

weapons to target western interests.9 There has recently been an attempt by ISIL to use hydrogen 

sulfide in a chemical dispersion device on an Australian airplane.10 

Detection serves as an early-warning tool which assists soldiers, security personnel and 

civilians in adopting protective and defensive measures. Detection can be defined as a 

rudimentary non-specific technique that allows for the recognition of a chemical depending on its 

interaction with a sensor. This interaction depends on its atomic make-up, physiochemical 

properties, its ability to associate with enzymes, or to undergo specific reactions. A variety of 

detection technologies have been developed from simple colorimetric techniques to advanced 

flame spectroscopy and ion mobility spectrometry.11 Detection technologies are prone to false 

positives, false negatives and most security personnel are mandated to use multiple detection 

technologies simultaneously to ascertain some degree of confidence.  Following the use of CWAs 

during WW1 the importance of developing CWA detection strategies was recognized and 

pursued.12 

In contrast with detection, identification technologies such as infrared and raman 

spectroscopy, and mass spectrometry are sophisticated and allow collected spectral data to be 

compared with extensive integrated reference libraries.  These technologies are commercially 

available,13 portable, robust, give superior conclusive and specific results14 but are expensive, 
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require validation, sample preparation, continual training, preventative maintenance, and 

calibration. 

Although colorimetric detection technologies may be regarded as simple, the low cost, 

low training burden, ease of use, lack of power requirements, portability, durability, and 

sensitivity has allowed this technology to be the most widely implemented detection methodology 

throughout global security and military forces. Two main types of colorimetric technology exist; 

enzymatic-based and chemical-based.15  Enzymatic based sensors depend on enzyme inhibition or 

reaction with a target substrate, where an additional additive induces or prevents an optical, 

chemical or electrical signal. Chemical-based sensors depend on the interaction, association or 

reaction of a specific substrate with a sensor molecule or metal ion or combination of both, which 

further triggers an optical, chemical or electrical response. 

Sensitive materials can be described as materials which can be easily damaged due to a 

chemical or physical-based treatment process. Mission-essential military and first-responder 

equipment such as night vision goggles, weapon, and communication systems, as well as, 

detection equipment all contain sensitive materials (i.e. electronics, plastics, optics) which are 

prone to contamination.  If contaminated, the equipment is rendered unusable which may result in 

mission failure. As a result, academia16,17 and industry18 have been researching and developing 

novel methodologies to decontaminate/neutralize CWA for sensitive equipment.  Unfortunately, 

there has yet to be any published literature or a marketed product for the purpose of optically 

(chromogenic/fluorogenic response) disclosing CWA on sensitive materials. If contamination 

from CWA can be disclosed or even localized on sensitive equipment, an operator will have more 

flexibility in determining if and where the equipment should be decontaminated.  Furthermore, 

post decontamination, an operator may find it advantageous to use a disclosure solution as type of 

"quality assurance" to assess if the equipment has been returned to its operable state.  

Chemical-based fluorogenic and chromogenic sensors for the detection of HD, G and V 
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series agents have previously been reviewed,15,19–24 but the lack of experimental detail, absence of 

criticisms on practicality and the requirement to review new and recent research has encouraged 

us to re-visit and pursue a thorough examination of chemical-based chromogenic and fluorogenic 

sensors.   

This dissertation includes a brief perspective on past and current chromogenic detection 

approaches that were and are currently fielded by security and military forces. Furthermore, a 

detailed literature review describes the current strategies, as well as chromogenic and fluorogenic 

sensors being researched and investigated for the indication of G, V- nerve agent, and sulfur-

based vesicant CWAs. Subsequently, we describe our research investigations in developing a 

novel strategy using metal-ion catalyzed alcoholysis for the chromogenic detection of CWAs for 

use on sensitive materials.   
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Chapter 2 

Historical and Current CWA Sensor Systems 

2.1 Introduction 

 

Although government research and defence reviews on past and current chromogenic 

capabilities have been published in journal publications,25–31 technical reports, 32–34 and patents,35–

37 it is important to explain the chemistry of a select few which were implemented in the field and 

set the stage for today’s research efforts. Greater detail on the history and technologies can be 

found elsewhere.38,39 

2.2 Historical and Current Technologies 

 

Following World War 1, researchers within the US Government developed a portable HD 

detection kit, the M4 HS Vapor Detector Kit. The kit allowed suspected HD vapor to be drawn 

through a tube containing silica gel impregnated with DB-3 reagent, 

4-(4-nitrobenzyl)pyridine). Subsequently, the tube was heated, and a sodium hydroxide and 

mercury cyanide solution was added. The generation of a purple-blue color confirmed the 

presence of sulfur mustard. The chromogenic change occurs following a series of reactions shown 

in Figure 2. First, the loss of a chlorine atom from HD through an internal SN2 reaction permits 

the formation of a positively charged and highly reactive episulfonium ion. The nitrogen lone pair 

electrons from the pyridine moiety reacts with the highly strained three-membered ring to form a 

bond. Subsequently, one of the methylene protons can be easily abstracted by base, in this case, 

the sodium hydroxide, allowing for resonance delocalization and resulting in the generation of a 

purple-blue color. A chromogenic change results with concentrations as low as 0.5ppb of mustard 

vapor.40 
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                                     HD         episulfonium ion 

 

 

         4-(4-nitrobenzyl)pyridine (DB-3) alkylated complex: purple-blue color 

 
Figure 2. Formation of episulfonium ion and interaction with 4-(4-nitrobenzyl)pyridine. 

 
   In 1949, the M7A1 vesicant detector crayon was developed and implemented.  The 

crayon contained chloramine and the pH indicator, congo red. Upon interaction with alkylating 

agents, the original red color became blue. As shown in Figure 3, chloramine (NH2Cl) causes 

sulfur mustard to undergo oxidization which results in the production of hydrochloric acid. 

Consequently, the pH is lowered, protonating the indicator resulting in the generation of a blue 

color.41 
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                                        HD  

 

 
 

Congo red deprotonated: red color 
 

 
 

Congo red protonated: blue color 
 

 
Figure 3. Oxidation of HD followed by the interaction of the HCl with the congo red. 

 

 
One of the earliest publications on detection methods for GA and GB was the 

Schönemann Report published in 1944.42  As described in Figure 4, Schönemann used hydrogen 

peroxide to oxidize either tabun or sarin resulting in the peroxophosphonate. The 

peroxophosphonate would subsequently oxidize 2-tolidine to form a chromogenic azo species, 

producing a yellow color.  
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G-agent        perhydroxyl ion       peroxophosphonate                         2-tolidine 

 

 
                                 Azo species: yellow color 

 

Figure 4. Scheme of tabun and sarin detection according to Schönemann Report.42  

 
US government researchers mimicked this strategy but utilized different reactants to 

produce both chromogenic and fluorogenic variants.31 In 1958, the M5 fixed alarm and the M6 

field monitor were developed and implemented. The M5 and M6 used sodium pyrophosphate, 

hydrogen peroxide and either 2-dianisidine for the M6 or fluorescent indoxyl for the M5. The M6 

detector was based on the formation of a red color which would prevent light from reaching two 

phototubes resulting in the triggering of an alarm.  The alarm responded in an average of 5s for 

sarin concentrations over 2ppm and took 60s for concentrations of 0.1ppm.31  The M6 detector 

utilized a similar strategy but was based on a photometer that measured the generation of 
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fluorescence. Although these detectors were discontinued from service, the study of their 

chemistry continued into the 1980s.43  

In 1964, the United States, Canada, and the UK developed M8 paper, commonly called 3-

Way Liquid Chemical Agent Detector Paper for the detection of liquid CWA contamination.44 

The paper incorporated three dyes: Dye E: 2,5,2',5'-Tetramethyltriphenylmethane-4,4'-dizo-bis-p-

hydroxynaphthoic anilide, Dye A2: Thiodiphenyl-4,4'-bis-salicylic acid, Dye EDA: Ethyl-bis-

(2,4-dinitrophenyl) acetate (EDA). Unfortunately dyes EDA and A2 were found to be mutagenic, 

and it wasn’t until the late 1980’s that Canada’s Defence Research Establishment published45 on 

changing them to 3',3'',5',5''-tetrabromophenolphthalein ethyl ester (TBPE) and  4-((4-

(phenylazo)phenyl)azo)-phenol (Disperse Yellow 23 – DY23), respectively, although it is not 

known if they continued to pursue the dye modification. The dye structures are displayed in 

Figure 5. Both the US Army and Canadian Armed Forces currently use the M8 and 3-Way Paper, 

respectively. The paper responds with a specific color change when treated by either a H-

vesicant, G-nerve or V-nerve type agent. The dye E is dissolved by liquid H agents resulting in 

the production of a red color. Dyes A2 and DY23 are dissolved by liquid G-agents and exhibit a 

yellow-orange color.  The dyes are impregnated on the same paper since the type of agents in 

which they dissolve have different octanol/water partition coefficients; HD has an estimated Kow 

of 2.41, whereas G-agents are much lower; 0.384 for GA and 0.299 for GB at room 

temperature46. 
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Dye E: 2,5,2',5-tetramethyltriphenylmethane-4,4'-diazo-bis-8-hydroxynaphthoic anilide 

 

 
 

TBPE: 3',3'',5',5''-tetrabromophenolphthalein 
ethyl ester 

EDA: ethyl-bis(2,4-dinitrophenyl) acetate 

 
Dye A2: thiodiphenyl-4,4'-diazo-bis-salicylic acid 

 

 
Dye 23: 4-(4-(phenylazo)phenyl)azo)-phenol 

 

 
Figure 5. Dyes and potential replacement dyes used in M8, M9 and Three-Way Paper. 
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The third class of dyes, EDA or TBPE, indicate by responding to a change in pH. V-

series nerve agents contain a tertiary amine group, VX, for example, has a pKa of 8.647 at 25oC 

and can abstract the methylene hydrogen from EDA or phenol hydrogen from TBPE causing ring 

delocalization which results in the formation of a blue color. Since V agents also dissolve the A2 

or DY23 yellow dyes (Kow=0.675)46, the final responding color is dark green. Since the dyes work 

through both solubility and pH, M8 and 3-Way Paper are prone to false positives. The paper 

requires 20-100µL of undiluted agent for a chromogenic response to occur.48 

In 1973, researchers at US army’s Edgewood Chemical and Biological Center (ECBC) 

developed an indicator-based system that involved horse serum cholinesterase impregnated on 

paper.28  When coupled with a nerve agent, the cholinesterase becomes inhibited. On addition of a 

chromogenic substrate, 2,6-dichloroindophenyl acetate, hydrolysis of the ester group does not 

occur, and no blue color is visible, a positive indication for the presence of agent. Alternatively, 

as displayed in Figure 6, if the cholinesterase remains uninhibited, the enzyme would cleave at 

the ester group resulting in a chromogenic molecule and the formation of a blue color, a negative 

indication.  The system was designed for water testing with the ability to achieve enzyme 

inhibition with concentrations as low as 10ppb of nerve agent. This is currently known as Nerve 

Agent Vapor Detector (NAVD). Strong acid vapors may give a positive response, while strong 

alkaline vapors may give a negative response. 

 

 
2,6-dichloroindophenyl acetate: colorless        2,6-dichloroindophenylate: blue color 

 

 
Figure 6. Uninhibited acetylcholinesterase (ChE) cleaving the ester group of  
2,6-dichlorindophenyl acetate resulting in a blue color. 
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In 1986, the M256A1 Chemical Agent Detector Kit was developed and combined both 

enzymatic and chemical methodologies and was based on chromogenic changes for the detection 

of most chemical warfare agents.49  It is currently used in the US Military. The handheld device is 

operated in a step-wise methodology where initially four absorbent pads are exposed to 

"contaminated" air for 10 minutes. Subsequently, the ampules of an appropriate reagent are 

crushed and added to each pad for color development; this may be followed up with heat 

exposure generated from a chemical reaction-based heater pad. For all G and V nerve agents, the 

cholinesterase methodology is used, with a limit of detection (LOD) of 2ppb for V series and 

0.09ppb for G series agents.48 To detect for sulfur mustard and the phosgene oxime (CX) the 4(4-

nitrobenzyl)pyridine methodology is used. A LOD of 0.03ppm for HD and 0.6ppm for CX has 

been described.48 Lewisite is based on the Michler’s thioketone, (4,4’- 

bis(dimethylamino)thiobenzophenone), tablet test which reacts with the arsenic of lewisite, 

forming a blue color with a LOD of 1ppm.48 CWA asphyxiants, cyanogen chloride (CK) and 

hydrogen cyanide (AC) are indicated by the formation of a polymethine dye though the use of 

barbituric acid and 4-benzylpyridine, and has a LOD of 3ppm and 8ppm, respectively.48 A 

chromogenic response time of 15 minutes for all agents is required to measure the LOD 

concentrations indicated. Although fully encompassing, there are common interferences such as 

petroleum, and the widely used DS2 decontamination solution.48   

Also in service and widely used are colorimetric detection tubes which consist of a glass 

tube containing a type of sorbent material impregnated with a substrate-specific reagent. The 

reagent, when exposed to CWA vapor, undergoes a chromogenic change. Currently, there are 160 

substrate-specific reagent tubes produced by Dräeger.50   

For the detection of nerve agents, the substrate in the Phosphoric Acid Esters tube 

undergoes a change to red and becomes more intense with higher concentration.  As displayed in 

Figure 7, the tube contains cholinesterase, butyrylcholine iodide and phenol red. On interaction 
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with phosphate esters, the enzyme will become inactivated and butyric acid will not be produced. 

As a result, the indicating layer will become red. On the contrary, if no OP is present to inhibit the 

enzyme, butyric acid will be produced, lowering the pH and causing a yellow color to form in the 

indicating layer.51 Minimum concentrations for a chromogenic response with the phosphoric acid 

tubes are between 0.01ppb to 0.03 ppb.51 

 
         Butyrylcholine iodide    Butyric acid 

 
             Phenol red deprotonated: red color Phenol red protonated: yellow color 

 
Figure 7. ChE is inactivated by OP agent preventing formation of butyric acid. Red color persists. 

 

The thioester tubes used for the detection of HD undergo a change from yellow to an 

orange color. The HD reacts with AuCl3 and chloramine generating an orange color in the 

indicating layer.51 Although not indicated, it is proposed that the chloramine oxidizes the HD 

producing HCl, as shown in Figure 3 but instead of interacting with a pH indicator, HCl reacts 

with AuCl3 to form chloroauric acid (HAuCl4), producing the orange color. Minimum 

concentrations required to achieve a chromogenic response are 0.003 to 0.005ppm.51   

The use of enzymes for optical detection has been extensively researched,28,52–55 but a 

current product in which the US government has heavily invested56 is known as AgentaseTMC157 
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and AgentaseTMC258 marketed by FLIR Systems. Agentase C1 and C2 products are marketed as a 

chemical agent disclosure sponge and a spray system for spot detection, respectively. Both 

products rely on the integration of two types of enzymes; a urease and a cholinesterase both 

undergoing catalytic reactions with incorporated substrates, urea for urease and butyryl choline or 

acetyl choline for the cholinesterase enzyme systems. The urease catalyzes the production of 

basic ammonium hydroxide (–OH), whereas the cholinesterase enzyme catalyzes the formation of 

choline and butyric acid or acetic acid (H+).  Each enzyme has its pH optimum, and maximal 

activity occurs around pH 8 for cholinesterase59 and pH 7 for urease.60  Due to the closeness of 

their optimal pH values, there is a pH “set point” where both enzymatic activities are equivalent; 

the formation of the -OH will counteract the formation of H+ producing a dynamic pH equilibrium 

at this set point.61 When an organophosphate target comes into contact and irreversibly inhibits 

the cholinesterase, this equilibrium is destroyed and the pH increases. The presence of a water 

soluble chromogenic or fluorogenic pH indicator which responds to basic conditions, i.e. cresol 

red, induces an optical change.   

The C1 product reagents are divided in different sections of the device, where upon 

activation the polymerized enzyme, indicator, carrier fluid and solid enzymatic reagents are 

mixed and soaked into a polyurethane disk. In the case of the C2 product, powdered and 

lyophilized enzyme resides in one chamber while the urea and choline substrates, protein 

stabilizers, protein stabilizer sugars, surfactants, and solvents reside in another. At the time of 

application water is added to each chamber and through a pumping action both solutions are 

homogenously mixed as it exits from a spray nozzle.62 In both products, when a nerve agent is 

absent a yellow color persists. However, when a nerve agent is present a chromogenic change to 

red occurs.63 The limit of detection for G and V nerve agents have been determined to be around 

4ppm and a maximal optical response occurs after 300 seconds.64  
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Although implementation of this product has been successful, there are associated and 

obvious disadvantages. Due to its response to basic conditions, if decontaminants containing 

strong bases are employed such as the in-service DS-265 which contains 2% NaOH and 

diethylenetriamine, false positive responses will result. Additionally, environmental CWA 

degradation products, i.e. methylphosphonic acids would drastically lower the pH, and even 

though a buffered system will compensate for this somewhat,66 if these degradation products are 

present in high concentration the system would not be able to recover. This issue may cause false 

negative responses. 

Since the product is water-based, operating in sub-zero conditions cause response issues. 

There is a marketed anti-freeze additive, but there is no information on how that would affect the 

response time or sensitivity. 

The stability of the enzymes would depend on the type of water being employed in the 

system. The system may use on-site water and issues may arise if the pH is incorrect, or water 

contains too much salt, or not purified. Finally, the cost is in the higher range, and although 

unknown for the C2 product, the C1 product the has a unit cost of $US 286.67  

A separate sulfur mustard indicator system product also exists, but its mechanism is 

unreported. Unfortunately, the product is an initial red color which becomes yellow if a vesicant 

agent is present.68  This may confuse operators who may be unfamiliar with the differences in the 

nerve versus vesicant disclosure products.  

2.3 Conclusion 

 

 Overall the defence and security communities continue to utilize CWA indicator products 

which use technology developed in the 1960s and 1980s. These technologies are prone to false 

positives, take a long time to generate a response, and in the case of the NAVD, produce an 

ineffective optical response.  New technologies such as the FLIR AgentaseTM C1 and C2 products 
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provide a new generation type of CWA disclosure solution but these maybe prone to numerous 

issues as described above. The limited amount of available technology has encouraged academia 

to pursue research in novel CWA indicator systems.  
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Chapter 3 

Literature Review  

3.1 Introduction 

 

Due to the high versatility, low-cost, simplicity, and sensitivity of chemical sensing 

optical detection methodologies, multiple research groups, as reviewed here-in, have embarked 

on investigations to develop novel systems and sensors that can detect CWAs.  To assess the 

suitability of a sensor for practical purposes, there are a variety of factors, described in Table 1, 

which affect an optical detection strategy’s effectiveness. Although the synthesis of the sensors is 

not reviewed, their optical response, response time and sensitivity are detailed. To increase 

sensitivity, especially to the naked eye, when an interaction occurs, a bathochromic or 

hyperchromic shift is required. Fluorogenic changes should also be visualized with commercially 

available hand-held COTS lamps, specifically with an lex 365nm lamp. Since highly sensitive 

handheld identification and detection methodologies already exist on the market, utilizing a 

fluorimetric or colorimetric reader may not be appealing.  

 

Table 1.  Factors and considerations for sensor practicality 

Factor 

 

Consideration 

Optical response - The chromogenic or fluorogenic optical change is distinct and practical since 

signal should arise from a low background i.e., light color to dark color, non-

fluorescent to fluorescent	 

- Visualized by the naked-eye and under a commercially available UV lamp 

- High quantum yield for fluorogenic based sensors 

- Optical change must be stable over a reasonable time scale 
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Response rate - Rates should be rapid and ideally instantaneous in both solution and practical 

applications 

- Rates should be experimentally quantitatively measured 

 

Sensitivity 

 

- The magnitude of optical response should be practical with low 

concentrations of analyte.  

- Minimum detectable levels be properly defined by both spectrophotometers 

and visual 

 

Selectivity - Ability to respond to only targeted chemicals. Optical response is minimal 

with analytes of non-interest, metals, acids, bases, solvents, etc. 

- Ability to differentiate between a variety of analytes (OP agents) 

 

Substrate type 

 

- Simulant closely related and realistic to the intended analyte (CWA) 

 

Complexity  - Commercially available more beneficial than single or multi-step synthesis 

- Synthesis must easily be reproduced, defined and can be scaled-up if required   

- Time-line of synthesis is reasonable  

- High product yields for each step are required 

 

Simplicity 

 

- Should not involve multiple steps or separate additives for sensor activation 

and functionality 

 

Toxicity - Sensor system including components and solvent must be safe to handle (non-

toxic, non-corrosive to animal, human health or environment) 

 

Stability - Ability to remain stable and intact for long periods  

- System can be utilized in extreme conditions (-20oC to +50oC), humidity, 

sunlight, and maintain its effectiveness  

- System is not susceptible to atmospheric conditions 

- System is not susceptible to common interferents, (i.e., diesel, gasoline, 

kerosene, antifreeze, etc.) 
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Compatibility - Compatible with existing and in-service detection capabilities 

- Does not produce false positives or cause interferences with already existing 

technologically advanced detectors 

- Compatible with and non-damaging towards sensitive materials such as 

plastics, optical systems, or electronics 

 

 Listed in Table 2 are specific lethal concentrations of nerve agents. The immediate 

danger to life and health (IDLH) is defined as69 "an atmosphere that poses an immediate threat to 

life would cause irreversible adverse health effects, or would impair an individual's ability to 

escape from a dangerous atmosphere" and is expressed in ppm. The median lethal concentration 

(LCt50) and the median lethal dose (LD50) is the lethal concentration or dose that would kill half 

an exposed population. Obtaining an optical response below these concentrations is beneficial 

and assessing the limit of detection (LOD), the minimum concentration required to obtain a 

response, is required in assessing the practicality of a sensor.  

 

Table 2. Nerve agent toxicity values.   

Agent IDLH39  

(ppm) 

LCt50
70

  

(mg-min/m3) 

LD50 Skin70 

(mg) 

GA 0.03 400 1000 

GB 0.03 100 1700 

GD 0.008 70 50 

GF 0.03 - 30 

VX 0.002 50 10 

  

Also, it is important to notice with which substrates the sensor has been investigated.  

Simulants described in Figure 1 are widely used since they somewhat mimic the reactive 

properties of the real agents but are much safer to handle and available at low cost. Unfortunately, 

it is impossible to assess the sensor’s reliability without using the actual CWA agent. 
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G-series nerve agent simulants: 

  
   diethyl cyanophosphonate (DECP)    diisopropyl fluorophosphate (DFP) 

 
     diethyl chlorophosphate (DCP) 

 
            4-toluenesulfonyl chloride (TsCl)                       diphenyl chlorophosphate (DPCP) 
 
V-series nerve agent simulants: 

 
 

                                    Demeton-s                   2-(diisopropylaminoethyl)ethyl methylphosphonate (VO) 
 
Sulfur mustard simulants: 
 R  

 

  
CH3 2-chloroethyl methyl sulfide (CEMS) 

CH2CH3 2-chloroethyl ethyl sulfide (CEES) 
C6H5 2-chloroethyl phenyl sulfide (CEPS) 

Common OP simulants: 

 

  
CH3 trimethyl phosphate (TMP) 

CH2CH3 triethyl phosphate (TEP) 
2-methylphenyl tri-o-tolyl phosphate (TOTP) 

 

 

CH3 dimethyl methyl phosphonate (DMMP) 
CH2CH3 diethyl methyl phosphonate (DEMP) 

C6H5 diphenyl methyl phosphonate (DPMP) 

Figure 8. Common G-series, V-series, HD CWA and OP simulants used in the literature. 
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Sensors should be able to respond in a reasonable time, which should normally be within 

10s, concentration dependent. Response rates are either determined quantitatively or qualitatively.  

Quantitative measurements are obtained usually using spectrophotometers and are more 

advantageous since the results should be reproducible and reliable. 

Most research groups promote their sensors for detection of nerve agents using multiple 

G-series simulants but fail to investigate with the V-series or vice versa. The V-series molecules 

are very distinct from the G-series in that they contain a phosphonate, amine, and thiol-ester 

moieties, which all pose different issues for detection. Aside from enzymatic detection 

methodologies, there has been only a minimal quantity of chemical-based detection strategies for 

VX which will be reviewed later. Additionally, it is worthwhile to assess the solvents in which 

the sensors are developed and examined. In some cases, sensors are impregnated on solid 

supports, while others require chlorinated solvents and other toxic solvents. This could pose 

hazard and toxicity issues if the sensor system were scaled up.  

Recent chemical sensing strategies for the detection of CWAs can be divided into two 

main classes; sensing through non-covalent interactions and through covalent interactions. There 

are cases where the combination of non-covalent and covalent sensing approaches have been 

observed.71,72  

The covalent approach involves designing sensors with two moieties: a nucleophilic 

moiety for covalent interaction with a substrate, and a chromogenic or fluorogenic moiety for 

inducing the ensuing optical response. In almost all covalent approaches an organophosphorus 

(OP) substrate interacts with a nucleophilic moiety inducing phosphylation (herein the term 

phosphylation describes the process where nucleophilic interaction with an OP agent occurs 

through attack on the P of a phosphate, phosphonate, or phosphinate). Common nucleophilic 

moieties include hydroxyl, oximate, amino, pyridine, thiourea, and thioamide groups. Following 

phosphylation, the anion leaving group (-SR, F-, -CN, Cl-) is released which in some cases could 
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further react with the sensor. The consequent optical response is either due to the alteration of 

electron density or the subsequent release of the phosphate monoanion which is accompanied by 

cyclization, ring opening, or carbocation formation. In most cases, a fluorogenic optical response 

can be explained by intramolecular change transfer (ICT), photoinduced electron transfer (PET), 

and Förster resonance electron transfer (FRET) transduction effect, whereas a chromogenic 

optical response is simply due to the formation of general chromophoric products having electron 

delocalization. 

Non-covalent approaches have recently gained interest and include metal-ligand 

coordination and displacement, metal-substrate complexation, gold nanoparticle aggregation, 

host-guest interaction, and hydrogen bonding interaction.  These non-covalent interactions exploit 

substrate-induced competitive binding and coordination mechanisms. 

The following review is organized by first describing chemical-based approaches for OP 

nerve agents followed by vesicant agents. The OP nerve agent section is subdivided by approach: 

covalent, non-covalent, and anion-displacement. The OP covalent approach is further divided by 

nucleophilic moiety. The vesicant agent section is divided into two approaches, covalent and non-

covalent.  

3.2 OP-Covalent-Hydroxyl moiety 

 

It is well known that OP’s irreversibly inhibit acetylcholinesterase via the formation of a 

covalent P-O bond with serine-203 in the enzymatic active site. As a result, designing sensors 

with a nucleophilic hydroxyl group is the most common type of moiety.  

Pilato et al.73 developed a sensor where a nucleophilic hydroxyl moiety attached to 

platinum-based 1,2-enedithiolate complex 1 reacts with DCP and other fluoro- and cyano- based 

phosphates.  As displayed in Figure 9, the phosphylation, subsequent release of the phosphate 

monoanion and concomitant cyclization forms 1A, the cyclic fluorescent product. The first order  
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                           1                                                                                                  1A 
                                           a: DFP, DCP, DECP, DPCP 
                                          (dppe): 1,2-bis(diphenylphosphino)ethane 
 

Figure 9. Phosphylation, the subsequent release of the phosphate, and the concomitant formation 
of a fluorescent heterocycle.  
 

rate constant, k'= 0.012s-1, was determined in CH2Cl2 with excess DCP and 0.1mM 1 and 

measured by following the rate of increase at lem 605nm and 710nm (lex 450nm), equating to a 

half-life of 57.7 seconds. Sensor 1 was immobilized in a variety of cellulose acetate (CA) and 

triethylcitrate (TEC) films which were then exposed to a series of phosphonate esters. A 

fluorogenic response at lem=570nm and 675nm (lex 470nm) was observed around 15s with 

880ppm DECP and 1200ppm diethyl fluorophosphate with both CA and TEC films, while that 

for DCP gave a response after 30s. All measurements were performed in deoxygenated solutions 

and/or under nitrogen atmosphere since it was observed that atmospheric conditions quench the 

fluorescence.  

 By using a similar approach, Swager et al.74 developed phenylpyridyl scaffolds, where 

the interaction of 2 and 3 with DFP resulted in a cyclized fluorescent product, as displayed in 

Figure 10. Since cyclization is the rate-limiting step, the first order rate constant, k', was 

determined to be 0.0014s-1 by following lem 382nm (lex 290nm) with 8x10-6M 2 and excess DFP 

in CH2Cl2. Due to its less restricted conformation, the first order rate constant, k', was calculated 

to be 17x faster (k'> 0.024s-1) with 3 following lem 465nm (lex 275nm, 340nm) with excess DFP. 

No LOD measurements were published although the appearance of fluorescence was produced 

with as little as 4x10-4M DFP.  
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                          2 
 

 
                           3 

 
Figure 10. Scheme of phenylpyridyl scaffolds 2 and 3 interacting with DFP to form their 
respective cyclized fluorescent products. 
 

To increase the rate of reaction, and develop a more practical sensor, Rebek et al.75 

designed a variety of naphthalene scaffolds with an appended alcohol moiety. The scaffolds are 

attached to a pyrene moiety via one to four methylene group(s). Sensor 4 contained four 

methylene groups and was the most sensitive. As shown in Figure 11, upon interaction with an 

OP and subsequent cyclization, the formation of a quaternary ammonium, prevents the PET 

process, inducing fluorescence.  The second-order rate constant was determined to be 0.07 M-1 

min-1 following an increase of fluorescence at lem 378nm (lex 340nm) with 2x10-4M 4 in the 

presence of excess DCP in CH2Cl2.  Furthermore, 4 was embedded on filter paper and exposed to 

10ppm of DFP vapor, blue fluorescence was observed under a handheld 365nm UV lamp after 5s.     



 

26 

 

                
                               4, n=4 

Figure 11. Scheme of the naphthalene based sensor, 4, undergoing cyclization to form quaternary 
ammonium salt in the presence of DFP.  
 

Wang et al.76 developed the first FRET-based ratiometric fluorescent sensor for OP 

agents. As described in Figure 12, a phenoxide moiety on sensor 5 interacts with the electrophilic 

phosphate group which induces the formation of a fluorescent spirolactone, 5A. Qualitative 

 

 
                              5                                                                           5A 

Figure 12. FRET-based ratiometric fluorescence sensor 5 undergoing cyclization to form the 
fluorescent spirolactone in the presence of DCP. 
 

studies demonstrated the shift and increase and plateau of fluorescence from lem 536nm to lem 

460nm (lex 410nm) after 30s with 5x10-6M 5 in the presence of excess DCP in DMF. 

Furthermore, the sensor was impregnated on pH paper, which when exposed to DCP, produced a 

fluorescent signal after 60s under excitation by a UV-lamp. Sensitivity studies demonstrated that 

the sensor could detect DCP as low as 1x10-5 ppm in solution. Additionally, 5 was impregnated 
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on pH paper which was exposed to DFP vapor and a purple fluorogenic change could be visually 

observed after 60s using a hand-held UV lamp (lex 365nm).  

Due to the lack of chromogenic chemical-based sensors Costero et al.77 developed the azo 

chromogenic sensor 6; with a 2-(2-(dimethylaminophenyl)ethanol moiety. As shown in Figure 

13, the hydroxyl group undergoes phosphylation and subsequent cyclization, yielding the 

quaternary ammonium complex, 6A. The formation of the quaternary ammonium complex 

reduces charge transfer from the donor to the acceptor moieties and thus a chromogenic change 

from yellow to colorless occurs.  Rate constants were determined by following the rate of 

absorbance decrease at labs 410nm. First order rate constants were determined to be 0.13s-1,  

 
                                          6                                                        6A 
 
Figure 13. Formation of the yellow-colored quaternary ammonium, 6A, via phosphylation of 6 in 
the presence of an OP substrate. 
 

 

0.0061s-1, and 0.20s-1 with 1x10-2M 6 and excess DCP, DECP, and DFP, respectively in CH3CN. 

In all cases, a hypsochromic shift occurs from 410nm to 325nm. A detection limit of 16.3ppm for 

DECP and DCP was observed. Additionally, 6 was adsorbed onto silica gel and exposed to 5ppm 

of DCP vapor. After a few seconds, a clear chromogenic change from orange-yellow to colorless 

occurred. 
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A sensor exclusively designed to detect phosphonofluoridates was developed based on a 

novel idea by El Sayed et al.78 where sensor 7 was designed to contain a nucleophilic appended 

alcohol and a tert-butyldimethylsilyl (TBDMS) ether group. The TBDMS moiety had been 

previously implemented in a sensor to detect fluoride anions.79 As in the previous sensors, and as 

shown in Figure 14, the alcohol moiety induces a phosphylation reaction which forms the 

phosphate ester and releases the fluoride. Subsequently, the fluoride displaces the TBDMS group, 

forming the phenoxide, 7A, and induces a chromogenic change from colorless (labs 374nm) to 

yellow (labs 465nm). The LOD of the sensor with DFP was determined to be 5.4ppm in 

H2O/CH3CN (99:1 v/v). Additionally, 7 was impregnated in a polyethylene oxide film and 

exposed to DFP, DCP and DECP in either solution or vapor. The sensor responded with a 

minimum of 10ppm DFP. The response rate was not described. 

 
                                                 7                                                          7A                  
 
Figure 14. Scheme of sensor 7 undergoing phosphylation with DFP proceeded by cleavage of the 
TBDMS moiety by F- leaving group forming 7A. 
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To develop a chromogenic sensor where a practical bathochromic shift occurs, Costero et 

al.80 synthesized and purchased several triarylcarbinol sensors containing hydroxyl moieties. The 

researchers investigated the idea that the addition of different substituent groups would result in 

different shifts. A promising triarylcabinol sensor, 8, containing tert-butyldimethylsilyl (TBDMS) 

ether group was examined.  As shown in Figure 15, the formation of the tert-aryl carbocation, 8A, 

due to the phosphylation and subsequent release of the phosphate monoanion, results in a 

bathochromic shift. Sensor 8 was investigated with DECP and DFP under buffered conditions at 

pH 8 in CH3CN/H2O (9:1 v/v). Upon addition of DECP, a bathochromic change from colorless 

(labs 266nm) to blue-green (labs 608nm) was observed. Upon addition of DFP, the blue-green 

color  

 
                              8                                                                           8A 

 
                                                                      8B 

Figure 15. The formation of a tert-aryl carbocation, 8A, in the presence of both DFP and DECP. 
The second step, the cleavage of the TBDMS group to 8B, is a result of the presence of the F-, a 
consequence of DFP interacting with 8. 
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subsequently becomes pink (labs 557nm) after a few seconds. The subsequent pink chromogenic 

change, a result of F- leaving group cleaving the TBDMS moiety, yields a ketone product 8B. 

Rate constants for 8 were determined to be 0.0087s-1 for DFP and 0.0008s-1 for DECP. 

Additionally, 8 was impregnated in hydrophobic polyethylene oxide films. The films were 

exposed to 50ppm DFP and DECP vapor and solutions in CH3CN or H2O/CH3CN (3:1 v/v), in 

which a chromogenic change occurred in all cases.  

To develop chromogenic protective fabrics, Belger et al.81 developed triarylmethanol 

based sensors inspired by the above-mentioned group80,82 and incorporated them into hydrogel 

polymers. Shown in Figure 16, two types of sensors were developed, 9 and 10, and were further 

impregnated in their respective hydrogel polymer, HP-1 and HP-2, respectively. The addition of 

 
                 Green color               9 (HP-1), R: N(CH3)2   10 (HP-2), R: H            Red color 
 

Figure 16. Scheme of sensor 9 and 10 undergoing phosphylation with DCP and subsequent 
release of the phosphate monoanion forming the colored products. 
 

excess DCP to 9.7x10-6M 9 and HP-1 in CH2Cl2 resulted in a bathochromic shift from 265nm to 

two new absorption bands, 450nm and 620nm, corresponding to a chromogenic change from 

colorless to green. However, the addition of excess DCP to 10 and HP-2 in CH2Cl2 resulted in a 

smaller bathochromic shift from 300nm (colorless) to 490nm (red), a consequence of the lower 

number of N(Me)2 groups and thus limited electron delocalization. Additionally, the sensors were 
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incorporated and examined in thin films, homopolymers, as well as random double (2 types of 

monomers) and triple (3 types of monomers) copolymers. 

Due to their strong UV and fluorescence optical properties, and the ability to tune optical 

characteristics through structure modification83 the detection of OP agents using boron-

dipyrromethene (BODIPY) fluorophores were investigated by Gotor et al.84  Sensors were 

developed containing 2-(2-dimethylaminophenyl) ethanol moieties connected to a BODIPY 

fluorophore. As shown in Figure 17, it was determined that following phosphylation with an OP 

agent, a cyclic fluorescent quaternary ammonium salt forms.  The formation of the quaternary 

ammonium deactivates the ICT process from the dimethylaniline moiety to the BODIPY core 

resulting in the increase of fluorescence. The addition of DFP and DECP substrates to the most 

sensitive sensor, 11, result in an increase at lem 510nm (lex 480nm).  A first order rate constant 

was determined to be 5.68x10-3s-1 with 1x10-6M 11 in the presence of excess DECP in buffered 

H2O/CH3CN (3:1v/v) set at pH 5.5.  Due to its enhanced sensitivity, 11 was embedded in 

hydrogel, coated on polyethylene strips, and exposed to excess concentrations of DECP in 

distilled water. A green fluorogenic response was observed using a UV lamp (lex 254nm) 

 
                                    11                                                 11A 

Figure 17. Scheme of sensor 11 undergoing phosphylation and subsequent displacement of the 
phosphate monoanion to form a cyclic fluorescent product, 11A. 
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Gotor et al.85 further developed on the previous design of BODIPY dye containing a 2-(2-

dimethylaminophenyl) ethanol moiety84 but in this case, the BODIPY acceptor bridged via an 

ethynyl moiety, 12. It was proposed that the ethynyl moiety induces an enhanced internal charge 

 
                                            12                                                12A 

Figure 18. Scheme of sensor 12 undergoing phosphylation and subsequent displacement of the 
phosphate monoanion to form a cyclic fluorescent product, 12A. 
 

transfer and thus permits a greater fluorogenic response. As shown in Figure 18, the interaction 

with OP substrates leads to the formation of the quaternary ammonium salt product 12A. An 

increase in fluorescence lem 555nm (lex 470nm) was observed when 5x10-6M 12 was exposed to 

excess DECP and DFP in CH3CN. The addition of H2O in the solvent system permitted the 

detection of DECP, but prevented the response to DFP. The authors suggest the lack of sensitivity 

with DFP is its poor miscibility in an aqueous environment. Kinetic studies were performed with 

only DECP as the substrate in buffered H2O/CH3CN (3:1 v/v) at pH 5.5, where a kobs =12.6x10-3 

s-1 was determined. Furthermore, 12 was absorbed on silica plate strips and coated on 

polyethylene strips and exposed to excess DECP vapor and aqueous solutions, respectively.  

Using a handheld UV lamp (lex 365nm) fluorescence was observed after 300s.   
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Barba-Bon et al.86 developed two boron-dipyrromethene (BODIPY) sensors which gave 

both chromogenic and fluorogenic responses. The sensors also contained a pyridine group as a 

proton acceptor. The reactive site contains an appended alcohol, either 2-[2-

(dimethylamino)phenyl]ethanol for 13 or 2-2-(2-[methyl(phenyl)amino]ethoxy)ethanol for 14. 

Similar to the previously mentioned BODIPY sensors, and as shown in Figure 19, following 

phosphylation, the promotion of an intramolecular N-alkylation occurs to form a fluorescent and 

chromogenic quaternary amine cyclic product, 13A or 14A. On addition of either DECP or DFP 

to 13, a purple (labs 569nm) to pink (labs 558nm) chromogenic change occurs. Whereas, with the 

addition of excess DECP or DFP to 14, a greater practical chromogenic change occurs from blue 

(labs 608nm) to pink (labs 560nm). On irradiation (lex 254nm) of 13 and 14 in the presence of 

DECP and DFP, a red-orange fluorescence occurs (lem575nm and lem570nm for 13 and 14, 

respectively).  Additionally, 13 and 14 were imbedded in hydrophobic polyethylene oxide films 

and silica-gel plates and either exposed to DFP, DECP, and HCl vapor or submersed in CH3CN 

solutions of these substrates. A chromogenic change from purple to pink or green to pink and an 

increase of an orange-red fluorescence was observed in the presence of DFP and DECP. There 

was no chromogenic or fluorogenic change when exposed to HCl interferent. Response rates were 

not described. 
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                               13                                                                         13A 
 
                 

 
                              14                                                                      14A 
 

Figure 19. Scheme of sensors 13 and 14 undergoing phosphylation and subsequent displacement 
of the phosphate monoanion to form the cyclic fluorescent products 13A and 14A respectively. 
 
 
 

Climent et al.87 developed boron-dipyrromethene fluorescent sensors covalently anchored 

to mesoporous silica beads, 15, which were integrated onto TLC and nitrocellulose test strips for 
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vapor detection. As shown in Figure 20, through the phosphylation with an OP, an intraannular 

cyclization forms a [2.2.1-]bicyclic ring product, 15A, which quenches the fluorescence at lem 

625nm (lex 565nm); inducing a yellow-green to green fluorescence. The t1/2 of the quenching of 

fluorescence was 2.5s, 8.9s, 8.1s for DCP, DFP, and DECP respectively. Due to sensitive  

 
                                            15                                                                                15A 
 
Figure 20. Scheme of the intraannular cyclization of 15 following exposure of an OP agent. 
 
 
 
response with the simulants, further studies focused on the use of CWAs; GA, GD, and GB. 

There was a >15% quenching efficiency after a 5s exposure. The response was observed with as 

little as 0.15ppb, 5.4ppb, and 66ppb with GA, GD and GB, respectively. 

Barba-Bon et al.88 further developed a boron-dipyrromethene (BODIPY) sensor, 16, 

where, aside from the nucleophilic phenol group, the triisopropylsilyl (TIPS) moiety was 

implemented for the further interaction with the F- leaving group following phosphylation of 

DFP, as shown in Figure 21. Also, implemented but not shown in Figure 21, is how the carbonyl 

group further interacts with the -CN leaving group following phosphylation of DECP. Addition of 

excess DECP to 1x10-5M 16 in CH3CN yielded the formation of an electron-rich cyanohydrin. 
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This led to a decrease at labs 591nm (pink) and an increase at labs 515nm and labs 560nm (red). On 

the addition of excess DFP to 1x10-5M 16 in CH3CN, the cleavage of TIPS subsequently occurs 

leading to the formation of a phenoxide product 16B, which in conjugation with the BODIPY 

moiety results in a bathochromic shift from bright pink (labs 590nm) to light blue (labs 715nm).  

The fluorescence emission underwent a hypochromic shift and was quenched at lem 625nm (lex 

555nm) with the addition of DFP and DECP. Optical responses occurred with as little as 0.91ppm 

DECP, 0.95ppm DFP using UV-Vis, and 0.36ppm DECP and 0.40ppm DFP using a fluorimeter. 

Furthermore, 16 was impregnated on both hydrophobic polyethylene oxide films and silica-gel 

plates and exposed to excess DECP, DFP, and HCl vapor. In the presence of DECP a 

chromogenic change from purple to orange was observed, whereas exposure to DFP resulted in a 

chromogenic change from purple to light blue. HCl vapors did not induce a chromogenic change 

in either film types. 
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                                      16                                                                         16A 

 
                                                                        16B 

 
Figure 21.  Scheme of DECP and DFP interacting with sensor 16. The cleavage of the TIPS 
moiety will result only in the presence of the F- via DFP phosphylation to form 16B. 
 

Ordonneau et al.71 developed a type of sensor which includes covalent and non-covalent 

approaches, a tris-(bipyridine)iron(II) complex, 17. An optical change is based on ligand de-
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complexation following the interaction of an OP substrate with the hydroxyethyl groups and 

subsequent ligand de-complexation.  On the addition of excess diphenylchlorophosphate (DPCP)  

 
                                                                          17 
 

Figure 22. Sensor 17, a tris-(bipyridine)iron(II) complex. 
 
 
 
to 1mM 17 in CH3CN a hypochromic shift occurs at labs529nm indicating a chromogenic change 

from red to colorless. When GB was utilized as a substrate discoloration was limited and 

incomplete which was attributed to the strength of the P-Cl vs. P-F bond, (289 kJmol-1 vs. 

439kJmol-1) and hence lower reactivity. Additionally, 17 was impregnated on filter paper which 

was subsequently exposed to DCP for 30 min, where bleaching occurred after 10 min and 

complete discoloration after a few hours. No visible discoloration was observed after 10 min 

when exposed to GB.  

Churchill et al.89 developed a novel reversible method for detection of DCP using a 

commercially available fluorescent sensor, fluorescein, 18.  It is the first approach where the 

detection of both the OP substrate and a reactive oxygen species are employed in the same 

system. As shown in Figure 23, it was determined that the nucleophilic oxygen moieties on 18 

interact with an OP substrate to form a non-fluorescent diphosphonate-fluorescein, 18A.  
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                         18                                                                               18A 
 

Figure 23. Proposed reversible scheme of sensor 18 in the presence of DCP and KO2. 
 
 
 
The addition of excess DCP, diethyl methylphosphonate (DEMP) and DECP to 1x10-6M of 18 

resulted in different quenching intensities at lem 511nm (lex 490nm). DCP had a drastic 

quenching effect, DEMP a mediocre effect, while DECP had almost none. The authors attributed 

this to the high reactivity of the P-Cl bond towards nucleophilic phenolates. The detection limit of 

DCP was determined to be 372.7µM. On the addition of the superoxide, KO2, the return of 

fluorescence occurs. 

Wu et al.90  developed the sensor N-(rhodamine B)-deoxylactam-2-aminoethanol, 19,  

which was a more stable version of a previously developed sensor,91 where the aminoethanol 

moiety replaced that of a hydroxamate. The non-fluorescent sensor undergoes cyclization forming 

a colored and fluorescent oxazoline product, 19A, when exposed to an OP substrate.  On 

exposure of 25ppm DCP in DMF and TEA (3% v/v) to 2.1x10-3M 19, a hypsochromic shift at labs 

560nm occurs after an incubation time of 1200s. This is accompanied by fluorescence lem 590nm 

(lex 560nm).  
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                                    19                                                                          19A 

Figure 24. Scheme of sensor 19 undergoing phosphylation with DCP and subsequent cyclization 
to form the fluorescent oxazoline, 19A.  
 
 
 

3.3 OP-Covalent-Oxime moiety 
 

Oxime nucleophiles were initially conceived as pharmacologically based medical 

countermeasures for OP poisoning through a nucleophilic attack by the oxime in the active-site 

bound phosphorous of inhibited acetylcholinesterase. This attack allows for its cleavage and for a 

reactivated acetylcholinesterase to resume its normal function.92 As a result, this motivated the 

implementation of oxime moieties as nucleophiles coupled with optical sensors.  

Wallace et al.93 inspired by the work of Swager,74 concluded that to increase the reaction 

rate and thus the response rate to DFP substrate, a nucleophilic oxime is preferable over a 

hydroxyl moiety. As a result, a chromogenic nitro-aromatic indicator was developed which 

contained a super-nucleophile oximate moiety, 20. As shown in Figure 25, when 0.3mM 20 

activated by NaOH in DMSO was exposed to excess DFP and DCP a hypsochromic change from 

labs 461nm to 410nm, indicating the phosphorylated product, 20A.  Although it was indicated that 

the generation of 20A occurred immediately with DCP, no response rates were described with 

DFP.  

 



 

41 

 

 
                                         20                                              20A 

Figure 25. Scheme of sensor 20 undergoing phosphylation with either DCP or DFP. 

 
Rebek and Dale94 also replaced the alcohol with an oxime moiety building on their 

previous work75 and analyzed responses relative to the previously designed sensor, 4. Four water 

soluble hydroxyl oximes with naphthalene, 21, pyrene, 22, coumarin, 23, and pyridine, 24 cores 

were synthesized. It was determined upon exposure to p-toluenesulfonyl chloride (TsCl), a 

generic electrophile, cyclization occurs to generate the arylisoxazole products, 21A, 22A, 23A 

and 24A.  A hypsochromic shift for 21, 22 and 24 occurs, while that for 23 underwent a small 

bathochromic shift. Shown in Figure 26 is the proposed scheme and formation of the 

arylisoxazole products for sensors 21 to 24 when exposed to DFP. It was determined that 21 

produced the greatest fluorescence enhancement relative to 4, while the reaction rate for excess 

TsCl with 7x10-5M 24 in CH3CN was deemed to have the highest rate constant, kobs = 0.42s-1, and 

was 132 000 times that of 4. The reaction rate constants with 3mM DFP substrate were 

determined in an aqueous medium buffered at pH 7.5 with 7x10-5M sensor.  Rates were compared 

to that of 2-pyridinealdoxime methiodide, (2-PAM), an oxime-based countermeasure for OP 

poisoning.95 It was determined that 23 had the highest kobs being 1.6x10-4s-1 and was 1.9 times that 

of the rate for 2-PAM. This methodology was further focused on OP prophylactics and therapies 

rather than indication.96 
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                                   21                                                                    21A 

 
                                   22                                                                    22A 

 
                                   23                                                                      23A 

 
                                    24                                                                      24A 

 

Figure 26. Proposed scheme of sensors 21, 22, 23 and 24 undergoing phosphylation with DFP, 
followed by the displacement of the phosphate monoanion and formation of their associated 
arylisoxazole products. 

 
Wallace et Al.97  further built upon Rebek and Dale’s sensor 2394 by the addition of an 

amine and alkyl moiety on two coumarin sensors, 25 and 25-1, as shown in Figure 27. The 

purpose of 25-1 was to serve as a control and to demonstrate that the optical change was solely 

due to the oxime moiety on 25 which undergoes phosphylation with an OP substrate.  On the 
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addition of excess DFP to 2.5x10-5M 25 in DMSO and in the presence of the non-nucleophilic 

super base P4-t-Bu, the initial labs 443nm band undergoes a hypsochromic shift to labs 409nm. The 

fluorogenic increase at lem 425nm and 600nm (lex 410nm) also occurred with the addition of 

DFP. It was determined that the kobs=1410s-1 when excess DFP was added to 2.5x10-5M 25 in 

DMSO. With a t1/2 = 50ms this indicated a massive improvement over previous sensors.   

 
25, X=H 

25-1, X=CH3 

Figure 27. Sensor 25 and 25-1, a coumarin core with a nucleophilic oxime moiety. 

 
Lee et al.98 developed a pyrene-oxime based fluorescent sensor: (E)-pyrene-1-

carbaldehyde O-tert-butyldimethylsilyl oxime. Unlike Wallace et al.93,97 who used the costly 

super base, P4-t-Bu, in excess, this strategy incorporated using F- to cleave the silyl group and 

activate the oxime moiety, 26. As shown in Figure 28, it was determined that 26 undergoes 

phosphylation with OP substrates forming an unstable adduct 26A, which subsequently forms 

nitrile complex 26B via a Beckmann rearrangement. This resulted in a purple to green 

fluorogenic change (qualitatively measured with a hand-held UV-Lamp, lex 365nm). An 

equimolar of GB was added to 6.75x10-2M 26 in the presence of 1 equivalent of TBAF in 

CH3CN. 1H NMR experiments determined that a 99% yield of 26B was formed after 360s at 

80oC. Smaller concentrations of GB, down to 0.05 molar eq. at 80oC, gave a yield of 92% of 26B 

after 3 hours. 
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                   26                                              26A                                              26B 

Figure 28. Scheme of sensor 26 undergoing phosphylation with GB followed by formation of the 
nitrile complex, 26B. 
 

Due to their fluorogenic and chromogenic properties, conjugated polydiacetylenes 

(PDAs) have been employed as different types of chemical and biological sensors.99 They have 

the ability be immobilized as solid substrates or be used in aqueous solution. Lee et al.100 

developed a variety of sensors consisting of polydiacetylene liposomes shown in Figure 29, 

containing alternating aldehyde and oxime functional groups which undergo self-assembly.  

 
                                   
Figure 29. (Top) Polydiacetylene liposomes containing a nucleophilic oxime moiety or (Bottom) 
aldehyde functional group. 

 
This liposome combination responds optically to OP substrates by undergoing a conformational 

change via intraliposomal repulsion and interliposomal aggregation. The PDA-liposome sensors 

were examined in the aqueous phase, agarose gel and solid phases. Upon addition of various 
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concentrations of DCP (2.5mM to 640mM) or DFP (5mM to 270mM), a hypsochromic shift 

occurs from blue (labs 650nm) to red (labs 550nm).  The excess addition of interferent acids such 

as HCl, HF, HNO3, and H3PO4 resulted in no optical response. The PDA liposome sensors were 

embedded in a cellulose acetate membrane filter and exposed to HCl, HF, H3PO4, DCP and DFP 

vapor. A chromogenic change only occurred upon exposure to DFP. It was determined that the 

minimal concentration required to visualize a chromogenic change was 160ppb DFP which 

occurred after 30s. 

Lee and Kim101 developed a fluoresceinyloxime sensor 27 which as shown in Figure 30 

undergoes intramolecular cyclization in the presence of OP substrates to form an isoxazole 

intermediate, 27A, and proceeds to form the fluorescent nitrile derivative 27B. In the presence 

 
                         27                                                    27A                                            27B 

Figure 30. Scheme of sensor 27 undergoing phosphylation with DCP, followed by the loss of the 
phosphate monoanion and the formation of the isoxazole intermediate, 27A. This is followed by 
the spontaneous formation of the fluorescent nitrile derivative, 27B. 

 
of excess DCP, 1x10-5M 27 in an aqueous buffer (HEPES) solution at pH 7.4 undergoes a slight 

hypsochromic shift, labs = 496nm to 490nm and a suitable fluorogenic increase at lem 515nm (lex 

460nm) which occurs after 240min.  The formation 27A proceeds with an initial second order rate 

constant of 4.6x10-3M-1s-1, while the conversion of 27A to 27B occurs at a rate constant of 6.0x10-

5M-1s-1. Furthermore, a pH profile demonstrated that fluorescence only occurs in aqueous 

conditions when the pH is between 7 and 12.  It was determined that it was possible to detect 

fluorescence by a fluorimeter with as little as 10x10-9M DCP under buffered aqueous conditions.  
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Jang et al.102 intuitively synthesized a BODIPY sensor with an oxime moiety, 28. On the 

addition of excess DCP or DEMP to an aqueous solution buffered at pH 7.4 containing 2x10-7M 

28, a decrease in the emission intensity at lem 508nm (lex 499nm) was observed. In contrast, on 

the addition of excess DECP, fluorescence intensity increases. As shown in Figure 31, it was 

determined that DECP interacts with the phenol rather than the oxime. Subsequently, the oxime 

moiety undergoes dehydration which results in the formation of the fluorescent nitrile complex, 

28A. The minimal concentration of DECP to achieve an optical response was determined to be 

997x10-9M.  

 
                                        28                                                                  28A                                                  

Figure 31. Scheme of sensor 28 interacting with DECP forming the fluorescent nitrile product 
28A. 

Goud et al.103 developed a fluorescein-based sensor with an aldehyde and hydroxamate 

moiety, 29. As shown in Figure 32, the sensor was designed to discriminate between tabun based 

simulants due to its inherent -CN leaving group, and DCP, a representative of the other G-agent  
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                                                                            29                                                                                                                        

 
                                 29A                                                                              29B 

 

Figure 32. Scheme of sensor 29 interacting with DECP or DCP. 

 

 

- - - 



 

48 

 

simulants. Excess DCP was added to 2.8x10-3M 29 in DMF with TEA (3% v/v).  An 

instantaneous chromogenic change to red was observed (labs 410nm to 530nm), indicating the 

formation of 29B. On the addition of excess DECP to a DMSO solution containing TEA (3% 

v/v), 2.8x10-3M 29 and 5mg KI, a slow chromogenic change to blue occurred (labs 410 to 608nm) 

which intensified after 60s. Although in both cases, the hydroxamate acts as the nucleophile, in 

the presence of DECP, the production of the -CN anion proceeding phosphylation reacts with the 

aldehyde moiety to form the cyanohydrin, 29A. In both cases a Lossen rearrangement occurs with 

the release of the phosphate monoanion forming either product 29A or 29B. The minimal 

concentration to achieve an optical response was determined to be 0.15mM DCP, and 3mM 

DECP, but the response only occurred after 900s at 60oC. 

 

3.4 OP-Covalent-Amine moiety 

 

Sensors with amine moieties have also been implemented whereby the lone pair electrons 

on the electronegative nitrogen can interact with the P=O group of OP agents resulting in 

phosphylation.  

Bencic-Nagale et al.104 developed a nerve-agent sensor embedded in microbeads for 

integration in their previously established microarray platform.105 A commercially available 

indicator, fluoresceinamine, 30 shown in Figure 33, was integrated on silica microbeads, polymer 

polystyrene microbeads, and poly(2-vinylpyridine) functionalized vinyl carboxylic/polystyrene 

microbeads (PSC/PVP/FLA).  The vapors of four different substrates; acryloyl chloride (AC), 

DCP, diisopropyl methylphosphonate (DIMP), and DMMP were used to measure the fluorogenic 

response. Exposure to only AC and DCP resulted in an increase in fluorescence emission at lem 

550nm (lex 470nm). It was observed that the formation of the phosphoramide bond in 30A 
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reduces the electron density in the system, thus preventing a PET process.  PSC/PVP/FLA 

microbeads were deemed to be the most sensitive with the highest fluorescence emission and the 

most rapid response time when exposed to as little as 13ppm of DCP vapor. This methodology 

was patented in 2015.106 

 
                                            30                                                              30A                                           

 
Figure 33. Scheme of sensor 30 interacting with DCP forming the fluorescent phosphoramide 
product, 30A. 

 
Zhou et al.107 developed a fluorescent and chromogenic sensor that can discriminate 

between triphosgene, a simulant for phosgene, and DCP. Shown in Figure 34, the reaction of 31 

with triphosgene resulted in the amine converting into a urea group and formation of the 

benzimidazolone product, 31B. This resulted in a red fluorescence, lem 593nm (lex 580nm) which 

 
        Green fluorescence                                                                                  Red fluorescence                     
                    31A                                                  31                                                   31B 

 
Figure 34. Scheme of sensor 31 interacting with DCP or phosgene and the resultant products. 
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was accompanied by a bathochromic change from labs = 444nm (yellow) to labs 580nm (violet). 

The optical change occurred immediately and took approximately 2min to saturate.  Also, shown 

in Figure 34, the reaction of 31 with DCP leads to the phosphylation of the primary amine group 

and formation of 31A. This results in a green fluorescence at lem 538nm (lex 470nm) and a small 

bathochromic shift from labs 444nm to labs 468nm. No response rates or times were described. 

Sensor 31 was further immobilized on a polyethylene oxide membrane and exposed to various 

amounts of both triphosgene and DCP vapor. Chromogenic and fluorogenic changes were 

observed under white light and with a hand-held UV lamp (lem 365nm) respectively. On exposure 

with triphosgene, a blue to pink fluorogenic change is visualized and accompanied by a colorless 

to purple chromogenic change. On exposure with DCP, a blue to pale-white fluorogenic change is 

observed and accompanied by a chromogenic change from white to yellow. A detection limit in 

solution of 20x10-9M triphosgene was determined, while the LOD for DCP was not indicated.  

Díaz de Greñu et al.108 designed a series of sensors shown in Figure 35 that used the 

nucleophilic amine moiety to induce phosphylation. The creation of a variety of fluorescent 

sensors and their emission in multiple solvents were extensively examined. Using the 

combination of sensors, including one sensitive to protic acids, an array was developed. This 

array of sensors could discriminate between GB, GD, GA, VX, phosgene and their associated 

simulants. All sensors allowed for a variety of fluorescent emissions when exposed to 365nm UV 

light. Detection limits were described for one of the sensors, 32 as 2.8x10-6M for DECP, and 

2.3x10-6M for DCP and DFP.   
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Figure 35. Structures of the variety of amine-moiety fluorogenic sensors. 

 

3.5 OP-Covalent-Pyridine moiety 

 

Royo et al.109 developed an azo-based chromogenic sensor containing both N,N-

dimethylaniline and a pyridine moiety, 33. As shown in Figure 36, it was determined that the 

pyridine moiety was the main nucleophilic group which interacts with the substrate. Excess DCP, 

DFP, and DECP were each exposed to 1x10-6M of 33 in buffered conditions in CH3CN/H2O (1:3 

v/v) at pH 5.6. It was determined that 33 responds to DCP and DFP with a bathochromic shift 

from pale orange (labs 475nm) to magenta (labs 575nm). The response to DECP resulted in the 

same bathochromic shift to labs 575nm but then underwent a hypsochromic shift to yellow (labs 

452nm) within a few minutes. As shown in the second step in Figure 36, it was determined that 

the production of the -CN leaving group catalyzes the migration of the phosphate from the 

pyridine to the aniline moiety.  Additionally, a hydrophilic polyurethane film containing 33 was  

 
                                                                                 32                                                  
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                                   33                                   33A                           33B                                                                                                                          
 

Figure 36. Scheme of sensor 33 undergoing interaction with OP agents to form 33A. The second 
step demonstrates how the -CN promotes the migration of the phosphate from the pyridine to the 
aniline moiety forming product 33B. 

 
exposed to DCP vapor promoting a chromogenic transition from yellow-orange to pink. On 

exposure to DECP, a chromogenic transition from yellow-orange to a light-yellow color was 

observed. A chromogenic change could be visualized with 8ppm of DCP and 80ppm DECP.  

Yao et al.110 developed a colorimetric and florescent sensor, 4-(6-(tert-butyl)pyridine-2-

yl)-N,N-diphenylaniline, 34. Excess DCP was exposed to 4.2x10-5M 34 in THF which underwent 

a fluorogenic shift from blue (lem 410nm) to yellow-green (lem 522nm) within 25s. This was 

accompanied by a bathochromic absorbance shift from yellow (labs410nm) to orange 

(labs472nm). As shown in Figure 37, it was determined that hydrolysis of the N-phosphorylated 

intermediate, 34A, promotes the formation of the pyridinium salt, 34B, resulting in the shift of 

absorbance and fluorescence emission. Sensing films were prepared and only on exposure to DCP 

and HCl vapor did a visual fluorogenic shift occur from blue to yellow-green under excitation 

from a hand-held lamp (lex 365nm).  
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                       34                                              34A                                                 34B                                                  

 
Figure 37. Scheme of sensor 34 interacting with DCP. The second step demonstrates the 
formation of a fluorescent pyridinum salt, 34B, following hydrolysis.  
 

 
Huang et al.111 developed a sensor with a pyridine moiety 35.  As shown in Figure 38, it 

was determined that the pyridine moiety undergoes phosphylation to give the intermediate 35A. 

Following the hydrolysis of the N-phosphorylated intermediate, the formation of the pyridinium 

salt, 35B, results in a fluorescent bathochromic shift from lem546nm to lem624 (lex 465nm). The 

sensor was impregnated on filter paper and exposed excess DCP for 30s where a fluorogenic 

emission shift occurred. A detection limit was determined to be 1.82ppb.  



 

54 

 

 
                            35                                          35A                                     35B                                                  

 
Figure 38. Scheme of sensor 35 interacting with DCP. The second step demonstrates the 
formation of a fluorescent pyridinum salt product, 35B, following hydrolysis. 
 

Recently, Kim et al.112 developed a BODIPY sensor with a nucleophilic pyridyl moiety, 

36, shown in Figure 39. Studies involved the addition of excess DCP and DECP to 1x10-5M 36 in 

aqueous buffered solutions set at pH 7.2.  No optical responses were observed for DECP, but on 

the addition of DCP there was a bathochromic shift from 499nm to 505nm and a strong 

florescence emission at lem 515nm (lex 499 nm). Filter paper was impregnated with 36 and 

examined with DCP and nerve agents GA, GB, and GD. Only in the presence of DCP and GD did 

a fluorogenic (lex 365nm) and chromogenic optical response occur. No optical change was 

observed for GA and GB. Response rates or times were not indicated. 
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                                           36                                                              36A 
                                                                                                                       

Figure 39. Scheme of sensor 36 interacting with DCP or GD forming 36A. (DCP=R1,R2:OEt; 
GD=R1:CH3,R2:CH(CH3)C(CH3)3). 

 

3.6 OP-Covalent-Spiro-oxygen 

 

Spirobenzopyran moieties are widely implemented and researched as sensors due to their 

reversible photochromic and detectable properties. A range of stimuli, from electromagnetic 

radiation, metals, solvents, acids and bases, temperature and redox potential, allow for dynamic 

and reversible isomerization which have promoted their use in applications for optical data 

storage, variable transmission glass, metal assays and remediation systems.113  

Goswami et al.114 developed a spirobenzopyran-naphthalene sensor, 37, shown in  

Figure 40, where the nucleophilic oxygen on the spiro-ring can attack the electrophilic phosphate 

group.  Excess DCP was added to 1x10-5M 37 in CH3CN/H2O, which resulted in a bathochromic 

shift from labs275nm (colorless) to a large absorption band ranging from labs 375nm to 500nm 

(yellow-orange). This was accompanied with a hyperchromic fluorogenic emission at lem 675nm, 

(lex 460nm), giving a deep red fluorescence. It was concluded that the opening of the 

spirobenzopyran ring and formation of a merocyanine, 37B, via phosphylation and formation of 

intermediate 37A, resulted in these optical changes. A first-order rate constant of 0.55x10-2 s-1 was 
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determined while the minimal concentration of DFP required for a response was 2.1x10-8M. The 

ideal pH range was determined to be between 6-14 since protonation induced by acidic conditions 

results in the opening of the spiro-ring. Furthermore, sensor 37 was impregnated on TLC plates 

and exposed to DCP vapor for 120s. This resulted in a chromogenic change from colorless to 

yellow and the formation of the red fluorescence was observed under a hand-held UV lamp (lex = 

365nm). 

 
                 37                                              37A                                         37B                                                  

 
Figure 40. Scheme of sensor 37 interacting with DCP followed by hydrolysis. 

 

3.7 OP-Covalent-Thiourea moiety 

 

So et al.115 developed a novel type of rhodamine-based sensor, 38, shown in Figure 41, 

containing a thiourea moiety that reacts with the electrophilic phosphate and subsequently 

undergoes a ring opening of the spirolactam to form 38A resulting in chromogenic and 

fluorogenic changes. Since acidic conditions cause the spirolactam ring to open, neutral to basic 

conditions are required. Upon addition of DCP to 1x10-5M 38 with TEA (3% v/v) in DMF, a 

chromogenic change from colorless to pink (labs 538nm) occurs. This is accompanied by a yellow 



 

57 

 

fluorogenic emission at lem560nm (lex 538nm). A first order rate constant of 1.75x10-3 s-1 was 

measured with excess DCP, indicating a complete reaction in 15 min. The minimal concentration  

 
                            38                                                                         38A                                                  

 
Figure 41. Scheme of sensor 38 interacting with DCP. 

 
of DCP to get an optical response was determined to be 1.42x10-7M measured 

spectrophotometrically. Furthermore, 38 was impregnated on paper strips and exposed to DFP 

vapor.  A chromogenic change from colorless to dark pink and an increase in yellow fluorescence 

with a UV handheld lamp (lex 365nm) was observed. 

 

3.8 OP-Covalent-Furan moiety 

 

Weerasinghe et al.116 developed rhodamine-based sensors with different substituents 

attached to nucleophilic furan moiety. Seven sensors were developed and examined, but 39, 

shown in Figure 42, gave the highest sensitivity and response. It was determined that DCP could 

bind via the carbonyl oxygen and imine which results in the opening of the spirolactam, 39A, 

generating the fluorogenic change. A hyperchromic increase at lem583nm (lex = 510nm) occurred 

when exposed to excess DCP in CH3CN/Tris-HCl (1:1 v/v) buffered solution set at pH 7.0. This 

was associated with a chromogenic change from colorless to pink (labs 550nm). The exposure of 

39 to HCl, DMMP, and a series of common metals did not result in any optical change except in 
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the presence of Cr3+ where a slight increase in fluorescence occurred. The minimal concentration 

to achieve a response was determined to be 1.7x10-4M DCP. The system required heating to 70oC 

to reduce the response time to 40s from 240s (25oC). 

 
                             39                                                                              39A                                                  

 
Figure 42. Scheme of sensor 39 interacting with DCP. 

 

3.9 OP-Covalent-Carboxylate moiety 

 

Hu et al.117 designed a near-infrared chromogenic and fluorogenic heptamethine cyanine 

sensor, 40, which undergoes an intramolecular amidation reaction, where an OP agent, 

specifically DCP, shown in Figure 43, interacts with an appended carboxylate moiety forming 

intermediate 40A. Subsequently, the formation of a valerolactam, 40B, which occurs through the 

release of the phosphate monoanion gives an optical change. On addition of excess DCP and 

DECP to 1µM 40 in the presence of excess DMAP in CH3CN, a bathochromic shift occurs from 

labs 615nm (blue) to labs 784nm (pale green). This is associated with a hyperchromic shift in the 

near-infrared region at lem807nm (lex 760). Sensor 40 is less reactive with DECP and a 10-fold 

increase in concentration is required to achieve a strong response. Sensor 40 was impregnated on 

filter paper and exposed to 15ppm DCP. Over an unspecified time-period, the blue fluorescence 

vanished. 
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                        40                                                     40A                                                     40B                                                  

Figure 43. Scheme of sensor 40 interacting with DCP and subsequently undergoing an 
intramolecular amidation reaction to form the product 40B. 

 

3.10 OP-Covalent Summary  

 

 Covalent approaches compromise the bulk of CWA sensor research. A variety of sensors 

containing a variety of nucleophilic moieties have been developed and tested with both simulants 

and real CWAs. Significant progress has been achieved since the late-1990s, but optical 

responses are slow even in the presence of excess substrate. In a few cases, there are impractical 

optical changes that undergo hypsochromic or hypochromic shifts in the presence of an OP. Costs 

and complexity in sensor development are also drawbacks. Some sensors are unstable in 

atmospheric conditions and require deoxygenated solutions or high temperatures to function 

correctly. Multiple research groups have successfully integrated their covalent sensors on solid 
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supports and managed to get sensitive responses from OP substrates in both liquid and vapor 

form; this is the first step in developing a practical product. Unfortunately, most sensors have 

only been examined in the presence of G-nerve agents and associated simulants. No covalent-

based sensor has yet been designed or tested with V-agents or their associated simulants.  

Consequently, their application may be limited if they cannot detect for a variety of CWAs or are 

not compatible with other sensors that do.  

 

3.11 OP-Non-Covalent 

 

Non-covalent approaches for the detection of OP nerve agents encompass a growing 

trend in strategies that include metal-ligand coordination and displacement, metal-substrate 

complexation, gold nanoparticle aggregation, host-guest interaction, hydrogen bonding 

interaction and metal imprinted polymers. These non-covalent interactions exploit substrate 

induced competitive binding and coordination mechanisms. This supramolecular type chemistry 

does hold a great advantage in that it does not rely on the formation of covalent bonds which can 

slow down the rates of reactions and thus slow down the optical response rates. Maintaining high 

specificity and high response rates further motivates researchers to pursue this strategy.  

The most common non-covalent methodology involves simple metal complexation with 

trivalent lanthanide ions. Trivalent lanthanide ions are known for their photoluminescence which 

can show luminescence in the visible spectrum.118 Unfortunately, lanthanide ions do not 

efficiently absorb light which results in weak luminescence. To increase the absorption of 

excitation light, the use of chromophore containing organic ligands that can coordinate to the 

lanthanides are implemented. Strong luminescence can then be observed if the excitation energy 

matches that of the organic ligand’s absorption energy. This phenomenon is defined as the 

antenna effect, shown in Figure 44, where the energy absorbed by the ligand chromophore is then 
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transferred to the lanthanide ion by intramolecular energy transfer. In addition to absorbing light, 

another advantage of the coordination of organic ligands is that it eliminates and shields solvent 

molecules which would otherwise induce quenching.  

Lanthanides also have a strong affinity for the electrophilic phosphate moiety inherent to 

organophosphorus (OP) compounds. Consequently, through the coordination of an OP substrate, 

the ligand can immediately displace resulting in an optical change.   

 
Figure 44. The antenna effect. Fluorescence is quenched in the presence of an OP agent due to the 
simultaneous complexation of an OP and decomplexation of the ligand. 
 
 

3.12 OP-Non-Covalent-Metal Displacement 

 

Knapton et al.119 developed two types of ligands based on highly fluorescent 2,6-bis(1'-

methylbenimidazolyl)pyridine core 41, 42, as shown in Figure 45. An equimolar combination of 

the ligands with Eu3+, La3+ or Zn2+ in CHCl3/CH3CN (9:1 v/v) were combined to form complexes. 

Formation of the complexes La3+:41, 42 and Eu3+:41, 42 all resulted in bathochromic emission 

shifts. Upon addition of triethylphosphate (TEP) the ligands were displaced from the metal which 

resulted in a hypsochromic shift (free, non-coordinated ligand emission). Although complexes of 

Zn2+:41, 42 gave no optical response in the presence of excess TEP, attributed to stronger 

binding, these did respond in the presence of amines. Consequently, a sensor array was developed 

with a different combination of the above-mentioned metals and ligands, where the ability to 

detect false positives caused by amines was implemented.  Furthermore, Eu3+:42 was added to 
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hydrophobic silica particles and exposed to TEP vapor which after 120min at 60oC gave a 

hypsochromic fluorogenic change.  

 

 
                              41                                                                             42 

 
Figure 45.  Sensors 41 and 42 which can form complexes with Eu3+, La3+ or Zn2+. 

 
Wild et al.120 developed water soluble metallopolymeric  Zn2+:bisterpyridine – PEG 

complexes 43 and 44, shown in Figure 46. Complex 43 required the addition of 1eq. NaOH to 

depolymerize and expose the Zn2+ binding site in order to permit coordination and subsequent 

displacement with substrate, dimethyl methyl phosphonate (DMMP).  In contrast, complex 44, 

with one terpyridine ligand, does not require NaOH since the Zn2+ coordination sites are exposed. 

In the presence of excess DCP or DECP a hyperchromic shift at lem 522nm (lex 400) occurred. 

Unfortunately, as the concentration of DCP or DECP substrate was increased, a decrease in 

emission was observed. This was attributed to phosphylation of the pyridine N-atoms. Filter 

paper was impregnated with 43 and NaOH and subsequently exposed to DMMP vapor for 10min. 

Irradiation with a hand-held UV light with lex 365nm resulted in enhanced fluorescence. 
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43 

 
44 

Figure 46. Zn2+ complexes of 43 and 44.  

 

Zheng et al.121 developed several terpyridine-based lanthanide complexes, 45 and 46, 

based on a 4'-(2,4-disulfophenyl)-2,2':6'2''-terpypyridine, as shown in Figure 47. The lanthanide 

metals dissociate on coordination with OP substrates, specifically DCP, which results in an 

optical change. Addition of DCP to 45 in water induced a hypochromic shift at lem 619nm (lex 

365nm), resulting in a red to blue fluorogenic change. Addition of DCP to 46 in water resulted in 

a hypochromic shift at lem 545nm (lex 365nm), resulting in a fluorogenic change from green to 

purple. Unfortunately, exposure of 45 and 46 to DECP, DMMP, TEP, and TPP resulted in limited 

quenching. It was concluded that phosphylation of the terpyridine-nitrogen atom occurs due to the 

high reactivity of DCP and that this phenomenon was the likely cause of the observed 

hypochromic shift. 
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45, Ln3+: Eu3+ 
46, Ln3+: Tb3+ 

Figure 47. Ln3+ complexes of 45 and 46. 

 
Dennison et al.122 investigated fluorescent Ln3+ metal complexes, specifically Eu3+ and 

Tb3+ with a 1,10-phenanthroline (phen) ligand system shown on the left of Figure 48, in a 

DMF:MeCN (1:9 v/v) solvent system to detect for V-series nerve agents.  On the addition of VG 

or VX, rapid quenching was observed which was attributed to the dissociation of the phen ligand 

system and a simultaneous bidentate coordinating effect of the lanthanide with the P=O and the 

amine moiety, shown on the right of Figure 48. Substrates with only single functional groups 

belonging to the V series agents; phosphoryl, sulfide, and tertiary amine were examined. Addition 

of triethyl phosphate, dimethyl methyl phosphonate, sulfur mustard and triethylamine substrate 

did not result in an optical change, and hence the authors concluded a bidentate chelating effect 

was necessary for ligand displacement.  Dennison et al.123 later explored different bidentate V-

series organophosphorus CWA simulants with [Eu(phen)2(NO3)3]-H2O.  It was determined and 

confirmed that both the phosphoryl/phosphonyl and amine moieties are required for displacement 
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to induce fluorescent quenching.  All studies were performed by observing a hypochromic shift at 

lem 617nm for Eu3+ complexes in CH3CN. 

 

 

 

                                 Ln3+: Eu3+, x=3 
                                 Ln3+: Tb3+, x=2 

 
Figure 48. (left) Ln3+phen ligand system. (right) Proposed Ln3+ bidentate coordination of V-
agents. (VG= R1:CH2CH3, R2:OCH2CH3, R3:CH2CH3; VX= R1:CH2CH3, R2:CH3, 
R3:(CH(CH3)2)). 

 
Dennison et al.124 further investigated the fluorescent Ln3+:phen complex with GB in a 

DMF: CH3CN (1:9, v/v) solvent system. Unfortunately, up to 10 molar eq. of GB only induced a 

15% decrease in the emission intensity. It was further determined that an excess of 300 molar eq. 

was required to induce complete quenching. This low sensitivity was attributed to the lower 

electrophilicity of the phosphate group due to the strong electronegative fluoride and the lack of 

bidentate chelation inherent to the V-series agents.  Furthermore, the addition of only 5 molar eq. 

TBAF was required to induce complete quenching demonstrating displacement of the phen 

ligands with the fluoride anions. This phenomenon indicated that GB was not undergoing 

phosphylation with the pyridine nitrogen.  

Sarkar et al.125 expanded previous work126 involving fluorescent terpy-lanthanide (Dy3+, 

Tb3+, Eu3+) complexes. A norbornene derived terpyridine ligand was synthesized which emitted a 

blue fluorescence, lem 450nm (lex 350nm).  A magenta fluorescence develops on complex 
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formation with Eu3+:47, as shown in Figure 49. The optical response was investigated with 

multiple OP substrates; DFP, pinacolyl methyl phosphonic acid, tributylphosphate, 

diphenylphosphate, TPP, TEP, and phosphoric acid. Only on the addition of DFP did the magenta 

emission at lem 620nm (lex 350nm) return to the blue emission, indicating metal coordination and 

ligand displacement. Phosphylation of the terpy nitrogen atoms was recognized to be the reason 

for Eu3+ displacement. A minimum of 40ppb DFP was required to observe an optical response.  

 
47 

Figure 49. Eu3+ complex with a norbornene derived terpyridine ligand, 47. 

 
Barba-Bon et al.127 developed Eu3+, 48, and Au3+, 49, BODIPY-complexes shown in 

Figure 50, which were both capable of a chromogenic and fluorogenic response through ligand 

displacement by the V-nerve agent simulant, demeton-s. On the addition of incremental amounts 

of demeton-s to 1.0x10-5M of either 48 or 49 in CH3CN, a bathochromic shift occurred from labs 

553nm (pink) to labs 600.5nm (blue); the absorption wavelength of the free ligand. This was also 

accompanied by a quenching of fluorescence, a hypochromic shift at lem573nm (lex 530nm). G-

agent simulants; DECP, DFP, and DMMP gave a minimal response, demonstrating the sensors’ 

selectivity for V-series type agents. The minimum concentration required to visualize a response 

for dementon-s was determined to be in the 9-14ppm range.   
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48, M3+: Eu3+ 
49, M3+: Au3+ 

 

Figure 50. Scheme of M3+ complex 48 or 49 interacting with dementon-s. 

 
Recently, Metherell et al.128 developed a VX sensor based on an Ir3+/Eu3+ dyad connected 

to a bis(pyrazolyl-pyridine) bridging ligand, 50. Due to the presence of Eu3+, partial quenching of 

the blue Ir3+ complex emission was observed. This phenomenon was attributed to a photoinduced 

energy transfer effect occurring through the conjugated ligand. The result was a change in 

luminescence to red (increase at lem 612nm, lex 395nm).  As described above, VX and its 

structurally similar simulants have been observed to bind in a bidentate fashion with the 

lanthanides. As shown in Figure 51, the addition of excess VO to 0.0815mM 50 in CH3CN 

resulted in the bidentate binding and simultaneous displacement of Eu3+. As a result, the blue 

emission returned indicating the formation of the Ir3+-complex 50A. Furthermore, it was 

demonstrated that a hand-held UV-lamp, (lex 365nm) could be utilized to observe the change in 

luminescence. 
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                                 50                                              50A 

Figure 51. Scheme of complex 50 interacting with VO to produce 50A and the Eu3+:VO complex. 

 

3.13 OP-Non-Covalent-Molecular Imprinted Polymers 

 

Molecular imprinted polymers (MIPs) have also been recently investigated in the 

detection of chemical warfare agents. MIPs allow for the implementation of a selective sensor 

where, on substrate association, a change in conductivity promotes an optical response. 

Jenkins and Bae,129 developed MIP sensors selective for nerve agents where a 

luminescent trivalent lanthanide, specifically Eu3+, is incorporated to act as a sensor and 

transducer. As the nerve agent substrate coordinates with the Eu3+ a distinct luminesce signal 

occurs which can be recorded. The polymers were coated with Eu(NO3)3 and exposed for 10 or 

15 min to different water matrices (tap, deionized and reverse osmosis) with a pH of 9.5. 

Detection limits were determined by monitoring the spectral response; an increase between lem 
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600 and 630nm (lex 465.8nm, Ar laser). Detection limits at or after 15mins for VX, EA2192 (a 

toxic degradation product of VX), Sarin, and Soman in DI, tap water, and RO were reported as all 

under 40ppt. The minimum detection limit after 10 mins in DI was 1ppb. The decrease in 

sensitivity was attributed to the substrate being unable to reach all active sites within the polymer 

in the allotted time. Further work conducted to convert the technology to sense low-level vapor 

detection was investigated.130 

 

3.14 OP-Non-Covalent-Gold nanoparticles 

 

The use of gold nanoparticles (AuNPs) have also been extensively studied and 

reviewed.131 Due to the optoelectronic properties of AuNPs, when dispersed they are a red color, 

whereas when they aggregate a chromogenic change occurs to a dark blue color. This 

phenomenon is depicted in the top of Figure 52. Aggregation and dispersion can be influenced by 

changes in size, shape or chemical environment. 

Costero et al.72 developed AuNPs functionalized with triarylcarbinol sensors.80 The 

hydroxyl group undergoes phosphylation with an OP agent followed by the elimination of the 

phosphate monoanion to generate a carbocation as shown in the bottom of Figure 52. The 

formation of this positive charge induces nanoparticle aggregation. This was demonstrated by a 

characteristic surface plasmon resonance (SPR) absorbance band at 526nm, where the addition of 

either DECP or DFP resulted in the formation of a new band at 640nm. No optical changes were 

observed when exposed to malathion, dyfonate, 4,4-dichlorodiphenyldichloroethane, 4,4’- 

dichlorodiphenyldichloroethylene, gasoline, and diesel fuel, indicating the sensors selectivity for 

phosphonohalides. The detection limit was determined to be 560ppm DECP and 465ppm for 

DFP.  
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Figure 52. (top) AuNP dispersed (red color), and on the addition of OP agent resulting in 
aggregation. (Bottom) the formation of a carbocation following the phosphylation of an OP agent 
and the following displacement of the phosphate monoanion, (X:-OP(=O)(OEt)2). 
 

 

Martí et al.132 developed gold nanoparticles functionalized with a series of pyridine, or 

aminoethanol based sensors, 51 to 51-7, as shown in Figure 53. The ligands were designed to 

react and induce phosphylation with specific OP substrates. The formation of an ammonium salt 

with pyridine or ethanol moieties alters the charge density and produces AuNP aggregation which 

induces an optical change.  It was demonstrated that all ligand-AuNP sensors studied underwent a 

bathochromic change from a labs 526nm (red wine) to labs 660nm (purple-blue) when exposed to 

excess DECP. The LOD’s were determined for each of the ligand-AuNP sensors, with the 

greatest sensitivity being AuNP-sensors 51-5 and 51-7 with detection limits being 76 and 81ppm 

DCEP, respectively.  
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51 51-1 51-2 51-3 

  
51-4 51-5 

  
51-6                       51-7 

 
Figure 53. Structures of sensors 51 to 51-7. 
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3.15 OP-Non-Covalent Summary 

 

Non-covalent strategies are considered more practical than covalent strategies since they 

are easier to develop and investigate. The optical response rates are much quicker than covalent 

strategies and are usually immediate. Since non-covalent strategies are in their infancy, they are 

limited to the types of CWAs they can detect for and are focused V-agents. Metal-displacement 

strategies can be optimized with altering the types of ligands, but phosphylation may negatively 

affect optical responses, especially if employed in non-polar solvents. Optical responses are 

mainly fluorogenic and based on the antenna effect as described earlier. The gold nanoparticle 

aggregation methodology is limited to chromogenic responses and is dependent on the AuNP-

associated ligands to undergo covalent interactions with the substrate. This may slow down the 

rate of optical response. Overall, non-covalent strategies require the use of metals and weakly 

coordinating ligands which are prone to degradation and displacement in atmospheric and 

environmental conditions.  

 

3.16 Anion-Displacement 

 

Aside from covalent and non-covalent strategies which encompass most of the research 

ongoing in academia, there is another minimally explored strategy: the detection of anion leaving 

groups produced by the decomposition of an OP substrate. Decomposition strategies coupled with 

sensor implementation is in its infancy and not many chemical-based methodologies have been 

produced.  Such methodologies have existed using enzymatic hydrolysis systems coupled with 

sensors. In one case, Zheng et al.133 used butyrylcholinesterase to degrade a variety of OP 

substrates with a thiocholine group. Subsequently, the cleaved thiocholine reacts with 2,4-

dinitrobenzesulfonyl, 2,7-dimethylfluorescein, producing a fluorescent product. Herein is 
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reviewed chemical-based sensors for the detection of CWAs via the decomposition of an OP and 

interaction of the leaving group anion with a sensor.  

Kumar and Kaushik134 synthesized a chromogenic sensor, 4,4’-bis-(3-(4-

trifluoromethylphenyl)thiourea) diphenyl sulfide, 52,  based exclusively on the detection of –CN 

produced by the hydrolysis of cyanide containing OP substrates, DECP and GA. As shown in 

Figure 54, GA and DECP undergo hydrolysis with the addition of tetrabutylammonium 

hydroxide (TBA-OH) in THF. The –CN  leaving group interacts with the sensor through the 

deprotonation of the urea moiety which generates a chromogenic change from labs 298nm to labs 

387nm. Excess G, V- nerve agents and variety of pesticides added to 0.01M of sensor 52 resulted 

in no chromogenic response indicating the selectivity of 52 for GA and DECP. Other common 

anions were examined for a chromogenic change; only –CN produced a yellow color. A silica gel 

plate impregnated with 52 was exposed to a mixture of excess GA and TBA-OH which resulted 

in a chromogenic change to yellow which was recorded 10 min post exposure. 

 

 
                                  52 

 
Figure 54. Scheme of sensor 52 interacting with the cyanide anion produced via the alkaline 
hydrolysis of DECP or GA. 

 



 

74 

 

Recently, Kumar et al.135 enhanced the methodology above and designed a fluorene 

sensor 53. Tetrabutylammonium azide (TBA-N3) was implemented in the first step to act as a 

nucleophile which interacts with DECP to generate –CN. As shown in Figure 55, –CN interacts 

with both the NH protons of the thiourea via hydrogen bonding. The addition of DECP in the 

presence of 1eq. TBA-N3 to 6.2x10-4M 53 in THF:DMSO (99:1 v/v) results in a bathochromic 

shift of two bands from labs 316nm to labs 338nm, and labs 398nm to labs 411nm resulting in a 

colorless to yellow chromogenic change.  Fluorogenic studies determined a hyperchromic 

emission with a large band spanning lem320nm to lem570nm (lex 316nm) indicating a green 

fluorescence. It was determined that visual-chromogenic LOD was 0.27mM DCEP. The 

fluorogenic LOD was 270x10-6M which was observed with a hand-held UV lamp (lex 365nm). 

 

 
                                53 
 

Figure 55. Scheme of sensor 53 interacting with cyanide anion produced via an azide nucleophilic 
substitution of DECP or GA. 
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                                                                             54 

 
                                  54:SR                                                                    54:CN 

 
                                    54                                                                          

 
 
Figure 56. Scheme of sensor 54 interacting with –CN or –SR (decomposition products of either 
phosphonocyanidates or phosphonothioates, respectively), followed by the addition of a soft 
metal; Hg2+, Cd2+ or Ag+ to generate an optical response. 
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Kumar and Rana136 developed a three-step methodology for the detection and 

discrimination between tabun and VX. The first step consists of the addition of 

tetrabutylammonium fluoride (TBAF), where the F- functions as a nucleophile to displace the CN- 

and -SR leaving group from GA and VX, and their simulants, DECP and malaoxon, respectively.  

Subsequently, as shown in Figure 56, CN- and -SR act as nucleophiles and react with the 

fluorescent and chromogenic sensor 54, forming the non-fluorescent (decrease at lem 640nm (lex 

625nm)) and colorless adducts: 54:CN or 54:SR, respectively. The third step consists of the 

addition of a soft metal; Hg2+, Cd2+, and Ag+, which displaces –SR from the 54:SR complex. 

Consequently, the blue color and fluorescence regenerate because of the restored 54. The 54:CN 

is not affected by the soft metals and no chromogenic or fluorogenic changes occur.  To allow for 

a fast chromogenic and fluorogenic change, the reaction temperature must be maintained at 60oC.  

Using spectrophotometric techniques, the visual and fluorescence LOD for GA was determined to 

be 50 x10-6M and 8 x10-6M respectively, while that for VX was determined to be 80x10-6M and 8 

x10-6M, respectively. Furthermore, a blue-colored CH3Cl solution of 54 and TBAF was placed in 

a gas generation chamber and exposed to GA or VX. In both cases, the blue color was observed 

to disappear within 2-5 minutes. On the addition of Hg2+, the presence of VX was confirmed by 

the regeneration of the blue color and its associated fluorescence. 

3.17 Anion-Displacement Summary 

 

The number of the above-mentioned decomposition and anion-displacement strategies 

demonstrate the infancy and challenge of this strategy. As observed, this chemical-based 

methodology is limited to one research group. There are a host of issues in all these above-

mentioned sensor systems; the use of aprotic solvents, the requirement for multiple additives, the 

requirement for toxic metals, and the limitation in the type of CWA the systems can indicate for. 

Furthermore, the lack of kinetic data and in some cases, the requirement of high temperatures 
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demonstrate that CWA decomposition is slow which results in slow chromogenic and fluorogenic 

optical changes.  

3.18 Vesicants 

 

There are limited publications that describe novel methodologies for the chromogenic 

and fluorogenic detection of vesicants, specifically sulfur mustard (HD). Common and current 

strategies still implement 4-(-p-nitrobenzyl)-pyridine,137,138 which as previously mentioned was 

developed in the 1950s.139  Two types of strategies are employed; first, the use of sensors that can 

form covalent bonds with an alkylating substrate and second, a non-covalent strategy involving 

the displacement of fluorophores from gold nanoparticles (AuNP). One publication involving the 

detection of lewisite is also reviewed.140 

 

3.19 Vesicant-Covalent 

 

Hunt and Alder141 developed a methodology to detect the presence of HD through 

fluorescence quenching using fluorescein mercury(II) acetate (FMA) and sodium fluorescein (SF) 

as reagents in alcoholic solvents. The addition of HD to FMA in 0.1M NaOH alcohol solution 

resulted in the quenching of fluorescence at lem518nm (lex 502nm). Additions of HD vapor 

resulted in a similar quenching magnitude but at a faster rate. HD was also added in both liquid 

and gaseous form to SF in 2-propanol and obtained similar fluorescence quenching magnitudes 

and rates were obtained. A detection limit of 0.3µM HD was recorded with a fluorimeter. The 

authors did not conclude or propose the mechanism behind the quenching. 

Raghavender Goud et al.142 designed a novel rhodamine 6G probe, 55, which comprised a 

thioamide moiety. Excess HD and nitrogen mustards were added to 1mM of 55 in MeOH/CHCl3 

(4:1 v/v) where a strong fluorescence emission at lem566nm (lex 520nm) and a red chromogenic 
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change occurred over a 15min period. Increasing the reaction temperature to 60oC allowed the 

response time to decrease to 3min. As shown in Figure 57, it was determined the thioamide 

undergoes S-alkylation, forming 55A. Sensor 55 was absorbed on silica and placed in a glass tube 

and exposed to HD liquid where within 7 min a strong fluorescence emission was observed. 

Furthermore, it was determined that in the vapor and liquid phase a minimum of 6.25ppm and 

4.75x10-6M, respectively, is required to visually notice a fluorogenic response using a hand-held 

UV lamp (lex 254nm). 

 

 
                              55                                                                              55A 
 

Figure 57. Scheme of sensor 55 interacting with HD to form the fluorescent product, 55A. 

 
Kumar and Anslyn143 developed a two-step method for the detection of CEES, as shown 

in Figure 58, based on the reaction of a dithiol 56 with a squaraine sensor 54. The addition of 

excess 56 to a basic solution of 2.65x10-6M 54 in MeOH resulted in the quenching of 

fluorescence at lem652nm (lex 638nm) and a chromogenic change from blue to colorless. 

However, when CEES was initially reacted with 56 at 80oC for 60s forming 56B the latter does 

not interact with 54. Consequently, there is no fluorogenic or chromogenic change and the 

solution remains blue and fluorescent.  In practical studies, CEES was applied to filter paper and 

soil. Sensor 56 was then applied to the matrices and allowed to react at 80oC for 60s. 

Subsequently, 54 was then applied where both the retention of color and fluorescence indicated 

the presence of CEES. 
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Quenching of 
fluorescence 

                     56                                                54 
 

 

 
 
 
 
 
 
 
 
 
Fluorescence 
remains 

                 56B                                                54 
	

Figure 58. Scheme of two-step method for detection of CEES. (Top) No CEES present, 
fluorescence will be quenched. (Bottom) By contrast, interaction of CEES with 56 will result in 
the fluorescence remaining due to the reaction of 56 with 54. 

 
In a later study, Kumar and Rana144 used the same methodology to detect sulfur mustard 

instead of CEES. A derivative of  54 without hydroxyl groups was implemented since it had been 

successful in a methodology136 used to detect for nerve agents.   

 Kumar and Anslyn145 further explored the strategies above but increased the complexity 

of the methodology to achieve a positive fluorogenic response in the presence of CEES. As 
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shown in Figure 59, a Cd2+:coumarin complex, 57, was employed to replace squaraine-based 

sensor 54.  

 
                            56                                                   56B 

 
                                                                           57 

 
                                                                    57B 

 
Figure 59. Scheme of sensor 56 interacting with CEES, which in turn interacts with sensor 57 to 
form 57B and the fluorescent decomplexed coumarin.  

 
As in their previous work, 56 was made to interact with CEES at 80oC for 60s forming 56B. On 

mixing of 56B with 57 the Cd2+ was displaced and coordinated to the four sulfurs of 56B forming 

57B. The free coumarin results in the enhancement of fluorescence. The addition of a capping 
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reagent, 4-phenyl-3-butyn-2-one, to any unreacted 56 is necessary before the addition of 57 to 

prevent Cd2+displacement. 

3.20 Vesicant-Non-Covalent 

 

Knighton et al.146 developed a methodology where two dansyl fluorophore ligands, 58 

and 58-1, containing imidazole or amine donor ligands, respectively, as shown in Figure 60,  

weakly associate with a gold nanoparticle (AuNP) in CH3Cl. On addition of HD, the soft sulfur 

interacts with the AuNP and results in the subsequent displacement of the fluorophore, as shown 

in Scheme 1. On the addition of CEMS or HD to either AuNP:58 or AuNP:58-1, a chromogenic 

change from brown to colorless was observed with the formation of a grey precipitate, thought to 

be due to particle aggregation. Additionally, a hyperchromic shift at lem500nm (lex 345) occurs 

on the addition of either HD and CEMS over the course of 300s. AuNP:58 and AuNP:58-1 

sensors were observed to respond to µM concentrations of CEMS and HD. 

 

 

Scheme 1. Scheme of gold nanoparticle (AuNP) containing a fluorophore which is displaced on 
interaction with a sulfur-containing alkylating agents. 
 

 
                                  58                                                            58-1 

 
Figure 60. Structures of sensors 58 and 58-1 developed to act as weakly coordinating 
fluorophores to AuNPs through their nitrogen donors.  
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Li et al.147 further explored the AuNP methodology by developing a triazole-coumarin 

ligand, 59, where its fluorescence at lem 472nm(lex 405nm) is diminished when coupled with 

AuNPs giving AuNP-59. The addition of CEES in MeOH results in a hyperchromic shift, 

indicating ligand 59 displacement. The addition of a thiol, 1-dodecanethiol, also gave a similar 

response which demonstrates its low selectivity. 

 
                             AuNP-59                     59 

 
Figure 61. Scheme of AuNP being displaced by the addition CEES and resulting in the free and 
fluorescent ligand 59. 

A recent methodology to detect the presence of lewisite has been published where Lee et 

al.140 developed a fluorescent probe, 7-hydroxycoumarin with a 1,2,5-dithiazepane moiety, 60, for 

the detection of a Lewisite simulant AsCl3. As shown in Figure 62, the dithiol and hydroxyl 

groups of 60 interact with the As3+ to form the coordination complex 60A. On addition of AsCl3 

to 60 the formation of 60A results in a hyperchromic shift at λabs 320nm accompanied by a 

decrease at λem at 445nm (λex 370). The sensor was determined to function over a broad pH range 

in aqueous conditions and was selective towards As3+ as there was no significant response to the 

addition of other thiophilic metal ions.  The LOD was estimated to be 1.34 10-6 M.  
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                             60                                                      60A 

Figure 62. Scheme of sensor 60 interacting with arsenic trichloride, a simulant of lewisite. 

 

3.21 Vesicant Summary 

 

Vesicant detection involves both covalent and non-covalent approaches. The above-

mentioned covalent methodologies demonstrate the requirement for multiple steps, toxic metals, 

and impractical optical response. In some cases, high temperatures are required since the rate of 

vesicant decomposition is slow (formation of the episulfonium ion), slowing down its subsequent 

interaction with the sensor, and resulting in slow optical responses. In contrast, the non-covalent 

methodology is much more practical but much less selective. Weakly coordinating ligands can be 

displaced from gold nanoparticles promoting fast optical response rates but may be prone to 

interferents in the environment. Also, gold is an expensive metal which can result in high costs in 

the scaling-up for the development a practical product. Overall, optical detection for vesicants is 

challenging due to its inherent slow reaction times and stability in atmospheric and environmental 

conditions and there has yet to be a modern and practical optical methodology for its detection.   
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Chapter 4 

Proposed Research 

The importance in the detection of phosphonate based chemical warfare agents, 

specifically G and V series OP nerve agents, for protective and defensive measures has inspired 

the scientific community for decades. A variety of fieldable techniques have been developed and 

employed including the more sophisticated technologies of atomic emission spectroscopy and ion 

mobility spectrometry and the more simplistic techniques of using solution and solid-supported 

chromogenic sensors. In practical terms, the advantages of low-cost, ease of use, and 

technological simplicity has influenced the wide employment of chromogenic sensors for the 

detection of CWAs in the first responder and security forces community. Although extensively 

researched, there have only been a select few chromogenic-based detection systems that have 

been developed into practical products. To date, the most successful sensors are based on solid 

supported enzymes and their ability to irreversibly bind with an OP nerve agent. Enzymatic-based 

sensors suffer from a host of issues regarding optical responses, stability and cost. In contrast, the 

most widely used chemical-based chromogenic sensor available on the market, M8 paper, also 

known as 3-Way Liquid Chemical Agent Detector Paper, comprises solid supported dyes that 

undergo a chromogenic change when solubilized by the liquid G or V agent. Issues of sensitivity 

and false positives are inherent.   

The challenge in developing chemically reactive based sensors to target both G and V 

agents resides in the difference in their chemical structure and reactivity. For example, although 

G series and V series agents both contain the alkyl phosphonate group, tabun (GA) comprises a 

phosphoramidate and a cyanide moiety, while sarin (GB) comprises an isopropyl ether and 

fluoride moiety. V-series agents are more complex in that they contain an alkylaminoethanethiol 

group.  
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Chemical sensing strategies devoted to their detection fall into three categories; covalent, 

non-covalent and anion detection through decomposition, but all suffer from one of, or, a 

combination of, an inefficient response time, a non-practical optical signal, or the lack of 

response to both G and V agents.  

Our research group’s work has thoroughly investigated metal ion catalyzed alcoholysis 

(MICA) reactions and the ability of lanthanide metals to catalyze the decomposition of OP 

substrates at rates of up to a billion-fold faster than their background reaction at neutral pH	$
$ .148  A 

mechanism was proposed149 as seen in Figure 63. As observed, the P=O transiently associates 

with the one of the two La3+ ions of the catalytically active dimer. An activated alkoxide 

undergoes nucleophilic substitution with a good leaving group (X-) and the neutral phosphoester 

is released into solution. The La3+ dimer is regenerated by associating with a solvent molecule 

generating a H+.  

 

Figure 63. Proposed mechanism for MICA (methanols of solvation omitted for clarity) X=F-,-CN, 
-SR,-OAr; R=CH3, CH2CH3; R1= CH2CH3, CH(CH3)2. Adapted from reference (149). 
 
 
 

Consequently, we envision an effective detection system for G and V OP nerve agents by 

coupling the MICA decomposition strategy with chromogenic sensor(s). 
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To ensure robustness and practicality, the detection system must adapt to the following 

conditions: 

1. MICA decomposition strategy must be applied, specifically the integration of the 

Ln3+ metal ions. 

2. All materials are cost-efficient in that they can be purchased commercially or easily 

synthesized.  

3. All materials must have low-toxicity and be environmentally safe. 

4. All materials are non-damaging to and compatible with sensitive materials such as 

plastics, optics, and electronics 

5. All materials must be compatible with in-service CWA detectors  

If these conditions are met, then we propose a solution which could be employed in either a two-

step process (spray and wipe) or pre-soaked on an absorptive wipe and directly applied to a 

contaminated surface. As such, a system should be developed, examined and optimized to ensure 

rapid catalytic decomposition and simultaneously sensitive indication.  At present, there is no 

system in the published literature which uses the MICA strategy for decomposition for the 

indication of both G and V OP agents.   

There are several advantages in developing an indication system in alcohol regarding 

increased optical response and material compatibility. From a practical perspective, an increased 

optical response rate is advantageous and is accomplished through an increased catalysis rate of 

substrate reaction.  Alcohol solvents are primarily used since metal ions (such as lanthanides) 

tend to form insoluble oligomeric chains in water at high pH, whereas in alcohol they are 

completely soluble throughout the pH	$
$  region where the formation of the metal ion alkoxides 

occur. Compared with water, alcohols have lower dielectric constants and polarity (Dr or ε=78 

(water) vs. 31.5 (methanol) vs. 24.3 (ethanol)). The lower polarity increases substrate solubility, 

especially with the non-polar CWAs and enhances the electrostatic interaction between the 
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cationic metal atom ion and any anionic substrates resulting in greater energy stabilization. 

Therefore, alcohol solvent systems promote increased catalysis rates resulting in increased optical 

response rates.  

Regarding material compatibility, sensitive equipment used by first responders and 

security forces consist of electronics, a variety of plastics, and optical systems. The use of an 

alcohol system is advantageous due to the low surface tension, good surface wetting ability, high 

solvency for surface contaminants and is quickly vaporized, leaving surfaces and electronic 

components dry150. Alcohol solvent systems are also less toxic than other organic solvents, 

environmentally friendly, and do not trigger false alarms with in-service CWA detection 

equipment.  

Due to the structural differences between G and V agents as mentioned above, the 

general strategy was the development of three indication systems which can be integrated into a 

single solution. This original research work described in following chapters is divided into four 

main chapters, chapter 5 and 6 are dedicated to the development of a G- nerve agent detection 

system for phosphonofluoridates and phosphonocyanidates, respectively. Chapter 7 describes the 

development of a compatible phosphonthioate (V-agent) detection system. Finally, chapter 8 

discusses the future work required for the development of a universal detection solution 

combining the G-and V-agent detection systems. 
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Chapter 5 

G-Agent Detection: Phosphonofluoridates 

General Introduction 

OP nerve G agents are divided into three main groups from a structural perspective: The 

O-alkyl alkylphosphonofluoridates (GB, GD, GF), the O-alkyl alkylphosphonocyanidates (GA), 

and the 2-dialkylaminoalkyl(dialkylamido)fluorophosphates (GV). G-agent detection in this 

thesis is concerned with the first two groups since those are of current concern and most likely to 

be weaponized. 

 As indicated in Figure 63, degradation products of O-alkyl alkylphosphonofluoridates by 

MICA is shown in Scheme 2.  

 

Scheme 2. Degradation of O-alkyl alkylphosphonofluoridates. 

 

As illustrated, the production of the neutral phosphoester is accompanied by the 

production of both a fluoride (F-) and a proton (H+). Three practical based strategies were thus 

envisioned which would permit the chromogenic detection for these ions. The first two strategies 

discussed were developed to detect for F-, while the third for H+. 

Various chromogenic and fluorogenic sensors have been designed and developed for the 

detection of the F- anion.151–160 A variety of strategies have been developed that include utilizing 

hydrogen-bond interactions,161–169 displacement mechanisms170–174 and F--promoted cleavage of 

either silicon-oxygen bonds175–181 or silicon-carbon bonds.182,183 The bulk of these sensors are 

designed to utilize polar aprotic and non-polar solvents, with a few examples of sensors 
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developed for use in aqueous conditions.  Based on our review of the literature, no sensor has 

been developed exclusively for the detection of F- in the simple alcohols, MeOH or EtOH. This 

lack of literature can be attributed to the pKa of HF being much higher in alcohols than in water. 

As listed in Table 3, although the pKa values of HF and HCN in MeOH could not be found in the 

literature, HCl and HBr have been previously determined. Since It is observed that the pKa values 

of HCl and HBr in DMSO and MeOH are similar, one might assume that the pKa of HF and HCN 

in MeOH should also be similar but not exact with those in DMSO.  

 

Table 3. pKa values of specific acids in three solvents. 

Compound H2O184 DMSO185 MeOH186 

HCl  -7 1.8 1.23 

HBr -9 0.9 1 

HF 3.2 15 N/A 

HCN 9.1 12.9 N/A 

 

This large increase in the pKa going from water to a polar or polar aprotic solvent of a 

lower dielectric constant can be attributed to the lower solvation potential of the anion relative to 

water. This lower solvation energy reduces the stability of the conjugate base and results in an 

increased pKa. The pKa of HCN does not increase as much relative to HF since -CN is larger than 

F- and is better solvated in polar aprotic or polar protic solvents of intermediate polarity.187  

Two strategies were developed for the detection of F-, where the first is based on the 

cleavage of the Si-O bond, and the second is based on a displacement mechanism where the 

association of F- with a metal ion (La3+) promotes the dissociation of an indicator.  In both 

strategies, a chromogenic change indicates a response. The third strategy which detects for H+ is 

based on the use of commercially available chromogenic pH indicators. As will be described, the 

third strategy is the most practical, provides the highest sensitivity, and most rapid optical 
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response. All strategies were formulated in alcoholic media of either MeOH, EtOH or a 1:1 (v/v) 

mixture of the two.  

For all strategies, DFP is used as the major simulant to represent GB, GD, and GF. The 

literature has reported a rate constant for alkaline hydrolysis of DFP of 0.5 M-1s-1 at 25oC.188 This 

is lower than that for GB, which is reported to be 23.6 M-1s-1 at 25oC.188 All first and second order 

rate constants computed in the following strategies are those relating to a rate of chromogenic 

change with different sensors via the MICA of DFP. Therefore, the observed rate constants can 

be considered to relate to the alcoholysis of DFP. The expected rate constants of MICA and the 

associated chromogenic change for the actual G agents would be much faster than that of DFP. It 

should be noted that the hydrolysis of 1x10-6M DFP in buffered-aqueous conditions at pH 7.6 is 

reported to have a half-life of 2500 to 3000 minutes (4.62x10-6 s-1 to 3.85x10-6 s-1) at 38oC.189 The 

G-agent simulants, BzF and paraoxon, shown in Figure 64 which were not mentioned earlier are 

also employed throughout this chapter since their degradation rates can be monitored by UV-Vis.   

	 	
benzoyl fluoride (BzF) 4-nitrophenyl diethyl phosphate (paraoxon) 

 

Figure 64. Structure of simulants, BzF and paraoxon, not mentioned earlier which are used in 
experiments throughout this chapter.  
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5.1 Strategy 1 – Silylated Imines 

5.1.1 Introduction 

 

The first strategy for the detection of F- produced via MICA of phosphonofluoridates 

involved the cleavage of silylated ethers attached to a chromophoric core.  As depicted in Scheme 

3 the cleavage of the silicon-oxygen bond by F- produces a chromogenic phenolate. This cleavage 

is energetically favorable owing to the differences in the bond energies,190 where Si-O is 452 

kJ/mol and Si-F is 565 kJ/mol.  

 
Scheme 3. F- cleavage of Si-O interaction leading to chromogenic phenolate anion. 

 
The production of the phenolate from the fluoride-induced cleavage of the Si-O bond 

induces a chromogenic change due to the delocalization of the negative charge on the oxygen. 

This phenomenon is best described by an intramolecular charge transfer (ICT) where an electron 

is transferred from a donor, the negatively charged phenolate, to the acceptor, through a spacer; 

an imine (N=C), azo (N=N) or alkene (C=C) bond. The magnitude and energy of the 

chromogenic change depends on the energy of the HOMO of the donor and the LUMO of the 

acceptor which can be modulated by the presence of electron withdrawing or donating groups on 

either the donor or acceptor moieties, the type of spacer, as well as the type of solvent employed.  

Inspired by recent research,159,191 a series of four silylated imines (61-64) as depicted in 

Figure 65 were synthesized to determine their response to the presence of F-. It was envisioned 

that through the MICA methodology the fluoride produced would cleave the Si-O bond forming 



 

92 

 

the associated phenoxide and producing a chromogenic change. Imine (C=N) was selected 

instead of azo (N=N) and alkene (C=C) as the spacer due to the simplicity in their synthesis and 

the minimal purification required. Bulky triisopropylsilyl (TIPS) and tert-butyldiphenylsilyl 

(TBDPS) ethers were both selected due to their relative resistance to hydrolysis and high 

selectivity for F-.192 

 

 

 SiX R Y 

61 TIPS H H 

62 TIPS H NO2 

63 TBDPS H NO2 

64 TBDPS NO2 NO2 
 

 

Figure 65. Series of synthesized silylated imine sensors. 

 

5.1.2 Experimental 

5.1.2.1  Materials 

 
Methanol (HPLC) and diethyl ether were obtained from Fisher and used as received. 

Ethanol (99.8%, anhydrous) was obtained from Commercial Alcohols and stored under an argon 

atmosphere and freshly dispensed for each experiment.  Dry dichloromethane was obtained from 

EMD Chemical and used as received. Lanthanum trifluoromethanesulfonate was purchased from 

Aldrich and used as received. Benzoyl fluoride, benzoyl cyanide, and O,O'-diethyl 

cyanophosphonate were purchased from Sigma-Aldrich. O,O'-Diisopropyl fluorophosphate was 

purchased from Toronto Research Chemicals and used as received. Tetra-n-butylammonium salts 

of perchlorate, periodate, bisulfate, triflate, nitrate, bromide, cyanide and iodide were purchased 

from Aldrich while the chloride and fluoride were purchased from Fluka, all used as received. 

Triethylamine was purchased from Sigma-Aldrich and used as received.  
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4-Fluoro-3-nitroaniline was purchased from Alfa Aesar and used as received. Imidazole, 

4-aminophenol, 4-nitrobenzaldehyde were purchased from Sigma-Aldrich and used as received. 

2,4-Dinitrobenzaldehyde was purchased from Accela Chem and used as received.  Tert-

butyldiphenylsilyl chloride (TBDPS-Cl) and triisopropylsilyl chloride (TIPS-Cl) were purchased 

from Oakwood Chemicals and used as received.  Glacial acetic acid, concentrated hydrochloric 

acid and sodium hydroxide pellets were purchased from Fisher Scientific Company and used as 

received.  

5.1.2.2  Syntheses  

 
The synthesis of compounds 61 and 62 were accomplished utilizing  

4-(triisopropylsilyloxy)aniline, synthesized as below. 

 

4-(Triisopropylsilyloxy)aniline 

This synthesis followed the methodology described in the literature193 with slight 

modifications. 4-Aminophenol (0.50 g, 4.6 mmol), imidazole (0.47 g, 6.9 mmol), and dry 

dichloromethane (50 mL) were placed sequentially and under magnetic stirring in a round-bottom 

flask. TIPS-Cl (1.48 mL, 6.9 mmol) was added dropwise with a Hamilton syringe. The reaction 

mixture was stirred in a nitrogen atmosphere at room temperature and monitored periodically by 

GC-MS. After 36 hours, the solution was filtered and the solvent evaporated. GC-MS analysis 

indicated the presence of a side product, triisopropylsilanol (10.1%), unreacted starting material 

TIPS-Cl (11.4%), and the major product, 4-(triisopropylsilyloxy) aniline (78.5%). The dark 

brown viscous oil was collected and used without further purification. 
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(61), (E)-N-(4-Nitrobenzylidene)-4-[(triisopropylsilyl)oxy]aniline 

This synthesis followed the methodology as described in the literature.159 The crude 

mixture of 4-(triisopropylsilyloxy)aniline (0.089g, 0.35mmol) and 4-nitrobenzaldehyde (0.066g, 

0.35mmol) were individually dissolved in hot EtOH (5mL). Both solutions were placed into a 

round-bottom flask and three drops of AcOH was added drop-wise. The reaction mixture was 

stirred for 12 hours at room temperature. The reaction mixture was placed in a -10oC freezer 

where after 30 mins, yellow crystals formed. The yellow crystals were washed with cold MeOH 

and filtered using a Büchner funnel and recrystallized from EtOH. (0.033g; 22% yield); mp 63.1- 

63.8oC (62 - 63oC)159; 1H NMR (400 MHz, d6-acetone) δ/ppm: 8.82 (s,1H), 8.41 (d, 2H, J=8.9Hz), 

8.33 (d, 2H, J=8.9Hz), 8.27 (d, 2H, J=8.9Hz), 8.18 (d, 2H, J=8.9Hz), 1.25 (m, 3H), 1.14 (d,18H, 

J=7.4). 

 

(62), (E)-N-(2,4-dinitrobenzylidene)-4-[(triisopropylsilyl)oxy]aniline  

4-(Triisopropylsilyloxy)aniline (0.089g, 0.35mmol) and 2,4-dinitrobenzaldehyde (0.086g, 

0.44mmol) were individually dissolved in hot EtOH (5mL). Both solutions were placed into a 

25mL round-bottom flask and three drops of AcOH was added dropwise. The reaction mixture 

was stirred for 30 mins after which yellow crystals precipitated from solution. The yellow crystals 

were washed with cold MeOH and filtered using a Büchner funnel and recrystallized from EtOH. 

(0.093g; 62% yield); mp 91.1-91.3oC; 1H NMR (400 MHz, d6-acetone) δ/ppm: 9.09 (s,1H), 8.87 

(d, 1H, J=2.2Hz), 8.67(dd, 1H, J=8.7Hz), 8.60 (d, 1H, J=8.7Hz), 7.41 (d, 2H, J=8.9Hz), 7.04 (d, 

2H, J=8.9Hz), 1.25 (m, 3H), 1.14 (d,18H, J=7.4); 13C NMR (400 MHz, DMSO-d6) δ/ppm: 

155.59, 152.73, 148.83, 148.01, 143.23, 135.20, 131.01, 127.71, 123.33, 120.37, 120.14, 17.74, 

12.07; exact mass (ESI) m/z calcd for C23H31O5N3Si: 457.2033; found: 457.2029; (ATR, 𝜈max/cm-

1): 2944, 2866 (C-H), 1597 (C=N), 1573, 1500 (C=C), 1527, 1340 (N=O), 1262, 880 (Si-C); 

εmax(388nm, 25oC, MeOH) 8.9x103 ± 0.5x103M-1cm-1. 
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The synthesis of 63 was accomplished through the synthesis 4-(tert-

butyldiphenylsilyloxy) aniline. 

 

4-(Tert-butyldiphenylsilyloxy)aniline  

This synthesis followed a similar methodology as described in the literature.194 

4-Aminophenol (0.50 g, 4.6 mmol), imidazole (0.47 g, 6.9 mmol), and dry dichloromethane (50 

mL) were placed sequentially and under magnetic stirring in a 100mL round-bottom flask. Next, 

TBDPS-Cl (1.795 mL, 6.2 mmol) was added. The reaction mixture was stirred under N2 for 36h 

at RT and monitored periodically by GC-MS. Over time the solution went from brown to red. 

After 36h the solution was filtered and the solvent evaporated. GC-MS analysis indicated the 

presence of an impurity, methoxy(tert-butyldiphenyl)silane (7.3%), unreacted starting material, 

TBDPS-Cl (17.2%), and the major product, 4-(tert-butyldiphenylsilyloxy) aniline (75.5%). The 

dark brown viscous oil was collected and used without further purification.  

 

(63), (E)-N-(2,4-dinitrobenzylidene)-4-[(tert-butyldiphenylsilyl)oxy]aniline 

4-(Tert-butyldiphenylsilyloxy)aniline (0.099g, 0.29mmol) and 2,4-dinitrobenzaldehyde 

(0.056g, 0.29mmol) were individually dissolved in hot EtOH (5mL). Both light-yellow colored 

solutions were mixed together into a 25mL round-bottom flask in which the solution immediately 

became a red-orange color. Three drops of AcOH was added drop-wise. The reaction mixture was 

stirred for 30min at room temperature during which the formation of a strong yellow precipitate 

occurred. The precipitate was filtered under vacuum, washed with iced ethanol, and recrystallized 

from ethanol. The dried product was an orange solid (0.0778g, yield 49.3%); mp 123.3-123.5oC; 

1H NMR (400 MHz, d6-acetone) δ/ppm: 9.02 (s,1H), 8.85 (d, 1H, J=2.2Hz), 8.65(ddd, 1H, 

J=8.7Hz, 2.2Hz, 0.7Hz), 8.55 (d, 1H, J=8.7Hz), 7.83-7.74 (m, 4H), 7.53-7.43(m, 6H), 7.27 (d, 
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2H, J=8.9Hz), 6.89 (d, 2H, J=8.9Hz), 1.12 (s,9H); 13C NMR (400 MHz, DMSO-d6) δ/ppm: 

155.01, 152.92, 148.80, 148.00, 143.30, 135.07, 135.02, 131.82, 130.96, 130.31, 128.10, 127.68, 

123.12, 120.12, 26.27, 18.95; exact mass (ESI) m/z calcd for C30H29O5N3Si: 539.1876; found: 

539.1866; (ATR, 𝜈max/cm-1): 2933, 2858 (C-H), 1596 (C=N), 1572, 1500 (C=C), 1525, 1340 

(N=O), 1258, 907 (Si-C); εmax(387nm, 25oC, MeOH) 12.6x103 ± 0.2x103M-1cm-1. 

The synthesis of 64 required the synthesis of 4-amino-2-nitrophenol (which followed the 

methodology as described in the literature)195 and the synthesis of 4-(tert-butyldiphenylsilyloxy)-

2-nitroaniline (which followed the methodology as described in the literature).196  

 

4-Amino-2-nitrophenol 

4-Fluoro-3-nitroaniline (1g, 6.4mmol) was refluxed for 2h in 0.6N NaOH (20mL). After 

cooling the solution was extracted with diethyl ether (3x 50mL) and the ethereal layers discarded. 

The aqueous potions were acidified with conc. HCl to pH 6 (pH paper) and then extracted with 

diethyl ether (3x 50mL). The combined organic layer was dried over MgSO4, filtered and then 

rotary evaporated leaving a dark brown solid which was subsequently dried. The product was a 

dark red crystalline solid; 0.7653g (77% crude yield); mp 126oC (125-126oC)197; 1H NMR (400 

MHz, d6-acetone) δ/ppm: 9.86 (s,1H), 7.34 (d, 1H, J=2.9Hz), 7.13(dd, 1H, J=8.9Hz, 2.9Hz), 6.95 

(d, 1H J=8.9Hz), 4.83 (s, 2H). 

 

4-(Tert-butyldiphenylsilyloxy)-2-nitroaniline 

4-Amino-2-nitrophenol (0.30 g, 1.9 mmol), imidazole (0.2313g, 3.4mmol), and dry 

dichloromethane (30 mL) were placed sequentially and under magnetic stirring in a round-bottom 

flask. Next, TBDPS-Cl (0.551 mL, 3.4mmol) was added. The reaction mixture stirred under N2 at 

RT and monitored periodically by GC-MS. After 36h the solution was filtered and the solvent 

evaporated. A dark-red crystalline solid was collected and used without further purification; mp 
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55.8-57.6oC; GC-MS analysis indicated the presence of an impurity, methoxy(tert-

butyldiphenyl)silane (2.5%), unreacted starting materials, TBDPS-Cl (10%), and 4-amino-2-

nitro-phenol (3.6%), and the major product, 4-(tert-butyldiphenylsilyloxy)-2-nitroaniline (84%). 

The product was used without further purification. 

 

(64), (E)-N-(2,4-dinitrobenzylidene)-4-(tert-butyldiphenylsilyloxy)-2-nitro-aniline 

4-(Tert-butyldiphenylsilyloxy)-2-nitroaniline (0.1337g, 0.34mmol) and 2,4-

dinitrobenzaldehyde (0.0687g, 0.35mmol) were individually dissolved in hot EtOH. The yellow 

colored solutions were mixed together into a 25mL round-bottom flask in which the solution 

immediately became a red-orange color. Three drops of AcOH was added drop-wise. The 

reaction mixture was stirred for 4h at room temperature and placed in the freezer (-10oC) 

overnight where the formation of a strong yellow precipitate occurred. The precipitate was 

filtered under vacuum, washed with iced ethanol and RT methanol and recrystallized from 

ethanol. The dried product was an orange solid (0.093g, yield 47.0% yield); mp 140.5-140.7oC; 

1H NMR (400 MHz, d6-acetone) δ/ppm: 9.12 (s,1H), 8.88 (d, 1H, J=2.3Hz), 8.69 (dd, 1H, 

J=8.6Hz, 2.3Hz), 8.56 (d, 1H, J=8.6Hz), 7.95 (d, 1H, J=2.7Hz), 7.88-7.75 (m, 4H), 7.60-7.44 (m, 

6H), 7.43-7.35 (m, 1H), 6.74 (d, J=8.9Hz), 1.12 (s, 9H); 13C NMR (400 MHz, DMSO-d6) δ/ppm: 

156.27, 149.00, 148.41, 146.84, 142.93, 134.46, 134.93, 131.18, 130.73, 130.40, 128.36, 127.83, 

127.48, 121.49, 120.12, 117.76, 25.84, 18.91; exact mass (ESI) m/z calcd for C29H27O7N4Si: 

571.16435; found: 571.16449; (ATR, 𝜈max/cm-1): 2932, 2859 (C-H), 1602 (C=N), 1605, 1488 

(C=C), 1525, 1343 (N=O), 1263, 895 (Si-C);  

εmax(355nm, 25oC, MeOH) 11.7x103 ± 0.4x103M-1cm-1. 
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5.1.2.3 General methods 

 
Buffers were prepared from N-ethylmorpholine ( pK$

$
a=8.28198) and triethylamine 

( pK$
$

a=10.78199) in EtOH. The total [buffer] for all experiments was at 1.2x10-2M and was 

partially neutralized with HOTf to control the pH$
$ . Stock solutions (1x10-2M) of all silyl ethers 

(61-64) were prepared in EtOH which had to be sonicated and heated prior to use to ensure full 

dissolution. Stock solutions (1x10-2M and 1x10-1M) of substrates BzF, BzCN, DFP, and DECP 

were prepared in dry CH3CN. Stock solutions (1x10-1M) of all tetrabutylammonium salts were 

prepared in MeOH. 

5.1.2.4 General instrumentation  

 
All UV-Vis measurements and kinetic experiments were done in duplicate using a Cary 

50 Bio UV-Vis spectrophotometer thermostatted at 25.0 ± 0.1oC.  All UV-Vis data were analyzed 

with the Varian Cary WinUV Scanning Kinetics Application (Version 3.00) and Varian Cary 

WinUV Kinetics Application (Version 3.00). 1H NMR measurements were carried out on a 

Bruker AVANCE-400MHz NMR Spectrometer and analyzed with the MestReNova NMR 

Software by Mestrelab Research. Chemical shifts (δ) are expressed in ppm. 

5.1.2.5  𝐩𝐇𝐬
𝐬  measurement 

 
pH measurements of solutions were determined using a Radiometer Vit90 equipped with 

an Accumet Model 13-620-292 (Ag/AgCl) combination glass electrode. The inner sleeve was 

filled with a 4M solution of KCl with saturated AgCl. Electrode calibration was accomplished by 

the so-called "practical method"200 immersing it in Fisher standard aqueous buffers at pH 4.0 and 

pH 10.0 followed by rinsing the electrode in anhydrous EtOH or MeOH.  Acidity measurement in 

alcohol gives experimental pH*
$  readings. If working in purely EtOH or MeOH, a (δ) constant is 

subtracted to give the pH$
$ . This method is described by Bates201 for molality scale and by Bosch 
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et al.199,202,203 for a molar correction constant. For MeOH, the reported molal constant was -2.34, 

its molar equivalent being -2.24. In EtOH there are two reported molal constants; -2.91 and -2.36, 

where the mean, -2.54, is used throughout this work. Experiments which were performed in a 1:1 

mixture of EtOH and MeOH (v/v), the molal correction constant was calculated by using molar 

concentrations in a 1:1 (v/v) mixture and multiplying the molar concentration by their respective 

molal constants, the sum equating to the molal correction constant of -2.33. 

5.1.2.6 UV-Vis measurements 

 
Absorbance spectra from 250nm to 600nm and photographs were obtained to assess the 

magnitude of the absorbance change and associated chromogenic change of 64 with the addition 

of anion (F-, CN-, IO4
-, ClO4

-, HSO4
-, NO3

-, CF3SO3
-, Cl-, Br-, I-) by micropipette. An initial 

spectrum was obtained with 4.0×10-5 M 64 in a quartz cuvette in 2.5mL buffered EtOH at pH$
$  

11.8. Spectra and photographs were collected after 10 minutes and 15 minutes following the 

addition of anion by micropipette so that the total concentration in the cuvette was 1.0×10-3M.  

Results are shown in Figure 66. 

5.1.2.7 Solvatochromism studies 

 
Absorbance spectra from 250nm to 600nm and photographs were obtained to assess and 

compare the absorbance and chromogenic changes on the addition of F- and –CN to 64 in buffered 

EtOH, MeOH and 1:1 MeOH:EtOH (v/v). An initial spectrum was obtained with 4.0×10-5 M 64 

in a quartz cuvette in 2.5mL buffered EtOH at pH$
$  11.8 or MeOH at pH$

$  11.5 or 1:1 

MeOH:EtOH (v/v) at pH$
$  11.6. Spectra and photos were collected after 10 minutes and 12 

minutes following the addition of anion by micropipette so that the total concentration in the 

cuvette was 1.0×10-3M. Results are shown in Figure 67 and Figure 68. 
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5.1.2.8 Kinetics 

 
Absorbance vs. time profiles were obtained for the cleavage reaction of 4.0×10-5 M 64 

with the addition of either F- and -CN anions or substrates (BzF, BzCN, DFP, DECP) so that the 

total concentration in the cuvette was 1.0×10-3 M in 2.5mL buffered MeOH at pH$
$  11.5. The 

profiles for the reaction were determined by monitoring the appearance of the phenolate without 

La(OTf)3 at 443nm or in the presence of 1.0×10-3 M La(OTf)3 at 423nm. Control studies were 

conducted without the addition of anion or substrate and without La(OTf)3 or in the presence of 

1.0×10-3 M La(OTf)3. The results are shown in Figure 69 and Figure 70. Select first order rate 

constants, kobs, were obtained by fitting the UV-Vis absorbance vs. time traces to a standard first 

order exponential equation. 

 

5.1.3 Results/Discussion 

 

Since silylated imines 61 to 64 undergo Si-O cleavage forming the phenoxide/phenol 

(depending on the pH), the associated phenols were synthesized concurrently to assess their pK$
$

a 

in MeOH. Table 4 lists the pK$
$

a of the associated phenol in MeOH which corresponds to the 

product of the cleaved silylated imine. The structure of the associated phenols (Figure 71) and the 

pK$
$

a experimental are described in section 5.2.3.1.  

 

Table 4. pK$
$

a in MeOH for phenols 70-72. 

Silylated 

imine 

Associated 

phenol 

pK$
$

a  

(MeOH) 

61 69 13.28 ± 0.03 

62 70 12.82 ± 0.02 

63 70 12.82 ± 0.02 

64 71 10.18 ± 0.06 
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Silylated imine 64 was chosen for an in-depth investigation due to the lower phenol pK$
$

a 

relative to the others. The lower pK$
$

a is a result of the electron withdrawing nitro group in the 

ortho position which stabilizes the negative charge on the phenoxide product at a practical pH$
$ . 

This is important since at higher pH$
$  (>12) the catalytic activity of lanthanides decrease greatly 

due to the formation of higher order La3+
2(-OCH3)n species and/or oligomerization.204–206 As a 

result, all experiments were buffered at a pH$
$  11.5 in MeOH, 11.8 in EtOH or 11.6 in 1:1 

MeOH:EtOH (v/v), which permits catalysis and promotes the formation of the phenoxide (labs 

440nm) following the cleavage of 64. A minor disadvantage is that the ortho nitro group 

diminishes the amount of electronic character from the acceptor which reduces the ICT energy. 

This is qualitatively observed relative to the Si-O cleavage of 63 (without the o-nitro group) 

forming the phenoxide (phenol 70), in which a larger bathochromic shift (labs 490nm) is 

observed. 

5.1.3.1 Anion response 

 

The UV-Vis spectra at the top of Figure 66 demonstrates how the solutions of 64 have an 

initial absorbance maxima at 355nm. Only with the addition of F- and -CN salt substrates does a 

bathochromic shift to 490nm occur.  The resultant spectra were obtained after 10min, but 

demonstrate that at pH$
$  11.8 in buffered EtOH, a practical chromogenic change occurs. The 

bottom of Figure 66 shows a visible representation where all solutions remain a pale yellow after 

the addition of anion except in the presence of F- and CN-. As shown, with 0.05mM 64 a very 

visible chromogenic change to an orange-red color occurs. 
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Figure 66. (Top) Plot of absorbance versus wavelength of 0.05mM 64 in the presence of 1mM F-, 
CN-, IO4

-, ClO4
-, HSO4

-, NO3
-, CF3SO3

-, Cl-, Br-, I- as tetrabutylammonium salts in buffered EtOH 
at pH$

$  11.8. The spectra were collected 10min after the addition of the anions. No metals were 
present. The initial spectrum and other anions (––).  (Bottom) Visual representation of 0.05mM 
64 in buffered EtOH in the presence, from left to right, of 1mM F-, CN-, IO4

-, ClO4
-, HSO4

-, NO3
-, 

CF3SO3
-, Cl-, Br-, I- as tetrabutylammonium salts, and a control with no addition of salts, all in 

buffered EtOH at pH$
$  11.8. The photograph was taken 12 min after the addition of the anions. 

 
 

5.1.3.2 Solvatochromism 

 

Silylated imine 64 was examined separately in the presence of F- and -CN in either 

MeOH, EtOH or a 1:1 (v/v) mixture of both. As observed in  Figure 67 and Figure 68, the 

chromogenic change undergoes a greater bathochromic shift in the order: EtOH > 1:1 > MeOH. 

This could be related to the phenoxide being less stabilized in EtOH and thus containing a larger 

negative charge character on the phenoxide. This is termed negative solvatochromism where the 

increase in solvent polarity leads to increased ground state stabilization relative to the excited 

state.207  Furthermore, response rates with 1mM F- seem to be similar in all solvents but distinctly 
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different when exposed to 1mM -CN. This phenomenon may be due to the stronger solvation for -

CN in the following order: MeOH > 1:1 MeOH:EtOH (v/v) > EtOH, which infers a slower 

cleavage of the Si-O bond.  

	

	

Figure 67. (Left) Plot of absorbance versus wavelength of 0.05mM 64 in the presence of 1mM F- 
in buffered MeOH (---) at pH$

$  11.5, EtOH (-·-) at pH$
$  11.8 and a 1:1 MeOH:EtOH (v/v) (···) at 

pH$
$  11.6. All spectra were collected 10min after the addition of F-. Initial spectra recorded (––) in 
all solvents. (Right) Cuvette from left to right: 15 min after addition of 1mM F- in MeOH, 1:1 
MeOH:EtOH (v/v), EtOH, no addition of F- in MeOH. 

	

	

	

	

Figure 68. (Left) Plot of absorbance versus wavelength of 0.05mM 64 in the presence of 1mM 
CN- in buffered MeOH (---) at pH$

$  11.5, EtOH (-·-) at pH$
$  11.8 and a 1:1 MeOH:EtOH (v/v) 

(···) at pH$
$  11.6. All spectra were collected 10 min after the addition of CN-. Initial spectra 

recorded (––) in all solvents. (Right) Cuvette from left to right: no addition of CN-  in MeOH, 
15min after addition of 1mM CN- in MeOH, 1:1 MeOH:EtOH (v/v), EtOH. 
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5.1.3.3 Non-MICA integration   

 

Since it has been previously determined that MICA is much more rapid in MeOH than 

EtOH,208 MeOH was chosen as the main solvent system to examine the kinetic response in the 

presence of 1mM BzF, DFP, BzCN, and DECP substrates, and –CN and F- tetrabutylammonium 

salts. The absorbance change was monitored at 443nm over a period of 60mins.  Figure 69 

demonstrates that both the F- tetrabutylammonium salt and the F- produced from the 

decomposition of the BzF substrate cleaves 64 rapidly whereas the cyanide salt, cyanide-

containing substrates and DFP do so much slower.  A control study where no substrate was added 

demonstrated that, over time, 64 is not stable in basic conditions ( pH$
$  11.5) and slowly undergoes 

base induced cleavage. A kobs with 1mM BzF was determined to be 0.0022s-1 equating to a half-

life of 5.33min. In the presence of 1mM F-, a kobs was determined to be 0.0033s-1 equating to a 

half-life of 3.50min.   

 

 

Figure 69. Plot of the progress of the cleavage at 443nm of 0.05mM 64 in buffered MeOH at pH$
$  

11.5, without La3+ and 1mM substrates, F- (Æ), CN-(¡), BzF(r), BzCN (£), DFP(Í), 
DECP(¯), and a control without substrate added (���).  
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5.1.3.4 MICA integration  

 

To demonstrate the overall effectiveness of 64 with the MICA methodology, similar 

studies were performed in the presence of 1mM La(OTf)3. Substrates BzF, DFP, BzCN, and 

DECP, and -CN and F- tetrabutylammonium salts were added (so that the total concentration was 

1mM) to the solution containing 0.05mM 64 in buffered MeOH at pH$
$  11.5. Figure 70 

demonstrates a smaller absorbance increase with a maximum absorbance at 423nm, not at 443 as 

seen before without the presence of La3+.  This hypsochromic shift in the maximum absorbance 

can be attributed to the coordination of the phenoxide with the La3+ which is amplified by the 

nitro group oxygen in the ortho position.209 It is also demonstrated that cyanide-based substrates 

and salts allow for a greater chromogenic change over time compared to the fluoride-based 

substrates.  This can be explained by the stronger affinity of F- to coordinate with La3+ (~657 

kJmol-1), than Si (565 kJmol-1).190 The soft character of –CN has a limited affinity for La3+ and 

remains available in solution to cleave the Si-O bond. Control studies demonstrate the instability 

of 64 in basic conditions. 

 

Figure 70. Plot of the progress of the cleavage at 423nm of 0.05mM 64 in buffered MeOH at pH$
$  

11.5, in the presence of 1mM La3+ and 1mM substrates, F- (Æ), CN-(¡), BzF(r), BzCN (£), 
DFP(Í), DECP(¯), and a control without substrate added (���). 
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5.1.4 Conclusion 

 

This work with silyl ethers, specifically 64, demonstrate that it is in fact possible to detect 

for the presence of F- and -CN salts in buffered alcohol at relatively high pH$
$ .  Unfortunately, on 

the addition of catalyst, La(OTf)3, the sensitivity is diminished due to the coordination to La3+ of 

both the fluoride and the phenoxide product produced from the cleavage of the silyl moiety. 

Control studies have also demonstrated that auto-cleavage of the Si-O bond occurs without 

addition of substrate, albeit slowly.  

We have also shown (not described here) that base induced cleavage does not occur at 

lower pH$
$  ~8, but the chromogenic response is greatly affected. Altering the C=N bond to a N=N 

may lower the pKa of the phenol product and enhance the bathochromic shift. The replacement of 

the ortho-nitro group with non-coordinating electron withdrawing groups such as CF3 may 

prevent the strong association with Mn+ and permit a larger bathochromic shift. If a MICA 

strategy is to be implemented, the use of the top row transition metals (M2+) instead of 

lanthanides (M3+) may prevent fluoride competition, thus enhancing the rate of cleavage of Si-O 

groups with fluoride containing substrates. 
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5.2 Strategy 2-1 – Displacement Mechanism – phenol 

 

5.2.1 Introduction 

 

According to Pearson's Hard and Soft, Acids and Bases (HSAB) theory210 La3+ cations 

are classified as hard Lewis acids that have a large affinity to coordinate with strong Lewis bases 

such as the F- anion.  The results of the first strategy motivated us to explore an indication 

methodology based on a displacement mechanism seen in Scheme 4 where an ionized 

chromogenic sensor, weakly coordinated to a La3+, could be displaced from the metal ion due to 

its preferential binding with F-. As indicated earlier, F- has a very high affinity for the lanthanides 

so much so that LaF3 is insoluble in aqueous solution. 

 

Scheme 4.  La3+- phenoxide displacement mechanism with fluoride substrate. 
 

Multiple commercially available indicators consisting of either one of, or a combination 

of, carboxylic, phenol or sulfonyl moieties were anticipated to associate with La3+. Due to their 

simplicity and availability, phenols were initially studied as indicators for this displacement 

mechanism.  The issue with phenols is that they have high pKa in alcohols due to the poor 

solvation of the phenoxide, i.e. 4-nitrophenol pK$
$

a 11.30 in MeOH and a pKa$
$  11.79 in EtOH 

compared with pK*
*

a of 7.15 in water.208  Fortunately, lanthanides, specifically La3+, can weakly 

associate with the phenolic oxygen and establish a stabilizing effect which can assist in lowering 

the pKa. Encouraged by this association and stabilization, it was postulated that the production of 
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F- through MICA could displace the phenoxide from La3+. Once displaced into solution and 

depending on the pH$
$ , a chromogenic change could occur. Figure 71 exhibits a series of phenols 

which were either obtained commercially or synthesized.  
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68 NO2 NO2  
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Figure 71.  Series of phenols with chromophoric cores obtained commercially (65-67) or 
synthesized (68-72). 
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5.2.2 Experimental  

5.2.2.1 Materials 
 

Methanol (HPLC) and diethyl ether were obtained from Fisher and used as received. 

Ethanol (99.8%, anhydrous) was obtained from Commercial Alcohols and stored under an argon 

atmosphere and freshly dispensed for each experiment.  Dry dichloromethane and acetonitrile 

were obtained from EMD Chemical and used as received. Lanthanum trifluoromethanesulfonate 

was purchased from Aldrich and used as received. Benzoyl fluoride, benzoyl cyanide, and O,O'-

diethyl cyanophosphonate was purchased from Sigma-Aldrich. O,O'-Diisopropyl fluorophosphate 

was purchased from Toronto Research Chemicals and used as received. Tetra-n-butylammonium 

salts of perchlorate, periodate, bisulfate, triflate, nitrate, bromide, cyanide and iodide were 

purchased from Aldrich while the chloride and fluoride were purchased from Fluka, all used as 

received. Triethylamine, N-ethylmorpholine, and 1.0M tetrabutylammonium hydroxide solution 

in MeOH was purchased from Sigma-Aldrich and used as received.  4-Fluoro-3-nitroaniline 

purchased from Alfa Aesar and used as received. 2-Nitrophenol, 2,4-dinitrophenol, 4-

phenylazophenol, 4-nitroaniline, 4-aminophenol, 4-nitrobenzaldehyde, 2,6 diphenylphenol was 

purchased from Sigma-Aldrich and used as received. 2,4-Dinitrobenzaldehyde was purchased 

from Accela Chem and used as received. Glacial acetic acid, concentrated hydrochloric acid and 

sodium hydroxide pellets were purchased from Fisher Scientific and used as received.  

5.2.2.2 Syntheses  

 

(68), (E)-4-((2,4-dinitrophenyl)diazenyl)-2-nitrophenol 

This compound was synthesized following the diazonium coupling reaction adapted from 

the literature.211  A solution of sodium nitrite (0.351 g, 5 mmol) in 10mL water was added 

dropwise to a solution of 4-nitroaniline (0.619 g, 4.5 mmol) in 10 mL of deionized water 

containing 2.1 mL of concentrated HCl in an ice bath with stirring. After 45 min, 2-nitrophenol 
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(1.154 g, 8.3 mmol), NaOH (0.3904g, 9.7 mmol), and NaHCO3 (0.377 g, 4.5 mmol) were added 

into 50 mL of deionized water in an ice bath. The diazonium solution was then added dropwise to 

this followed by vigorous stirring for 2h. The precipitate formed was filtered and dried under 

vacuum, and recrystallized from ethanol to obtain a red-colored solid. (1.2g, 80.0% yield) mp 

212oC (212oC);212 1H NMR (400 MHz, d6-acetone) δ/ppm: 8.58 (s,1H), 8.37 (d, 2H, J=9.1Hz), 

7.98 (d, 2H, J=9.1Hz), 7.92 (d, 1H, J=9.5Hz), 6.73 (d, 1H, J=9.5Hz). 

 

(69), (E)-4-((4-nitrobenzylidene)amino)phenol 

This compound was synthesized following a procedure adapted from the literature.158 
4-

Nitrobenzaldehyde (0.093g; 0.62 mmol), and 4-aminophenol (0.067 g; 0.62 mmol) were stirred in 

ethanol (5 mL) in a round-bottom flask. The mixture was slowly heated to ensure the 

solubilization of the reactants and then two drops of acetic acid were added. The color of the 

solution changed from yellow to dark orange. The reaction mixture was stirred at room 

temperature for 2h and then left to stand overnight. The resulting solid was filtered, washed with 

cold ethanol, recrystallized from methanol and dried. A yellow solid was collected; (0.0632g, 

42% yield); mp 169-169.2oC (176oC);213 1H NMR (400 MHz, d6-acetone) δ/ppm: 8.81 (s,1H), 

8.36 (d, 2H, J=8.9Hz), 8.20 (d, 2H, J=8.8Hz), 7.34 (d, 2H, J=8.8Hz), 6.92 (d, 2H, J=8.8Hz). 

 

(70), (E)-4-((2,4-dinitrobenzylidene)amino)phenol 

This compound was synthesized following a procedure adapted from the literature.191 2,4-

Dinitrobenzaldehyde (0.1024 g; 0.52 mmol) and 4-aminophenol (0.0569g; 0.62 mmol) were 

stirred in ethanol (5 mL) in a round-bottom flask. The mixture was slowly heated to ensure the 

solubilization of the reactants and then two drops of acetic acid were added. The color of the 

solution changed from yellow to dark orange. The reaction mixture was stirred at room 

temperature for 4 h and then left to stand overnight. The resulting solid was filtered, washed with 



 

111 

 

cold ethanol, recrystallized from methanol, and dried. A yellow-orange solid was collected; 

(0.0770g, 51% yield); mp 158.5-159.3oC (156-157.2oC);191 1H NMR (400 MHz, d6-acetone) 

δ/ppm: 9.08 (s,1H), 8.86 (d, 1H, J=2.0Hz), 8.66 (m, 1H), 8.60 (m, 1H), 7.38 (d, 2H, J=8.7Hz), 

6.95 (d, 2H, J=8.7Hz). 

 

(71), (E)-4-((2,4-dinitrobenzylidene)amino)-2-nitrophenol 

4-Amino-2-nitrophenol (synthesized in section 5.1.2.2) (0.0696g, 0.45mmol) and 2,4-

dinitrobenzaldehyde (0.0886 g; 0.45 mmol) were stirred in ethanol (5 mL) in a round-bottom 

flask. The mixture was slowly heated to ensure the solubilization of the reactants and then two 

drops of acetic acid was added. The color of the solution changed from yellow to dark orange. 

The reaction mixture was stirred at room temperature for 4h and then left to stand overnight. The 

resulting solid was filtered, washed with cold ethanol, recrystallized from methanol and dried. An 

orange-yellow solid was collected; (0.0420g, 28% yield); mp 164oC; 1H NMR (400 MHz, d6-

acetone) δ/ppm: 9.21 (s,1H), 8.90 (d, 1H, J=2.3Hz), 8.71 (dd, 1H, J=8.6Hz, 2.3Hz), 8.62 (d, 1H, 

J=8.6Hz), 8.14 (d, 1H, J=2.6Hz), 7.83 (dd, 1H, J=8.9Hz, 2.6Hz), 7.33 (d, 1H, J=8.9Hz); 13C 

NMR (400 MHz, DMSO-d6) δ/ppm:154.90, 151.70, 148.98, 148.29, 140.95, 137.05, 134.67, 

131.13, 129.13, 127.79, 120.15, 119.98, 117.87; exact mass (EI) m/z calcd for C13H8O7N4: 

332.0393; found: 332.0388; (ATR, 𝜈max/cm-1): 3279 (OH), 3084 (C-H), 1583 (C=N), 1631, 1426 

(C=C), 1515, 1328 (N=O), 1254 (C-O). 

 

The synthesis of 72 was accomplished through the synthesis of 4-amino-2,6-

diphenylphenol. 4-amino-2,6-diphenylphenol was synthesized according to the procedure 

described in the literature.214   

 

 



 

112 

 

4-amino-2,6-diphenylphenol 

Sodium nitrite (1g, 14.4mmol) was added portion-wise over a 20min period to a cooled 

(0oC-5oC) round bottom flask containing 2,6-diphenylphenol (1g, 4.0 mmol), AcOH (30mL), 

distilled H2O (3mL). The deep red solution was left to stir for an additional 30min. The 

suspension was then poured into ice cold water (150mL) followed by filtration and collection of 

the red-beige colored precipitate. The precipitate was then redissolved in boiling EtOH and 

filtered hot. To the red filtrate was added 200 mesh granular tin (0.8g, 6.8mmol) and concentrated 

HCl (3mL) followed by gentle reflux for 20min at 120oC until the solution decolorized to a pale 

yellow. The solution was decanted using gravity filtration, concentrated to 10mL by rotary 

evaporation and poured into ice cold water. The precipitate was subsequently filtered using a 

Buchner funnel, washed with H2O and dried. (0.5773g, 55% yield); mp 149oC (149-150oC);215 1H 

NMR (400 MHz, d6-acetone) δ/ppm: 7.60 (d,4H), 7.46 (dd, 4H), 7.38(dd, 2H), 7.18(s, 2H).  

 

(72), (E)-4-((2,4-dinitrobenzylidene)amino)-2,6-diphenylphenol 

4-Amino-2,6-diphenylphenol (0.089g, 34mmol) and 2,4-dinitrobenzaldehyde (0.0669 g, 

0.45 mmol) were stirred in ethanol (5 mL) in a round-bottom flask. The reaction mixture was 

slowly heated to ensure the solubilization of the reactants and then two drops of acetic acid were 

added. The color of the solution changed from yellow to dark orange. The reaction mixture was 

stirred at room temperature for 6h and then left to stand overnight. The resulting solid was 

filtered, washed with cold ethanol, recrystallized from methanol, and dried. An orange solid was 

collected; (0.0787g, yield 52%); mp 128-129oC (126.1-126.9oC);191 1H NMR (400 MHz, d6-

acetone) δ/ppm: 9.23 (s,1H), 8.86 (d, 1H, J=2.2Hz), 8.65 (m, 2H), 7.64 (m, 4H), 7.48 (m, 4H), 

7.40 (m, 4H).  
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5.2.2.3 General methods 

 
Buffers were prepared from N-ethylmorpholine ( pKa$

$ =8.28198) and triethylamine 

( pKa$
$ =10.78199) in EtOH. The total [buffer] for all experiments remained at 1.2x10-2M and was 

partially neutralized with HOTf to control the pH$
$ . Stock solutions of all phenols (5-12) were 

prepared in EtOH at 1x10-2M concentration. Stock solutions of substrates (1x10-2M and 1x10-1M) 

BzF, BzCN, DFP, and DECP, were prepared in dry CH3CN. Stock solutions (1x10-1M) of all 

tetra-n-butylammonium salts were prepared in MeOH. 

5.2.2.4 General instrumentation 

 
GC-MS analysis was conducted on a PerkinElmer Clarus 680 gas chromatograph paired 

with a Clarus 600T mass spectrometer equipped with an Elite-5MS column (25 m x 0.25 mm i.d., 

0.25 mm film thickness) obtained from PerkinElmer. An experimentally determined calibration 

curve gave a limit of detection of 0.00625mM (1.15ppm) for DFP and 0.0125mM (2.03ppm) for 

DECP. All UV-Vis measurements and kinetic experiments were done in duplicate using a Cary 

50 Bio UV-Vis spectrophotometer thermostatted at 25.0 ± 0.1oC.  All UV-Vis data were analyzed 

with the Varian Cary WinUV Scanning Kinetics Application (Version 3.00) and Varian Cary 

WinUV Kinetics Application (Version 3.00). All experiments were performed in atmospheric 

conditions and conducted in a 1cm path length quartz UV cuvette. 1H NMR measurements were 

carried out on a Bruker AVANCE-400MHz NMR Spectrometer and analyzed with the 

MestReNova NMR Software by Mestrelab Research. Chemical shifts (δ) are expressed in ppm. 

5.2.2.5   𝐩𝐇𝐬
𝐬  measurement 

pH measurements of solutions were determined using a Radiometer Vit90 equipped with 

an Accumet Model 13-620-292 (Ag/AgCl) combination glass electrode. The inner sleeve was 

filled with a 4M solution of KCl with saturated AgCl. Electrode calibration was accomplished by 
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the so-called "practical method"200 immersing it in Fisher standard aqueous buffers at pH 4.0 and 

pH 10.0 followed by rinsing the electrode in anhydrous EtOH or MeOH.  Acidity measurement in 

alcohol gives experimental pH*
$  readings. If working in purely EtOH or MeOH, a (δ) constant is 

subtracted to give the pH$
$ . This method is described by Bates201 for molality scale and by Bosch 

et al.199,202,203 for a molar correction constant. For MeOH, the reported molal constant was -2.34, 

its molar equivalent being -2.24. In EtOH there are two reported molal constants; -2.91 and -2.36, 

where the mean, -2.54, is used throughout this work. 

5.2.2.6  𝐩𝐊𝐬
𝐬

a determination 

 
 pK$

$
a for phenols 65-72 were determined through spectrophotometric titrations. All 

experiments were performed in duplicate. A 1cm path length UV cell was charged with 0.1mM of 

phenol (65-72) in 2.5mL of HPLC grade MeOH. Small aliquots of a 100mM solution of 

tetrabutylammonium hydroxide in methanol were slowly titrated in small increments (0.004mM 

to 0.05 mM). After each addition, the UV-Vis spectrum (250nm-650nm) of the mixture was 

collected using a Cary 50 Bio UV-Vis spectrophotometer thermostatted at 25.0 ± 0.1oC. The 

absorbance values (appearance of the phenoxide (ionized phenol), Table 5) were corrected for the 

volume change and was plotted against the –log[H+] in solution. The titration data were analyzed 

with Equation (1) and the average pK$
$

a values were determined and are listed in Table 5. 

 

log(abs) = log(A	 ∗
K7

K7 + 	 H9
+	A:		 (1) 

 

For Equation (1), A is the overall absorbance change one would expect from converting 

one species completely to another, and Ao is the initial absorbance when the initial species 
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(phenol 65-72) exists in 100%. –log[H+] is the measured pH$
$  in MeOH and Ka is the dissociation 

constant of interest. 

5.2.2.7 Determination of absorbance maxima (λmax) 

 
The absorbance λmax’s for phenols 65-72 were collected by charging a cuvette with 

0.1mM of phenol (65-72) in 2.5mL of buffered MeOH at pH$
$  8.5. The initial UV-Vis spectrum 

(250-650nm), as well as the UV-Vis spectrum in the presence of 1mM La(OTf)3, were collected 

and the λmax recorded. Furthermore, 15 aliquots of TBAF were added by micropipette, so that a 

total concentration of 3mM TBAF was present in the cuvette. Following each aliquot addition, 

the change in absorbance was recorded and is summarized in Table 6. 

 
5.2.2.8 Displacement first order rates  

 
The first order rate constants, kobs, were determined by monitoring the rate of 

displacement of 0.04mM phenol (65-72) from the phenol:La3+ complex. The change of 

absorbance was monitored at the λmax of the phenol:La3+complex as listed in Table 7. DFP was 

added (so that its total concentration was 0.3mM) by micropipette to a 1cm path length cuvette 

charged with 1mM La(OTf)3 in 2.5mL buffered MeOH at pH$
$  8.6. The first order rate constants 

were obtained by fitting the UV/Vis absorbance vs. time traces to a standard first order 

exponential equation. The kobs are summarized in Table 7. 

5.2.2.9  Sensitivity 

 
A 1cm path length UV cell was charged with varying concentrations of 65 (0.04mM, 

0.08mM, 0.16mM) in the presence of 1mM La3+. The change in absorbance at 340nm was 

monitored with the addition of TBAF, BzF, and DFP by micropipette, so the total concentration 

of TBAF, BzF, and DFP was 1mM in 2.5mL buffered MeOH at pH$
$  8.5. The UV-Vis spectrum 
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(250-650nm) was collected 3 seconds after each addition. The change in absorbance for each 

substrate vs. [65] is plotted in Figure 73. 

5.2.2.10 Anion and substrate response 

 
Absorbance spectra from 250nm to 600nm were obtained to assess the magnitude of 

absorbance change for 65 with the addition of a variety of anions (F-, CN-, IO4
-, ClO4

-, HSO4
-, 

NO3
-, CF3SO3

-, Cl-, Br-, I-) and substrates (DECP, DCP, and DFP). An initial spectrum was 

obtained with 0.08mM 65 and 1mM La(OTf)3 in 2.5mL buffered MeOH at pH$
$  8.5. Spectra were 

collected 5 minutes after the addition of anion or substrate, so that the final concentration was 

2mM of anion or 0.3mM of substrate. Spectra are superimposed and are recorded in Figure 74 for 

anion addition and Figure 75 for substrate addition. 

5.2.2.11 Substrate kinetics 

 
The first order rate constants, kobs, were determined by monitoring the displacement of 

0.08mM 65 from La3+ at 348nm following the addition of DFP by micropipette so that the total 

concentration in the cuvette was 0.1mM DFP in 2.5mL buffered EtOH at pH$
$  8.6.  The 

concentration of La3+ was varied from 0.6mM to 1.4mM. The first order rate constants were 

obtained by fitting the UV/Vis absorbance vs. time traces to a standard first order exponential 

equation (kobs). The second order rate constant, k2
obs, was determined from the slope of kobs vs. 

[La(OTf)3] plot in Figure 76. 
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5.2.3 Results/Discussion    

5.2.3.1 𝐩𝐊𝐬
𝐬

a and absorbance maxima  

 

The	 pK$
$

a of phenols 65-72, as well as the maximum absorbance in their non-ionized and 

ionized states, are summarized in Table 5. Phenols 68 – 72, when ionized, exhibit a bathochromic 

shift due to the extended conjugation in their structures.  Due to the lack of electron withdrawing 

groups in both the acceptor and the donor, 69 has the largest pK$
$

a.  The pK$
$

a of 68 is lower than 

71 since the azo group is more efficient at withdrawing electrons due to greater conjugation.216  

 

Table 5. Summary of pK$
$

a and absorbance maxima in non-ionized and ionized forms of phenols 
65-72. The error limits are from duplicate analysis. 

Phenol pK$
$

a in MeOH 
Phenol  

Absmax 

Phenoxide 

Absmax 

65 11.01 ± 0.03 295nm 375nm 

66 7.58 ± 0.03 276nm 340-385nm 

67 10.29 ±0.08 333nm 386nm 

68 9.05 ± 0.07 335nm 400-440nm 

69 13.28 ± 0.03 363nm 436nm 

70 12.82 ± 0.02 371nm 490nm 

71 10.18 ± 0.06 339nm 443nm 

72 12.76 ± 0.08 390nm 570nm 

 

5.2.3.2 Displacement strategy  

 

The displacements of phenols 65-72 from La3+ were investigated at two different pH$
$  in 

MeOH, 8.5 and 11.5, but further studies were performed at the former since maximum catalysis 

via MICA occurs close to neutral pH$
$ . Table 6 lists the absorbance maxima of the phenols in 

buffered conditions at pH$
$  8.5 in MeOH, the absorbance maxima in the presence of 1mM La3+, 
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and the concentration of F- required to displace the phenoxide from La3+ to return to the initial 

absorbance.  Phenols 66, 68 and 71 which contain o-nitro groups are not displaced from La3+ on 

the addition of F-. This can be attributed to the strong bidentate coordination to La3+ by both the 

phenolic oxygen and the o-nitro group oxygen.217 By contrast, phenols 65, 67, 69 and 70 require 

2mM of F- to completely displace the phenoxide from the La3+. There is no shift in an absorbance 

maximum with 72, most likely due to the bulky phenyl groups in the ortho-position which may 

prevent La3+ from associating with the phenol.  

As observed for phenols 65-71, a hypsochromic shift occurs on displacement to give the 

phenol species at pH$
$  8.5. This hypsochromic shift reduces the practicality of using these 

phenols, but the displacement system was further explored as a proof of concept. 

 

Table 6. Summary absorbance maxima of 0.04mM phenol 65-72 in MeOH, 1mM La3+, and  
[F-] required for displacement. All solutions buffered at pH$

$  8.5 in MeOH. mpg = minimal peak 
growth.  

Phenol 
Initial absmax 

pH$
$  8.5 

Absmax with 

1mM La3+ 

[F-] 

required  

65 295nm 348nm 2mM 

66 340nm 320nm N/A 

67 333nm 374nm (mpg) 2mM 

68 400 to 470nm 373nm N/A 

69 363nm 426nm (mpg) 2mM 

70 384nm 459nm (mpg) 2mM 

71 346nm 410nm N/A 

72 391nm 391nm N/A 

 

Figure 72 provides an example and demonstrates the distinct absorbance maxima of 65 in 

its ionized and non-ionized forms, as well as when associated with the La3+. The absorbance 

peaks are observed at pH$
$  8.5, 11.5, and the association with 1mM La3+ at either pH$

$  in MeOH.  
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The different ionized, non-ionized and associated forms occur at distinct absorbance maxima 

where they can be used to monitor the rates of displacement or association reactions.  

 

Figure 72. UV-visible spectrum of 0.08mM 65 at	 pH$
$  8.5 (––), at pH$

$ 	11.5 (---), and at both pHs
s  

values with 1mM La3+ (···). All solutions are in MeOH. 

 
Table 7 summarizes first order rate constants, kobs, and the change in absorbance that is 

observed when F- produced from the MICA of DFP displaces the phenol. The addition of 0.3mM 

DFP to 0.04mM of phenol associated with 1mM La3+ demonstrates similar kobs, with phenols 65, 

67, 69, and 70 but dissimilar absorbance changes. No kobs values are determined for phenols 66, 

68, 71, and 72 for reasons described above. GC-MS analysis of all solutions immediately after 

UV-VIS analysis demonstrated that no DFP remained. Due to the rate and large absorbance 

change only phenol 65 was selected to be further investigated as a proof of concept of the 

displacement strategy.  
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Table 7. Summary of kobs and absorbance changes with the addition of 0.3mM DFP, in the 
presence of 1mM La3+, and 0.04mM of phenol 65-72 in 12mM ETMO buffered EtOH at pH$

$  8.8.  
Error limits are estimated at ±5% for kobs values. 

Phenol Initial peak 

with La3+ 

kobs  Absorbance 

change 

65 348nm 0.026s-1 0.09 

66 320nm N/A N/A 

67 375nm 0.027s-1 0.07 

68 373nm N/A N/A 

69 426nm 0.028s-1 0.01 

70 459nm 0.027s-1 0.02 

71 410nm N/A N/A 

72 391nm N/A N/A 

 

5.2.3.3 Sensitivity  

 

The data in Figure 73 demonstrate how, by proportionally increasing [65] in a system 

containing 1mM La3+ buffered at pH$
$  8.5 in MeOH a roughly linear, proportional and similar 

response is observed with the addition of BzF, DFP or TBAF substrates. This exemplifies that the 

F- produced via MICA of DFP, is just as effective at displacing 65 from the La3+:65 complex as 

the addition of TBAF or methanolysis of BzF. Since all three substrates produce very similar 

absorbance changes that are immediate following the addition of substrate, it is apparent that the 

catalyzed MICA of DFP occurs at a fast rate. This is further exemplified by the kinetic profile in 

Figure 76. 
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Figure 73. Plot of absorbance change at 348nm versus [65] in the presence of 1mM F- (Æ), 1mM 
BzF (r) or 1mM DFP (Í). Each point is representative of the reaction when an addition of 
substrate is placed in solution with varying [65] and 1mM La(OTf)3 in buffered MeOH at pH$

$  
8.5. The absorbance change recorded occurs immediately following addition of substrate. 
 

5.2.3.4 Anion and substrate study 

 

To determine which substrates would promote displacement of 65 from the La3+:65 

complex, 2mM of F-, CN-, IO4
-, ClO4

-, HSO4
-, NO3

-, CF3SO3
-, Cl-, Br-, I-  tetrabutylammonium 

salts were added to the solution containing 1mM La3+, 0.08mM 65 in buffered MeOH at pH$
$  8.5. 

Figure 74 demonstrates a hypsochromic shift from 348nm to 290nm with IO4
-, F-, HSO4

-  and 

less-so, NO3
- and Cl- which indicate these anions promote displacement. The results follow 

HSAB theory, in which these salts contain either hard oxygen atoms or are hard Lewis bases 

which can coordinate with the La3+ and ultimately displace 65.  
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Figure 74. Plot of absorbance versus wavelength of 0.08mM 65 and 1mM La(OTf)3 in the 
presence of 2mM F-, CN-, IO4

-, ClO4
-, HSO4

-, NO3
-, CF3SO3

-, Cl-, Br-, I- as tetrabutylammonium 
salts in buffered MeOH solution at pH$

$  8.5. All spectra were collected 5 min after the addition of 
the anions. The initial spectrum and other anions (––).  
 
 
 

Additionally, the response to three organophosphate substrates DFP, DCP, and DECP 

with different leaving groups; F-, Cl-, and -CN, respectively, were investigated. All three 

substrates were added to a solution to 0.08mM 65 associated with 1mM La3+ in buffered MeOH 

at pH$
$  8.5. Figure 75 illustrates the changes in absorbance following MICA of these substrates. In 

the presence of 0.3mM DCP, there is a minimal absorbance change, whereas, a much larger one 

is observed in the presence of 0.3mM DFP. The presence of 0.3mM DECP is not observed to 

displace the phenol, although GC-MS analysis has confirmed that it undergoes alcoholysis. This 

further enforces that although the displacement strategy is not selective towards the hard salts, it 

is selective towards organophosphates with F- leaving groups.  
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Figure 75. Plot of absorbance change versus wavelength in the presence of 0.08mM 65, 1mM 
La(OTf)3 and following the addition of 0.3mM DFP (---), 0.3mM DCP (···) and 0.3mM DECP   
(-·-) and the initial spectrum (––), in buffered MeOH at pH$

$  8.5. All spectra were collected 
immediately after the addition of substrates. 
 
 

5.2.3.5 Kinetics 

 

To assess the kinetic profile of the displacement strategy, second order rate constant, 

k2
obs, was determined with 0.1mM DFP. First order rate constants, kobs, were determined with the 

displacement of 0.08mM 65 at different [La3+] in buffered EtOH pH$
$  8.8 and plotted in Figure 

76. The k2
obs was determined to be 18.0± 0.9 M-1s-1.   
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Figure 76. Plot of kobs vs [La(OTf)3] for the catalyzed ethanolysis of 0.1mM DFP (r) determined 
from the rate of displacement of 0.08mM 65 from the La3+:65 complex at 348nm in buffered 
EtOH at pH$

$  8.8. Average value of duplicates presented for kobs. Linear regression of the data 
gives k2

obs =18.0± 0.9 M-1s-1, r2=0.993.  
 
 

5.2.4 Conclusion 

 

The displacement mechanism with phenols not containing chelating ortho- groups (i.e., 

nitro, or hydroxyl groups) can be an effective strategy in the determination of 

phosphonofluoridates in combination with the MICA methodology. Unfortunately, phenols have 

relatively high pKa in alcohol which result in the lack of a practical chromogenic change in 

neutral conditions.  In future, a variety of phenols should be studied which contain ortho-electron 

withdrawing groups, such as CF3, which will lower the pKa but not coordinate with La3+. 
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5.3 Strategy 2-2: Displacement Mechanism – propyl red 

5.3.1 Introduction 

 

The displacement strategy was further explored with commercially available pH 

indicators which undergo distinct chromogenic changes. Most indicators containing a variety of 

moieties such as phenols, carboxyl, and sulfonyl groups are known to coordinate with La3+ and 

have been used as complexometric indicators. Over 50 different commercially available 

indicators and dyes were qualitatively screened218 where, only one, propyl red, PR, was 

determined to undergo practical chromogenic changes when associated (yellow) and displaced 

(orange-red) from La3+ at neutral pH$
$  in both MeOH and EtOH.  

 

Figure 77. Structure of propyl red, PR 
 

5.3.2 Experimental 

5.3.2.1 Materials 

 
Methanol (HPLC grade) was obtained from Fisher and used as received. Ethanol (99.8%, 

anhydrous) was obtained from Commercial Alcohols and stored under an argon atmosphere and 

freshly dispensed for each experiment.  Dry acetonitrile was obtained from EMD Chemical and 

used as received. Lanthanum trifluoromethanesulfonate was purchased from Sigma-Aldrich and 

used as received. Benzoyl fluoride was purchased from Sigma-Aldrich and used as received. 
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Diisopropyl fluorophosphate was purchased from Toronto Research Chemicals and used as 

received. Tetra-n-butylammonium salts of perchlorate, periodate, bisulfate, triflate, nitrate, 

bromide, cyanide and iodide were purchased from Aldrich while the chloride and fluoride were 

purchased from Fluka, all used as received. N-Ethylmorpholine was purchased from Sigma-

Aldrich and used as received. Propyl Red was purchased from Sigma-Aldrich and used as 

received. Sodium methoxide was received in a SureSealTM bottle as a 0.5M solution in MeOH 

which was diluted to make a stock solution of 50mM. Tetrabutylammonium hydroxide solution 

(1.0M) in MeOH was purchased from Sigma-Aldrich and used as received. 

5.3.2.2 General methods 

 
Buffers were prepared from N-ethylmorpholine ( pK$

$
a=8.28198) in MeOH. The total 

[buffer] for all experiments remained at 1.2x10-2M and was partially neutralized with HOTf to 

control the pH$
$ . Stock solutions of substrates (1x10-2M and 1x10-1M) BzF, BzCN, DFP, and 

DECP were prepared in dry CH3CN. Stock solutions (1x10-1M) of all tetrabutylammonium salts 

were prepared in MeOH. 

5.3.2.3 General instrumentation 

 
All UV-Vis measurements and kinetic experiments were done in duplicate using a Cary 

50 Bio UV-Vis spectrophotometer thermostatted at 25.0 ± 0.1oC.  All UV-Vis data were analyzed 

with the Varian Cary WinUV Scanning Kinetics Application (Version 3.00) and Varian Cary 

WinUV Kinetics Application (Version 3.00). All experiments were performed in atmospheric 

conditions and conducted in a 1cm path length quartz UV cuvette.  
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5.3.2.4 Anion and substrate response 

 
Absorbance spectra from 250nm to 600nm were obtained to assess the magnitude of 

absorbance change of PR with the addition of a variety of anions (F-, CN-, IO4
-, ClO4

-, HSO4
-, 

NO3
-, CF3SO3

-, Cl-, Br-, I-) and substrate (DFP). An initial spectrum was obtained with 0.05mM 

PR and 1mM La(OTf)3 in 2.5mL buffered MeOH at pH$
$  8.5. Spectra were collected 5 minutes 

following the addition of anion and after each addition of DFP (3x 1mM per addition) by 

micropipette so that total concentration of anion in the cuvette was 3mM and that of DFP. Spectra 

are superimposed and recorded in Figure 78 and Figure 79, respectively.  

5.3.2.5  𝐩𝐊𝐬
𝐬

a determination  

 
 pK$

$
a2 in the absence of 1mM La(OTf)3 and pK$

$
a in the presence of 1mM La(OTf)3 for 

PR (only has 1x pKa due to association with La3+) were determined through spectrophotometric 

titrations. All experiments were performed in duplicate. A cuvette was charged with 0.1mM of 

PR in 2.5mL of HPLC grade MeOH. Small aliquots of a 100mM tetrabutylammonium hydroxide 

stock solution in MeOH were added in small increments (so that the total concentration increased 

from 0.004mM to 0.05 mM). After each addition, the UV-Vis spectrum (250-650nm) of the 

mixture was collected. The absorbance values (appearance of the ionized species) was corrected 

for the volume change and was plotted against the –log[H+] in solution. The titration data were 

analyzed by Equation (1), and the average pK$
$

a values were determined and are summarized in 

Table 11. 

5.3.2.6 1H NMR titration 

 
1H NMR titrations in CD3OD were carried out on a Bruker AVANCE-400MHz NMR 

Spectrometer and analyzed with the MestReNova NMR Software by Mestrelab Research. 

Chemical shifts (δ) are expressed in ppm. Stock solutions were prepared in CD3OD and consist of 
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10mM PR, 50mM La(OTf)3, 300mM NaOCH3, and 250mM HOTf.  All additions were 

performed with a Hamilton microliter syringe. A typical experiment was conducted as follows: A 

spectrum was initially collected from a 10mM sample of PR in CD3OD.  Subsequently, 20mM 

HOTf, followed by either 10mM La(OTf)3 or another 10mM HOTf was added and the spectrum 

collected. Aliquots of -OCH3 were successively added (the total concentration of each aliquot was 

2mM) and spectra recorded until the spectrum ceased to change. Each 1H-NMR spectrum 

averaged 16 scans.  The partial stacked spectra for the 1H NMR titration without La(OTf)3 are 

displayed in Figure 83 and the partial stacked spectra for the 1H NMR titration with La(OTf)3 are 

displayed in Figure 84. 

5.3.2.7 Potentiometric titration 

 
Potentiometric titration experiments were performed with 50mM NaOCH3 titrant in 

MeOH. The stock solution was standardized by titrating an aliquot of Fisher certified aqueous 

HCl (N/50) with the end-point taken to be pH*
*  7.0. NaOCH3 was added in increments (each 

addition provided a total concentration of 0.1mM) to a 2mL MeOH solution containing 1mM PR 

which had been acidified with 2.5mM HOTf. Two profiles were collected, one with the presence 

of 1mM La(OTf)3, and the other without. The color change and the pH$
$  were recorded after each 

addition of titrant and is plotted in Figure 86. 
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5.3.3 Results/Discussion 

 

The initial absorbance of PR in MeOH, its absorbance when associated with La3+, and the 

[F-] required to disassociate PR from La3+ all at pH$
$  8.5 are summarized in Table 8. The 

bathochromic shift on the addition of substrate which dissociates PR from La3+ (i.e. F-) is not only 

practical from a chromogenic standpoint but is compatible with the MICA methodology. As 

observed 3mM F- is required to dissociate PR from La3+ and return to its initial absorbance (labs 

495-514nm). 

 

Table 8. Summary of absorbance maxima and color of 0.05mM PR in MeOH, in the presence of 
1mM La3+, and the [F-] required to return to initial absorbance maximum in buffered MeOH at 
pH$
$  8.5. 

Initial Absmax Absmax with 1mM La3+ [F-] required 

495-514nm 405nm 3mM 

Orange-Red Yellow  

 

5.3.3.1 Anion and substrate response 

 

To assess selectivity, a series of tetrabutylammonium salts, F-, CN-, IO4
-, ClO4

-, HSO4
-, 

NO3
-, CF3SO3

-, Cl-, Br-, and I- were added by micropipette, so that the total concentration was 

3mM, to 1mM La(OTf)3 and 0.05mM PR in 2.5mL MeOH. As illustrated in Figure 78 only in the 

presence of F-, HSO4
-, and IO4

- do relevant bathochromic shifts occur from 415nm to 514nm 

which signifies displacement of PR into solution. This selectivity prompted us to assess this 

phenomenon with fluoride containing substrates in conjunction with MICA. 
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Figure 78. Plot of absorbance versus wavelength of 0.05mM PR and 1mM La(OTf)3 in the 
presence of 3mM F-, CN-, IO4

-, ClO4
-, HSO4

-, NO3
-, CF3SO3

-, Cl-, Br-, I- as tetrabutylammonium 
salts in buffered MeOH at pH$

$  8.5. All spectra are collected 5 min after the addition of the 
tetrabutylammonium salts. 

 
The response to the presence of the reacting organophosphate substrate, DFP, was 

assessed where when a total of 3mM DFP was added in 1mM aliquots. Figure 79 demonstrates 

only a minimal absorption change which is contrary to what was observed with the addition of 

tetrabutylammonium fluoride. This lack of response is thought to occur because the production of 

F- strongly binds to the La3+ and diminishes the catalytic activity. This prevents further MICA of 

DFP and ceases the production of F-. Furthermore, it is assessed that if PR chelates to La3+ in a 

bidentate fashion through the carboxylate group, a strong requirement for a 3:1 F-:La3+ ratio is 

required to completely displace PR.  
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Figure 79. Plot of absorbance versus wavelength of 0.05mM PR and 1mM La(OTf)3 in the 
presence of 3x 1mM DFP additions in buffered MEOH at pH$

$  8.5. All spectra were collected 
immediately after the addition of substrate. 
 
 

5.3.3.2 Propyl red vs. methyl red 
 

To enhance the sensitivity of the PR system, in-depth studies were conducted to grasp an 

understanding of how La3+ and PR interact. A common analog to PR is methyl red, MR, and 

numerous studies have been published to gain insight into its species and forms.219–222 Due to the 

similarities in structure as demonstrated in Figure 80, it was assumed that similar species and 

forms would also be present. To the best of our knowledge there are no published data which 

details PR species in the presence of La3+. 

  

	
	

Figure 80. Structure of MR (left) and PR (right). 
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MR and PR have four possible ionizable groups; the carboxylate group, the a- and b- 

nitrogen of the azo linkage, and the nitrogen of the amino group. Although all four pKa values for 

MR have been reported,223 only two pKa values are of primary importance and are summarized in 

Table 9 in water, MeOH, and EtOH.224–226 

 

Table 9. Summary of MR pKa values in water and alcohol from ref (224–226)  

 

 

 

 

 

In comparison to pKa2 of MR; 5.0, pKa2 of PR is reported to be 5.5 in water.223 This 

allows for a wider chromogenic transition at a higher pH which is attractive for reasons of 

sensitivity and response which will be discussed later. In the alcohol solvents, pKa2 increases 

dramatically which is believed to be due to the poor solvation of the carboxylate.  Conversely, the 

pKa of cationic aminium ions are very similar as the solvent changes from water to the alcohols. 

This is explained by the equilibria in their dissociation in Scheme 5. Carboxylic acid dissociation 

creates two opposite charges, whereas, aminium ion dissociation transfers H+ from the amine to 

the solvent. The solvation of ions is expected to be poorer in alcohols than water due to a weaker 

stabilization of charge separated forms.208 

 

	

	
 

Scheme 5. (Top) Equilibria for carboxylic acid dissociation in alcohol. (Bottom) Equilibria for 
aminium ion dissociation in alcohol. Adapted from ref (208) 

 

Solvent pKa1 pKa2 

Water 2.3 5.0 

MeOH 4.1 9.2 

EtOH 3.6 10.5 
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In water, the pH induced chromogenic transition of both MR and PR changes from a 

distinct red to yellow as the pH increase above pKa2. In contrast, in alcoholic solvents two 

chromogenic transitions take place; a red to orange chromogenic transition occurs as the pH 

increases above pKa1 and an orange to yellow chromogenic transition occurs as the pH increases 

above pKa2.  

5.3.3.3 Spectrophotometric studies 

 

Spectrophotometric studies of PR were conducted in MeOH, where shown in Figure 81 

four main species exist throughout the pH range from 2 to 10. One isosbestic point at 475nm 

demonstrates two species which are present just below and above pKa1, whereas, the isosbestic 

point shifts to 439nm just below and above pKa2. These species and their associated pKa's permit 

the generation of two distinct color changes as described above. 

  

Figure 81. Spectrophotometric titration of 0.05mM PR with TBAOH in MeOH. Species before 
and after pKa2 (––), species before and after of pKa1 (-·-). 

 
In the presence of 1mM La3+ under the same conditions, shown in Figure 82, only one 

isosbestic point at 457nm is observed. This wavelength is the median of the two isosbestic points 
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seen in Figure 81. This demonstrates La3+ is in some way associating with PR, most likely 

through the carboxylate group resulting in one main ionization group which promotes one color 

transition: red to yellow. 

  

Figure 82. Spectrophotometric titration of 0.05mM PR with TBAOH in MeOH, in the presence 
of 1mM La3+ (––). The initial spectrum (-·-) of PR in MeOH prior to the addition of La3+. 
 
 

5.3.3.4 1H-NMR titration 

 

To study how the La3+ interacts with PR, 1H-NMR titration experiments were conducted 

in the absence of La3+, shown in Figure 83, and in the presence of La3+, shown in Figure 84. Table 

10 summarizes the chemical shifts and the differences between that of the ionized PR without the 

presence of La3+ and the ionized PR in the presence of 10mM La3+. In both cases, all protons 

undergo shielding as PR becomes ionized. This can be a factor of a reduced anisotropic effect. 

When comparing the two ionized spectra, it can be observed that protons b, c, d, and f undergo a 

greater magnitude of deshielding, and protons a and e undergo a greater magnitude of shielding 

with the La3+ present (relative to the spectra without La3+). We can infer that the electropositive 

La3+ cation associates with the carboxylate group promoting a large electron withdrawing effect, 



 

135 

 

as shown in Figure 85, but also pushes proton a and e out-of-plane with their respective phenyl 

rings resulting in a greater shielding effect. This association effectively stabilizes the negative 

charge formed on the carboxylate and hinders it from protonation. Taking this moiety “out of 

play” results in just two species as observed in the wavelength vs. abs plot of Figure 82. 

 

 

Figure 83. Partial 1H NMR titration spectra in the presence of 10mM PR with increasing 
[NaOCH3] (without the addition of La3+) at room temperature in CD3OD. 
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Figure 84. Partial 1H NMR titration spectra (stacked) in the presence of 10mM PR with 
increasing [NaOCH3], in the presence of 10mM La3+ at room temperature in CD3OD. 

 

Table 10. Summary of chemical shifts, and differences for ionized PR in the presence of either 
La3+ or no metal, and chemical shift for non-ionized cationic PR.  A negative number indicates 
the magnitude of deshielding due to the presence of La3+. A positive number indicates the 
magnitude of shielding due to the presence of La3+. 

Description, PR Proton, shift 

a b c d e f 

Non-ionized, cationic form  8.19ppm 7.43ppm 7.76ppm 8.10ppm 7.88ppm 7.36ppm 

Ionized form without M3+ 7.47ppm 7.32ppm 7.32ppm 7.60ppm 7.83ppm 6.73ppm 

Ionized form (presence of La3+) 7.35ppm 7.43ppm 7.55ppm 7.96ppm 7.76ppm 6.76ppm 

Difference between ionized PR 

form without La3+ and La3+ 

+0.12 -0.11  -0.23 -0.36 +0.07 -0.03 
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Figure 85. Proposed association of the association of La3+ with PR. 
 

5.3.3.5 Potentiometric titrations  

 

Furthermore, the elimination of pKa2 is further demonstrated in potentiometric titrations 

in alcohols, an example in MeOH is illustrated in Figure 86. As observed, pKa2 ceases to be 

present when La3+ is present. The chromogenic transition from red to yellow occurs at pH$
$  6.6 in 

MeOH, whereas, without La3+ the transition from orange to yellow occurs at pH$
$  10.5. 

Summarized in Table 11, the analysis of spectrophotometric titration data determined the pK$
$

a2 of 

PR in MeOH with and without the La3+ to be pK$
$

a2 of 9.42 ± 0.1 and pK$
$

a of 5.20 ± 0.01, 

respectively. This compares with the potentiometric profiles.  

 

Table 11. Summary at pk$
$

a of PR from spectrophotometric titrations without and in the presence 
of 1mM La3+ at 25oC in MeOH. 

Sensor pK$
$

a2  
without La3+ 

pK$
$

a  
with La3+ 

Propyl Red 
(PR) 9.42 ± 0.1 5.20 ± 0.01 
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Figure 86. Potentiometric titration profiles for 1mM PR without (¡) and in the presence of  
1x10-3M La(OTf)3 (l) in MeOH, T=25oC. The first 2.5 consumption of 2.5 equiv of –OCH3 at 
pH$
$  ≤ 5, corresponds to the titration of 2.5x10-3M added triflic acid. The color scale on the left 
represents the chromogenic change throughout the titration without the presence of La3+. The 
color scale on the right represents the chromogenic change throughout the titration in the presence 
of La3+.  
 
 

5.3.4 Conclusion 

 

PR and its interaction with La3+ was investigated and it was determined that PR chelates 

La3+ through the carboxylate group which eliminates an ionisable group. This allows PR when 

chelated to La3+ to become a sensitive indicator for F-. A total concentration of 3mM F- is 

required to displace the indicator and regenerate PR's ionisable carboxylate group which in 

alcohols has a high pKa. Although this strategy is effective towards F- salts, it has issues with 

phosphonofluoridates, such as DFP.  The F- produced via MICA, binds strongly and inhibits La3+ 

resulting in diminished catalysis. Due to this inhibition, the [F-] (3mM) required to displace the 

strongly chelating PR is not produced. Structural studies influenced us to investigate and develop 

the third strategy. 
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5.4 Strategy 3: H+ Sensor 

5.4.1 Introduction 

 

The third strategy focused on the production and detection of H+ produced from MICA of 

the phosphonofluoridates as represented in Scheme 6 . Two commercially available sensors, PR 

and NR, were investigated since both undergo practical chromogenic changes, yellow to red/pink 

when they associate with H+.  Both PR and NR have pKa values (see Table 12) which permit 

chromogenic transitions at pH′s$
$  where catalytic active species of La3+

2(OCH3)n  n=1 to 5 are 

present.204 

 

Scheme 6. A representation of the MICA methodology for phosphonofluoridates followed by the 
indication strategy based on –F capture by La3+ and H+ capture by the indicator. 

 
As illustrated earlier, PR associates with La3+ through the carboxylate group which 

eliminates pKa2 and permits a practical chromogenic change at a practical	 pH$
$ . In contrast, NR 

does not have any moieties to which La3+ can associate as illustrated in Figure 87. This has 

implications in sensitivity, stability, and response. The pKa$
$  of PR and NR are compared in 

Table 12 with and without the presence of La3+. 
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Figure 87. Structure of NR and ionized NR species in the presence of H+ 

 

Table 12. Summary of pKa$
$ ’s of 0.1mM PR and NR in MeOH with (1mM) and without the 

presence of La3+ 

Indicator 
pK$
$

a  
without La3+ 

 

pK$
$

a 
with La3+ 

Propyl Red 9.42 ± 0.1 5.20 ± 0.01 

Neutral Red 8.68 ± 0.02 8.68 ± 0.02 

 

 

In this strategy, and contrary to all previous strategies, buffered conditions cannot be 

utilized since this would decrease the sensitivity to H+.  Since La3+ acts as a strong Lewis acid, 

once it is added to hydroxylic solvents, the pH tends to decrease. To achieve a sensitive system 

based on the detection of H+, a minimal amount of base to compensate for this change is required 

to raise the pH$
$  just above the chromogenic transition point. The alkanolamine, 

monoethanolamine (MEA), is selected since it is of low toxicity and is non-corrosive. It has been 

determined that MEA acts as a nucleophile to degrade OPs, as well as, vesicants such as 

HD.227,228 To some extent, the amine group can deprotonate MeOH and EtOH to form methoxide 

and ethoxide nucleophiles.229   
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This strategy also implements a solvent system which combines both MeOH and EtOH in 

a 1:1 (v/v). Mixtures of butoxyethanol and EtOH, pentanol and MeOH and pentanol and EtOH 

were also assessed, but either catalysis was limited, or there was limited chromogenic change. 

Reaction rates in 100% EtOH are usually slower, whereas, 100% MeOH systems exhibit higher 

reaction rates but produce less sensitive chromogenic changes due to solubilisation and charge 

stabilization effects. Initially EtOH based systems were explored due to its inherent lower toxicity 

than MeOH, but a study involving female rats meant to simulate situations for human exposure to 

alcohols revealed a 65%/35% (v/v) EtOH/MeOH mixture is less toxic than 100% MeOH and 

100% EtOH.230 Our studies thus focused on a mixture of 50% EtOH and 50% MeOH (v/v) as the 

primary solvent system due to increased rates of catalysis in the alcoholysis of substrates, more 

pronounced chromogenic change, and lower toxicity.  

 

5.4.2 Experimental 

5.4.2.1 Materials 

 
Methanol (99.8%, anhydrous) was obtained from EMD Chemicals and used as received. 

Ethanol (99.8%, anhydrous) was obtained from Commercial Alcohols and stored under an argon 

atmosphere and freshly dispensed for each experiment. Acetonitrile was obtained from EMD 

Chemicals and used as received. Monoethanolamine was purchased from Aldrich and used as 

received. Lanthanum trifluoromethanesulfonate was purchased from Aldrich and used as 

received.  Benzoyl fluoride was purchased from Sigma-Aldrich. Paraoxon was purchased from 

Chem Service and O,O'-diisopropyl fluorophosphate was purchased from Toronto Research 

Chemicals. All materials were used as received. Propyl red and neutral red were purchased from 

Aldrich and used as received. 
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5.4.2.2 General instrumentation 

 
All UV-Vis measurements and kinetic experiments were done in duplicate using a Cary 

50 Bio UV-Vis spectrophotometer thermostatted at 25.0 ± 0.1oC.  All UV-Vis data were analyzed 

with the Varian Cary WinUV Scanning Kinetics Application (Version 3.00) and Varian Cary 

WinUV Kinetics Application (Version 3.00). All experiments were performed in atmospheric 

conditions and conducted in a 1cm path length quartz UV cuvette. All stopped-flow spectrometry 

experiments were performed using an Applied Photophysics SX-17MV Sequential Stopped-Flow 

ASVD Spectrophotometer. Kinetic data were analyzed by the Applied Photophysics Pro-Data 

Viewer version 4.1.10. GC-MS analysis was conducted on a PerkinElmer Clarus 680 gas 

chromatograph paired with a Clarus 600T mass spectrometer equipped with an Elite-5MS column 

(25 m x 0.25 mm i.d., 0.25 mm film thickness) obtained from PerkinElmer. An experimental 

determined calibration curve gave a limit of detection of 0.00625mM (1.15ppm) for DFP and 

0.0125mM (2.03ppm) for DECP. 1H and 18F NMR measurements were carried out on a Bruker 

AVANCE-400MHz NMR Spectrometer and analyzed with the MestReNova NMR Software by 

Mestrelab Research. Chemical shifts (δ) are expressed in ppm. 

5.4.2.3  𝐩𝐇𝐬
𝐬  measurement 

 
pH measurements of solutions were determined using a Radiometer Vit90 equipped with 

an Accumet Model 13-620-292 (Ag/AgCl) combination glass electrode. The inner sleeve was 

filled with a 4M solution of KCl with saturated AgCl. Electrode calibration was accomplished by 

the so-called "practical method"200 immersing it in Fisher standard aqueous buffers at pH 4.0 and 

pH 10.0 followed by rinsing the electrode in anhydrous EtOH or MeOH.  Acidity measurement in 

alcohol gives experimental pH*
$  readings. If working in purely EtOH or MeOH, a (δ) constant is 

subtracted to give the pH$
$ . This method is described by Bates201 for molality scale and by Bosch 

et al.199,202,203 for a molar correction constant. For MeOH, the reported molal constant was -2.34, 
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its molar equivalent being -2.24. In EtOH there are two reported molal constants; -2.91 and -2.36, 

where the mean, -2.54, is used throughout this work. Experiments which were performed in a 1:1 

and 1:3 mixture of MeOH and EtOH (v/v), the molal correction constant was calculated by using 

molar concentrations in a 1:1 (v/v) and 1:3 (v/v) mixture and multiplying the molar concentration 

by their respective molal constants, the sum equating to the molal correction constant of -2.33 and 

-2.43, respectively. 

5.4.2.4 Potentiometric titrations 

 
Potentiometric titration experiments were performed by the addition of base (MEA) in 

0.1mM increments to a system containing La(OTf)3, different alcoholic solvents without an 

indicator and with an indicator (NR, PR). The color change, base concentration, and the pH$
$  

were recorded after each addition, and the results can be found summarized in Figure 88 and 

Figure 89, and in Table 13 and Table 14.  

5.4.2.5 General UV-Vis kinetics 

 
Kinetics without sensor - paraoxon as substrate 

The UV-Vis spectrum was recorded from 650nm to 200nm as a function of time for the 

degradation of paraoxon. Reactions were done under pseudo-first order conditions employing 

excess La3+ ions in different solvents and at the initial pH$
$  dictated by the [MEA] required for a 

chromogenic transition for either PR or NR.  The cuvette was charged with the catalytic system 

(La3+/MEA) where an initial spectrum was obtained. Subsequently, paraoxon was added by 

Hamilton syringe so that the total concentration was 0.1mM. The first order rate constants were 

obtained by fitting the UV/Vis absorbance vs. time traces to a standard first order exponential 

equation (kobs). The second order rate constants, k2
obs, were determined from the slopes of kobs vs. 

[La(OTf)3] plot in Figure 90 and Figure 91. 
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Kinetics with sensor - BzF as a substrate 

The first order rate constants for the change of absorbance due to the production of H+ 

from the MICA of BzF was monitored at 514nm for PR and 523nm for NR systems. The Cary 

Bio50 UV-Vis was used for the PR system, while the Stopped-flow analyzer was used for the NR 

system.  The use of BzF substrate was to corroborate the degradation of the fluoro-containing 

compound with the chromogenic change. 

For the PR system, a 1cm path length cuvette was charged with 0.1mM PR, different 

[La(OTf)3] (1-3mM), the required [MEA] to undergo a chromogenic change in 100% MeOH. An 

initial spectrum was taken. Subsequently, BzF was added to the cuvette so its total concentration 

was 0.1mM, and the rate of absorbance change at 240nm was monitored for the degradation of 

BzF. Simultaneously the absorbance change at 514nm was monitored for a hyperchromic change. 

The second order rate constants, k2
obs, were determined from the slopes of kobs vs. [La(OTf)3] plot 

in Figure 92. 

For the NR system, duplicate vials for each study were prepared except that one vial had 

the NR indicator and the other did not.  In the non-indicator studies, one syringe of the stopped-

flow analyzer was loaded with either different [La(OTf)3] (0.5mM to 2mM) and the [MEA] to 

forgo a chromogenic change (had NR been present), all in MeOH. The initial pH$
$  was taken. The 

second syringe was loaded with 0.1mM BzF. The rate of absorbance change at 240nm was 

monitored for the degradation of BzF.  

In the indicator studies, the same systems were developed but with the addition of 

0.05mM NR loaded in syringe 1. The chromogenic change (protonation of NR) was monitored at 

535nm. At least three kinetic runs were recorded for each, and the reported kobs constants are the 

averages. The second order rate constants, k2
obs, were determined from the slopes of kobs vs. 

[La(OTf)3]. The k2
obs for the non-indicator and indicator containing NR systems are compared in 

Figure 93. 
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Kinetics with sensor - DFP as a substrate (NR system) 

The first order rate constants for the change of absorbance due to the production of H+ 

from the MICA of DFP was monitored at 523nm for NR systems. One syringe of the stopped-

flow analyzer was loaded with 0.1mM NR, different [La(OTf)3] (1mM to 4mM) and the required 

[MEA] to allow a chromogenic transition in either 100% MeOH or 1:1 MeOH:EtOH (v/v). The 

initial pH$
$  was taken since the solutions were made in vials before loading them in the syringe. 

The second syringe was loaded with 0.5mM DFP for the NR system. At least three kinetic runs 

were recorded for each, and the reported kobs constants are the averages. The second order rate 

constant, k2
obs, was determined from the slope of kobs vs. [La(OTf)3] plot in Figure 94. 

5.4.2.6 Sensitivity  

 
Sensitivity and ratiometric studies were conducted by the sequential addition of DFP 

aliquots (each aliquot provided a total concentration of 0.01mM DFP) to the system containing 

1mM La(OTf)3, 0.05mM PR or NR and the required [MEA] to allow for a chromogenic color 

change in 1:1 MeOH:EtOH (v/v). The rate of change of absorbance was monitored at 514nm for 

PR and 523nm for NR and plotted against [DFP] in Figure 95. 

5.4.2.7 General 19F NMR 

 
19F NMR spectra were acquired using the Bruker Avance 400 (400MHz) NMR 

spectrometer. This technique was used to monitor the alcoholysis reaction of DFP since it does 

not absorb in the UV-Vis region. A general procedure follows: to an NMR tube is added a sealed 

tube containing DMSO-d6 (to achieve a “lock”), and an aliquot of the substrate after which an 

initial scan is recorded. The catalyst system is then added to the NMR tube. Approximately 60 s 

are required to add the catalyst and place the tube back into the spectrometer, lock the signal and 

commence analysis. As a result, observations are reported after a 60s reaction time. The 

associated chemical shifts and visible color changes were recorded before and after the addition 
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of the catalyst. The spectra were analyzed with ACD/NMR Processor Academic edition version 

12.01. The results are shown Table 15. 

 

5.4.3 Results/Discussion 

5.4.3.1 Potentiometric studies 

 

Since La3+ acts as a Lewis acid, and monoethanolamine (MEA) a base, a self-buffering 

region is produced. Determining the minimal [MEA] to limit the buffering at a specific pH$
$  is 

required to enhance sensitivity. Furthermore, depending on the solvent, EtOH, MeOH or a 1:1 

(v/v), and the [La3+], differing [MEA] are required to reach the pH$
$  required for a chromogenic 

transition. As a result, potentiometric titrations with MEA, with different [La3+] in different 

alcoholic solvent systems is illustrated for PR and NR. The potentiometric titration in the 

presence of 0.5mM La3+ is shown in Figure 88 and that with 1mM La3+ is shown in Figure 89. 

The [MEA] required is summarized for PR in Table 13 and NR in Table 14. 

Although chromogenic changes occur at identical pH*
$  values and are independent of the 

solvent, the pH$
$  will differ and depend on the solvent due to the specific molal correction factor. 

 

Table 13. [MEA] required for observable chromogenic change with PR, from red-pink to yellow, 
with increasing [La3+]. The [MEA] required is independent of solvent, but dependent on [La3+]. 
Chromogenic transitions occur pH$

$  	6.6 in MeOH,	 pH$
$  6.7 in 1:1 MeOH:EtOH (v/v), and pH$

$  
6.9 in EtOH. 

[La3+] [MEA] 

1mM 0.2mM  

2mM 0.3mM 

3mM 0.4mM 

5mM 0.6mM 
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Table 14. [MEA] required to undergo an obervable chromogenic transition with NR, from a pink-
red to yellow-orange. The [MEA] required is dependent of solvent and the [La3+]. Chromogenic 
transitions occur at pH$

$  9.1 in MeOH,	 pH$
$  9.2 in 1:1 MeOH:EtOH (v/v), pH$

$  9.3 in 1:3 
MeOH:EtOH (v/v),  and pH$

$  9.4 in EtOH 

Solvent system 
[MEA] with 

0.5mM La3+ 

[MEA] with 

1mM La3+ 
pH$
$  

MeOH 0.6mM 1mM 9.1 

EtOH 1.3mM 2mM 9.4 

1:1 MeOH/EtOH (v/v) 1.0mM 1.5mM 9.2 

1:3 MeOH/EtOH (v/v) 1.2mM 2mM 9.3 

 

 

Table 13 demonstrates the [MEA] required to induce a chromogenic transition of 0.1mM 

PR from red to yellow as [La3+] increases. As observed, very minimal [MEA] is required to reach 

the chromogenic transition between pH$
$  of 6.5 and 6.7, minimally depending on solvent.  

Conversely, due to the larger pK$
$

a of NR, Table 14 demonstrates that greater [MEA] is required 

to achieve a chromogenic transition at pH$
$  9.1 in MeOH, pH$

$ 	9.2 in MeOH:EtOH 1:1 (v/v) and 

pH$
$ 	9.4 in EtOH. In this case, the [MEA] required is greatly dependent on the type of solvent.  

According to the potentiometric profiles in Figure 88 and Figure 89 in a variety of 

solvent systems, a MeOH based system is more sensitive than a system with EtOH since a 

smaller [MEA] is required to undergo a chromogenic change. Any extra MEA required to reach 

the chromogenic transition point (as indicated by the horizontal line) will decrease the response 

and sensitivity of the system. As such, precise and minimal concentrations of MEA are required 

to maintain high sensitivity.  
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Figure 88. Potentiometric titration profiles of 0.5x10-3M La(OTf)3 with MEA in a variety of 
solvents; MeOH (Æ), EtOH (Í), 1:1 MeOH:EtOH (v/v) (r) and 1:3 MeOH:EtOH (v/v) (¯) at 
T=25oC. The horizontal line represents where a chromogenic transition to yellow would occur 
with NR at the average pH$

$  for all solvents. 

 

 

Figure 89. Potentiometric titration profiles of 1x10-3M La(OTf)3 with MEA in a variety of 
solvents; MeOH (Æ), EtOH (Í), 1:1 MeOH:EtOH (v/v) (r) and 1:3 MeOH:EtOH (v/v) (¯) at 
T=25oC. The horizontal line represents where a chromogenic transition to yellow would occur 
with NR at the average	 pH$

$  for all solvents. 
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5.4.3.2 Kinetics without sensor 

 

To quantitatively compare and describe the catalytic efficiency of a variety of systems, 

kinetic studies were performed with the paraoxon substrate. It was of interest to determine the 

rate of reaction in 1:1 MeOH:EtOH (v/v) systems at the pH$
$  value that corresponds to the 

chromogenic transition point of the pH sensor, pH$
$  6.7 for PR and pH$

$  9.2 for NR. Paraoxon is 

used as the substrate for two main reasons. First, its degradation rate by the MICA methodology 

has already been thoroughly investigated148 and therefore comparing catalytic rates is possible, 

and second, because its degradation product, p-nitrophenol, is UV-Vis active. DFP cannot be 

used, due to a lack of chromophore. No study measuring the rate of paraoxon degradation based 

on the La3+-MICA methodology has been conducted in 1:1 MeOH:EtOH (v/v). 

A greater catalysis rate results in an increased production rate of H+ which corresponds to 

an increased rate of chromogenic change. Previous studies have demonstrated that to achieve the 

greatest rates from the La3+ catalyzed methanolysis of organophosphates, a pH$
$  maximum of 9.1 

is required.204  Whereas, in the La3+ catalyzed ethanolysis of organophosphates a pH$
$  maximum 

of 7.3 is required.208 These pH$
$  values are where the main catalytic species La2(OR)2, R= CH3 or 

CH2CH3
204,208 are in the greatest abundance.  It was previously determined that the second-order 

rate constants for the La3+ catalyzed methanolysis of paraoxon were greater than those for 

ethanolysis because of the lower nucleophilicity of the metal-bound alkoxide due to increased ion 

pairing between La3+ and the alkoxide.208  

Second order rate constant, k2
obs, was determined for the degradation of paraoxon where 

the pH was set at pH$
$  6.7 in a system of 1:1 MeOH:EtOH (v/v) with varying [MEA] depending 

on the concentration of La3+, as described in Table 13. Figure 90 demonstrates the slope which 

equates to a k2
obs of 1.0 ± 0.1 M-1s-1. This compared with k2

obs 0.6 M-1s-1at pH$
$  6.9 in 100% 

EtOH208 and 1.07±0.04 M-1s-1 at pH$
$  6.6 in 100% MeOH.148 
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Figure 90. Plot of kobs vs [La3+], each point (r) is representative of the first order rate of p-
nitrophenol production from the MICA of 0.1mM paraoxon at an initial pH$

$  6.7, in 1:1 
MeOH:EtOH (v/v) at T=25oC. Average value of duplicates presented for kobs. The slope; k2

obs=1.0 
± 0.1 M-1s-1. 
 
 

As illustrated in Figure 91, the k2
obs in 1:1 MeOH:EtOH (v/v) was determined to be 7.2± 

0.1 M-1s-1at (r2=0.999) pH$
$  9.2. The faster kinetic rate is not surprising but demonstrates with the 

addition of 50% EtOH, catalysis is diminished when compared with k2
obs 17.9 ± 1.2 M-1s-1, (r2= 

0.992) in 100% MeOH at pH$
$   9.1. For comparative purposes, a k2

obs of 0.73 ± 0.09 M-1s-1 

(r2=0.985) is determined in 100% EtOH at pH$
$  9.4.   
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Figure 91. Plot of kobs vs [La3+], each point is representative of the rate of p-nitrophenol 
production from the degradation of 0.1mM paraoxon in MeOH (l) at an initial pH$

$ 	9.1, EtOH 
(£) at an initial pH$

$  9.4 and 1:1 MeOH:EtOH (v/v) (r) at an initial	 pH	$
$ 9.2,  at T=25oC. 

Average value of duplicates presented for kobs. The slopes; k2
obs MeOH: 17.9 ± 1.2 M-1s-1, (r2= 

0.992) k2
obs EtOH: 0.73 ± 0.09 M-1s-1, (r2=0.985) k2

obs 1:1 MeOH:EtOH (v/v): 7.2± 0.1 M-1s-1 
(r2=0.999). 
 

5.4.3.3 Kinetics with BzF and sensor 

 

To assess how the rate of degradation compares with the rate of chromogenic change, 

studies were further explored with BzF in both PR and NR systems. BzF has a chromophore, 

which can be monitored as it degrades. Furthermore, GC-MS analysis post-reaction determined 

that the major product was N-(2-hydroxyethyl)benzamide, where the nucleophilic ethanolamine 

attacks the carbonyl group and replaces the fluoride, indicating that rates are largely due to the 

[MEA]. 

As shown in Figure 92, the rates are comparable within the 95% confidence. The second 

order reaction rate constant, k2
obs, for the degradation of BzF at 240nm and was observed to be 

5.70±0.63 M-1s-1 at pH$
$  6.6 in MeOH. Whereas the complementary chromogenic change at 

514nm was determined to be k2
obs 6.30 ± 0.87 M-1s-1 at pH$

$  6.6 in MeOH.  
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Figure 92. Plot of kobs vs [La(OTf)3], where 0.1mM BzF is added to systems comprising of 
0.1mM PR with either 1mM La3+ buffered with 0.2mM MEA, 2mM La3+ with 0.3mM MEA, or 
3mM La3+ with 0.4mM MEA, all in MeOH. Each point is the kobs at 240nm (degradation of BzF) 
(l) and at 514nm (protonation of PR) (¡). Average value of duplicates presented for kobs. k2

obs at 
240nm: 5.70±0.63 M-1s-1, (r2=0.988) and k2

obs at 514nm: 6.30 ± 0.87 M-1s-1 (r2=0.982) pH$
$  5.79. 

 
 
 

Similarly, in the NR system, as shown in Figure 93, the second order rate constants are 

also comparable and are of much larger in magnitude when compared with the PR system, most 

likely due to the large [MEA]. It may be that the larger [MEA] coordinates to La3+ which results 

in a higher rate of MICA.  The second order reaction rate constant k2
obs for the degradation of BzF 

at 240nm was determined to be 664.3±61.4 M-1s-1 at pH$
$  9.1. Whereas the complementary 

chromogenic change at 553nm was determined to be k2
obs 599.2 ± 15.7 M-1s-1 at pH$

$  9.1 in 

MeOH.  
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Figure 93. Plot of kobs vs [La(OTf)3], where 0.1mM BzF is added to systems comprising of 
0.05mM NR with either 0.5mM La3+ buffered with 0.5mM MEA, 1mM La3+ with 1mM MEA, or 
2mM La3+ with 2mM MEA, all in MeOH. kobs at 240nm (degradation of BzF) (l) and 523nm 
(protonation of NR) (¡). Average value of duplicates presented for kobs. k2

obs at 240nm: 
664.3±61.4 M-1s-1, (r2=0.992) k2

obs and at 553nm: 599.2 ± 15.7 M-1s-1 (r2=0.999), pH$
$  9.1. 

 

 

5.4.3.4 Kinetics with DFP and sensor 

 

With assurances that the rate of degradation of BzF compares with the rate of 

chromogenic change in the NR system, it is assumed the degradation rate of DFP, which cannot 

be measured by UV-Vis can compare with the rate of chromogenic change (H+ capture by NR), 

which can be observed by UV-Vis.  As a result, the rate of chromogenic change by MICA of 

0.25mM DFP in the NR system was assessed in both MeOH and 1:1 MeOH:EtOH (v/v) in the 

presence of different [La(OTf)3] and associated [MEA]. GC-MS studies were also simultaneously 

conducted to assess if in fact the chromogenic change was due to the degradation of DFP. Figure 

94 demonstrates the slopes where each point is representative of a first order rate constant at a 

specific [La(OTf)3] in the presence of 0.05mM NR. Chromogenic response rate constants are 

compared where k2
obs in MeOH is 576.6 ± 7.5 M-1s-1 (r2=0.999), and that in 1:1 MeOH:EtOH 

(v/v) is determined to be k2
obs 179.2 ± 14.6 M-1s-1 (r2=0.986) at pH$

$   9.1and pH$
$   9.2, 
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respectively. GC-MS confirmed that the chromogenic change was in fact due to the degradation 

and there was a complete conversion of DFP to diisopropyl methyl phosphate.231  

 
Figure 94. Plot of kobs vs [La3+], each point is representative of the degradation of 0.25mM DFP 
in MeOH (l) at an initial pH$

$  9.1, and 1:1 MeOH:EtOH (v/v) (r) at an initial pH$
$  9.2, both with 

0.05mM NR  at T=25oC. Average value of duplicates presented for kobs. The slopes; k2
obs MeOH: 

576.6 ± 7.5 M-1s-1, (r2= 0.999), k2
obs 1:1 MeOH:EtOH (v/v): 179.2± 14.6 M-1s-1 (r2=0.986).  

 

 

5.4.3.5 18F NMR study 

 

To assess if the chromogenic change is associated with the degradation of DFP, 19F NMR 

and GC-MS analysis was conducted with the PR system in 1:1 MeOH:EtOH (v/v). Table 15 

demonstrates the initial 19F NMR spectrum of DFP (a) which exhibits three singlet signals at δ -

75.6, and -78.4, -79.2 ppm.  The phosphorus couples with the fluoride, hence the two peaks at δ -

75.6 and -79.2ppm. The middle peak at δ -78.4ppm was determined to be a contaminant in the 

sealed tube containing DMSO-d6, possibly F- interaction with the glass tube from previous 

experiments. After the addition of an equimolar amount of catalyst (b), DFP ceases to be 

observed after 60 seconds, and a new peak at -77.8ppm appears which is proposed to be –OTf 

(from La3+ addition). GC-MS analysis concluded the major product being diisopropyl methyl 

phosphate and minor product being diisopropyl ethyl phosphate.  In both cases, after a few 
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seconds, a chromogenic change is associated with the addition of DFP.  

 

Table 15. 19F-NMR spectra prior to (a) and after (b) catalytic degradation studies of DFP 

	

a 

	

	

	

	

	

	

	

b 

	

	                      System                                                              Spectrum 

Substrate Metal Base Solvent 
Prior to addition 

of catalyst (a) 

After addition of 

catalyst (b) 

2.5mM 

DFP 

2.5mM 

La(OTf)3  

0.3mM 

MEA 

1:1 MeOH: EtOH (v/v) -75.7 ppm: DFP  

-79.2 ppm: DFP 

-78.4ppm: 

contaminant  

(1JF-P= 977Hz) 

-77.8ppm: -OTf 

-78.4ppm: 

contaminant 



 

156 

 

5.4.3.6 Sensitivity  

 

Sensitivity studies were conducted in solution to determine the response to aliquots of 

0.01mM (1.84ppm) DFP. Figure 95 demonstrates the addition of DFP (so that the total 

concentration of each aliquot is 0.01mM) and its associated absorbance change in either a system 

of PR or NR. As demonstrated, the PR system is much more responsive than that of NR, which 

is most likely a consequence of both the displacement mechanism and the lower [MEA] that is 

present. This further emphasizes that [MEA] added to the NR system must be precise or the 

response will be heavily affected.   

 

 

Figure 95. Plot of absorbance change at 523nm for NR (p) and 514nm for PR (n) versus 
accumulated concentrations of sequential additions of 0.01mM DFP. Each point is representative 
of a reaction that takes place in a solution of 0.5mM La(OTf)3, 0.1mM either NR or PR, 0.3mM 
MEA for PR (initial pH$

$ 	6.7), or 1mM MEA for NR (initial pH$
$ 	9.2) in 1:1 MeOH:EtOH (v/v) at 

25oC. 
 

5.4.4 Conclusion 

 

Different methodologies were developed to detect the degradation products of 

phosphonofluoridates via MICA.  The most promising was the third strategy, the H+ sensor, 

where COTS indicators were used to detect the generation of H+, one of the products of MICA 
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with OP agents.   Two main systems developed containing either PR or NR indicators were 

assessed for sensitivity and it was determined that the rates of substrate degradation corroborate 

with the chromogenic change. Through these studies, it was determined that the PR system is 

much more sensitive due to the lower [MEA] required whereas, the larger pKa of NR favors 

increased response rates near neutral conditions in alcohol (formation of the dominant 

catalytically active La3+ dimer).  Although false positives may result in acidic environmental 

conditions or in the presence of acids, this is assessed to be more of a benefit than a disadvantage 

since the hydrolysis products of G-agents are harmful phosphoric and phosphonic acids.232 For 

example, the main hydrolysis degradation product of GB is isopropyl methylphosphonic acid 

(IMPA).232 Hence, even if harmful acidic hydrolytic degradation products are present in great 

excess, the H+ sensor system will still respond.  
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Chapter 6 

G-Agent Detection: Phosphonocyanidates 

6.1 Introduction 

 

Phosphonocyanidates such as tabun and DECP differ from phosphonofluoridates in that 

they have a cyanide (–CN) leaving group. The –CN is highly basic and because it is considered a 

soft anion, it does not associate with the hard La3+ cation. As a result, any H+ that is produced 

through the MICA methodology has an affinity to associate with –CN, rather than the H+ sensor. 

This chapter deals with the issue of generating a response to –CN while still maintaining the 

sensitivity and response to phosphonofluoridates based on the proton capture strategy.  Since the  

-CN anion is highly toxic to human health, a multitude of chromogenic and fluorogenic sensors 

have been designed and developed for its detection.233–235 Main strategies for the detection of –CN 

include hydrogen bonding interactions,236–238 coordination and displacement reaction with metal 

complexes,239–242 and nucleophilic addition reactions.243–245 In the current work, we briefly 

describe how two of the three strategies were attempted but were ultimately deemed ineffective or 

impractical.  The first strategy involved the use of two hydrogen-bonding interaction sensors, 

HPEAB and NPT shown in Scheme 7 which were synthesized based on the literature.246,247  They 

were chosen since they were both developed for detection of –CN in alcoholic media. 

 

 



 

159 

 

 

 

                      HPEAB 

 

	

 

                        NNPT 

	
 

Scheme 7. Hydrogen bonding interaction sensors for chromophoric detection of –CN synthesized 
and integrated with the MICA methodology. (Top) Proposed mechanism of -CN with 4-[(1E)-2-
(4-hydroxyphenyl)ethenyl]-1-allylpyridinium bromide (HPEAPB) adapted from ref (246). 
(Bottom) Proposed mechanism of -CN with Mechanism of N-(4-nitronaphthyl)-N’-
phenylthiourea (NNPT) adapted from ref (247). 

 
The sensors both undergo a yellow to red chromogenic change in alcohols in the presence 

of -CN due to its deprotonation of the indicator as shown in Scheme 7. Unfortunately, no 

chromogenic change occurred in the presence of La3+ which may be a result of the ionized form 

of the sensors associating with La3+. 
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The second strategy involved COTS-based metal displacement complexes, copper(II) 

acetylacetonate, and zincon. In both these complexes it was envisioned that the production of –CN 

would displace the M2+ from the acetylacetonate or zincon complex causing a chromogenic 

change. Although copper(II) acetylacetonate was compatible with the La3+, the chromogenic 

change went from a transparent blue to a white precipitate, indicating the possible formation of 

Cu(CN)2. Furthermore, a large concentration of 10mM DECP was required to achieve a 

noticeable chromogenic change.  In the case of the zincon complex, a literature procedure was 

followed248 where the complex was formed by the addition of an equimolar concentration of 

either Cu2+ or Zn2+. Scheme 8 demonstrates the displacement mechanism by the addition of –CN 

which is accompanied by a chromogenic change from blue to red. In the presence of La3+ no 

chromogenic change occurs which is attributed to La3+ associating with zincon through the 

hydroxyl and carboxylate moieties and which cannot be displaced by –CN. 

 

 

Scheme 8. The proposed conversion cycle of zincon, its M2+ complex, and the outcome in the 
presence of –CN adapted from ref (248). 
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Constrained with the desire to have the detection methodology remain compatible with 

the H+ detection strategy devised for the phosphonofluoridates, a novel, and simple approach was 

investigated. Scheme 9 demonstrates how the addition of a borderline metal, M2+, to the La3+ 

MICA system promotes the capture of the soft –CN anion. This permits the H+ to associate with 

the H+ sensor instead of -CN.  

 

Scheme 9. A representation of the MICA methodology for phosphonocyanidates followed by the 
indication strategy based on –CN capture by M2+ and H+ capture by the indicator. 

 
To maintain consistency with the detection of phosphonofluoridates, PR and NR are used 

as H+ sensors. In the PR-based system, only Zn2+ is examined, whereas the NR-based system is 

examined with Zn(OTf)2, Co(OTf)2, and Ni(OTf)2. Rates of reactions are difficult to measure and 

inconsistent since cyano-containing compounds, such as DECP, degrade almost instantaneously 

in basic alcoholic media with nucleophilic MEA. Qualitative studies are of primary importance 

and GC-MS and 31P-NMR techniques are used to corroborate a chromogenic change with the 

destruction of the specific substrate.  
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6.2  Experimental 

6.2.1  Materials 

 
Methanol (99.8%, anhydrous) was obtained from EMD Chemicals and used as received. 

Ethanol (99.8%, anhydrous) was obtained from Commercial Alcohols and stored under an argon 

atmosphere and freshly dispensed for each experiment. Acetonitrile was obtained from EMD 

Chemicals and used as received. Monoethanolamine was purchased from Aldrich and used as 

received. Lanthanum (III) trifluoromethanesulfonate, zinc (II) trifluoromethanesulfonate, cobalt 

(II) trifluoromethanesulfonate, and nickle (II) trifluoromethanesulfonate were purchased from 

Aldrich and used as received.  Diethyl cyanophosphonate was purchased from Aldrich and used 

as received. Propyl red and neutral red were purchased from Aldrich and used as received. 

Sodium methoxide was received in a SureSealTM bottle as 0.5M solution in MeOH which was 

diluted to make stock solution of 50mM 

6.2.2  General instrumentation 

 
All UV-Vis measurements and kinetic experiments were done in duplicate using a Cary 

50 Bio UV-Vis spectrophotometer thermostatted at 25.0 ± 0.1oC.  All UV-Vis data were analyzed 

with the Varian Cary WinUV Scanning Kinetics Application (Version 3.00) and Varian Cary 

WinUV Kinetics Application (Version 3.00). All experiments were performed in atmospheric 

conditions and conducted in a 1cm path length quartz UV cuvette. GC-MS analysis was 

conducted on a PerkinElmer Clarus 680 gas chromatograph paired with a Clarus 600T mass 

spectrometer equipped with an Elite-5MS column (25 m x 0.25 mm i.d., 0.25 mm film thickness) 

obtained from PerkinElmer. An experimental determined calibration curve gave a limit of 

detection of 0.00625mM (1.15ppm) for DFP and 0.0125mM (2.03ppm) for DECP. 1H and 31P 

NMR measurements were carried out on a Bruker AVANCE-400MHz NMR Spectrometer and 
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analyzed with the MestReNova NMR Software by Mestrelab Research. Chemical shifts (δ) are 

expressed in ppm. 

6.2.3 𝐩𝐇𝐬
𝐬  measurement 

 
pH measurements of solutions were determined using a Radiometer Vit90 equipped with 

an Accumet Model 13-620-292 (Ag/AgCl) combination glass electrode. The inner sleeve was 

filled with a 4M solution of KCl with saturated AgCl. Electrode calibration was accomplished by 

the so-called "practical method"200 immersing it in Fisher standard aqueous buffers at pH 4.0 and 

pH 10.0 followed by rinsing the electrode in anhydrous EtOH or MeOH.  Acidity measurement in 

alcohol gives experimental pH*
$  readings. If working in purely EtOH or MeOH, a (δ) constant is 

subtracted to give the pH$
$ . This method is described by Bates201 for molality scale and by Bosch 

et al.199,202,203 for a molar correction constant. For MeOH, the reported molal constant was -2.34, 

its molar equivalent being -2.24. In EtOH there are two reported molal constants; -2.91 and -2.36, 

where the mean, -2.54, is used throughout this work. Experiments which were performed in a 1:1 

mixture of EtOH and MeOH (v/v), the molal correction constant was calculated by using molar 

concentrations in a 1:1 (v/v) mixture and multiplying the molar concentration by their respective 

molal constants, the sum equating to the molal correction constant of -2.33. 

6.2.4 General potentiometric titration profiles 

 
Potentiometric titration experiments were performed in 1:1 MeOH:EtOH (v/v) by the 

addition of NaOCH3 stock solution which was diluted to make the appropriate titrant (50mM in 

MeOH). The stock solution was standardized by titrating an aliquot of Fisher certified aqueous 

HCl (N/50), with the end-point taken to be pH*
*  7.0.   

Potentiometric titration profiles were performed in duplicate at room temperature (25oC) 

in 1:1 MeOH:EtOH (v/v). Base (MEA or NaOCH3) was added in increments, so that the total 

concentration of each increment was 0.1mM, by Hamilton microsyringe to vials containing 
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0.5mM La(OTf)3 with no M2+, an additional 0.5mM La(OTf)3 or combined with either 0.5mM 

Ni(OTf)2, 0.5mM Co(OTf)2, or 0.5mM Zn(OTf)2. The [base] and the pH$
$  were recorded after 

each addition, and all profiles were superimposed and plotted to form a titration profile in Figure 

96 with NaOCH3 and Figure 97 with MEA. No NR or PR sensor were involved since the profiles 

were developed to assess how much [base] was required depending on the type and quantity of 

Mn+. 

6.2.5 Experimental: PR system 

6.2.5.1 Potentiometric profile with PR and Zn(OTf)2  

 
NaOCH3 was added in 0.1mM increments to 1mM PR acidified with 2.0mM HOTf. Two 

profiles were collected, one with the presence of 1mM Zn(OTf)2, and the other without M2+. The 

color change and the pH$
$  were recorded after each addition of base and are plotted for 

comparison purposes in Figure 98.   

To examine how different concentrations of Zn(OTf)2 affect the system, potentiometric 

titration experiments were performed in 1:1 MeOH:EtOH (v/v). NaOCH3 was added in 

increments, so that the total concentration of each increment was 0.1mM, to 1mM PR acidified in 

the presence of 1mM La(OTf)3 and in different [Zn(OTf)2]; 1mM, 2mM, 5mM, 10mM. The color 

change and the pH$
$  were recorded after each addition of [base] and are plotted for comparison 

purposes in Figure 99.   

6.2.5.2  1H NMR titration   

 
1H NMR titrations in CD3OD were carried out on a Bruker AVANCE-400MHz NMR 

Spectrometer and analyzed with the MestReNova NMR Software by Mestrelab Research. 

Chemical shifts (δ) are expressed in ppm. Stock solutions were prepared in CD3OD and consist of 

10mM PR, 1M Zn(OTf)2, 300mM NaOCH3, and 250mM HOTf.  All additions were performed 
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with a Hamilton microliter syringe. A typical experiment went has followed: An NMR tube 

initially contained 10mM PR from which a spectrum was collected.  Subsequently, 20mM HOTf 

was added, followed by 100mM Zn(OTf)2 and spectra collected. Increments of  

-OCH3, so that the total concentration of each increment was 2mM, was successively added and 

spectra recorded until the NMR spectrum ceased to change. Each 1H-NMR spectrum averaged 16 

scans.  The partial stacked spectra for the 1H NMR titration is displayed in Figure 100. 

6.2.5.3  Sensitivity  

 
UV-Vis sensitivity studies were conducted by the sequential addition of DECP aliquots 

(so that the total concentration of each aliquot was 0.01mM) to the system containing 1mM 

Zn(OTf)2, 1mM La(OTf)3, 0.3mM MEA, 0.1mM PR in 1:1 MeOH:EtOH (v/v). The change of 

absorbance was monitored at 514nm and plotted against [DECP] in Figure 102. 

The sensitivity was determined with different [Zn(OTf)2] with both DECP and DFP 

substrates. Systems contained [Zn(OTf)2] = 1mM, 2mM, 5mM or 10mM, 1mM La(OTf)3, 0.3mM 

MEA, 0.1mM PR in 1:1 MeOH:EtOH (v/v). Cuvettes were charged with the systems as 

described above and an initial spectrum was taken. Aliquots of substrate, DECP or DFP, so that 

the total concentration of each aliquot was 0.01mM, were then added by Hamilton syringe, and 

another spectrum was immediately collected. The absorbance change plots at 514nm versus 

[Zn(OTf)2] for both substrates are compared in Figure 103. 

6.2.5.4   31P NMR study 

 
31P NMR spectra were acquired using the Bruker Avance 300 (300MHz) NMR spectrometer. 

This technique was used to monitor the alcoholysis reaction of DECP substrate since it does not 

absorb in the UV-Vis region. A general procedure was followed: to an NMR tube is added a 

sealed tube containing DMSO-d6 (to achieve a "lock") followed by an aliquot of the substrate. An 

initial scan is recorded. The catalyst system, as described in Table 18, is then added to the NMR 
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tube. Approximately 60 s are required to add the catalyst and place the tube back into the 

spectrometer, lock the signal and commence analysis. As a result, observations are reported after 

a 60s reaction time. The associated chemical shifts and visible color changes were recorded 

before and after the addition of the catalyst. The spectra were analyzed with ACD/NMR 

Processor Academic edition version 12.01. The results are shown in Table 18. 

6.2.6 Experimental: NR system 

6.2.6.1  Sensitivity  

 
The effect on the magnitude of the absorbance change with a variety of M2+ with the 

sequential addition of DECP or DFP aliquots, so that the total concentration of each aliquot is 

0.01mM, was studied using UV-Vis. Cuvettes were charged without M2+ or  with 0.5mM of 

Zn(OTf)2, Co(OTf)2, or Ni(OTf)2 with 0.5mM La(OTf)3, 0.02 NR and the required [MEA] to 

allow for chromogenic change in 1:1 MeOH:EtOH (v/v). Initial spectra without substrate were 

collected followed up with spectra obtained after each addition of DECP or DFP. The change of 

absorbance at 523nm is plotted against [DECP] or [DFP], and the different systems are 

superimposed and compared in Figure 104 with DECP, and Figure 107 with DFP.  

The effect on the magnitude of the absorbance change with different concentrations of 

Co(OTf)2 with the sequential addition of DECP aliquots, so that the total concentration of each 

aliquot is 0.02mM, was studied using UV-Vis. Cuvettes were charged with different [Co(OTf)2] = 

0.5mM, 1mM, 2mM or 5mM, 0.5mM La(OTf)3, 0.02 NR and the required [MEA] to allow for 

chromogenic change in 1:1 MeOH:EtOH (v/v). Initial spectra without substrate were collected 

followed up with spectra obtained after each addition of DECP. The change of absorbance at 

523nm is plotted against [DECP], and the different systems are superimposed and compared in 

Figure 105. 
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The effect on the magnitude of the absorbance change with different concentrations of 

Ni(OTf)2 with the sequential addition of DECP aliquots, so that the total concentration of each 

aliquot is 0.1mM, was studied using UV-Vis. Cuvettes were charged either without Ni(OTf)2 or 

with 0.1mM Ni(OTf)2 and with 0.5mM La(OTf)3, 0.02 NR and the required [MEA] to allow for 

chromogenic change in 1:1 MeOH:EtOH (v/v). Initial spectra without substrate were collected 

followed up with spectra obtained after each addition of DECP. The change of absorbance at 

523nm is plotted against [DECP], and the different systems are superimposed and compared in 

Figure 106. 

 

6.3 Results/Discussion 

6.3.1 Potentiometric titration 

 

To investigate how M2+ metals contribute to the system, potentiometric titrations were 

conducted with both sodium ethoxide and MEA. As conducted in the H+ strategy for detection of 

phosphonofluoridates, to optimize the sensitivity it is of importance to determine how much base 

is required for a chromogenic transition to understand how the sensitivity and ultimately the 

response is affected. Both Figure 96 and Figure 97 demonstrate potentiometric titrations with 

0.5x10-3M La(OTf)3 in 1:1 MeOH:EtOH (v/v) with a variety of 0.5x10-3 M of M2+: Ni2+, Co2+, 

and Zn2+. All systems with M2+ have similar titration profiles, but differences are observed and 

compared when either there is no M2+ or the addition of an extra 0.5x10-3M La(OTf)3. As 

observed in both potentiometric profiles a buffer zone is created above a pH$
$  of 8.5. This buffer 

zone occurs below the pH$
$  chromogenic transition point for NR, but above that for PR. The NR 

system requires a greater concentration of base which diminishes the sensitivity of the system. 

Previous studies have also demonstrated the titration curves for the divalent transition metal ion 

Zn2+, Co2+, and Ni2+ are remarkably similar to one another in MeOH.204 
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Figure 96. Potentiometric titration profiles with NaOCH3 in the presence of 0.5x10-3M La(OTf)3 
in 1:1 MeOH:EtOH (v/v) for 0.5mM Ni2+ (Æ), 0.5mM Co2+ (Í) and 0.5mM Zn2+ (r) and 0mM 
M2+ (¯), and 1mM La3+ (l) T=25oC. The horizontal line represents the chromogenic transition 
from yellow to red if NR was present. Although not represented, a chromogenic transition from 
yellow to red for PR occurs at pH$

$  6.6. 

 

 

Figure 97. Potentiometric titration profiles with MEA in the presence of 0.5x10-3M La(OTf)3 in 
1:1 MeOH:EtOH (v/v) for 0.5mM Ni2+ (Æ), 0.5mM Co2+ (Í) and 0.5mM Zn2+ (r) and 0mM 
M2+ (¯), and 1mM La3+ (l) T=25oC. The horizontal line represents the chromogenic transition 
from yellow to red if NR was present. Although not represented, a chromogenic transition from 
yellow to red for PR occurs at pH$

$  6.6. 
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The NR system requires between 0.9mM and 1.7mM MEA depending on the M2+ 

involved, this summarized in Table 16. The PR system requires between 0.2mM to 0.3mM MEA 

which according to the potentiometric profiles, causes the PR system to be relatively more 

sensitive due to the lower concentration of base. PR and NR systems were further investigated 

for their response and sensitivity.  

 

Table 16. The [MEA] required to permit a complete chromogenic transition with NR with or 
without 0.5mM M2+, and 0.5mM La3+.  

M2+ None Co2+ Ni2+ Zn2+ 

MEA required  1.0mM 1.3mM 1.5mM 1.7mM 

 

6.3.2 System 1: Propyl Red (PR) 

 

Due to the extensive study of using Zn2+ in the MICA methodology,249 as well as its low 

cost, and wide availability, it was selected as the M2+ for the PR system. Another advantage was 

its ability to associate with PR as does La3+ which will be described later. It was previously 

determined that the dimeric forms of Zn2+ in alcohols are not catalytically active and may not 

participate in catalysis throughout the pH$
$  range, unless in equilibrium with a monomeric 

form.249 Nonetheless, with La3+ present, there is no interest in using Zn2+ as a catalyst.  

6.3.2.1 Potentiometric titration 

 

Figure 98 demonstrates two potentiometric titration profiles; one with no metal and the 

other with 1x10-3M Zn(OTf)2 both in the presence of 1x10-3M PR in MeOH. As seen in the 

previous chapter, without metal ions PR has two pKa’s, but with the addition of La3+, the addition 

of Zn(OTf)2 eliminates pKa2. The elimination of pKa2 indicates that Zn2+ associates with PR and 
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indicates the possibility of a displacement mechanism. The chromogenic transition from red to 

yellow occurs at pH$
$  6.6.  

 
Figure 98. Potentiometric titration profiles for 1x10-3M propyl red (PR) without (¡) and in the 
presence of 1x10-3M Zn(OTf)2 (l) in MeOH, T=25oC.  The first consumption of 2.0 equiv. of      
–OCH3 at pH$

$  ≤ 4, corresponds to the titration of 2x10-3M added CF3SO3H. The color scale or the 
left represents the chromogenic change throughout the titration without the presence of Zn2+. The 
color scale or the right represents the chromogenic change throughout the titration in the presence 
of Zn2+.  
 

 
Furthermore, potentiometric titration profiles of systems with increasing concentrations 

of Zn(OTf)2 in the presence of 1x10-3M La(OTf)3 and 1x10-3M PR are superimposed in Figure 

99. Although the chromogenic transition point remains at pH$
$  6.6, by increasing the 

concentration of Zn(OTf)2, a lower concentration of base is required to achieve this pH$
$  value. 

The increase of [Zn(OTf)2], decrease of [base] required, and the Zn2+ associating with any free –

CN contributes to the increase in sensitivity since H+ is available to associate with PR rather than 

base or –CN.  

Furthermore, it was observed that a larger chromogenic change occurs with the addition 

of –CN to a system with greater [Zn2+]. As shown in Figure 99, this is a result of a buffer zone 

that is established around pH$
$  8 and is lowered in the presence of greater [Zn2+]. The dissociation 

of the PR-Zn2+ complex by the addition of –CN regenerates pKa2 of PR.  Free PR now present at 
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lower pH$
$ , due to an increased [Zn2+], results in a stronger chromogenic change. Unfortunately, 

any anion which can associate with Zn2+ such as Cl-, Br- or any oxygen-containing anions will 

trigger the dissociation of the PR-Zn2+ complex resulting in a chromogenic change.  

 

 
Figure 99. Potentiometric titration profiles for 1x10-3M PR in the presence of 1x10-3M La(OTf)3 
with 1x10-3M Zn(OTf)2 (l), 2x10-3M Zn(OTf)2 (¡), 5x10-3M Zn(OTf)2 (n) and 10x10-3M 
Zn(OTf)2 (¨) in MeOH, T=25oC.  
 

6.3.2.2 1H NMR titration 

 
1H NMR titration studies were conducted to investigate how Zn2+ associates with PR, 

where aliquots of base were added to a mixture of PR and Zn2+ as described in the experimental. 

Shown in Figure 100 is the partial 1H NMR titration spectra where the chemical shifts are 

compared in Table 17. By comparing the shifts to those previously determined with no metal 

added and in the presence of only La3+, it can be proposed that Zn2+ associates with the one of the 

oxygen on the carboxylate group and the most basic azo nitrogen, forming a stable six-membered 

ring. This is also substantiated by the increased shielding magnitude of protons d, e, and f, which 

are pushed out-of-plane of their respective phenyl rings by Zn2+.  This association is commonly 

described in the literature250–253 where the M2+ associates in a similar way with azo containing 
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compounds. In the presence of both Zn2+ and La3+ (data not shown), the chemical shifts mimic 

those seen with La3+ alone indicating that Zn2+ has a limited effect.  

 

 
 

 

Figure 100. Partial 1H NMR spectra (stacked) in the presence of 10mM PR with increasing 
[NaOCH3] in the presence of 100mM Zn(OTf)2 at room temperature in CH3OD. Each slice is 
represented by the addition of base as indicated on the right. 

a 
b 

c 
d 

e 
f 

e 
f 
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Table 17. Summary of chemical shifts, and differences for ionized PR in the presence of either 
Zn2+ or La3+ or no metal, and chemical shift for non-ionized cationic PR.  A negative number 
indicates the magnitude of deshielding due to the presence of Zn2+. A positive number indicates 
the magnitude of shielding due to the presence of Zn2+. 

Description, PR Proton, shift 

a b c d e f 

Non-ionized, cationic form  8.19ppm 7.43ppm 7.76ppm 8.10ppm 7.88ppm 7.36ppm 

Ionized form without M2+/3+ 7.47ppm 7.32ppm 7.32ppm 7.60ppm 7.83ppm 6.73ppm 

Ionized form (presence of La3+) 7.35ppm 7.43ppm 7.55ppm 7.96ppm 7.76ppm 6.76ppm 

Ionized form (presence of Zn2+) 7.71ppm 7.38ppm 7.48ppm 7.48ppm 7.76ppm 6.71ppm 

Difference between ionized PR 

form without M2+/3+and ionized 

form (with La3+) 

0.12 -0.11  -0.23 -0.36 0.07 -0.03 

Difference between ionized PR 

form without M2+/3+and ionized 

form (with Zn2+) 

-0.24 -0.06 -0.16 0.12 0.07 0.02 

 

 

 

Figure 101. Proposed association with Zn2+ and ionized PR. 
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6.3.2.3 Sensitivity 

 

Sensitivity studies were conducted by the addition of DECP, so that the total 

concentration of each aliquot was 0.01mM, to the system containing 1mM [Zn(OTf)2], 1mM 

La(OTf)3, 0.3mM MEA, 0.1mM PR in 1:1 MeOH:EtOH (v/v). Figure 102 demonstrates the 

sensitivity of the PR system by responding to 10µM DECP. The sensitivity can be amplified by 

increasing [Zn2+] or [PR]. 

 

Figure 102. Plot of the absorbance change at 514nm versus accumulated concentration of 
sequential additions of 0.01mM DECP (l). Each point is representative of a reaction that takes 
place in a solution containing 1mM Zn(OTf)2, 1mM La(OTf)3, 0.3mM MEA, 0.1mM PR in 1:1 
MeOH:EtOH (v/v) at 25oC. pH$

$  final is 6.4. The absorbance change is recorded 3s following the 
addition of DECP. 
 

6.3.2.4 Substrate response 

 

The magnitude of the absorbance change at 514nm was investigated with increasing 

[Zn2+] to determine how an increased buffer zone impacts the response to DECP and DFP. As 

shown in Figure 103, increasing the concentration from 1mM to 10mM Zn2+ results in a 5-fold 

increase in the absorbance change with the addition of DECP. In contrast, the absorbance change 

decreases with DFP as the [Zn2+] increases. As shown in Figure 99, the larger buffer zone created 
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with increasing [Zn2+] results in a decreased slope from pH$
$  4 to 7 which hinders the sensitivity 

to H+ produced by the MICA of DFP. Consequently, the [Zn(OTf)2] integrated in the system must 

be adjusted to maintain the high sensitivity to both phosphonofluoridates and 

phosphonocyanidates.  

 

 

Figure 103. Plot of absorbance change at 514nm versus [Zn(OTf)2] with the addition of 0.1mM 
DECP (l) and 0.1mM DFP (¨). Each point is representative of the reaction when an aliquot of 
substrate is added to a solution containing different concentrations of [Zn(OTf)2], 1mM La(OTf)3, 
0.3mM MEA, 0.1mM PR in 1:1 MeOH:EtOH (v/v) at 25oC,	 pH$

$  initial is 6.6. 
 
 

6.3.2.5 31P-NMR study 

 

To ensure the chromogenic change is related to DECP degradation, 31P-NMR studies 

were conducted with the addition of DECP to the system described in Table 18. The 31P NMR 

experiments show that DECP is degraded within 60 seconds when an equimolar amount of 

substrate:metal is used with the DECP peak disappearing at -20.33ppm and the formation of a 

new peak at 0.585ppm attributable to triethyl phosphate (TEP) or diethyl methyl phosphate 

(DEMP). Furthermore, GC-MS analysis of products concluded that main degradation products 

were in fact diethyl methyl phosphate and small amount of triethyl phosphate. 
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Table 18. 31P NMR data prior to (a) and after (b) catalytic degradation studies of DECP. At 25oC, 
the 31P NMR spectrum of DECP (a) exhibits one signal at δ -20.03ppm. After the addition of an 
equimolar amount of catalyst, DECP ceases to be observed after 60 seconds (b). A new peak is 
formed at 0.585ppm which is either triethyl phosphate (TEP) or diethyl methyl phosphate 
(DEMP). 

 

 

a 

 

 

 

 

 

 

 

 

 

 

 

b 

 
	                  

              System                                                        Spectrum 

Substrate Metal Base Solvent 

prior to 

addition of 

catalyst (a) 

after addition 

of catalyst (b) 

10mM 

DECP 

10mM 

La(OTf)3 

10mM 

Zn(OTf)2 

1.5mM 

MEA 

1:1 MeOH: EtOH (v/v) -20.03ppm - 

DECP 

0.585ppm – 

TEP or DEMP 
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6.3.2.6 Summary 

 

The integration of Zn(OTf)2
 with the H+ sensor, PR, has shown to be effective for the 

detection of phosphonocyanidates via MICA. Increasing [Zn2+] results in an increase of 

sensitivity to DECP but unfortunately a decrease in sensitivity to DFP due to the buffering 

conditions generated. As shown in Figure 96 and Figure 97, different M2+ metals have varied 

titration profiles at higher	 pH$
$  which is thought to prevent the impact on sensitivity with 

phosphonofluoridates. As a result, the NR H+ sensor was further studied in-conjunction with the 

M2+ methodology due its chromogenic transition point occurring at higher pH$
$ .  

 

6.3.3 System 2: Neutral Red (NR) 

 

Due to the chromogenic transition at higher pH$
$  with NR, it is of value to examine the 

response of the system with a variety of M2+ metals in conjunction with the MICA methodology. 

NR does not associate with La3+ or Zn2+ and consequently does not undergo a chromogenic 

change in response to anions. Although this diminishes false positive responses with salts, a 

greater [MEA] is required to reach the chromogenic transition point which ultimately decreases 

its sensitivity to substrates relative to PR.  

6.3.3.1 M2+ variation: sensor response 

 

A standard system comprising of 0.5mM La3+, 0.02mM NR, the required [MEA], and 

M(OTf)2 (M=Co, Zn, Ni) was developed to compare the chromogenic response to the presence of 

a total concentration of 0.01mM DECP. Figure 104 shows that in the presence of either Co2+ or 

Ni2+, the greatest responses are observed. Lewis acidity where the acid strength increases in the 

order: Co<Ni<Zn as ionic size decreases, plays a fundamental role in explaining this response. As 
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observed in Figure 96 and Figure 97, Zn2+ requires a slightly greater [base] to reach the 

chromogenic transition pH$
$ .  

 
Figure 104. Plot of absorbance change at 523nm versus accumulated concentration of sequential 
additions of 0.01mM DECP in the presence of 0.5mM La3+ and a variety of M2+: 0.5mM Ni2+ 
(Æ), 0.5mM Co2+ (Í) and 0.5mM Zn2+ (r), and 0mM M2(l). Each point is representative of a 
reaction that takes place in a solution containing 0.5mM La(OTf)3, 0.02mM NR and the required 
[MEA] as described in Table 16 in 1:1 MeOH:EtOH (v/v) at 25oC, pH$

$  initial is 9.2. 
 
 

6.3.3.2 [Co2+]: sensor response 

 

Due to the limited solubility of Ni(OTf)2 in alcohols, Co(OTf)2 was further explored as a 

suitable M2+for this -CN capture strategy.  The chromogenic response to aliquots of DECP was 

measured through a change in absorbance at 523nm in the presence of increasing [Co2+] and 

0.5x10-3M La3+. Contrary to the PR system with Zn2+, and as shown in Figure 105, greater 

sensitivity (optical change) with a smaller [Co2+] is observed. The result of an extended buffer 

zone with a greater [M2+] requires a greater [H+] to induce a chromogenic change, hence, a 

smaller [M2+] at higher pH$
$  increases sensitivity.  
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Figure 105. Plot of absorbance change at 523nm versus accumulated concentration of sequential 
additions of 0.01mM DECP in the presence of 0.5mM La3+, 0.02mM NR and a variety of [Co2+] 
and [MEA]: 0.5mM Co2+, 1.2mM MEA (¯), 1mM Co2+, 1.4mM MEA (�) and 2mM Co2+ 
1.6mM MEA (r) and 5mM Co2+, 1.8mM MEA (¨) in 1:1 MeOH:EtOH (v/v) at 25oC, pH$

$  
initial is 9.2. 
 
 

6.3.3.3 Ni2+: sensor response 

 

 In chapter 7 regarding the detection of phosphonothioates, it is observed that sensor 83, 

the main indicator for thiolate products (via MICA) has an affinity for M2+ metals.  As is 

described in chapter 7, and as dictated by HSAB theory, thiols are soft bases which have a high 

affinity for soft/borderline metals. As result, the addition of a M2+ ion affects the response to 

phosphonothioates. Fortunately, it was observed that Ni2+ has lower thiophilic character than both 

Co2+ and Zn2+ (see chapter 7). Due to solubility issues with Ni(OTf)2 in alcohols, the 

chromogenic response to increasing [DECP] was investigated with low [Ni2+] = 0.1mM, in 1:1 

MeOH:EtOH (v/v) in the presence of 0.5x10-3M La3+. Shown in Figure 106, the absorbance 

change is compared with a solution containing only 0.5x10-3M La3+ and without M2+. A sensitive 

and large response is observed in both systems as [DECP] increases, but the magnitude is much 

larger in the presence of Ni(OTf)2.  
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Figure 106. Plot of absorbance change at 523nm versus accumulated concentration of sequential 
additions of 0.1mM DECP in the presence of 0.5mM La3+, 0.02mM NR, 0.9mM MEA and either 
0.1mM Ni2+ (Æ) or 0mM Ni2+(l) 1:1 MeOH:EtOH (v/v) T=25oC, pH$

$  initial is 9.2. 
 
 

6.3.3.4 Phosphonofluoridate response 

 

The NR system was further investigated with DFP to ensure the adequate and sensitive 

response to phosphonofluoridates is retained in the presence of M2+. As shown in Figure 107, the 

presence of Co2+ and Ni2+ give absorbance changes with a similar magnitude to the system with 

only La3+. This indicates that the sensitivity for phosphonofluoridates is not diminished in any 

way and can thus be a practical indicator methodology for both phosphonofluoridates and 

phosphonocyanidates. In contrast, the system with Zn2+ hinders the response to DFP since a larger 

buffer zone is created with the more Lewis acidic metal. 
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Figure 107. Plot of absorbance change at 523nm versus accumulated concentration of sequential 
additions of 0.01mM DFP in the presence of 0.5mM La3+ and a variety of M2+: 0.5mM Ni2+ (Æ), 
0.5mM Co2+ (Í) and 0.5mM Zn2+ (r), and 0mM M2+ (l) T=25oC. Each point is representative 
of a reaction that takes place in a solution containing 0.5mM La(OTf)3, 0.05mM NR and the 
required [MEA] as described in Table 16 in 1:1 MeOH:EtOH (v/v) at 25oC, pH$

$  initial is 9.2. 
 
 

6.4   Conclusion 

 

The M2+ capture strategy is simple and demonstrates its effectiveness in both the PR and 

NR systems.  The production of the -CN anion via MICA of phosphonocyanidates normally 

captures the H+ due to HCN's relatively high pKa in alcohols. Through the addition of a borderline 

M2+, it has been demonstrated that -CN instead associates with the metal, which promotes the H+ 

to associate with the indicator. An increase in [Zn2+] with the PR system results in an increased 

response to phosphonocyanidates but a decreased sensitivity to phosphonofluoridates. In contrast, 

the NR system containing either Co2+ or Ni2+ results in the increased sensitivity to both 

phosphonofluoridates and phosphonocyanidates and this response increases as the [M2+] 

decreases. Due to this increased sensitivity and compatibility for both types of G-agents and the 

associated increased catalytic rates working at near-neutral pH$
$ , it is assessed that the NR system 

is superior. 
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Chapter 7 

V-Agent Detection: Phosphonothioates 

7.1 Introduction 

 

V-series nerve agents differ greatly from the G-series nerve agents regarding their 

physical properties and increased toxicity.254 There are different variants of V-series as displayed 

in Figure 108 but all have the common (N,N-dialkylamino)ethanethiol group connected to the 

central phosphorus atom. 

 

  R1 R2 R3 

VE CH2CH3 CH2CH3 CH2CH3 

VG OCH2CH3 CH2CH3 CH2CH3 

VM CH3 CH2CH3 CH2CH3 

VR CH3 CH2CH(CH3)2 CH2CH3 

VX CH3 CH2CH3 CH(CH3)2 
 

Figure 108: V-series nerve agent variants. 
 
 
 

V-series nerve agents subjected to hydrolysis can undergo two main hydrolytic pathways 

depending on the pH. The first pathway is the hydrolysis of the desired P-S bond forming non-

toxic 2-(N,N-diisopropylamino)ethanethiol and ethyl methylphosphic acid. The second pathway 

is the hydrolysis of the P-OR bond, producing the undesired and toxic product,  

S-(2-(N,N-diisopropylamino)ethyl) methyl phosphonothioate, commonly known as EA 2192, and 

ethanol.232  As seen in Scheme 10, at neutral and alkaline pH values between 7 and 10, the 

formation of EA2192 predominates. At a pH below 6 and above 10, the cleavage of the P-S bond 

predominates, resulting in benign hydrolysis products. 
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                         VX                                                                   EA2192 

Scheme 10. Primary hydrolysis pathways of VX in the environment, adapted from ref (232). 

 
Fortunately, it is determined that at neutral pH$

$  the MICA of V-series nerve agents, seen 

in Scheme 11, proceeds through the cleavage at the P-S bond, forming the neutral phosphoester 

and thiolate.255  It is also demonstrated that EA 2192-related simulants, S-aryl 

alkylphosphonothioates, can undergo MICA with P-S cleavage to yield a phosphonic monoester 

and the corresponding thiolate products.255,256  

 
 

Scheme 11. Main degradation pathway of V-series nerve agents via the MICA methodology 
producing non-toxic neutral products. 

 
The kinetics of hydrolysis and the preferential hydrolysis pathway of VX is dependent on 

pH and temperature.  VX has a pK*
*

a of 8.6 and, in neutral aqueous conditions, coexists with its 
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N-protonated species which results in a slow hydrolysis: t1/2 of 60hr at 23oC.257 In alcohol with 

the presence of 0.25M methoxide anion, CH3O-, it is demonstrated that VX undergoes primarily 

P-S cleavage with a t1/2 of 15min at 22oC.257 With addition of water, OH- competes with CH3O-  

and the t1/2 is increased to 140hr at 22oC producing the toxic and persistent EA2192 as the 

predominant product.257 To assess MICA kinetics, our group has previously prepared a series of 

O-ethyl S-aryl methylphosphonothioates as structurally similar simulants to VX, where the 

Brønsted plot of logk2
catalyst for the MICA promoted methanolysis versus pK$

$
a of the associated 

aryl thiols were plotted.258 The pK$
$

a for the ionization of the SH group of (N,N-

diethylamino)ethanethiol (a thiol that resembles the leaving group of VX) in MeOH was 

independently determined to be 9.54. When placed on the Brønsted plot, a second order rate 

constant for MICA promoted methanolysis predicted that a 1mM solution of (La3+)2 (-OCH3)2 

should decompose VX with a half-life of 0.33 seconds at pH$
$  9.1 at 25oC.258  Furthermore, at pH$

$  

9.1 (N,N-diethylamino)ethanethiol would be protonated (tertiary amine), making it a much better 

leaving group than it would be if under highly basic conditions. Studies conducted at ECBC255 

and TNO259 with VX and the Research Institute of Hygiene, Toxicology, and Occupational 

Pathology (RIHTOP) in Russia with VR260 have also indicated the effectiveness of MICA in the 

decomposition of V series nerve agents. 

 

7.2 Strategy 

 

Due to the presence of the tertiary amine moiety of the (N,N-dialkylamino)ethanethiol 

leaving group, the H+-sensor strategy developed for the detection of G-agents is ineffective. Thiol 

detection strategies were thus envisioned since (N,N-dialkylamino)ethanethiol is the main 

product via the MICA of V-series nerve agents.   

Detecting thiol-containing compounds has been heavily investigated in the literature,261–

264 and some common strategies include Michael addition,265–270 metal complex-displacement 
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coordination,271,272 Se-N cleavage,273,274 and thiol-disulfide interchange.275–278 In reviewing the 

strategies indicated in the literature, the only viable one for a practical indicator solution was 

anticipated to be the thiol-disulfide interchange. Disulfide sensors can be obtained commercially, 

or easily synthesized in few steps without harsh conditions. Also, their structure can be easily 

altered to achieve practical chromogenic changes when the S-S bond is cleaved to produce the 

thiolate.   

The thiol-disulfide interchange279 reaction involves thiol (RSH) reacting with a disulfide 

(R’SSR’) resulting in the formation of a new disulfide (RSSR’) and a new thiol (HSR’), as 

described in Equation (2).The nucleophilic thiol must be deprotonated and must exist as a thiolate 

species. The disulfide may have asymmetric or symmetrical R groups.  

 

	 (2) 

 
The thiol-disulfide interchange is an Sn2 reaction involving a backside nucleophilic attack 

on the S-S bond by the thiolate anion (RS-). The thiolate anion is a strong nucleophile due to its 

high polarizability and low degree of solvation. This interchange reaction is quenched or 

prevented altogether if the solution is made acidic where the thiolate is protonated to become a 

thiol.280 The thiol is a much weaker nucleophile, and there has been no observation of a direct 

reaction between a thiol and disulfide.279  The rates of the thiol-disulfide interchange reaction 

depend largely on the pH of the solution and more importantly the pKa of the attacking thiol 

(RSH) which determines its nucleophilicity. The rate is also dependent on the stability and the 

pKa of the produced thiol (HSR’) which influences the electrophilicity of the central disulfide 

bond.281   

The thiol-disulfide interchange reaction is bimolecular and exhibits first order 

dependency on both reactant concentrations, as shown in Equation (3). When one of the reactants 
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is in 10-fold excess, pseudo first order conditions exist. Equation (3) does not consider the 

reversibility of the reaction when a substantial amount of reactant is remaining.   

	
(3) 

The well-known and widely used strategy in detecting thiols is known as the Ellman 

method.282,283 In this strategy 5,5’-dithiobis-(2-nitrobenzoate) reacts with free thiolate to rapidly 

produce a mixed disulfide and the 2-nitro-5-thiobenzoate anion (TNB). The rapid reaction rate is 

governed by the low pK*
*

a, 4.53, of TNB which exists in its dianionic form (TNB2-) at neutral pH. 

TNB2- has an absorbance maximum at 412nm (yellow colored) with an εmax ~ 14,000M-1 cm-1.284 

Using this method, VX could be detected in seawater at the parts per trillion level after a 30 hour 

incubation period.52 Scheme 12 demonstrates the disulfide exchange reaction with thiocholine 

(RS-) and 5,5’-dithiobis-(2-nitrobenzoate) (DTNB). 

 

 
                           DTNB                                                                                                   TNB2- 

 

Scheme 12. Thiol interchange reaction with Ellman's reagent. 

 
In an unpublished study conducted by TNO Defence,285 the MICA methodology was 

integrated with Ellman's reagent for the detection of VX. It was determined that a minimum 

concentration of 0.1mM VX could be readily detected by the naked-eye. It was observed that 

coloration appeared instantly but faded within 6 minutes. The report concluded that the metal 
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catalyst, La3+, was the cause of the discoloration through complexation or a subsequent reaction. 

No further details were provided.  Unfortunately, the absorbance maximum of TNB2- at 412nm 

does not provide a practical chromogenic change especially if incorporated with the G-agent 

detection sensor, the ionized form of neutral red, which has an absorbance maximum at 423nm. 

In selecting, designing and developing a disulfide sensor the requirements listed below 

focused our approach. The series of disulfides displayed in Figure 109, either commercially 

obtained or synthesized were assessed for the following:   

 

- Must be compatible and stable with the G-agent detection system previously developed in 

alcohol with La3+ metal present.  

- On cleavage of S-S bond, the thiol product must have a low pKa to exist primarily as a 

thiolate species at	 pH$
$  9.2 in 1:1 MeOH:EtOH (v/v). 

- The chromogenic thiolate product must have an absorbance maximum greater than 

450nm and have a large enough extinction coefficient, ε, to produce a prominent color 

change to the naked-eye.  
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 R1 R2 

 

 

73 H NO2  

74 NO2 NO2  

75 NO2 CH3  

76 NO2 OCH3  

77 NO2 NH2  

  

 

 

  

 R1 R2 

 

R3 

78 H H NO2 

79 H NO2 NO2 

80 NO2 H NO2 

81 NO2 NO2 NO2 

  

 

 

 

 

 

 

 

 

 

R1 R2 R3 

82 H H NO2 

83 NO2 H NO2 

	

	

	

	
	

	

	

	
 

Figure 109. Series of disulfides obtained commercially (73-75) or synthesized (76-83). 

 

 



 

189 

 

Of all the disulfide sensors examined, 83 was deemed to be the most compatible with our 

requirements and consequently, this chapter focuses exclusively on results and studies with 83. 

Disulfide 83 has been previously reported in the literature but synthesized by a different method 

and for the purpose of detecting carbon disulfide.286 When the S-S bond is cleaved, the thiolate 

product undergoes conjugation through the azo moiety which permits a large bathochromic shift, 

resulting in a practical chromogenic change. The o-nitro group (R1) stabilizes the negative charge 

of the thiolate thereby lowering the pKa of the thiol. In contrast, sensors 73 through 77 do not 

permit a practical chromogenic change, and sensor 81 is insoluble in the light alcohols.  The 

thiolate products of sensors 78, 79, 80 and 82 have high pKa values due to the lack of an azo 

moiety or the lack of an o-nitro which prevents practical chromogenic changes at pH$
$  9.2. These 

sensors have shown stability when integrated into commercially developed systems M6G or E4T 

but further study is warranted. 

V-series nerve agents are regulated by the Chemical Warfare Convention and are too 

toxic to handle easily; consequently, thiol-based simulants are employed as shown in Figure 110. 

The simulants are the thiol salt, DEAT, which mimics the V-series nerve agent thiol leaving 

group, and two thiol-containing compounds which are UV-vis active; a benzothioate, TE, and a 

phosphonothioate, PT.  
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2-(N,N-diethylamino)ethanethiol HCl  

(DEAT) 

 

 

 

S-(2-(diethylamino)ethyl)  

4-nitrobenzothioate  

(TE) 

 

O-ethyl S-(p-methoxyphenyl) 

methylphosphonothioate  

(PT) 

Figure 110. Thiol-based substrates used in this chapter. 

 

7.3 Experimental 

7.3.1 Materials 

 
Methanol (HPLC) was obtained from Fisher Scientific Company and used as received. 

Ethanol (99.8%, anhydrous) was obtained from Commercial Alcohols and stored under an Argon 

atmosphere and freshly dispensed for each experiment.  Dry acetonitrile was obtained from EMD 

Chemical and used as received. Chloroform and dichloromethane was purchased from Fisher and 

used as received. Tetra-n-butylammonium salts of perchlorate, periodate, bisulfate, triflate, 

nitrate, bromide, cyanide and iodide were purchased from Aldrich while the chloride and fluoride 

were purchased from Fluka, all used as received. 2-(N,N-Diethylamino)ethanethiol hydrochloride 

(DEAT) was purchased from Sigma-Aldrich and used as received. Triethylamine, 

monoethanolamine, and N-methyl-2-pyrrolidone was purchased from Sigma-Aldrich and used as 
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received. Glacial acetic acid was purchased from Fisher Scientific Company and used as 

received.  N-ethylmorpholine was purchased from Sigma-Aldrich and used as received. 

Lanthanum (III) trifluoromethanesulfonate, zinc (II) trifluoromethanesulfonate, Cobalt (II) 

trifluoromethanesulfonate, and nickel (II) trifluoromethanesulfonate were purchased from Aldrich 

and used as received. 4-Fluoro-3-nitroaniline purchased from Alfa Aesar and used as received. 4-

Nitroaniline, 4-nitrobenzoylchloride, 4-methoxy-2-nitroaniline, sodium sulfide anhydrous, 

sodium sulfide nonahydrate, sulfur powder (99.95% trace metal basis), 4-aminophenyldisulfide, 

4-nitrobenzaldehyde, and potassium peroxymonosulfate (Oxone) were purchased from Sigma-

Aldrich and used as received. 2,4-Dinitrobenzaldehyde purchased from Accela Chem and used as 

received.  

O-Ethyl S-(p-methoxyphenyl) methylphosphonothioate (PT) was previously prepared by 

a member of the group, Stephanie Melnychuck. The purity was checked with 31P-NMR, 1H NMR 

and GC-MS and spectra compared with that found in the literature.258 

7.3.2 Syntheses 

 

(TE), S-(2-(diethylamino)ethyl) 4-nitrobenzothioate  
 

This synthesis followed the methodology as described in the literature287 with slight 

modifications. p-Nitrobenzoylchloride (2.32g, 12.5mmol) was dissolved in CH3CN (10mL) and 

then added to a mixture of 2-(N,N-diethylamino)ethanethiol hydrochloride (2.12g, 12.5mmol), 

and pyridine (1.98g, 25.0mmol) in CH3CN (15mL). The reaction mixture was stirred overnight 

under N2 atmosphere at room temperature. The reaction mixture was filtered and solution 

evaporated to obtain a yellow viscous liquid. The yellow viscous liquid was dissolved in CHCl3 

(50mL) and washed with 1N HCl (3x 100mL). The pH of the aqueous wash was adjusted to 7 

with NaOH (pH paper) and extracted with CHCl3 (3x50mL). The combined organic layers were 

dried over MgSO4, filtered, and evaporated to give a yellow-orange liquid which solidifies around 
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-5oC. 1H NMR analysis indicated the presence of only one product. (2.32g; 66% yield); 1H NMR 

(400 MHz, CDCl3) δ/ppm: 8.27 (d, 2H, J=8.9Hz), 8.10 (d, 2H, J=8.9Hz), 3.23 (t, 2H), 2.76 (t, 

2H), 2.64 (q, 4H), 1.08 (t, 6H); 13C NMR (400 MHz, acetone-d6) δ/ppm: 191.34, 151.74, 142.74, 

129.28, 125.07, 52.90, 47.87, 28.68, 12.75; exact mass (ESI) m/z calcd for C13H19O3N2S: 

283.11109; found: 283.11139; (ATR, 𝜈max/cm-1): 2968, 2802 (C-H), 1662 (C=O), 1604(C=C), 

1523, 1348 (N=O). 

 

The synthesis of 76 was accomplished through the synthesis of 4-methoxy-2-nitrophenyl 

thiocyanate. 

 
4-methoxy-2-nitrophenyl thiocyanate 
 

This synthesis followed the methodology as described in the literature288 with slight 

modifications. 4-Methoxy-2-nitroaniline (5g, 0.030mol) was dissolved in H2O (50mL) and 

concentrated H2SO4 (16mL). The solution was cooled to 0oC and diazotized by adding dropwise a 

solution of NaNO2 (5.30g, 0.077mol) in H2O (10mL). On diazotization, the mixture goes from an 

orange to a pale yellow and was left to stir for 30min.  With vigorous stirring the resulting 

solution is added to a mixture of crystalline cobalt chloride (8.46g, 0.065mol), potassium 

thiocyanate (9.47g, 0.097mol) in H2O (50mL) and left to stand overnight. The mixture was then 

stirred at 60oC for 7 hours, where the formation of a yellow precipitate occurred. The precipitate 

was filtered and washed with H2O and saturated K2CO3 until pH paper indicated neutrality. The 

solid was washed with water and dried at 80oC to give a yellow solid; (5.61g, 89% yield); mp 

124.3-124.7oC (123-125oC);289 1H NMR (400 MHz, d6-acetone) δ/ppm: 7.95 (s, 1H), 7.93(s, 1H), 

7.61 (dd, 1H), 4.01 (s, 3H).  
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(76), Bis(2-nitro-4-methoxyphenyl) disulfide 
 

This synthesis followed the methodology as described in the literature289 with slight 

modifications. Sodium sulfide nonahydrate (0.211g, 18mmol) in EtOH (10mL) was heated in a 

round bottom flask until dissolved. Finely divided sulfur (0.028g, 18mmol) was added forming a 

brownish-red solution of sodium disulfide. Simultaneously, 4-methoxy-2-nitrophenyl thiocyanate 

(0.342g,1.63mmol) was dissolved in EtOH (20mL) and added to the sodium disulfide solution 

which resulted in an immediate dark brown color that became a yellow-orange colored precipitate 

over time. The mixture was refluxed for 2h and cooled to room temperature. The precipitated 

product was collected, washed with cold water and EtOH to yield a yellow solid (0.224g, 75% 

yield); mp 166-166.7oC (166-167oC);289 1H NMR (400 MHz, d6-acetone) δ/ppm: 7.86 (s, 2H), 

7.84(m, 2H), 7.35 (dd, 2H), 3.94 (s, 6H). 

 

(77), Bis(2-nitro-4-aminophenyl) disulfide 
 

This synthesis followed the methodology as described in the literature290 with slight 

modifications. Sodium sulfide anhydrous (0.688g, 8.2mmol) in EtOH (10mL) was heated in a 

round bottom flask until dissolved. Finely divided sulfur (0.282g, 8.2mmol) was added forming a 

brownish-red solution of sodium disulfide. Simultaneously, 4-fluoro-3-nitroaniline (1.85g, 

11.8mmol) was dissolved in EtOH (5mL) and added to the sodium disulfide solution, which 

resulted in an immediate dark red color. The mixture was refluxed overnight and cooled to 5oC. 

The precipitated product was collected, washed with cold water and EtOH to yield a lustrous red-

brown solid (1.574g, 79% yield); mp 212oC (211-213oC);290 1H NMR (400 MHz, d6-acetone) 

δ/ppm:  7.58 (d, 1H, J=8.8Hz), 7.52 (d, 1H, J=2.4Hz) 7.04 (dd, 1H, J=8.7Hz, 2.4Hz), 5.47 (s, 2H, 

NH2 - broad). 
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This syntheses of 78 and 79 were inspired and followed the methodology as described in 

the literature291 with slight modifications.  

 
(78), Bis(4-(4’-nitrophenyl)benzylidene) disulfide  

(79), Bis(4-(2,4’-nitrophenyl)benzylidene) disulfide 

 
Bis(4-aminophenyl)disulfide (0.0616g, 0.25mmol) and the desired aldehyde (0.50 mmol); 

78, 4-nitrobenzaldehyde or 79, 2,4-dinitrobenzaldehyde), were each dissolved in hot MeOH 

(5mL). While hot, both solutions were combined, 2 drops of glacial acetic acid were added, and 

the mixtures refluxed for 15min which resulted in the formation of a colored precipitate. The 

mixture was cooled, filtered, and the residue recrystallized from MeOH.   

78, yellow solid, (0.102g, 79%); mp 178.8oC (177-179oC);291 1H NMR (400 MHz, d6-acetone) 

δ/ppm: 8.79 (s, 1H), 8.43 (d, 2H, J=9Hz), 8.23 (d, 2H, J=9Hz), 7.74 (d, 2H, J=8.7 Hz), 7.42 (d, 

2H, J=8.7Hz)  

79, red-orange solid, (0.133g, 88% yield); 189.8-190.0oC (190-190oC);291 1H NMR (400 MHz, d6-

acetone) δ/ppm: 9.10 (s, 1H), 8.89 (d, 1H, J=2.2Hz), 8.70 (dd, 1H, J=2.2Hz, 8.7Hz), 8.58 (d, 

J=8.7Hz), 7.70 (d, J=8.7Hz), 7.43(d, J=8.7Hz). 

 

(80), Bis(4-(4’-nitrophenyl)-2-nitrobenzylidene) disulfide 

(81), Bis(4-(2,4’-nitrophenyl)-2-nitrobenzylidene) disulfide 
 

Disulfide 77 (0.056g, 0.17mmol) was dissolved in hot CH3CN (5mL) followed by the 

addition of glacial acetic acid (5mL). The desired aldehyde (0.34mmol); 80, 4-nitrobenzaldehyde 

or 81, 2,4-dinitrobenzaldehyde) was simultaneously dissolved in glacial acetic acid (5mL) and 

subsequently both solutions were combined. Following 30 min at room temperature, an orange-

yellow precipitate formed. The precipitate was filtered and washed with cold MeOH.   

80, yellow solid, (0.026g, 26%); mp 241.2oC (decomp); 1H NMR (400 MHz, d6-acetone) δ/ppm: 

8.98 (s, 1H), 8.41 (d, 2H, J=8.8Hz), 8.34 (d, 1H, J=2.2Hz), 8.28 (d, 2H, J=8.8Hz), 8.09 (d, 1H, 
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J=8.6), 7.76 (dd, 1H, J=8.6Hz, 2.2Hz); exact mass (ESI) m/z calcd for C26H16O8N6S2: 604.0471; 

found: 604.0459 (ATR, 𝜈max/cm-1): 3090 (C-H), 1597 (C=N), 1625, 1550, 1462 (C=C), 1509, 

1326 (N=O); εmax(354nm, 25oC, MeOH) 20.6x103 ± 0.5x103 M-1cm-1.   

81, orange solid, (0.023g, 23% yield); mp 284oC (decomp); 1H NMR (400 MHz, d6-DMSO) 

δ/ppm: 9.10 (s, 1H), 8.83 (d, 1H, J=2.2Hz), 8.67 (dd, 1H, J=8.7Hz, 2.3Hz), 8.42 (d, 1H J=8.6Hz), 

8.32 (d, 1H, J=2.2Hz), 7.99(d,1H, J=8.6Hz) 7.74 (dd, 1H, J=8.6Hz, 2.2Hz);  exact mass (ESI) 

m/z calcd for C26H15O12N8S2: 695.02563; found: 695.02685; (ATR, 𝜈max/cm-1): 3090 (C-H), 1596 

(C=N), 1458 (C=C), 1510, 1335 (N=O); εmax(375nm, 25oC, NMP) 27.3x103 ± 2.4x103 M-1cm-1.   

 

The syntheses of 82 and 83 were accomplished through the synthesis of 1-nitro-4-

nitrosobenzene and was inspired by the Mills reaction found in the literature.292 

 
1-nitro-4-nitrosobenzene  
 

This synthesis followed the methodology as described in the literature292 with slight 

modifications. To a solution of 4-nitroaniline (1.82g, 13.2mmol) in CH2Cl2 (50mL) was added 

potassium peroxymonosulfate (Oxone, 8.08g, 13.2mmol) as a solution in H2O (50mL). The 

mixture was vigorously stirred under N2 atmosphere for 3h, over which the biphasic suspension 

became a deep green. The organic and aqueous phases were separated and the aqueous phase was 

extracted with CH2Cl2 (2x50mL). The organic layers were collected and washed with 1M HCl 

(40mL) and saturated NaCl (40mL). The organic layer was dried over MgSO4, filtered and 

evaporated to dryness. A dark yellow fluffy solid was collected. 1H NMR analysis indicated the 

presence of only one product.  (1.60g, 80% yield); mp 118.7-120.8oC (128-130oC);293 1H NMR 

(400 MHz, d6-acetone) δ/ppm: 8.60 (d, 2H, J=9Hz), 8.18 (d, 2H, J=9Hz). 
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(82), Bis(4-(4’-nitrophenyl)azo-phenyl) disulfide 
 

4-Aminophenyldisulfide (0.241g, 0.97mmol) was dissolved in glacial acetic acid (5mL). 

1-nitro-4-nitrosobenzene (0.295g, 1.94mmol) was simultaneously dissolved in glacial acetic acid 

and added dropwise to the disulfide solution. The pale-yellow solution immediately became a 

deep red color, and the formation of a brown precipitate occurred.  The mixture was left to stir at 

room temperature overnight. The precipitate was collected by filtration and washed with EtOH 

and CH2Cl2 to yield a brown solid; (0.057g, 11.4% yield); mp 222.7-222.8oC (decomp); 1H NMR 

(400 MHz, d6-acetone) δ/ppm: 8.46 (d, 2H, J=9Hz), 8.14 (d, 2H, J=9Hz), 8.05 (d, 2H, J=8.6Hz), 

7.86 (d, 2H, J=8.6Hz); exact mass (ESI) m/z calcd for C24H17O4N6S2: 517.07472; found: 

517.07710; (ATR, 𝜈max/cm-1): 3104 (C-H), 1606, 1582 (C=C), 1568 (N=N), 1519, 1339 (N=O); 

εmax(372nm, 25oC, MeOH) 45.9 x103 ± 1.5x103 M-1cm-1.  

 

(83), Bis(4-(4’-nitrophenyl)azo-2-nitrophenyl) disulfide 
 

Compound 77 (0.056g, 0.16mmol) was dissolved in minimal CH3CN (2.5mL). 1-Nitro-4-

nitrosobenzene (0.056g, 0.57mmol) was simultaneously dissolved in glacial acetic acid (5mL) 

and added dropwise to the disulfide solution. The pale-yellow solution immediately became a 

deep red color, and the formation of a brown precipitate occurred.  The mixture was left to stir at 

room temperature overnight. The precipitate was collected by filtration and washed with water 

and EtOH to yield a brown solid;  (0.023g, 11.5% yield); mp 234oC (decomp) (234oC decomp);286 

1H NMR (400 MHz, d6-acetone) δ/ppm: 8.92 (s, 1H), 8.49 (d, 2H, J=9.1Hz), 8.33 (m, 2H,), 8.21 

(d, 2H, J=9.1Hz),  

1H NMR (400 MHz, d6-DMSO) δ/ppm: 8.83 (d, 1H, J=2.1 Hz), 8.46 (d, 2H, J=9.1Hz), 8.30 (dd, 

2H, J= 8.9 Hz, 2.1Hz), 8.17(m, 3H); exact mass (EI) m/z calcd for C24H14O8N8S2: 606.0366; 

found: 606.0367 (ATR, 𝜈max/cm-1): 3089 (C-H), 1594, 1464 (C=C), 1561 (N=N), 1513, 1335 

(N=O); εmax(356nm, 25oC, MeOH) 43.4 x103 ± 2.3x103 M-1cm-1. 
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7.3.3 General methods 
 
 

A buffer was prepared from N-ethylmorpholine ( pK$
$

a=8.28198) in EtOH. The total 

[buffer] for all experiments remained at 1.2x10-2M and were partially neutralized with HOTf to 

control the pH$
$ . Stock solutions (1x10-2M and 1x10-1M) of substrates TE and PT were prepared 

in dry CH3CN. Stock solutions (1x10-1M) of all n-tetrabutylammonium and hydrochloric acid 

salts were prepared in MeOH. All disulfide sensors (73-83) were prepared in stock solutions of 

either 1x10-2M or 5x10-3M concentrations in N-methyl-2-pyrrolidone. 

7.3.4 General instrumentation 

 
All UV-Vis measurements and kinetic experiments were done in duplicate using a Carey 

50 Bio UV-Vis spectrophotometer thermostatted at 25.0 ± 0.1oC.  All UV-Vis data (abs vs. 

wavelength and abs vs. time) were analyzed with the Varian Carey WinUV Scanning Kinetics 

Application (Version 3.00) and Varian Carey WinUV Kinetics Application (Version 3.00). All 

experiments were performed in atmospheric conditions and conducted in a 1cm path length 

quartz UV cuvette. GC-MS analysis was conducted on a PerkinElmer Clarus 680 gas 

chromatograph paired with a Clarus 600T mass spectrometer equipped with an Elite-5MS column 

(25 m x 0.25 mm i.d., 0.25 mm film thickness) obtained from PerkinElmer. 1H NMR 

measurements were carried out on a Bruker AVANCE-400MHz NMR Spectrometer and 

analyzed with the MestReNova NMR Software by Mestrelab Research. Chemical shifts (δ) are 

expressed in ppm. 

7.3.5 𝐩𝐇𝐬
𝐬  measurement 

 
pH measurements of solutions were determined using a Radiometer Vit90 equipped with 

an Accumet Model 13-620-292 (Ag/AgCl) combination glass electrode. The inner sleeve was 

filled with a 4M solution of KCl with saturated AgCl. Electrode calibration was accomplished by 
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the so-called "practical method"200 immersing it in Fisher standard aqueous buffers at pH 4.0 and 

pH 10.0 followed by rinsing the electrode in anhydrous EtOH or MeOH.  Acidity measurement in 

alcohol gives experimental pH*
$  readings. If working in purely EtOH or MeOH, a (δ) constant is 

subtracted to give the pH$
$ . This method is described by Bates201 for molality scale and by Bosch 

et al.199,202,203 for a molar correction constant. For MeOH, the reported molal constant was -2.34, 

its molar equivalent being -2.24. In EtOH there are two reported molal constants; -2.91 and -2.36, 

where the mean, -2.54, is used throughout this work. Experiments which were performed in a 1:1 

mixture of EtOH and MeOH (v/v), the molal correction constant was calculated by using molar 

concentrations in a 1:1 (v/v) mixture and multiplying the molar concentration by their respective 

molal constants, the sum equating to the molal correction constant of -2.33.  

7.3.6 Anion response 

 
Absorbance spectra from 250nm to 600nm were obtained to assess the magnitude of 

absorbance change of 83 upon the addition of a variety of anions (F-, CN-, IO4
-, ClO4

-, HSO4
-, 

NO3
-, CF3SO3

-, Cl-, Br-, I-) and -SCH2CH2N(CH2CH3)2 (DEAT). An initial spectrum was obtained 

with 0.02mM 83, 0.5mM La(OTf)3 and 1mM MEA at pH$
$  9.2 in a 1:1 mixture of MeOH and 

EtOH (v/v). Spectra were collected 3 minutes following the addition of either the anions or 

DEAT, so that the total concentration in the cuvette was 0.5mM anion or 0.05mM DEAT. A 

photograph was collected 3 minutes following substrate addition. Superimposed spectra and a 

photograph are displayed in Figure 111.  

7.3.7 Solvatochromism study 

 
Absorbance spectra from 250nm to 600nm and photographs were obtained to assess and 

compare the absorbance change and chromogenic change on the addition of DEAT to 83 in 

EtOH, MeOH and 1:1 MeOH:EtOH (v/v). An initial spectrum was obtained with 0.02mM 83 in a 

quartz cuvette in 2.5mL EtOH at pH$
$  9.4 or MeOH at pH$

$  9.1 or 1:1 MeOH:EtOH (v/v) at pH$
$  
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9.2. Spectra and photos were collected 3 minutes following the addition of DEAT so that the total 

concentration was 0.05mM. The results are shown in Figure 112. 

7.3.8 𝐩𝐇𝐬
𝐬  vs. absorbance change  

 

 The maximal absorbance change at 500nm was recorded following the addition of 

0.05mM DEAT to a solution containing 0.5mM La(OTf)3 and a varying [MEA] in 1:1 

MeOH:EtOH (v/v). The pH$
$  versus the absorbance change at 500nm was recorded and plotted in 

Figure 113. 

7.3.9 Substrate/indicator variation 

 
 The absorbance change at 500nm vs. [83] was examined after the addition of DEAT, so 

that total concentration added was 0.05mM, to solutions containing increasing [83], 0.5mM 

La(OTf)3, 1mM MEA in 1:1 MeOH:EtOH (v/v). All initial pH$
$  were 9.2. The results are plotted 

in Figure 114 and the time vs abs profiles are plotted in Figure 115. 

The absorbance change at 500nm vs.[DEAT] was examined after the addition of an 

increasing [DEAT]total to solutions containing 0.02mM 83, 0.5mM La(OTf)3 and 1mM MEA in 

1:1 MeOH:EtOH (v/v). All initial pH$
$  were 9.2. The results are plotted in Figure 116 and the 

time vs abs profiles are plotted in Figure 117. 

The absorbance changes at 500nm vs. [PT] was examined after the addition of an 

increasing [PT]total to solutions containing 0.02mM 83, 0.5mM La(OTf)3, 1mM MEA in 1:1 

MeOH:EtOH (v/v). All initial pH$
$  were 9.2. The results are plotted in Figure 120 and the time vs 

abs profiles are plotted in Figure 121. 
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7.3.10 Substrate-non MICA 

 
The UV-Vis spectrum was recorded from 650nm to 200nm as a function of time to 

visualize both the degradation of TE at 240nm and the formation of 83a at 500nm. Substrate TE 

was added by micropipette, so that the total concentration was 0.1mM, to a cuvette charged with 

0.5mM La(OTf)3, 1mM MEA and 0.02mM 83, all in 2.5mL 1:1 MeOH:EtOH (v/v). The initial 

pH$
$  being 9.2. The two curves at each wavelength are superimposed and plotted in Figure 118. 

7.3.11 Kinetic study 

 
Kinetics spectra (absorbance vs. time) were recorded at 240nm as a function of time for 

the degradation of PT. Reactions were done under pseudo-first order conditions employing excess 

La3+ ions in buffered 1:1 MeOH:EtOH (v/v) at pH$
$  9.2. The run was initiated without substrate, 

and after a few seconds, PT was added by Hamilton syringe to the catalytically charged system so 

that the total concentration was 0.1mM. The first order rate constants were obtained by fitting the 

absorbance vs. time traces to a standard first order exponential equation (kobs). The second order 

rate constants, k2
obs, were determined from the slopes of kobs vs. [La(OTf)3] plot in Figure 119. 

7.3.12 M2+ variation 

 
The effect on the magnitude of the absorbance change with a variety of M2+ with the 

addition of PT, so that the total concentration was 0.1mM, was studied using UV-Vis. Cuvettes 

were charged with no metal ion or with 0.1mM of either Zn(OTf)2, Co(OTf)2, or Ni(OTf)2 with 

0.5mM La(OTf)3, 0.02mM 83 and 1mM MEA in 1:1 MeOH:EtOH (v/v). Initial spectra without 

substrate were collected followed up with spectra obtained after the addition of PT until a 

maximum absorbance was obtained at 500nm indicating the formation of 83a. The maximum 

absorbance at 500nm is plotted against the M2+ involved in Figure 122. 
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7.4 Results/Discussion 

 

The disulfide interchange reaction of 83 with a thiolate substrate produces 83a, the 

chromogenic species as demonstrated in Scheme 13. Although a chromogenic change occurs after 

a certain period, the color dissipates possibly due to subsequent disulfide oxidation reactions. As 

will be shown, the absorbance maximum and the rate of 83a production is dependent on the 

solvent, pH$
$ , substrate, substrate concentration, and sensor concentration.  

 

 

Scheme 13. The disulfide interchange reaction with compound 83 and the production of the 
chromogenic thiolate, 83a. 
 

7.4.1 Anion response 

 

In solution multiple types of anions may be present and consequently, the exposure of a 

disulfide bond to any negatively charged ion may promote its cleavage.  The sensitivity of 83 was 

assessed by exposing 83 to a variety of anions. The UV-Vis spectrum at the top of Figure 111 

demonstrates the influence of the individual addition of different anions; F-, CN-, IO4
-, ClO4

-, 

HSO4
-, NO3

-, CF3SO3
-, Cl-, Br-, I- as their tetrabutylammonium salts, and -SCH2CH2N(CH2CH3)2 

as its hydrochloric acid salt (DEAT) to solutions of 0.02mM 83 in 1:1 MeOH:EtOH (v/v) at pH$
$  

9.2. The initial absorbance maximum at 371nm decreases in intensity only on addition of DEAT. 

This is accompanied by the concurrent appearance of an absorbance maximum at 500nm, 

83 83a 
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indicating the formation of 83a.  The visual representation at the bottom of Figure 111 

demonstrates how the solutions of 83 are initially a pale yellow and stable, and only in the 

presence of the DEAT, a chromogenic change to red-pink occurs. On the addition of I- an 

interaction does occur which promotes a more pronounced yellow. (For simplicity, this is not 

represented in the UV-Vis absorbance versus wavelength plot, but is observed in the visual 

representation). Thus, 83 is responsive and selective towards thiolates and not halides or 

oxyanions.  

 
 

 
 

Figure 111. (Top) Plot of absorbance versus wavelength of 0.02mM 83 in the presence of 
0.05mM DEAT and 0.5mM F-, CN-, IO4

-, ClO4
-, HSO4

-, NO3
-, CF3SO3

-, Cl-, Br-, I- as their 
tetrabutylammonium salts in the presence of 0.5mM La(OTf)3 and 1mM MEA in 1:1 
MeOH:EtOH (v/v) with pH$

$  initial of 9.2. The spectra were collected 3min after the addition of 
the anions. The initial spectrum and other anions (––).  (Bottom) Visual representation of 
0.02mM 83 in the presence of 0.5mM La(OTf)3 and 1mM MEA in 1:1 MeOH:EtOH (v/v) with 
pH$
$  initial of 9.2 in the presence, from left to right, of 0.05mM DEAT and 0.5mM F-, CN-, IO4

-, 
ClO4

-, HSO4
-, NO3

-, CF3SO3
-, Cl-, Br-, I- as tetrabutylammonium salts, and a control without 

addition of salts. The photograph was taken 3 min after the addition of the anions.  
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7.4.2 Solvatochromism 

 

Since the solvent system includes both EtOH and MeOH, it was of interest to determine 

the absorbance maximum of 83a in MeOH or EtOH and a 1:1 (v/v) mixture of both. DEAT 

(0.05mM) was added to solutions containing 0.02mM 83 in either MeOH, EtOH or a 1:1 

MeOH:EtOH (v/v). As observed in Figure 112, the chromogenic change undergoes a greater 

bathochromic shift in the order of EtOH>1:1>MeOH.  The bathochromic shift of 83a in a solvent 

of lower polarity (lower dielectric constant) is known as negative solvatochromism as discussed 

earlier: 83a is better solvated and thus stabilized in EtOH (εr: 24.5 at 25oC)294 since it is less polar 

than MEOH (εr: 32.7 at 25oC).294 As a result, the lower polarity system decreases the energy gap 

between the ground and excited states and promotes a red shift. As observed in the visual 

representation, 83a gives an orange color in 100% MeOH and a pink-red color in the presence of 

EtOH. The absorbance vs. wavelength plot also demonstrates that the chromogenic change 

undergoes a greater hyperchromic shift in the order of MeOH>1:1>EtOH. This is hyperchromic 

shift is a time-dependent process and is associated with the rate of the production of 83a. 

Consequently, this phenomenon may be a result of DEAT being less nucleophilic or having a 

higher pK$
$

a in EtOH than in MeOH.  In either case, the solvent system consisting of 1:1 

MeOH:EtOH (v/v) is preferred for practical purposes due to 83a having a greater bathochromic 

shift relative to that than in pure MeOH and a greater hyperchromic shift relative to that in pure 

EtOH.  

 

 

 

 

 



 

204 

 

 

 

 

Figure 112. (Left) Plot of absorbance versus wavelength of 0.02mM 83 in the presence of 
0.05mM DEAT with 0.5mM La(OTf)3, 0.5mM MEA in MeOH (---) at pH$

$  9.1; 0.5mM La(OTf)3, 

1.5 mM MEA in EtOH(-·-) at pH$
$  9.5, and 0.5mM La(OTf)3, 1mM MEA in 1:1 MeOH:EtOH 

(v/v) (···) at pH$
$  9.2. All spectra were collected 2 min after the addition of DEAT. Initial spectra 

recorded (––) in all solvents. (Right) Cuvette from left to right: without addition of DEAT in 
MeOH, 3 min after addition of 0.05mM DEAT in MeOH, 1:1 MeOH:EtOH (v/v), and EtOH.  
 
 

7.4.3 𝐩𝐇𝐬
𝐬  response 

 

As indicated in the introduction, the pH$
$  plays a major role in determining both the rate 

of the disulfide interchange, as well as the [thiolate]/[thiol] fraction of both the nucleophilic 

substrate and the interchange product. It is therefore of interest to determine the pH$
$  where the 

maximum response is observed at 500nm. Shown in Figure 113 is the absorbance change at 

500nm at different pH$
$  values in 1:1 MeOH:EtOH (v/v) where 0.02mM 83 interacts with 

0.05mM DEAT in the presence of 0.5mM La(OTf)3. At a pH$
$  of just below 9, the absorbance 

change plateaus indicating that the optimum chromogenic change occurs at a practical pH$
$ . What 

is not demonstrated is that the maximum absorbance is reached sooner at the higher pH$
$  by a few 

seconds at pH$
$  9.2. This demonstrates that 83 can give an effective response in a timely and 

practical manner.  
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Figure 113.  Plot of the change of absorbance at 500nm versus the pH$

$ . Each point is 
representative of the absorbance change at 500nm following the addition of 0.1mM DEAT to a 
solution containing 0.5mM La3+, 0.025mM 83 and different [MEA]: 0.1mM, 0.2mM, 0.5mM, 
1mM, 2mM to change the pH$

$  in 1:1 MeOH:EtOH (v/v).  
 
 

7.4.4 [Sensor] variation: response 

 

In the development of a practical solution, the concentration of sensor implemented is a 

balance between cost and efficiency. It is therefore important to assess the response magnitude 

(absorbance change) and rate of response by increasing sensor concentration while keeping the 

substrate constant.  DEAT was added, so that the total concentration was 0.05mM, to systems 

containing 0.5mM La3+, 1mM MEA in 1:1 MeOH:EtOH (v/v) with increasing [83]. The 

absorbance changes recorded at 500nm in Figure 114 demonstrate that the increase of [83] sensor 

promotes an increased response. When [DEAT] ≈ [83] the curve plateaus, demonstrating that all 

available DEAT has interacted with 83. A greater [83] would not result a greater absorbance 

change unless increased [DEAT] is added. 

The curves in Figure 115 demonstrate two phases, an increase and a subsequent decrease 

in absorbance at 500nm. The increase demonstrates the production of 83a as a time-dependent 

process where the rate is increased with increasing [83]. Consequently, this increased rate is 
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accompanied by an increased rate in the subsequent reactions that cause bleaching. The exact 

reasons for bleaching of the absorbance at 500nm are uncertain and will require more work. 

However, in a practical sense the fact that significant color is observed within 60s at the 

concentrations employed, and bleaching is a slower process, means this is a viable methodology 

for detection of thiolate.  

 

 

Figure 114. Plot of absorbance change at 500nm versus [83] in the presence of 0.05mM 
DEAT. Each point is representative of the maximum absorbance subtracted by the initial 
absorbance following a reaction where DEAT is added to a solution containing an increasing 
[83], 0.5mM La(OTf)3, and 1mM MEA in 1:1 MeOH:EtOH (v/v). All initial pH$

$  were 9.2. 
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Figure 115. Plot of the the absorbance at 500nm with varying [83] over time. Each curve is 
representative of the addition of 0.05mM -SCH2CH2N(CH2CH3)2 in the presence of 0.5mM 
La(OTf)3, 1mM MEA, and either 0.08mM 83 (––), 0.04mM 83 (---), 0.02mM 83 (-·-), or 
0.01mM 83 (···), all in 1:1 MeOH:EtOH (v/v). All initial pH$

$  were 9.2. 
 
 

7.4.5 [Substrate] variation: response 

 

In a similar experiment [DEAT] is increased while [83] remained constant. The 

formation of 83a is recorded by observing the change of absorbance at 500nm vs. [DEAT], as 

shown in Figure 116. An increase of [DEAT] corresponds to an increase in response magnitude 

and rate until all available 83 has converted into 83a, indicated by the plateau. The production of 

83a is time-dependent, as shown in Figure 117, and demonstrates that an increased [DEAT] 

promotes a faster absorbance change at 500nm. Since 0.2mM DEAT >> 83, the curve (---) can be 

fitted to a first order model giving a kobs of 0.073s-1(t1/2 9.5s). The other curves, with lower 

[DEAT], adopt a second order fit. Although not explicitly shown in Figure 117, over an extended 

period subsequent oxidation reactions cause a hypochromic shift at 500nm. 
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Figure 116.  Plot of absorbance change at 500nm versus [DEAT]. Each point is representative of 
the maximum absorbance minus the initial absorbance at 500nm following a reaction where 
different [DEAT] are added to a solution containing 0.02mM 83, 0.5mM La(OTf)3, 1mM MEA in 
1:1 MeOH:EtOH (v/v). All initial pH$

$  were 9.2. Absorbance change data was collected 1.5 min 
following addition of DEAT. 

 

 

Figure 117. Plot of the the absorbance at 500nm with  the addition of varying [DEAT] over time. 
Each curve is representative of the addition of  either 0.025mM DEAT (––), 0.05mM DEAT (-·-), 
0.1mM DEAT (···), or 0.2mM DEAT (---) to a solution containing 0.02mM 83, 0.5mM La(OTf)3, 
1mM MEA, all in 1:1 MeOH:EtOH (v/v). All initial pH$

$  were 9.2. 
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Up until this point, the thiol salt, DEAT, has been used as a substrate to demonstrate the 

chromogenic change, as well as, assist in developing a viable indicating disulfide interchange 

reaction with sensor 83.  To study the practical application of the sensor, the next part transitions 

to using thiol containing substrates, TE, and PT, which either require nucleophilic base 

substitution or MICA, respectively to produce a thiolate product which can then further react with 

83 to promote the disulfide interchange.    

7.4.6 TE substrate response  

 

Substrate TE was used to determine how 83 responds to a compound with the thiol 

leaving group, DEAT. The degradation of TE is not catalyzed by La3+ but is rather a base induced 

substitution reaction.  Figure 118 displays plots and compares two curves, one being the 

degradation of TE at 290nm (---) and the other, the formation of 83a (––). As TE undergoes base 

induced substitution DEAT is released into solution which undergoes the disulfide interchange 

with 83 to produce 83a. As the reaction progresses the chromogenic change dissipates, even as 

more DEAT is being produced. The reasons for this are not clear and require further work.  

 
Figure 118. Plot of superimposed curves of the corrected absorbance versus time of the 
destruction of TE at 290nm (---) and formation of the chromogenic thiolate at 500nm (––). These 
curves are representative of the addition of 0.1mM TE to a solution containing 0.02mM 83, 
0.5mM La(OTf)3, 1mM MEA, all in 1:1 MeOH:EtOH (v/v). All initial pH$

$  were 9.2. 
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7.4.7 MICA integration 

 

With confirmation that the degradation of a thiol-containing compound and subsequent 

thiol-disulfide interchange process functions, the MICA methodology was implemented. 

Substrate PT is relatively stable in alcoholic media, whereby MICA vastly increases the 

degradation rate. Our group has previously determined that at pH$
$  9.1 in MeOH, PT undergoes 

MICA in the presence of La3+ with a second order rate constant of 35.5 ± 1.7 M-1s-1.258 Here-in 

the kobs were determined with different [La3+] in buffered 1:1 MeOH:EtOH (v/v) at pH$
$  9.2 and 

plotted in Figure 119. The k2
obs is determined to be 13.09±0.87 M-1s-1. The presence of EtOH 

contributes to the decrease in the second order rate, as seen in previous studies,208 but the system 

is still relatively catalytic.  

 

Figure 119. Plot of kobs vs [La3+], each point (l) is representative of the first order rate constant 
for reaction of 0.1mM PT destruction via MICA 1:1 MeOH:EtOH (v/v) buffered a pH$

$  9.2. 
T=25oC. Average value of duplicates presented for kobs. The slope; k2

obs=13.09± 0.87 M-1s-1, 
r2=0.991. 

 
MICA of PT promotes the formation of 4-methoxythiophenolate which subsequently can 

interact with 83 to produce 83a. As shown in Figure 120, each point is representative of the 

formation of 83a via this two-step reaction. Increasing [PT], as seen previously with increasing 
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[DEAT], corresponds to an increase in the response magnitude and rate at 500nm. The points 

begin to plateau above 0.1mM PT since all of the substrate has interacted with the lesser amount 

of 83. The rate of this response is shown in Figure 121 which demonstrates a characteristic S 

shaped sigmoid function and is steeper and reaches a plateau sooner with a larger concentration 

of PT. The S-curved slope may be a distinct function with the additional MICA step followed by 

the thiol disulfide interchange. Although not explicitly shown in Figure 121, over an extended 

period subsequent reactions cause a hypochromic shift at 500nm (bleaching). The issue of 

bleaching is not important since the color is retained for an elongated and practical period which 

is suffice for our purposes.  

 

 

Figure 120. Plot of absorbance change at 500nm versus [PT]. Each point is representative of the 
maximum absorbance minus the initial absorbance at 500nm following a reaction where different 
[PT] is added to a solution containing 0.02mM 83, 0.5mM La(OTf)3, 1mM MEA in 1:1 
MeOH:EtOH (v/v). All initial	 pH$

$  were 9.2. 

 

 



 

212 

 

 

Figure 121. Plot of the rate of change in absorbance at 500nm at varying [PT] over time. Each 
curve is representative of the addition of 0.025mM PT (––), 0.05mM PT (-·-), 0.1mM PT (···), or 
0.2mM PT (---) to a solution containing 0.02mM 83, 0.5mM La(OTf)3, 1mM MEA, all in 1:1 
MeOH:EtOH (v/v). All initial pH$

$  were 9.2. 

 

In experiments where [La3+] was systemically increased while [83] and [PT] remained 

constant, no association was found with an increased formation rate of 83a.  This demonstrates 

that the rate of chromogenic change is independent of the rate of MICA but dependent upon the 

concentration of 83 and the concentration of substrate, meaning that the thiol-disulfide 

interchange is rate-determining in this 2-step process.   

 

7.4.8 M2+ variation: response 

 

One of the requirements described earlier was that the disulfide sensor must be 

compatible with the G-agent detection system. As previously described, the G-agent detection 

system contains M2+ which is implemented to increase the sensitivity for the detection of 

phosphonocyanidates. Since thiolates are classified as soft Lewis bases and coordinate strongly to 

metals which behave as soft or borderline Lewis acids as dictated by HSAB theory,210 it was of 
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importance to determine the compatibility of sensor 83 and its disulfide interchange product, 83a, 

to the presence of M2+. A series of 0.1mM [M2+] was combined in systems containing 0.5mM 

La3+, 1mM MEA and 0.02mM 83 in 1:1 MeOH:EtOH (v/v). Each point in Figure 122 is 

representative of the maximum absorbance change after the complete reaction. The λmax are listed 

in Table 19 under the influence of a specific M2+ in the presence of 0.1mM PT. The absorbance 

change begins to plateau after 90s with no M2+present and in the presence of 0.1mM Ni(OTf)2, 

whereas, in the presence of Zn(OTf)2 or Co(OTf)2, the response begins to plateau after 180s. 

 
 
Table 19. The λmax following the addition of PT to a system as described in Figure 122 
 

M2+ none Ni(OTf)2 Zn(OTf)2 Co(OTf)2 

λmax 500nm 470nm 410nm 500nm 

 

 

 

Figure 122.  The change of absorbance vs M2+ following the addition of 0.1mM PT to a system 
containing 0.1mM M2+, 0.5mM La3+, 1mM MEA and 0.02mM 83 in 1:1 MeOH:EtOH (v/v). All 
initial pH$

$  were 9.2. 

 



 

214 

 

The addition of M2+, specifically Co2+ and Zn2+, and less so for Ni2+, lowers the 

sensitivity drastically. The presence of a M2+ metal competes for the thiol substrate and/or 

interacts with 83a which leads to a diminished absorbance change. The absorbance maxima are 

also shifted which indicates there is an interaction with M2+ and 83a or the thiol substrate. In the 

case of Co2+ and Zn2+, there is no decrease in the initial absorbance at 371nm which confirms the 

that the thiol substrate is preferentially interacting with those metals rather than reacting with 83.  

There is also a published study that discusses how the interaction of Co2+ with thiophenols 

produces a strong chromogenic change due to a charge transfer from the pi-electron system of the 

thiophenolate aromatic ring to the Co-core.295 This was further confirmed with the addition of 4-

methoxythiophenol substrate to a solution containing Co2+, hence the absorbance maximum at 

500nm. Ni2+ was determined as the effective M2+ where there is a decrease at 371nm, but where 

the absorbance maximum of 83a occurs at 470nm, not 500nm.  

 

7.5 Conclusion 

 

Here-in a disulfide sensor, 83, has been developed which can be used in-conjunction with 

MICA for the detection of V-series nerve agents and is compatible with the G-agent detection 

system (NR H+-sensor described in earlier chapters). The easily synthesizable disulfide sensor, 

83, gives a practical bathochromic change from 371nm, a yellow, to 500nm, a pink-red, when the 

disulfide bond is cleaved by a thiolate substrate to produce 83a. The low pKa influenced by the o-

NO2 group and azo moiety promotes the stability of thiolate, 83a, which induces a practical 

chromogenic change at neutral or near-neutral pH$
$  in the alcohols. The rate and magnitude of the 

response are dependent on both the concentration of substrate and that of the 83. Consequently, a 

universal solution can be developed which detects for both G and V agents via the MICA 

methodology.   
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Chapter 8 

Future Research and Development  

The primary objective of this study was to develop the framework and methodology for a 

practical and universal CWA chromogenic detection system for sensitive materials. The system 

developed is proposed to undergo a chromogenic change in the presence of G-series nerve agents 

and V-series nerve agents. The methodology incorporates MICA as a primary step to degrade 

phosphonates followed by the interaction of specific degradation products with a specific sensor.  

In the case of G-series nerve agents with the fluoride leaving group, the COTS sensor, NR, 

detects for the presence of H+. With G-series nerve agents with the cyanide leaving group, a 

borderline metal is included to capture the -CN which permits the H+ to solely interact with NR. 

Regarding V-series nerve agents, the H+ indicator strategy can’t be adopted due to the presence of 

an inherent amine moiety which competitively interacts with the H+. Instead sensor 83 was 

synthesized via commercially available materials. The thiol-interchange methodology is applied 

where in this strategy, the -SR leaving group interacts with the sensor, cleaving the S-S bond and 

produces the chromogenic thiolate, 83a. Although briefly studied, an optical response with the 

NR sensor (H+-strategy) was observed with HD simulant CEES. This is further explained in 

section 8.3. Both sensors are stable in conjunction with the La3+-MICA methodology, and can 

operate effectively at an pH$
$  of 9.2 in 1:1 MeOH:EtOH (v/v) . With the sensors and conditions 

established, a universal solution was created which is made up of the following: 
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Table 20. Universal detection system 

	
      50%MeOH, 50% EtOH (v/v) 

1mM MEA 

0.5mM La(OTf)3 

0.05mM NR 

0.05mM 83 

0.1mM Ni(OTf)2	

 

The system is "tunable" between CWA destruction efficiency and detection sensitivity, 

whereby, the formulation in Table 20 favors sensitivity.  The destruction capacity can be 

increased by increasing the concentration of La(OTf)3 and MEA but the sensitivity will ultimately 

decrease for G-agent and HD (see section 8.3) detection.  This may be mitigated with increasing 

concentrations of NR, and Ni(OTf)2, but further development and optimization studies are 

required. Sensitivity in V-agent detection would not be compromised.  In all tunable conditions 

the extremely rapid destruction kinetics are retained.  

Since the system was designed with practical applications in mind, important criteria 

were assessed, although not extensively. Further research, development and optimization must be 

performed to develop a viable commercial solution. The following sections provide areas where 

initial studies were performed but must be expanded upon to further successful 

commercialization.  

 

8.1 Universal solution 

 

The two sensors were incorporated in a 1cm path length UV cuvette as described in Table 

20 except concentrations of 83 and NR were both set at 0.02mM. A UV-Vis spectrum (abs vs. 
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wavelength) was obtained. Either DFP, DECP or PT were added so that the final concentration 

was 0.1mM.  Spectra were collected and superimposed in Figure 123.  

 

 
Figure 123. Superimposed wavelength vs. absorbance plot of 0.02mM 83 and 0.02mM NR at 
pH$
$  9.2 in 1:1 MeOH:EtOH (v/v). Initial absorbance (––), immediate absorbance change after 
addition of 0.05mM DECP and DFP (---), and absorbance change after 15s following addition of 
0.1mM PT (···). 

 

As observed in the initial spectrum both sensors can be individually studied under UV-

Vis since their initial absorbance maxima are 356nm for 83 and 443nm for NR.  The absorbance 

changes on the addition of substrate are those observed in the previous chapters. 

 

8.2 Stability 

 

In our review of the literature, no study has published qualitative or quantitative 

information pertaining to the stability of a sensor system over a certain period. This is an 

important criterion to assess in product development since stability in a variety of environmental 

conditions or atmospheric conditions can indicate a "shelf-life". Shelf-life is defined as the length 

of time a product can be stored without becoming unfit for use. A decrease in shelf-life can 
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increase costs and decrease product reliability. A UV-Vis study was performed to examine the 

stability of the solution. The two sensors were analyzed individually as described in Figure 124 

and Figure 125. The solutions were examined under normal atmospheric conditions at 25oC.  

 

 
Figure 124. Superimposed time vs. absorbance (348nm) stability plot of 0.02mM 83 with 0.5mM 
La3+(––), pH$

$  3.2, system as described in Table 20 but with 0.02mM 83, without NR(---), pH$
$  

9.2, and 0.02mM 83 in only 1:1 MeOH:EtOH (v/v) (···), pH$
$  7.5.  

 

 
Figure 125. Superimposed time vs. absorbance (523nm) stability plot of 0.02mM NR with MEA 
and 0.1mM Ni(OTf)2 only (---), pH$

$  11.5, system as described in Table 20 but with 0.02mM NR, 
without 83 (---), pH$

$  9.2. 
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As observed in Figure 124, sensor 83 undergoes degradation. It is proposed that MEA or 

the basic alcoholic media (alkoxide) cleaves the S-S bond producing the thiol but there is no 

absorbance change at 500nm indicating no production of the thiolate, 83a. Fortunately, Figure 

124 also shows how sensor 83 is stable over an extended period in acidic conditions. Regarding 

sensor NR, atmospheric conditions promote a chromogenic change where it is proposed that 

over-time atmospheric CO2 undergoes MICA, producing carbonic acid and acidifying the 

alcoholic solution.  As shown in Figure 125 with La3+ removed from the system, NR remains 

stable in its non-ionized form for an extended period.  

With the stability observations above, it is proposed two stable solutions be developed as 

described in Table 21. When both solutions are combined, the system is proposed to stabilize and 

activate the catalyst at the optimum pH$
$  of 9.2. 

 

Table 21. Dual universal system 

50%MeOH, 50% EtOH (v/v) 

0.5mM La(OTf)3 

0.05mM 83 

50%MeOH, 50% EtOH (v/v) 

1mM MEA 

0.05mM NR 

0.1mM Ni(OTf)2 

 

 

To test this idea, a dual chamber spray bottle was purchased, Figure 126, where on 

manipulation of the trigger, both solutions from both compartments are mixed homogeneously in 

the spray nozzle. Qualitative results and pH$
$  measurements confirmed the solution exited the 

nozzle system did stabilize at the optimum pH$
$  of 9.2 and did respond to both G-and V-agent 

simulants. Further development is required in terms of developing or purchasing an applicator for 

practical studies.  
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Figure 126. Dual compartment spray bottle 
 

8.3 Vesicant substrates 

 

 In unpublished results, we utilized CEES, an HD simulant, which triggered an optical 

response with the NR sensor. GC-MS analysis of the products determined the major products 

were 2-(((ethylthio)methyl)amino)ethanol, ethyl(methoxymethyl) sulfane, and 

ethyl(ethoxymethyl) sulfane shown in Figure 127. These products signify a MEA and alkoxide 

induced nucleophilic substitution.  

 

   

2-(((ethylthio)methyl)amino)ethanol ethyl(methoxymethyl)sulfane ethyl(ethoxymethyl) sulfane 

Figure 127. Degradation products of CEES determined by GC-MS analysis 

 
 This base induced nucleophilic substitution triggers the production of H+ which 

subsequently reacts with NR.  The red-pink optical change occurred after 5mins in the presence 

of 1mM CEES to the system described in Table 20. The increased length in response time can be 

attributed to the low solubility of CEES and the non-catalyzed nature of the reaction. It is 
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believed that this reaction would occur at a faster rate with actual HD due to presence of two 

chlorine leaving groups.  Further study is required to optimize the system sensitivity and response 

rate for HD but the development of a novel sensor or the integration of one which is already 

commercially available can also be possibilities.  

 

8.4 Sensitive material tests 

 

Since the system is designed for sensitive materials, further studies should be conducted 

where a variety of materials are tested for both a chromogenic response, and material 

compatibility. Initial experiments conducted focused on three types of surfaces; porous (silicon 

rubber coupon), semi-porous (CARC coupon) and non-porous (aluminum coupon).  In all 

qualitative experiments 4µL of undiluted DFP was placed on a coupon and left to absorb for 

60mins. In the case of the porous and semi-porous materials the droplet had vanished. Following, 

200µL of the solution listed in Table 20 was applied. In all cases a chromogenic change occurred 

immediately. It's interesting to note that the alcoholic media was able to extract the agent out of 

the porous material and undergo a chromogenic change. Extraction of the coupons followed by 

GC-MS analysis found degradation product, diisopropyl methyl phosphate, and intact DFP. This 

is qualitatively shown in Figure 128. No material compatibility studies were performed.  
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Figure 128. (Bottom) Two silicon rubber coupons, left coupon; contaminated with 1µL neat DFP, 
right coupon; without agent, followed by application of universal solution. (Top right); 
Aluminum coupon, (Top left) CARC coupon, both contaminated with 1µL neat DFP, followed by 
application of universal solution. Chromogenic changes are immediate. 
 
 

8.5 Fluorogenic sensor integration 

 

Fluorogenic optical changes are deemed to be advantageous in a practical construct, 

especially if employed in low-light conditions or on dark materials. Fortunately, the NR sensor 

inherently emits visual fluorescence under UV-handheld lamp (λex365nm) due to its phenazine 

core. This fluorescence is stable throughout the pH$
$  range and is altered based on the visual color 

of the solution. For example, at pH$
$  9.2 in the initial color of the solution is yellow and therefore 

the fluorescence is also yellow. On addition of CWA substrates (G-series, V-series or HD) the 

solution changes to red-pink, both through H+ or thiolate production, and under UV light 

(λem365nm), a red fluorescence is observed. Shown in Figure 129, increasing amounts of DFP are 

added to cuvettes containing the system described in Table 20. Photographs demonstrate changes 

under white light and a UV-handheld lamp (λex365nm). COTS fluorescence compounds which 
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can be excited by a handheld UV source can also be integrated in the system i.e., quinine sulfate. 

Shown in Figure 130 increasing amounts of DFP are added to cuvettes containing the system 

described in Table 20 but in the presence of 0.1mM quinine sulfate. Photographs shown in Figure 

129 and Figure 130 demonstrate changes under white light and a UV-handheld lamp (λex365nm). 

Further studies including the use of a fluorimeter should investigate the fluorogenic response and 

sensitivity studies.  Practical studies should also examine the use of a tactical 365nm UV LED 

flashlight as shown in Figure 131. 

	 	

Figure 129. (Left) Chromogenic and (Right) fluorogenic change (λem365nm) with increasing 
amounts of DFP (0-0.4mM) to the universal solution as described in Table 20. 
 

	
Figure 130. Fluorogenic change (λem365nm) with increasing amounts of DFP (0-5mM) in a 
system a described in Table 20, but NR has been replaced with 0.5mM quinine sulfate. 
 
 

	

Figure 131. Tactical 365nm UV LED flashlight (LMJ-CN WF-501B) 
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8.6 Live agent CWA tests  

 

CWA simulants DFP, DECP, PT, CEES have used throughout this study in assessing the 

optical response and sensitivity. These simulants are employed since actual CWA are too toxic to 

handle or their access is forbidden. It is proposed that the indicator system would be more 

responsive to actual CWA since MICA would occur at a greater rate with these phosphonates and 

vesicants. The system should also be examined with COTS decontamination solutions such as 

E4T, RSDL, GD-6, and hypochlorite and hydrogen peroxide based solutions.  

 

8.7 Application and purpose 

 

This is the first and only study which incorporates the MICA methodology and chemical 

sensors to detect for CWAs, specifically G and V nerve agents, on sensitive materials. A thorough 

literature review has shown us that there is not yet a practical strategy that has been established to 

detect for a variety of CWAs in a timely manner. Currently two methods of employment are 

being explored, the first being a blister pack surrounded by a self-containing wipe, where prior to 

use, the blister pack can be burst, thus pre-soaking the wipe. Second, the use of a spray device, 

specifically, the use of a dual chamber spray bottle. Upon pull of the trigger, two stable solutions 

(stable under atmospheric air) are mixed in the nozzle, and thus released as the activated indicator 

solution. No additional preparation steps or resources are required. Further studies and 

development are required, but the research here-in has set the fundamentals and framework for 

the development of a practical and universal CWA disclosure solution. 

 

 



 

225 

 

References 

 

(1)  Szinicz, L. Toxicology 2005, 214 (3), 167–181. 

(2)  Frankenberger Jr, W. T. Environmental chemistry of arsenic; CRC Press, 2001. 

(3)  Romano Jr, J. A.; Romano, J. A.; Salem, H.; Lukey, B. J.; Lukey, B. J. Chemical 

warfare agents: chemistry, pharmacology, toxicology, and therapeutics; CRC 

Press, 2007. 

(4)  Schindler, D.; Toman, J. The laws of armed conflicts: a collection of conventions, 

resolutions, and other documents; Brill, 1988. 

(5)  Mirzayanov, V. State Secrets: An Insider’s Chronicle of the Russian Chemical 

Weapons Program; Outskirts Press, Inc: Denver, CO, 2010. 

(6)  Hosseini, S. E.; Saeidian, H.; Amozadeh, A.; Naseri, M. T.; Babri, M. Rapid 

Commun. Mass Spectrom. 2016, 30 (24), 2585–2593. 

(7)  Quillen, C. Stud. Confl. Terror. 2016, 39 (11), 1019–1030. 

(8)  Ledgard, J. A laboratory history of chemical warfare agents; Paranoid Publications 

Group, 2006. 

(9)  IS “would use chemical weapons” in UK; BBC News, 2017. 

(10)  Williams, J. Australia Details “Sophisticated” Plot by ISIS to Take Down Plane; 

The New York Times; 2017. 

(11)  Puton, J.; Namieśnik, J. TrAC Trends Anal. Chem. 2016, 85, 10–20. 

(12)  Yablick, M.; Perrott, G. S. J.; Furman, N. H. J. Am. Chem. Soc. 1920, 42 (2), 266–

274. 

(13)  Pacsial-Ong, E. J.; Aguilar, Z. P. Front Biosci Sch. Ed 2013, 5, 516–543. 



 

226 

 

(14)  Giannoukos, S.; Brkić, B.; Taylor, S.; Marshall, A.; Verbeck, G. F. Chem. Rev. 

2016, 116 (14), 8146–8172. 

(15)  Jang, Y. J.; Kim, K.; Tsay, O. G.; Atwood, D. A.; Churchill, D. G. Chem. Rev. 2015, 

115 (24), PR1-PR76. 

(16)  Wagner, G. W.; Sorrick, D. C.; Procell, L. R.; Brickhouse, M. D.; Mcvey, I. F.; 

Schwartz, L. I. Langmuir 2007, 23 (3), 1178–1186. 

(17)  Blinov, V.; Volchek, K.; Kuang, W.; Bhalerao, A.; Brown, C. E. Ind. Eng. Chem. 

Res. 2014, 53 (36), 13856–13861. 

(18)  Grabowski, A. Sensitive Equipment Decontamination; TR-HFM-233; Bundeswehr 

Research Institute for Protective Technologies and NBC-Protection: Cedex, 

France, 2017. 

(19)  Obare, S. O.; De, C.; Guo, W.; Haywood, T. L.; Samuels, T. A.; Adams, C. P.; 

Masika, N. O.; Murray, D. H.; Anderson, G. A.; Campbell, K. Sensors 2010, 10 

(7), 7018–7043. 

(20)  Burnworth, M.; Rowan, S. J.; Weder, C. Chem. Eur. J. 2007, 13 (28), 7828–7836. 

(21)  Ajami, D.; Rebek, J. Org. Biomol. Chem. 2013, 11 (24), 3936–3942. 

(22)  Smith, S. J. Talanta 1983, 30 (10), 725–739. 

(23)  Sambrook, M. R.; Notman, S. Chem. Soc. Rev. 2013, 42 (24), 9251–9267. 

(24)  Royo, S.; Martínez-Máñez, R.; Sancenón, F.; Costero, A. M.; Parra, M.; Gil, S. 

Chem. Commun. 2007, No. 46, 4839–4847. 

(25)  Gehauf, B.; Goldenson, J. Anal. Chem. 1957, 29 (2), 276–278. 

(26)  Gehauf, B.; Epstein, J.; Wilson, G. B.; Witten, B.; Sass, S.; Bauer, V. E.; 

Rueggeberg, W. H. C. Anal. Chem. 1957, 29 (2), 278–281. 



 

227 

 

(27)  Goldenson, J. Anal. Chem. 1957, 29 (6), 877–879. 

(28)  Gamson, R. M.; Robinson, D. W.; Goodman, A. Environ. Sci. Technol. 1973, 7 

(13), 1137–1140. 

(29)  Anal. Chem. 1957, 29 (12), 21A–28A. 

(30)  Hassan, S. S. M.; Thoria, S. A. I. Microchem. J. 1973, 18 (6), 622–626. 

(31)  Young, J. C.; Parsons, J. R.; Reeber, H. E. Anal. Chem. 1958, 30 (7), 1236–1239. 

(32)  Kinnear, A. M. The Detection of Anticholinesterase Agents Using An Enzyme 

Inhibition Reaction. Part 8. Developing A Portable Automatic Alaram (Model 

VIII); Porton Technical Paper No. 848; Chemical Defence Establishment Porton 

Down: United Kingdom, 1963; p 27. 

(33)  Poirier, R. H.; Moria, R. D.; Kiehl, S. J.; Pfeil, R. W.; Berse, A. E. Detection of V-

Agents; Technical AD131519; Battelle Memorial Institute: Dayton, Ohio, 1957. 

(34)  Poziomek, E. J. Perspectives in Detection, Volume 1; Technical AD622286; US 

Army Edgewood Arsenal Chemical Research and Development Laboratories: 

Edgewood Aresenal, Maryland 21010, 1965. 

(35)  Charles, G.; Kramer, D. N. Enzymatic method for detection of anticholinesterases. 

US3049411 A, August 14, 1962. 

(36)  Dagnall, R.; Seiger, H. Method of detecting nerve gases. US3451901 A, June 24, 

1969. 

(37)  Thoraval, D.; Bovenkamp, J. W. Chemical agent detectors and their method of use 

for detecting chemical nerve agents. US5061636 A, October 29, 1991. 

(38)  Mauroni, A. J. America’s Struggle with Chemical-biological Warfare; Greenwood 

Publishing Group, 2000. 



 

228 

 

(39)  Sun, Y.; Ong, K. Y. Detection technologies for chemical warfare agents and toxic 

vapors; CRC Press, 2004. 

(40)  War Department. Miscellaneous Gas Protective Equipment; Technical Manual TM 

3-290; Washington, D.C, 1944; p 118. 

(41)  Reference Book On Chemical Warfare Information (Worldwide) (U); DST-1620H-

018-77; Defense Intelligence Agency: Charlottesville, VA 22901, 1974. 

(42)  Schönemann, R. B. . New Reaction for Detection of Metalloid Non-metal Labile 

Halogen Linkages; PB119887; Office of Publication Board, US Dept. of 

Commerce, 1944. 

(43)  Fritsche, U. Anal. Chim. Acta 1980, 118 (1), 179–183. 

(44)  Thoraval, D.; Bovenkamp, J. W.; Bets, R. W.; Preston, J. M.; Hart, L. G. Testing of 

detector papers with CW liquid-agent droplets of known diameter. Droplets 

generator, calibration, and procedures. Technical note; No. AD-A-

176442/2/XAB; DREO-TN-86-1; Defence Research Establishment, Ottawa, 

Ontario (Canada), 1986. 

(45)  Thoraval, D.; Bets, R. W.; Bovenkamp, J. W.; Lacroix, B. V. Development of 

Paper, Chemical Agent Detector, 3-Way Liquid Containing Non-Mutagenic Dyes. 

2. Replacement of the Blue Indicator Dye Ethyl-bis-(2, 4-Dinitrophenyl Acetate 

(EDA); No. DREO-963; Defence Research Establishment, Ottawa, Ontario 

(Canada), 1988. 

(46)  Bizzigotti, G. O.; Castelly, H.; Hafez, A. M.; Smith, W. H.; Whitmire, M. T. Chem. 

Rev. 2008, 109 (1), 236–256. 

(47)  Epstein, J.; Callahan, J. J.; Bauer, V. E. Phosphorus 1974, 4, 157–163. 



 

229 

 

(48)  Ellison, D. H. Handbook of chemical and biological warfare agents; CRC press: 

Boca Raton, Florida, 2007. 

(49)  Ramachandran, C. K. Reliability of M256 Chemical Agent Detector Kit at Extreme 

Environmental Temperatures; Technical DPG/TA-88/07; Technical Analysis and 

Information Office U.S. Army Dugway Proving Ground: Dugway, Utah, 1988. 

(50)  Dräeger Sampling Tubes and Systems https://www.draeger.com/en-

us_us/Chemical-Industry/Productselector/Mobile-Gas-Detection/Draeger-Tubes-

and-CMS (accessed Apr 3, 2017). 

(51)  Dräger-Tubes & CMS Handbook (Soil, Water and Air Investigations as well as 

Technical Gas Analysis), 17th ed.; Dräger Safety AG & Co. KGaA: Lübeck, 

Germany, 2015. 

(52)  Michel, H. O.; Gordon, E. C.; Epstein, J. Environ. Sci. Technol. 1973, 7 (11), 1045–

1049. 

(53)  Novak, T. J.; Daasch, L. W.; Epstein, J. J Anal Chem 1979, 51, 1271–1275. 

(54)  Russell, R. J.; Pishko, M. V.; Simonian, A. L.; Wild, J. R. Anal. Chem. 1999, 71 

(21), 4909–4912. 

(55)  Gupta, R. C. Handbook of toxicology of chemical warfare agents, 2nd ed.; 

Academic Press: London, UK, 2015; Vol. Chapter 62. 

(56)  U.S. Department of Defense Contracts 

http://archive.defense.gov/Contracts/Contract.aspx?ContractID=4883 (accessed 

Apr 2, 2017). 

(57)  FLIR CBRNE Detection. Agentase(tm) C1 Field Chemical Agent Detection Kit 

http://www.flir.com/threatDetection/display/?id=63298 (accessed Apr 2, 2017). 



 

230 

 

(58)  FLIR CBRNE Detection. Agentase(tm) C2 Chemical Agent Disclosure Spray 

http://www.flir.com/threatdetection/display/?id=63302 (accessed Apr 2, 2017). 

(59)  Johnson, C. D.; Russell, R. L. Anal. Biochem. 1975, 64 (1), 229–238. 

(60)  Cesareo, S. D.; Langton, S. R. FEMS Microbiol. Lett. 1992, 99 (1), 15–21. 

(61)  Russell, A. J.; Kaar, J. L.; Berberich, J. A. In Frontiers of Engineering: Reports on 

Leading-Edge Engineering from the 2003 NAE Symposium on Frontiers of 

Engineering; National Academies Press, 2004; p 77. 

(62)  LeJuene, K. E.; Bacior, J. A.; Berberich, J. A.; Erbeldinger, M.; Lele, B. S. Enzyme 

containing liquid and delivery system for detection of analytes on surfaces. 

US20100227345 A1, September 9, 2010. 

(63)  Richardt, A.; Blum, M.-M. Decontamination of warfare agents: enzymatic methods 

for the removal of B/C weapons; John Wiley & Sons, 2008. 

(64)  Erbeldinger, M.; LeJeune, K. Nerve Agent Sensing Biopolymer Wipe; No. BS-

041203-ME; Agentase, LLC: Pittsburgh, PA, 2003; p 46. 

(65)  Lillie, S. H.; Kelly, J. M.; Mattis, J. N.; Rayburn, B. B. CBRN Decontamination: 

Multiservice Tactics, Techniques, and Procedures for Chemical, Biological, 

Radiological, and Nuclear Decontamination; FM 3-11.5; Army Medical 

Department Center and School: Fort Sam, Houston, TX, 2006; p 362. 

(66)  Russell, A. J.; Erbeldinger, M.; DeFrank, J. J.; Kaar, J.; Drevon, G. Biotechnol. 

Bioeng. 2002, 77 (3), 352–357. 

(67)  Technology Performance Summary for Chemical Detection Instruments; Technical 

Brief EPA/600/S-09/015; Environmental Protection Agency, 2011. 



 

231 

 

(68)  Sovesky, R. J.; Robosky, J.; Walker, J. P.; Erbeldinger, M. Efficient 

Decontamination of Personnel and Objects. US 20160354812 A1, December 8, 

2016. 

(69)  Documentation for Immediately Dangerous to Life or Health Concentrations 

(IDLHs); Doc. No. PB94-195047; U.S. Department of Health and Human 

Services, National Institute for Occupational Safety and Health, Division of 

Standards Development and Technology Transfer: Cincinnati, Ohio, 1994. 

(70)  US Army Medical Research Institute of Chemical Defense. Medical Management of 

Chemical Casualties Handbook., 4th ed.; Government Printing Office: Aberdeen 

Proving Ground, MD, 2007. 

(71)  Ordronneau, L.; Carella, A.; Pohanka, M.; Simonato, J.-P. Chem. Commun. 2013, 

49 (79), 8946–8948. 

(72)  Martí, A.; Costero, A. M.; Gaviña, P.; Parra, M. Tetrahedron Lett. 2014, 55 (19), 

3093–3096. 

(73)  Van Houten, K. A.; Heath, D. C.; Pilato, R. S. J. Am. Chem. Soc. 1998, 120 (47), 

12359–12360. 

(74)  Zhang, S.-W.; Swager, T. M. J. Am. Chem. Soc. 2003, 125 (12), 3420–3421. 

(75)  Dale, T. J.; Rebek, J. J. Am. Chem. Soc. 2006, 128 (14), 4500–4501. 

(76)  Xuan, W.; Cao, Y.; Zhou, J.; Wang, W. Chem. Commun. 2013, 49 (89), 10474–

10476. 

(77)  Costero, A. M.; Gil, S.; Parra, M.; Mancini, P. M. E.; Martinez-Manez, R.; 

Sancenon, F.; Royo, S. Chem. Commun. 2008, No. 45, 6002–6004. 



 

232 

 

(78)  El Sayed, S.; Pascual, L.; Agostini, A.; Martínez-Máñez, R.; Sancenón, F.; Costero, 

A. M.; Parra, M.; Gil, S. ChemistryOpen 2014, 3 (4), 142–145. 

(79)  Agostini, A.; Milani, M.; Martínez-Máñez, R.; Licchelli, M.; Soto, J.; Sancenón, F. 

Chem. – Asian J. 2012, 7 (9), 2040–2044. 

(80)  Costero, A. M.; Parra, M.; Gil, S.; Gotor, R.; Martínez-Mañez, R.; Sancenón, F.; 

Royo, S. Eur. J. Org. Chem. 2012, 2012 (26), 4937–4946. 

(81)  Belger, C.; Weis, J. G.; Egap, E.; Swager, T. M. Macromolecules 2015, 48 (21), 

7990–7994. 

(82)  Gotor, R.; Costero, A. M.; Gil, S.; Parra, M.; Martínez-Máñez, R.; Sancenón, F. 

Chem. – Eur. J. 2011, 17 (43), 11994–11997. 

(83)  Loudet, A.; Burgess, K. Chem. Rev. 2007, 107 (11), 4891–4932. 

(84)  Gotor, R.; Gavina, P.; Ochando, L. E.; Chulvi, K.; Lorente, A.; Martinez-Manez, R.; 

Costero, A. M. RSC Adv. 2014, 4 (31), 15975–15982. 

(85)  Gotor, R.; Costero, A. M.; Gaviña, P.; Gil, S. Dyes Pigments 2014, 108, 76–83. 

(86)  Barba-Bon, A.; Costero, A. M.; Gil, S.; Harriman, A.; Sancenón, F. Chem. – Eur. J. 

2014, 20 (21), 6339–6347. 

(87)  Climent, E.; Biyikal, M.; Gawlitza, K.; Dropa, T.; Urban, M.; Costero, A. M.; 

Martínez-Máñez, R.; Rurack, K. Chem. – Eur. J. 2016, 22 (32), 11138–11142. 

(88)  Barba-Bon, A.; Costero, A. M.; Gil, S.; Martinez-Manez, R.; Sancenon, F. Org. 

Biomol. Chem. 2014, 12 (43), 8745–8751. 

(89)  Jang, Y. J.; Murale, D. P.; Churchill, D. G. Analyst 2014, 139 (7), 1614–1617. 

(90)  Wu, X.; Wu, Z.; Han, S. Chem. Commun. 2011, 47 (41), 11468–11470. 

(91)  Han, S.; Xue, Z.; Wang, Z.; Wen, T. B. Chem. Commun. 2010, 46 (44), 8413–8415. 



 

233 

 

(92)  Wiener, S. W.; Hoffman, R. S. J. Intensive Care Med. 2004, 19 (1), 22–37. 

(93)  Wallace, K. J.; Morey, J.; Lynch, V. M.; Anslyn, E. V. New J. Chem. 2005, 29 (11), 

1469–1474. 

(94)  Dale, T. J.; Rebek, J. Angew. Chem. Int. Ed. 2009, 48 (42), 7850–7852. 

(95)  Kassa, J. J. Toxicol. Clin. Toxicol. 2002, 40 (6), 803–816. 

(96)  Radić, Z.; Dale, T.; Kovarik, Z.; Berend, S.; Garcia, E.; Zhang, L.; Amitai, G.; 

Green, C.; Radić, B.; Duggan, B. M.; Ajami, D.; Rebek, J.; Taylor, P. Biochem. J. 

2013, 450 (1), 231. 

(97)  Wallace, K. J.; Fagbemi, R. I.; Folmer-Andersen, F. J.; Morey, J.; Lynth, V. M.; 

Anslyn, E. V. Chem. Commun. 2006, No. 37, 3886–3888. 

(98)  Lee, J. Y.; Lee, Y. H.; Byun, Y. G. Phosphorus Sulfur Silicon Relat. Elem. 2012, 

187 (5), 641–649. 

(99)  Yoon, B.; Lee, S.; Kim, J.-M. Chem. Soc. Rev. 2009, 38 (7), 1958–1968. 

(100)  Lee, J.; Seo, S.; Kim, J. Adv. Funct. Mater. 2012, 22 (8), 1632–1638. 

(101)  Lee, H.; Kim, H.-J. Tetrahedron 2014, 70 (18), 2966–2970. 

(102)  Jang, Y. J.; Tsay, O. G.; Murale, D. P.; Jeong, J. A.; Segev, A.; Churchill, D. G. 

Chem. Commun. 2014, 50 (56), 7531–7534. 

(103)  Goud, D. R.; Pardasani, D.; Tak, V.; Dubey, D. K. RSC Adv. 2014, 4 (47), 

24645–24648. 

(104)  Bencic-Nagale, S.; Sternfeld, T.; Walt, D. R. J. Am. Chem. Soc. 2006, 128 (15), 

5041–5048. 

(105)  Dickinson, T. A.; Michael, K. L.; Kauer, J. S.; Walt, D. R. Anal. Chem. 1999, 71 

(11), 2192–2198. 



 

234 

 

(106)  Walt, D. R.; Bencic-Nagale, S. Chemical switches for detecting reactive chemical 

agents. US8932869 B2, January 13, 2015. 

(107)  Zhou, X.; Zeng, Y.; Liyan, C.; Wu, X.; Yoon, J. Angew. Chem. Int. Ed. 2016, 55 

(15), 4729–4733. 

(108)  Díaz de Greñu, B.; Moreno, D.; Torroba, T.; Berg, A.; Gunnars, J.; Nilsson, T.; 

Nyman, R.; Persson, M.; Pettersson, J.; Eklind, I.; Wästerby, P. J. Am. Chem. 

Soc. 2014, 136 (11), 4125–4128. 

(109)  Royo, S.; Costero, A. M.; Parra, M.; Gil, S.; Martínez-Máñez, R.; Sancenón, F. 

Chem. – Eur. J. 2011, 17 (25), 6931–6934. 

(110)  Yao, J.; Fu, Y.; Xu, W.; Fan, T.; Gao, Y.; He, Q.; Zhu, D.; Cao, H.; Cheng, J. 

Anal. Chem. 2016, 88 (4), 2497–2501. 

(111)  Huang, S.; Wu, Y.; Zeng, F.; Sun, L.; Wu, S. J. Mater. Chem. C 2016, 4 (42), 

10105–10110. 

(112)  Kim, Y.; Jang, Y. J.; Lee, D.; Kim, B.-S.; Churchill, D. G. Sens. Actuators B 

Chem. 2017, 238, 145–149. 

(113)  Klajn, R. Chem. Soc. Rev. 2014, 43 (1), 148–184. 

(114)  Goswami, S.; Das, S.; Aich, K. RSC Adv. 2015, 5 (37), 28996–29001. 

(115)  So, H.-S.; Angupillai, S.; Son, Y.-A. Sens. Actuators B Chem. 2016, 235, 447–

456. 

(116)  Weerasinghe, A. J.; Schmiesing, C.; Sinn, E. Tetrahedron 2011, 67 (16), 2833–

2838. 

(117)  Hu, X.-X.; Su, Y.-T.; Ma, Y.-W.; Zhan, X.-Q.; Zheng, H.; Jiang, Y.-B. Chem. 

Commun. 2015, 51 (82), 15118–15121. 



 

235 

 

(118)  Binnemans, K. Chem. Rev. 2009, 109 (9), 4283–4374. 

(119)  Knapton, D.; Burnworth, M.; Rowan, S. J.; Weder, C. Angew. Chem. Int. Ed. 

2006, 45 (35), 5825–5829. 

(120)  Wild, A.; Winter, A.; Hager, M. D.; Schubert, U. S. Chem. Commun. 2012, 48 

(7), 964–966. 

(121)  Zheng, S.-R.; Chen, R.-L.; Liu, Z.-M.; Wen, X.-L.; Xie, T.; Fan, J.; Zhang, W.-G. 

CrystEngComm 2014, 16 (14), 2898–2909. 

(122)  Dennison, G. H.; Sambrook, M. R.; Johnston, M. R. Chem. Commun. 2014, 50 

(2), 195–197. 

(123)  Dennison, G. H.; Bochet, C. G.; Curty, C.; Ducry, J.; Nielsen, D. J.; Sambrook, 

M. R.; Zaugg, A.; Johnston, M. R. Eur. J. Inorg. Chem. 2016, 2016 (9), 1348–

1358. 

(124)  Dennison, G. H.; Sambrook, M. R.; Johnston, M. R. RSC Adv. 2014, 4 (98), 

55524–55528. 

(125)  Sarkar, S.; Mondal, A.; Tiwari, A. K.; Shunmugam, R. Chem. Commun. 2012, 48 

(35), 4223–4225. 

(126)  Shunmugam, R.; Tew, G. N. Chem.- Eur. J. 2008, 14 (18), 5409–5412. 

(127)  Barba-Bon, A.; Costero, A. M.; Gil, S.; Sancenon, F.; Martinez-Manez, R. Chem. 

Commun. 2014, 50 (87), 13289–13291. 

(128)  Metherell, A. J.; Curty, C.; Zaugg, A.; Saad, S. T.; Dennison, G. H.; Ward, M. D. 

J. Mater. Chem. C 2016, 4 (41), 9664–9668. 

(129)  Jenkins, A. L.; Bae, S. Y. Pap. Present. 3rd Int. Workshop Mol. Imprinted Polym. 

MIP 2004 2005, 542 (1), 32–37. 



 

236 

 

(130)  Jenkins, A. L.; Ellzy, M. W.; Buettner, L. C. J. Mol. Recognit. 2012, 25 (6), 330–

335. 

(131)  Yue, G.; Su, S.; Li, N.; Shuai, M.; Lai, X.; Astruc, D.; Zhao, P. Coord. Chem. 

Rev. 2016, 311, 75–84. 

(132)  Martí, A.; Costero, A. M.; Gaviña, P.; Gil, S.; Parra, M.; Brotons-Gisbert, M.; 

Sánchez-Royo, J. F. Eur. J. Org. Chem. 2013, 2013 (22), 4770–4779. 

(133)  Zheng, X.; Okolotowicz, K.; Wang, B.; MacDonald, M.; Cashman, J. R.; Zhang, 

J. 10th Int. Meet. Cholinesterases 2010, 187 (1–3), 330–334. 

(134)  Kumar, V.; Kaushik, M. P. Analyst 2011, 136 (24), 5151–5156. 

(135)  Kumar, V.; Rana, H.; Raviraju, G.; Garg, P.; Baghel, A.; Gupta, A. K. RSC Adv. 

2016, 6 (64), 59648–59656. 

(136)  Kumar, V.; Rana, H. Chem. Commun. 2015, 51 (92), 16490–16493. 

(137)  Pitschmann, V.; Halámek, E.; Kobliha, Z.; Tusarová, I. Sci. Mil. J. 2009, 4 (1), 

82. 

(138)  Pardasani, D.; Tak, V.; Purohit, A. K.; Dubey, D. K. Analyst 2012, 137 (23), 

5648–5653. 

(139)  Epstein, J.; Rosenthal, R. W.; Ess, R. J. Anal. Chem. 1955, 27 (9), 1435–1439. 

(140)  Lee, D.-H.; Lee, D.-N.; Hong, J.-I. New J. Chem. 2016, 40 (11), 9021–9024. 

(141)  Hunt, A. L.; Alder, J. F. Anal. Chim. Acta 1999, 387 (2), 207–215. 

(142)  Raghavender Goud, D.; Purohit, A. K.; Tak, V.; Dubey, D. K.; Kumar, P.; 

Pardasani, D. Chem. Commun. 2014, 50 (82), 12363–12366. 

(143)  Kumar, V.; Anslyn, E. V. Chem. Sci. 2013, 4 (11), 4292–4297. 

(144)  Kumar, V.; Rana, H. RSC Adv. 2015, 5 (112), 91946–91950. 



 

237 

 

(145)  Kumar, V.; Anslyn, E. V. J. Am. Chem. Soc. 2013, 135 (16), 6338–6344. 

(146)  Knighton, R. C.; Sambrook, M. R.; Vincent, J. C.; Smith, S. A.; Serpell, C. J.; 

Cookson, J.; Vickers, M. S.; Beer, P. D. Chem. Commun. 2013, 49 (23), 2293–

2295. 

(147)  Li, N.; Zhao, P.; Liu, N.; Echeverria, M.; Moya, S.; Salmon, L.; Ruiz, J.; Astruc, 

D. Chem. Eur. J. 2014, 20 (27), 8363–8369. 

(148)  Tsang, J. S.; Neverov, A. A.; Brown, R. S. J. Am. Chem. Soc. 2003, 125 (25), 

7602–7607. 

(149)  Brown, R. S.; Neverov, A. A.; Tsang, J. S.; Gibson, G. T.; Montoya-Pelaez, P. J. 

Can. J. Chem. 2004, 82 (12), 1791–1805. 

(150)  Licari, J. J.; Swanson, D. W. Adhesives Technology for Electronic Applications 

Materials Processes Reliability, second.; William Andrew: NY, Norwich, 2011. 

(151)  Cho, E. J.; Ryu, B. J.; Lee, Y. J.; Nam, K. C. Org. Lett. 2005, 7 (13), 2607–2609. 

(152)  Gai, L.; Mack, J.; Lu, H.; Nyokong, T.; Li, Z.; Kobayashi, N.; Shen, Z. Coord. 

Chem. Rev. 2015, 285, 24–51. 

(153)  Martinez-Manez, R.; Sancenón, F. Chem. Rev. 2003, 103 (11), 4419–4476. 

(154)  Zhou, Y.; Zhang, J. F.; Yoon, J. Chem. Rev. 2014, 114 (10), 5511–5571. 

(155)  Kim, S. Y.; Hong, J.-I. Org. Lett. 2007, 9 (16), 3109–3112. 

(156)  Zheng, X.; Zhu, W.; Ai, H.; Huang, Y.; Lu, Z. Tetrahedron Lett. 2016, 57 (52), 

5846–5849. 

(157)  Xu, Y.; Wang, Y.; Zhao, S.; Guan, R.; Cao, D.; Wu, Q.; Yu, X.; Sun, Y. Inorg. 

Chem. Commun. 2017, 78, 52–55. 



 

238 

 

(158)  Nicoleti, C. R.; Marini, V. G.; Zimmermann, L. M.; Machado, V. G. J. Braz. 

Chem. Soc. 2012, 23 (8), 1488–1500. 

(159)  Nicoleti, C. R.; Nandi, L. G.; Ciancaleoni, G.; Machado, V. G. RSC Adv. 2016, 6 

(104), 101853–101861. 

(160)  Srikala, P.; Tarafder, K.; Trivedi, D. R. Spectrochim. Acta. A. Mol. Biomol. 

Spectrosc. 2017, 170, 29–38. 

(161)  Kim, S. K.; Bok, J. H.; Bartsch, R. A.; Lee, J. Y.; Kim, J. S. Org. Lett. 2005, 7 

(22), 4839–4842. 

(162)  Misra, A.; Shahid, M.; Dwivedi, P. Talanta 2009, 80 (2), 532–538. 

(163)  Chowdury, A. R.; Banerjee, P. J. Chem. Sci. 2017, 129 (4), 463–470. 

(164)  Thale, P. B.; Borase, P. N.; Shankarling, G. S. Inorg. Chem. Front. 2016, 3 (7), 

977–984. 

(165)  Quinlan, E.; Matthews, S. E.; Gunnlaugsson, T. J. Org. Chem. 2007, 72 (20), 

7497–7503. 

(166)  Zhao, Y.-P.; Zhao, C.-C.; Wu, L.-Z.; Zhang, L.-P.; Tung, C.-H.; Pan, Y.-J. J. Org. 

Chem. 2006, 71 (5), 2143–2146. 

(167)  Wu, F.; Hu, M.; Wu, Y.; Tan, X.; Zhao, Y.; Ji, Z. Spectrochim. Acta. A. Mol. 

Biomol. Spectrosc. 2006, 65 (3–4), 633–637. 

(168)  Raposo, M. M. M.; García-Acosta, B.; Ábalos, T.; Calero, P.; Martínez-Máñez, 

R.; Ros-Lis, J. V.; Soto, J. J. Org. Chem. 2010, 75 (9), 2922–2933. 

(169)  Kumar, V.; Kaushik, M. P.; Srivastava, A. K.; Pratap, A.; Thiruvenkatam, V.; 

Row, T. N. G. Anal. Chim. Acta 2010, 663 (1), 77–84. 

(170)  Balaji, T.; Matsunaga, H. Anal. Sci. 2005, 21 (8), 973–977. 



 

239 

 

(171)  Matsunaga, H.; Kanno, C.; Yamada, H.; Takahashi, Y.; Suzuki, T. M. Talanta 

2006, 68 (3), 1000–1004. 

(172)  Sai Sathish, R.; Ravi Kumar, M.; Nageswara Rao, G.; Anil Kumar, K.; 

Janardhana, C. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2007, 66 (2), 457–

461. 

(173)  Rochat, S.; Severin, K. Chem. Commun. 2011, 47 (15), 4391–4393. 

(174)  Sai Sathish, R.; Goutam Raju, A.; Nageswara Rao, G.; Janardhana, C. 

Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2008, 69 (1), 282–285. 

(175)  Wei, G.; Yin, J.; Ma, X.; Yu, S.; Wei, D.; Du, Y. Anal. Chim. Acta 2011, 703 (2), 

219–225. 

(176)  Zhu, B.; Yuan, F.; Li, R.; Li, Y.; Wei, Q.; Ma, Z.; Du, B.; Zhang, X. Chem. 

Commun. 2011, 47 (25), 7098–7100. 

(177)  Bao, Y.; Liu, B.; Wang, H.; Tian, J.; Bai, R. Chem. Commun. 2011, 47 (13), 

3957–3959. 

(178)  Hu, R.; Feng, J.; Hu, D.; Wang, S.; Li, S.; Li, Y.; Yang, G. Angew. Chem. Int. Ed. 

2010, 49 (29), 4915–4918. 

(179)  Wang, X.-Y.; Guan, F.-J.; Li, B.; Zhang, H.; Wu, H.-W.; Ji, K.; Liu, C.-X. Chin. 

Chem. Lett. 2016, 27 (2), 211–214. 

(180)  Sokkalingam, P.; Lee, C.-H. J. Org. Chem. 2011, 76 (10), 3820–3828. 

(181)  Jiang, X.; Vieweger, M. C.; Bollinger, J. C.; Dragnea, B.; Lee, D. Org. Lett. 2007, 

9 (18), 3579–3582. 

(182)  Fu, L.; Jiang, F.-L.; Fortin, D.; Harvey, P. D.; Liu, Y. Chem. Commun. 2011, 47 

(19), 5503–5505. 



 

240 

 

(183)  Lu, H.; Wang, Q.; Li, Z.; Lai, G.; Jiang, J.; Shen, Z. Org. Biomol. Chem. 2011, 9 

(12), 4558–4562. 

(184)  Dewick, P. M. Essentials of Organic Chemistry: For Students of Pharmacy, 

Medicinal Chemistry and Biological Chemistry; John Wiley & Sons: West 

Sussex, England, 2006. 

(185)  Bordwell, F. G. Acc. Chem. Res. 1988, 21 (12), 456–463. 

(186)  Clare, B. W.; Cook, D.; Ko, E. C. F.; Mac, Y. C.; Parker, A. J. J. Am. Chem. Soc. 

1966, 88 (9), 1911–1916. 

(187)  Miller, J.; Parker, A. J. J. Am. Chem. Soc. 1961, 83 (1), 117–123. 

(188)  Loshadkin, N. .; Markov, S. .; Polekhin, A. .; Neimysheva, A. .; Maklyaev, F. .; 

Knunyants, I. . Zhurnal Obshchei Khimii 1966, 36 (6), 1105–1113. 

(189)  Hackley Jr, B. E.; Plapinger, R.; Stolberg, M.; Wagner-Jauregg, T. J. Am. Chem. 

Soc. 1955, 77 (13), 3651–3653. 

(190)  King, R. B. Encyclopedia of inorganic chemistry; Wiley: Chichester, West 

Sussex, England; Hoboken, NJ, 2006. 

(191)  Nandi, L. G.; Facin, F.; Marini, V. G.; Zimmermann, L. M.; Giusti, L. A.; Silva, 

R. da; Caramori, G. F.; Machado, V. G. J. Org. Chem. 2012, 77 (23), 10668–

10679. 

(192)  Nelson, T. D.; Crouch, R. D. Synthesis 1996, 1996 (9), 1031–1069. 

(193)  Guerra, J. P.; Lindner, A.; Nicoleti, C. R.; Marini, V. G.; Silva, M.; Machado, V. 

G. Tetrahedron Lett. 2015, 56 (33), 4733–4736. 

(194)  Chavali, R.; Gunda, N. S. K.; Naicker, S.; Mitra, S. K. Anal. Chem. Res. 2015, 6, 

26–31. 



 

241 

 

(195)  Anderson, J. S.; Brown, K. C. Synth. Commun. 1983, 13 (3), 233–236. 

(196)  Chavali, R.; Gunda, N. S. K.; Naicker, S.; Mitra, S. K. Anal. Chem. Res. 2015, 6, 

26–31. 

(197)  Imoto, M.; Matsui, Y.; Takeda, M.; Tamaki, A.; Taniguchi, H.; Mizuno, K.; 

Ikeda, H. J. Org. Chem. 2011, 76 (15), 6356–6361. 

(198)  Neverov, A. A.; Brown, R. S. Inorg. Chem. 2001, 40 (14), 3588–3595. 

(199)  Rived, F.; Rosés, M.; Bosch, E. Anal. Chim. Acta 1998, 374 (2), 309–324. 

(200)  Sigel, H.; Zuberbühler, A. D.; Yamauchi, O. Anal. Chim. Acta 1991, 255 (1), 63–

72. 

(201)  Bates, R. G. Determination of pH: theory and practice., 2nd ed.; John Wiley & 

Sons: New York, 1964. 

(202)  Canals, I.; Portal, J. A.; Bosch, E.; Rosés, M. Anal. Chem. 2000, 72 (8), 1802–

1809. 

(203)  Canals, I.; Oumada, F. Z.; Roses, M.; Bosch, E. J. Chromatogr. A 2001, 911 (2), 

191–202. 

(204)  Gibson, G.; Neverov, A. A.; Brown, R. S. Can. J. Chem. 2003, 81 (6), 495–504. 

(205)  Gibson, G. T.; Neverov, A. A.; Teng, A. C.-T.; Brown, R. S. Can. J. Chem. 2005, 

83 (9), 1268–1276. 

(206)  Neverov, A. A.; McDonald, T.; Gibson, G.; Brown, R. S. Can. J. Chem. 2001, 79 

(11), 1704–1710. 

(207)  Reichardt, C. Chem. Rev. 1994, 94 (8), 2319–2358. 

(208)  Gibson, G. T. T.; Mohamed, M. F.; Neverov, A. A.; Brown, R. S. Inorg. Chem. 

2006, 45 (19), 7891–7902. 



 

242 

 

(209)  Bürgstein, M. R.; Gamer, M. T.; Roesky, P. W. J. Am. Chem. Soc. 2004, 126 

(16), 5213–5218. 

(210)  Pearson, R. G. Coord. Chem. Rev. 1990, 100, 403–425. 

(211)  Li, M.; Zhang, L.; Tao, M.; Cheng, Z.; Zhu, X. Polym. Chem. 2014, 5 (13), 4076–

4082. 

(212)  Todres, Z. V.; Hovsepyan, G. T. S.; Ionina, Y. A. Tetrahedron 1988, 44 (16), 

5199–5204. 

(213)  Kaya, I.; Culhaoglu, S. Iranian Polymer Journal 2006, 15 (6), 487-495. 

(214)  Rezende, M. C.; Radetski, C. M. In Chemical Abstracts; 1989; Vol. 111, p 

8876w. 

(215)  Johnson, B. P.; Gabrielsen, B.; Matulenko, M.; Dorsey, J. G.; Reichardt, C. Anal. 

Lett. 1986, 19 (9–10), 939–962. 

(216)  Morley, J. O. J. Chem. Soc. Perkin Trans. 2 1995, No. 4, 731–734. 

(217)  Izakovich, E. N.; Khidekel’, M. L. Russ. Chem. Rev. 1988, 57 (5), 419–432. 

(218)  Sabnis, R. W. Handbook of Acid-Base Indicators; CRC Press: Boca Raton, 

Florida, 2008. 

(219)  Tawarah, K. M.; Abu-Shamleh, H. M. Dyes Pigments 1991, 17 (3), 203–215. 

(220)  Park, S.-K.; Lee, C.-K.; Min, K.-C.; Lee, N.-S. Bull. Korean Chem. Soc. 2004, 25 

(12), 1817–1821. 

(221)  Zheng, D.; Yuan, X.-A.; Ma, J. Acta Phys.-Chim. Sin. 2016, 32 (1), 290–300. 

(222)  Park, S.; Lee, C.; Min, K.; Lee, N. Bull. Korean Chem. Soc. 2005, 26 (8), 1170. 

(223)  Sabnis, R. W. Handbook of Acid-Base Indicators; CRC Press: San Francisco, 

USA, 2007. 



 

243 

 

(224)  Kolthoff, I. M.; Guss, L. S. J. Am. Chem. Soc. 1938, 60 (10), 2516–2522. 

(225)  Kolthoff, I. M.; Guss, L. S. J. Am. Chem. Soc. 1939, 61 (2), 330–333. 

(226)  Guss, L. S.; Kolthoff, I. M. J. Am. Chem. Soc. 1940, 62 (2), 249–251. 

(227)  Greenhalgh, R.; Weinberger, M. A. Can. J. Chem. 1967, 45 (5), 495–500. 

(228)  Morrissey, K. M.; Ruth, J. L.; Sumpter, K. B. Force to Fail Reaction with 

Monoethanolamine: Application to Explosive Destruction System; ECBC-TR-

1188; Army Edgewood Chemical Biological Center: Maryland, USA, 2014. 

(229)  Weinberger, M. A.; Greenhalgh, R.; Lutley, P. M. Can. J. Chem. 1970, 48 (9), 

1358–1361. 

(230)  Youssef, A.; Madkour, K.; Cox, C.; Weiss, B. J. Appl. Toxicol. 1992, 12 (3), 193–

197. 

(231)  D’Agostino, P. A.; Provost, L. R. J. Chromatogr. A 1992, 598 (1), 89–95. 

(232)  Munro, N. B.; Talmage, S. S.; Griffin, G. D.; Waters, L. C.; Watson, A. P.; King, 

J. F.; Hauschild, V. Environ. Health Perspect. 1999, 107 (12), 933–974. 

(233)  Ma, J.; Dasgupta, P. K. Anal. Chim. Acta 2010, 673 (2), 117–125. 

(234)  Wang, F.; Wang, L.; Chen, X.; Yoon, J. Chem. Soc. Rev. 2014, 43 (13), 4312–

4324. 

(235)  Xu, Z.; Chen, X.; Kim, H. N.; Yoon, J. Chem. Soc. Rev. 2010, 39 (1), 127–137. 

(236)  Lee, K.-S.; Lee, J. T.; Hong, J.-I.; Kim, H.-J. Chem. Lett. 2007, 36 (6), 816–817. 

(237)  Lee, K.-S.; Kim, H.-J.; Kim, G.-H.; Shin, I.; Hong, J.-I. Org. Lett. 2008, 10 (1), 

49–51. 

(238)  Park, S.; Kim, H.-J. Chem. Commun. 2010, 46 (48), 9197–9199. 

(239)  Tang, L.; Cai, M. Sens. Actuators B Chem. 2012, 173, 862–867. 



 

244 

 

(240)  Lou, X.; Qiang, L.; Qin, J.; Li, Z. ACS Appl. Mater. Interfaces 2009, 1 (11), 

2529–2535. 

(241)  Chow, C.-F.; Lam, M. H.; Wong, W.-Y. Inorg. Chem. 2004, 43 (26), 8387–8393. 

(242)  Bhowmick, I.; Boston, D. J.; Higgins, R. F.; Klug, C. M.; Shores, M. P.; Gupta, 

T. Sens. Actuators B Chem. 2016, 235, 325–329. 

(243)  Peng, M.-J.; Guo, Y.; Yang, X.-F.; Wang, L.-Y.; An, J. Dyes Pigments 2013, 98 

(3), 327–332. 

(244)  Lin, Q.; Chen, P.; Fu, Y.-P.; Zhang, Y.-M.; Shi, B.-B.; Zhang, P.; Wei, T.-B. 

Chin. Chem. Lett. 2013, 24 (8), 699–702. 

(245)  Pati, P. B. Sens. Actuators B Chem. 2016, 222, 374–390. 

(246)  Chen, L.; Nie, H.; Zhang, G.; Gong, F.; Yang, Y.; Gong, C.; Tang, Q.; Xiao, K. 

Tetrahedron Lett. 2014, 55 (19), 3017–3023. 

(247)  Lin, Y.-S.; Zheng, J.-X.; Tsui, Y.-K.; Yen, Y.-P. Spectrochim. Acta. A. Mol. 

Biomol. Spectrosc. 2011, 79 (5), 1552–1558. 

(248)  Lou, X.; Zhang, L.; Qin, J.; Li, Z. Chem. Commun. 2008, No. 44, 5848–5850. 

(249)  Desloges, W.; Neverov, A. A.; Brown, R. S. Inorg. Chem. 2004, 43 (21), 6752–

6761. 

(250)  Masoud, M. S.; Khalil, E. A.; Hindawy, A. M.; Ali, A. E.; Mohamed, E. F. 

Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2004, 60 (12), 2807–2817. 

(251)  Birla, S.; Joshi, S. Asian J. Chem. 1998, 10 (4), 852. 

(252)  Bal, S.; Bal, S. S.; Erener, A.; Halipci, H. N.; Akar, S. Chem. Pap. 2014, 68 (3), 

352–361. 



 

245 

 

(253)  Kılınçarslan, R.; Erdem, E.; Kocaokutgen, H. Transit. Met. Chem. 2007, 32 (1), 

102–106. 

(254)  Bajgar, J. Adv. Clin. Chem. 2004, 38, 151–216. 

(255)  Durst, H. D.; Brown, R. S.; Neverov, A. A.; Tamer, A. Metal Ion-Catalyzed 

Alcoholysis as a Strategy for the High Loading Destruction of Chemical Warfare 

Organophosphorus Agents; Army Edgewood Chemical Biological Center APG 

MD Research and Technology Dir, 2013. 

(256)  Dhar, B. B.; Edwards, D. R.; Brown, R. S. Inorg. Chem. 2011, 50 (7), 3071–

3077. 

(257)  Yang, Y.-C. Acc. Chem. Res. 1999, 32 (2), 109–115. 

(258)  Melnychuk, S. A.; Neverov, A. A.; Brown, R. S. Angew. Chem. Int. Ed. 2006, 45 

(11), 1767–1770. 

(259)  Boone, C. M.; de Koning, M. C. Degradation of Chemical Warfare Agents by 

Queens AAN/RSB System 1,2,3 and 4; TNO DV 2008 Cxxx; TNO: Netherlands, 

2008. 

(260)  Gustyleva, L. K.; Khlebnikova, N. S.; Savel’eva, E. I.; Radilov, A. S. Аналитика 

И Контроль 2013, 17 (2), 190–195. 

(261)  Chen, X.; Zhou, Y.; Peng, X.; Yoon, J. Chem. Soc. Rev. 2010, 39 (6), 2120–2135. 

(262)  Kaur, K.; Saini, R.; Kumar, A.; Luxami, V.; Kaur, N.; Singh, P.; Kumar, S. 

Coord. Chem. Rev. 2012, 256 (17), 1992–2028. 

(263)  Peng, H.; Chen, W.; Cheng, Y.; Hakuna, L.; Strongin, R.; Wang, B. Sensors 

2012, 12 (11), 15907–15946. 



 

246 

 

(264)  Jung, H. S.; Chen, X.; Kim, J. S.; Yoon, J. Chem. Soc. Rev. 2013, 42 (14), 6019–

6031. 

(265)  Kand, D.; Kalle, A. M.; Varma, S. J.; Talukdar, P. Chem. Commun. 2012, 48 

(21), 2722–2724. 

(266)  Sun, Y.-Q.; Chen, M.; Liu, J.; Lv, X.; Li, J.; Guo, W. Chem. Commun. 2011, 47 

(39), 11029–11031. 

(267)  Chen, X.; Ko, S.-K.; Kim, M. J.; Shin, I.; Yoon, J. Chem. Commun. 2010, 46 

(16), 2751–2753. 

(268)  Kwon, H.; Lee, K.; Kim, H.-J. Chem. Commun. 2011, 47 (6), 1773–1775. 

(269)  Wang, H.; Zhou, G.; Mao, C.; Chen, X. Dyes Pigments 2013, 96 (1), 232–236. 

(270)  Yin, C.; Huo, F.; Zhang, J.; Martinez-Manez, R.; Yang, Y.; Lv, H.; Li, S. Chem. 

Soc. Rev. 2013, 42 (14), 6032–6059. 

(271)  Jung, H. S.; Han, J. H.; Habata, Y.; Kang, C.; Kim, J. S. Chem. Commun. 2011, 

47 (18), 5142–5144. 

(272)  Wang, H.; Zhou, G.; Chen, X. Sens. Actuators B Chem. 2013, 176, 698–703. 

(273)  Tang, B.; Xing, Y.; Li, P.; Zhang, N.; Yu, F.; Yang, G. J. Am. Chem. Soc. 2007, 

129 (38), 11666–11667. 

(274)  Wang, R.; Chen, L.; Liu, P.; Zhang, Q.; Wang, Y. Chem. – Eur. J. 2012, 18 (36), 

11343–11349. 

(275)  Pullela, P. K.; Chiku, T.; Carvan, M. J.; Sem, D. S. Anal. Biochem. 2006, 352 (2), 

265–273. 

(276)  Pires, M. M.; Chmielewski, J. Org. Lett. 2008, 10 (5), 837–840. 

(277)  Zhu, J.; Dhimitruka, I.; Pei, D. Org. Lett. 2004, 6 (21), 3809–3812. 



 

247 

 

(278)  Cao, X.; Lin, W.; Yu, Q. J. Org. Chem. 2011, 76 (18), 7423–7430. 

(279)  Singh, R.; Whitesides, G. M. Thiol-disulfide interchange; John Wiley & Sons, 

Inc.: Chichester, UK, 1993. 

(280)  Jocelyn, P. C. Biochemistry of the SH group: the occurrence, chemical 

properties, metabolism and biological function of thiols and disulphides; 

Academic Press, 1972. 

(281)  Nagy, P. Antioxid. Redox Signal. 2013, 18 (13), 1623–1641. 

(282)  Ellman, G. L.; Courtney, K. D.; Andres, V.; Featherstone, R. M. Biochem. 

Pharmacol. 1961, 7 (2), 88–95. 

(283)  Hammond, P. S.; Forster, J. S. Anal. Biochem. 1989, 180 (2), 380–383. 

(284)  Riddles, P. W.; Blakeley, R. L.; Zerner, B. Anal. Biochem. 1979, 94 (1), 75–81. 

(285)  de Koning, M. C.; van Zuylen, A. Spray Systems for (Residual) Chemical 

Warfare Agent Disclosure; TNO-DV 2009 193; TNO Defence: TNO, 

Netherlands, 2009. 

(286)  Veksler, K. V.; Volkova, E. N.; Vol’berg, N. S.; Pavlenko, A. A.; Povet’ev, V. 

V.; Entina, Z. V.; Bogdanova, S. N. J. Anal. Chem. 2003, 58 (12), 1108–1113. 

(287)  Brown, R. S.; Aman, A. J. Org. Chem. 1997, 62 (14), 4816–4820. 

(288)  Jin, J.; Roth, B.; Frye, S. Functionally selective ligands of dopamine D2 

receptors. US9156822, October 13, 2015. 

(289)  Zakhs, E. R. Russ. J. Gen. Chem. 1995, 65 (10), 1573–1578. 

(290)  Muramoto, K.; Ramachandran, J. Biochemistry (Mosc.) 1980, 19 (14), 3280–

3286. 

(291)  Novak, T. J.; Pleva, S. G.; Epstein, J. Anal. Chem. 1980, 52 (12), 1851–1855. 



 

248 

 

(292)  Schönberger, M.; Trauner, D. Angew. Chem. Int. Ed. 2014, 53 (12), 3264–3267. 

(293)  Defoin, A.; Fritz, H.; Geffroy, G.; Streith, J. Tetrahedron Lett. 1986, 27 (27), 

3135–3138. 

(294)  Lide, D. R. CRC Handbook of Chemistry and Physics, 87th Edition; CRC Press, 

2006. 

(295)  Khairy, E.; Darwish, N.; Elnasary, A. Indian J. Chem. Sect. Inorg. Phys. Theor. 

Anal. 1988, 27A (7), 645–647. 

 


