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By Bria Shannon Thomas 

 

Chemical warfare agents (CWAs) have an unfortunately long history with various military 

and terrorist groups choosing to employ these highly toxic chemicals. The unrestricted 

stockpiling and development of CWAs led to the introduction of the Chemical Weapons 

Convention (CWC) in 1993 which outlawed these practices. Despite this, their unlawful 

deployment has continued resulting in substantial threat levels of possible chemical 

attack by international terrorists. This has led to an increased interest in the development 

of colorimetric sensors for the determination of these chemicals. Current methods of 

CWA verification are predominantly equipment-based and thus suffer from limitations 

including non-portability, high cost and complicated operations. Hence, there is high 

demand for inexpensive and lightweight colorimetric sensors that are simple to use for 

first responders. The development of sensitive and selective colorimetric devices for 

blister agents is investigated in this thesis.  

The first section of the thesis focuses on the development of sensors for mustard 

detection. Firstly, this research aimed to improve the mustard detection response of 4-

(4-nitrobenzyl)pyridine (NBP) reported by Epstein. The incorporation of reagents in an 

anionic microemulsion eliminated the stepwise addition of reagents and the need for 

elevated temperatures. Exposure to various interfering agents revealed the high 

selectivity of NBP towards mustard simulants.  

Furthermore, the alkylation of NBP by anionic surfactant initiated an investigation 

into an alternative anionic surfactant to improve the shelf-life of the formulation. 

Furthermore, the preliminary research into self-assembled sensors for mustard detection 

was reported. An alternative merocyanine chromophore exhibited a moderate colour 

response upon exposure to CEES. However, the initial yellow-brown colour of the 

merocyanine in solution is undesirable and demonstrated the further work required to 

create a reliable analyte-induced sensor.  

The second section of the thesis presents the development of smart devices 

containing the NBP anionic microemulsion formulation, reported in Chapter 2, for use in 

real-life scenarios. Swab technologies were manufactured and tested with CEES 

alongside the detection of contaminated soil.  
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1.1. A Brief History of Chemical Warfare Agents 
Chemical warfare agents (CWAs) have a long history however their use has been a 

particularly contentious topic since the 20th century. The first large scale use of chemical 

weapons occurred in Ypres, Belgium, in 1915.1 German forces released one hundred 

and sixty tonnes of chlorine, an asphyxiating gas, against allied soldiers. It was estimated 

that 5,000 men were killed and another 10,000 were wounded.2 Fritz Haber, a German 

scientist, was responsible for the weaponization of chlorine. He is known to many as a 

Nobel Prize winner for his invention of the Haber-Bosch Process however, he is also 

labelled as the ‘father of chemical warfare’ for his work on the development and 

weaponization of poisonous gases during World War I (WWI). In his acceptance speech 

as Nobel Laureate he referenced chemical warfare saying “In no future war will the 

military be able to ignore poison gas. It is a higher form of killing”.3 Ypres was chosen 

again by the Germans in 1917 for the release of Yperite, a new chemical weapon named 

after the Belgian city.4 This chemical is more commonly known as sulfur mustard and 

was first used against British forces resulting in a total of 150,000 casualties in the British 

Army alone.5  

In 1925, the Geneva protocol6 was drafted to prohibit the use of chemical and 

biological weapons in war. Unfortunately, the protocol only banned the use of these 

weapons and did not restrict their stockpiling and research. Despite the condemnation 

of chemical weapons by the public,7 the use and development of these agents continued.  

Notable uses of these chemical weapons include the Iran-Iraq War between 1980-

19888,9 and the Gulf War between 1990-199110. It wasn’t until 1993 that the development, 

production and stockpiling of chemical weapons was outlawed in the Chemical Weapons 

Convention (CWC) which was signed by 193 state parties.11 Despite this, there have 

been many examples of chemical weapon use. More notably, the G-series nerve agent 

attacks in Matsumoto, Japan in 199412 and on the Tokyo subway in 1995.13 The Tokyo 

subway sarin attack was responsible for killing 12 people and injuring more than 5,000 

others with some victims reporting temporary vision problems. Recent uses of V-series 

nerve agents include the 2017 assassination of Kim Jong-nam, half-brother of North 

Korean leader Kim Jong-un, by VX poisoning in Malaysia and the attempted 

assassination of the former Russian military intelligence officer, Sergei Skripal, in 

England in 2018. In the latter incident, an undeclared high purity nerve agent poisoned 

and hospitalised three people.14 The name and structure of this nerve agent is classified 

as it belongs to a new class of agent developed in Russia.15,16  
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1.2. Chemical Warfare Agents (CWAs) 
Chemical weapons are defined in the CWC as ‘any chemical which through its chemical 

action on life processes can cause death, temporary incapacitation or permanent harm 

to humans or animals’.11 There are several classes of CWAs including blood agents, 

chocking agents, psychomimetic agents, nerve agents, riot-control agents, toxins and 

vesicants (blister agents). However, this thesis will focus on blister and nerve agents. It 

is the physical and chemical properties of CWAs that determine how they are deployed 

and their effect on the body. In general, CWAs are liquids, and they can be further 

categorised by their environmental persistency based on their vapour pressures. 

Non-persistent agents like some G agents have relatively high vapour pressures 

therefore they are able to vaporise easily upon dissemination. On the other hand, blister 

agents and V agents have lower vapour pressures and as such are environmentally 

persistent. These agents can be disseminated as droplets or aerosols and its harmful 

effects can be intensified by incorporating a polymer thickening agents to further 

complicate its removal and decontamination from the environment or skin.  

 

1.3. Blister Agents 
As their name implies, blister agents or vesicants are a group of chemicals that damage 

skin tissue causing inflammation and painful blisters.17 Figure 1.1 illustrates the two 

categories of blister agent; lewisites and mustards.  

 

 
Figure 1.1. Chemical structures of the arsenic, nitrogen and sulfur blister agents. 
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Folded and moist regions of skin are more liable to blistering with the armpits, knees, 

elbows, neck and genitalia being some of the most vulnerable regions of the body.18,19 

Eyes are particularly susceptible to vesicants with symptoms involving irritation, 

lacrimation and blepharospasm.17 Upon inhalation, these agents irritate the respiratory 

tract and lungs causing the accumulation of fluid and ultimately resulting in death by 

pulmonary edema.20  

 

1.3.1. Lewisite Agents 
Lewisite (L) is a potent organoarsenic vesicant known for its significant systemic toxicity. 

Lewisite was first synthesised in 190821 by the addition of acetylene to arsenic trichloride 

in the presence of a suitable Lewis-acid catalyst.22,23 Lewisite is a mixture predominantly 

comprised of trans isomers of 2-chlorovinyldichloroarsine (L1), 

bis(2-chlorovinyl)chloroarsine (L2), tris(2-chlorovinyl)arsine (L3). A typical composition 

of a synthesised lewisite mixture is a 10:90 ratio of cis- and trans-isomers.24 

Due to its lipophilic nature, the main route of lewisite exposure is through skin 

absorption inducing painful cutaneous blistering and inflammation.21 However, other 

exposure routes are known with the eyes and respiratory tract also vulnerable.25 The 

toxicological properties of trivalent arsenic are attributed to its interactions with thiol 

groups of proteins, particularly enzymes. Specifically, lewisite forms covalent bonds with 

vicinal thiol groups of dihydrolipoic acid, a co-factor of pyruvate dehydrogenase by 

forming stable cyclic arsenical structures as seen in Scheme 1.1. This inhibits the 

formation of acetyl coenzyme A by the oxidative decarboxylation of pyruvate. The 

enzymatic inhibition effect of lewisite prevents the metabolism of glucose and fatty acids 

by the cell thus, preventing ATP production. As a result, apoptosis occurs due to the 

rapid loss of energy.26  

 

 
Scheme 1.1. Inhibition of pyruvate dehydrogenase complex by lewisite through the 

formation of stable arsenical structures. Adapted from Epure et al.27 
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British anti-lewisite (BAL), also known as dimercaprol, was developed by Peters et al. in 

1945 as an antidote treatment of acute lewisite exposure. Its effectiveness is based on 

the affinity of lewisite for thiol groups.28 Lewisite preferentially binds to the dithiol moiety 

of BAL to generate a stable 5-membered chelate product as illustrated in Scheme 1.2. 

 

 
Scheme 1.2. Chemical reaction of the antidote BAL with lewisite. Adapted from Peters 

et al.28 

 

Though Lewisite has limited solubility in water (0.5 g L-1)29, hydrolysis of L1 and L2 occurs 

rapidly. L1 undergoes conversion to the mildly vesicant water-soluble 

2-chlorovinylarsonous acid (CVAO) which also possesses toxic properties, whilst L2 

forms bis(2-chlorovinyl)arsinous acid (BCVAA) (Scheme 1.3). On the other hand, L3 is 

relatively stable to reaction with nucleophiles such as water.24,30  

 

 
Scheme 1.3. Mechanism of the hydrolysis of L1 and L2. Adapted from Munro et al.24 
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their ability to form three-membered heterocycles, whereby sulfur mustard forms an 

episulphonium cation and nitrogen mustard forms an aziridinium cation (Scheme 1.4). 

This happens in the presence of polar solvents such as water.34 

 

 
Scheme 1.4. Formation of three-membered cyclic cations by sulfur and nitrogen 

mustards via intramolecular nucleophilic attack. R = S or N. Adapted from Yang et al.34 

 

These highly reactive intermediates can undergo further reactions with nucleophiles to 

generate hydrolysis and polymerisation products and formation of alkylated DNA 

adducts. As bifunctional alkylating agents, these vesicants can undergo a second 

intramolecular cyclisation reaction making them potent CWAs. 

 

1.3.2.1. Sulfur Mustard 
One of the most well-known examples of blister agents is bis(𝛽-chloroethyl) sulfide, more 

commonly known as sulfur mustard, was synthesised in the 1800s by Despretz whereby 

sulfur dichloride was treated with ethylene.35 The toxic characteristics of sulfur mustard 

were not described until a few decades later.36,37 There are other synthetic routes for the 

preparation of sulfur mustard however, these involve the formation of impurities. For 

example, mustard produced by the Levenstein method involves the reaction of ethylene 

with sulfur chloride however there are often sulfur impurities present alongside sulfur 

mustard (Scheme 1.5).38 As its name implies, impure sulfur mustard has a mustard or 

garlic-like odour however, its purification by vacuum distillation generates distilled 

mustard (HD) which is both colourless and odourless. 

 

 
Scheme 1.5. Synthetic route of sulfur mustard via the Levenstein method. 

 

Although this blister agent is often referred to as “mustard gas” it is a liquid at ambient 

temperature and capable of persisting in the environment due to its low water solubility 

and oily nature. Sulfur mustard vaporises at 30 ℃ and is able to penetrate clothes in its 

vaporised form. Additional chemical and physical properties of sulfur mustard are 

outlined in Table 1.1.
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Property / parameter 
Agent 

HD HN1 HN2 HN3 L1 

Chemical formula C4H8Cl2S C6H13Cl2N C5H11Cl2N C6H12Cl3N C2H2AsCl3 

Structure 
 

  
 

 

Mode of action Vesicant alkylator Vesicant alkylator Vesicant alkylator Vesicant alkylator Vesicant alkylator 
Physical state at 
20 °C 

Colourless to pale 
yellow liquid 

Colourless to dark 
liquid Dark liquid Dark liquid Colourless to brown 

liquid 
Melting point / °C 14 -34 -70 -3.9 -1.7 

Boiling point / °C 217 194 75 256 190 
Density at 20 °C / g 
cm-3 1.27 1.09 1.15 1.24 1.89 

Vapour pressure at 
20 °C / mm Hg 0.72 0.24 0.29 0.0109 0.394 

Volatility at 20 °C / 
mg m-3 610 1520 3580 121 4480 

Vapour density 5.5 5.9 5.4 7.1 7.1 

LD50 / mg kg-1 100 20 10 10 30 
Table 1.1. Physicochemical properties of blister agents. Data from opcw.org,39 Handbook of Chemical and Biological Warfare Agents17. 
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Sulfur mustard is insoluble in water however when it is previously dissolved in organic 

solvent, it can react with water at the interface to form a complex set of water-soluble 

ionic products, as seen in Scheme 1.6. The kinetics of sulfur mustard hydrolysis has 

been previously investigated.34,40,41 These studies have established that the first step of 

this process is the equilibrium formation of a transient cyclic episulfonium cation via an 

intramolecular cyclisation reaction. Subsequently, this unstable intermediate undergoes 

an additional equilibrium process of hydrolysis to form the alcohol derivative, or 

alternatively reacts with nearby thioether nucleophiles to generate dimerised products. 

The hydrolysis of sulfur mustard has been reported to occur with a half-life of five minutes 

at 25 °C via an SN1 mechanism.40 

 

 
Scheme 1.6. Mechanism of the hydrolysis and polymerisation of sulfur mustard. TDG 

denotes thiodiglycol; Adapted from Yang et al.34 and Fallis et al.41 

 

Cl

H2OS

Cl

Cl

S

Cl

S

OH

Cl Cl

S

OH

H2O S

OH

OH

S

S

Cl

HO

OH
S

S

OH

HO

OHH2O

S

S

S

HO

OH

OH

HO

HCl

H2OTDG

TDG TDG

HCl

H2O

TDGHD

S

O
Thioxane



 

 9 

1.3.2.2. Mode of Action of Sulfur Mustard 
Sulfur mustard is a potent alkylating agent. As a 𝛽-halothioether, HD can undergo SN1 

intramolecular cyclisation to form an episulfonium cation through cleavage of a chloride 

anion. This highly reactive species alkylates DNA42 causing inhibition of DNA replication. 

There have been many in vitro studies showing the formation of alkylated DNA adducts 

with sulfur mustard.43,44 Incubation studies involving calf thymus DNA or human blood 

with 35S-labeled sulfur mustard identified the most commonly targeted alkylation sites on 

DNA. These included N7-[2-[(2-hydroxyethyl)thio]ethyl]guanine (I), bis[2-(guanin-7-

yl)ethyl] sulfide (II), N3-[2-[(2-hydroxyethyl)thio]ethyl]adenine (IV), O6-[2-[(2-

hydroxyethyl)thio]ethyl]-guanine (III) and its 2’-deoxyguanosine derivative (V).45 These 

adducts are presented in Figure 1.2.  

 

 
Figure 1.2. Chemical structures of common sulfur mustard-nucleobase adducts (I – IV) 

and sulfur-mustard-deoxynucleotide adduct (V). Adapted from Fidder et al.45 

 

The most common location for DNA alkylation is the N7 atom of guanine. Approximately 

65% of the monofunctional DNA alkylation products are adducts on the N7 position of 

guanine nucleotides whereas adducts on the N3 position of adenine nucleotides make 

up only 17% of products.46 As a bifunctional alkylating agent, sulfur mustard can undergo 

a second intramolecular cyclisation reaction making it possible to form cross-links within 

the DNA helix to yield di-(guanin-7-yl) derivatives in addition to monofunctional 7-

alkylguanine products.47 Bifunctional cross-links make up only 17% of the total alkylation 

products and are only formed between guanine nucleotides on the N7 position. 

Furthermore, in the case of mammalian cells, these bifunctional cross-links can occur 

between both the same and opposing DNA strands with intrastrand cross-links 

contributing the greatest at 75%.46 Cross-linking of guanine nucleotides on the same 

N
NN

H2N
H
N

O

S OH
S

N
NN

H2N
H
N

O

N
N N

NH2

H
N

O

NN

NH2N
N

SHO

NH
N

N

NH2NOSHO
OH

HO

O

N

N
O

N

H2N N

S OH(I) (II)

(III) (IV) (V)



 

 10 

DNA strand is less likely than cross-links between guanine moieties on different strands 

due to the unfavourable configuration adopted by sulfur mustard.48 

The LD50 value for sulfur mustard administered topically is 100 mg kg-1.49 The symptom 

pattern of sulfur mustard poisoning is firstly erythema, the superficial reddening of the 

skin, followed by blister formation and then ulceration. Erythema can be seen 4-8 hours 

after exposure whereas blister formation only occurs at higher doses (liquid: 40-100 𝜇g 

cm-2).50 

 

1.3.2.3. Nitrogen Mustard Agents 
Nitrogen mustards are tertiary bis(2-chloroethyl)amines that contain at least two 

𝛽-chloroethyl groups linked by a nitrogen atom. Their structure resembles sulfur mustard 

therefore, they have structural and toxicological similarities.51–53 Common examples of 

nitrogen mustards include HN1 (bis(2-chloroethyl)ethylamine), HN2 (bis(2-

chloroethyl)methylamine) and HN3 (tris(2-chloroethyl)amine).54 Due to their toxicity and 

physical and chemical properties (Table 1.1), their application as CWAs grew during 

World War II (WWII). However, nitrogen mustard and its derivatives such as 

chlorambucil55, cyclophosphamide56,57 and melphalan58 are alkylating agents used as 

chemotherapeutic drugs.59–63 Ironically, mustard agents have prolonged more lives that 

they have truncated. 

Nitrogen mustards undergo complex hydrolysis reactions leading to some heterocyclic 

products. Various hydrolysis conditions have been used to investigate the mechanisms 

of the chemistry of nitrogen mustards64–66 and a general representation of these findings 

is illustrated in Scheme 1.7 however the general routes of hydrolysis are similar to sulfur 

mustard. As previously mentioned, nitrogen mustards readily form a reactive aziridinium 

three-membered cyclic intermediate, which can undergo hydrolysis to form 

monohydroxyl and dihydroxyl products (Scheme 1.7, (II) and (III)), with other aziridinium 

intermediates consequently generated (Scheme 1.7, (IV) and (V)). Dimerisation 

processes also occur to yield 1,4-dialkyl-pierazinium cations (Scheme 1.7, (VI) and 

(VIII)), which can be isolated in either cis- or trans-isomer form, and extended non-cyclic 

polymers (Scheme 1.7, (VIII)).67  
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Scheme 1.7. Mechanism of the hydrolysis and polymerisation of nitrogen mustards. 

Adapted from Wang et al.68 

 

Nitrogen mustards are prepared by treating the appropriate amine with thionyl chloride 

to generate the corresponding vesicant as the hydrochloride salt which is then treated 

with an aqueous solution of sodium carbonate. This yields the nitrogen mustard as a 

viscous oil which is separated from the aqueous layer and purified by vacuum distillation 

(Scheme 1.8). 

 

 
Scheme 1.8. Synthetic route for the preparation of nitrogen mustards; R = -CH2CH3 

(HN1), -CH3 (HN2) or -CH2CH2OH (HN3). 

 

1.4. Nerve Agents 
Nerve agents are a group of highly lethal organophosphate esters that can be 

categorised by their chemical structures into the G- or V-series. These agents are 

commonly known by either their chemical names or two-letter NATO codenames where 

‘G’ denotes the country of origin, Germany, and ‘V’ stands for venomous.69 
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terminal oxide and three different substituents. The first nerve agent, Tabun (O-ethyl 

N,N-dimethyl phosphoramidocyanidate; GA), was isolated in 1936 by Dr Gerhard 

Schrader of IG Farben whilst developing novel insecticides. Subsequently, Sarin (O-

isopropyl methylphosphonofluoridate; GB), Soman 

(O-pinacolyl methylphosphonofluoridate; GD) and Cyclosarin (O-cyclohexyl 

methylphosphonofluoridate; GF) were prepared by German scientists in 1938, 1944 and 

1948, respectively.2,70 With the exception of the cyanide-containing agent Tabun, all 

G-series agents have a fluoride functionality as the leaving group. The G-agent 

structures are summarised in Figure 1.3. 

 

 
Figure 1.3. Chemical structures of G-series nerve agents. 

 

There are many possible synthetic routes for the production of G- and V-series agents. 

Depending on the precursors used for the synthesis of nerve agents the synthetic route 

can involve few to many steps. Typically, the synthesis of methylphosphonic dichloride 

as a precursor is common in most of these routes. Fluoride-containing G-agents can be 

prepared by treating methylphosphonyl difluoride with the appropriate alcohol in the 

presence of an amine base. For instance, sarin is prepared by treating methylphosphonyl 

difluoride with isopropyl alcohol and isopropyl amine or alternatively can be prepared by 

a five-step synthetic route which begins with the treatment of triethyl phosphite with 

methyl iodide.71,72 Both synthetic routes are presented in Scheme 1.9. 

Sarin contains a chiral centre therefore a racemic mixture is generated from its 

synthesis and these enantiomers have varying toxicity. The PS-enantiomer is more toxic 

and is able to inhibit acetylcholinesterase at approximately 5 x 104 times the rate of the 

PR-enantiomer.73,74 A typical by-product formed from the synthesis of soman, sarin and 

cyclosarin is O,O-diisopropyl methyl phosphonate, O,O-dipinacolyl methyl phosphonate 

and O,O-dicyclohexyl methyl phosponate. These impurities have a less potent effect on 

acetylcholinesterase compared to their live agent counterparts. 
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Scheme 1.9. Synthetic routes for the preparation of sarin. Adapted from Norlin et al.72 

and Abou-Donia et al.71 

 

As tabun does not contain a fluoride leaving group, its synthetic procedure differs from 

the other G-series nerve agents.75 Tabun is prepared from four precursor chemicals: 

phosphorus oxychloride, sodium cyanide, dimethylamine and ethyl alcohol. The 

synthetic process for the manufacture of tabun consists of a two-step process (Scheme 

1.10).  

 

 
Scheme 1.10. Synthetic route for the preparation of tabun. 
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cyanide to yield the dimethylamidophosphoric dicyanide intermediate, which is treated 

with ethanol to generate tabun alongside the by-products, sodium chloride and hydrogen 

cyanide. 

In the early 1950s, researchers at Porton Down, the British government research 

facility, synthesised the first V-series nerve agent, VX (O-ethyl S-2-diisopropylaminoethyl 

methyl phosphonothiolate). This agent was discovered as part of a British programme to 

develop new insecticides.2,70 There are four other V-agents that are commonly 

described; VE (O-ethyl-S-2-diethylaminoethyl ethyl phosphonothioate), VG (Amiton, 

O,O-diethyl S-2-diethylaminoethyl phosphorothioate), VM (O-ethyl S-2-

diethylaminoethyl methylphosphonothiate) and VR (N-diethyl-2-(methyl-(2-

methylpropoxy)phosphoryl)sulfanylethanamine). V-agents contain a P-S single bond 

and long-chain lipophilic tertiary amine leaving groups. The chemical structures of 

V-agents are summarised in Figure 1.4. 

 

 
Figure 1.4. Chemical structures V-series nerve agents. 

 

V agents can be prepared in three steps, which is presented in Scheme 1.11. The first 

involves the transesterification of methylphosphonothioic dichloride, followed by the 

hydrolysis of the formed diester with aqueous sodium hydroxide base. The resulting 

phosphonothioate sodium salt intermediate is treated with the appropriate aminoethyl 

chloride to yield the final nerve agent. This final step also involves the in-situ 

isomerisation of the phosphonothioate whereby the P=S transforms to the P=O.76 VE 

and VG have different chemical structures to the other V-series nerve agents and 

therefore require different precursors for their synthetic routes: ethylphosphonic 

dichloride and phosphoryl trichloride, respectively. Impurities can be generated in the 

synthesis of V agents by the isomerisation of the diester product and the production of 
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various by-products during the second step, including formamide and alkyl amine 

derivatives.  

 

 
Scheme 1.11. Synthetic route for the preparation of VX. Adapted from Gravett et al.76 

 

The P-X bond of G-agents is more readily hydrolysed than the P-S bond of V-agents. As 

a result, V-agents are less volatile and thus more persistent in the environment than the 

G-series nerve agents. Upon hydrolysis, nerve agents produce distinctive decomposition 

products (Scheme 1.12).34 Hydrolysis of nerve-agents occurs via a phosphorus SN2 

nucleophilic attack. Hydrolysis rate is both pH- and temperature-dependant with basic 

conditions and higher temperatures increasing the reaction rate.77,78 Under basic and 

neutral pH, the hydrolysis of tabun produces O-ethyl-N,N-dimethylamidophosphoric acid 

and hydrogen cyanide. However, under acidic conditions dimethylamine and 

ethylphosphoryl cyanidate are formed. Phosphoric acid is the final product formed in the 

hydrolysis of tabun. The hydrolysis of sarin, soman and cyclosarin gives 

methylphosphonic acid (MPA) and the associated alcohol as the final products. As a 

result of acid formation, the pH decreases causing a reduction in hydrolysis rate. Hence, 

in order to maintain reaction rates an excess of base is necessary. 
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Scheme 1.12. Hydrolysis pathways of a) tabun and b) fluoride-containing G- series nerve 

agents. Adapted from Munro et al.24  
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catalysed hydrolysis like G-agents. Instead VX is oxidatively detoxified with aqueous 

bleach containing either sodium hypochlorite or calcium hypochlorite.80,81  

 

 
Scheme 1.13. Hydrolysis pathways of VX. Adapted from Munro et al.24 
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Property / parameter 
Agent 

Tabun (GA) Sarin (GB) Soman (GD) Cyclosarin (GF) VX 

Chemical formula C5H11N2O2P C4H10FO2P C7H16FO2P C7H14FO2P C11H26NO2PS 

Structure 

     
Mode of action AChE inhibitor AChE inhibitor AChE inhibitor AChE inhibitor AChE inhibitor 
Physical state at  
20 °C 

Colourless to brown 
liquid Colourless liquid Colourless to brown 

liquid Colourless liquid Colourless to amber 
liquid 

Melting point / °C -50 -56 -42 -12 -39 

Boiling point / °C 240 158 198 239 298 
Density at 25 °C / g 
cm-3 1.073 4.86 1.022 1.133 1.0083 

Vapour pressure at 
20 °C / mm Hg 0.037 2.10 0.40 0.044 0.0007 

Volatility at 25 °C / 
mg m-3 610 22000 3900 438 10.5 

Vapour density 5.6 4.8 6.2 6.2 9.2 

LD50 / mg kg-1 21.42 24.28 0.71 0.42 0.071 

Aging half-time 19.2 h 3.0 h 6 min 7 h 1.5 d 
Table 1.2. Physicochemical properties of nerve agents. Data from opcw.org,39 Handbook of Chemical and Biological Warfare Agents,17 Worek 

and Thiermann82. 
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1.4.1 Mode of Action of Nerve Agents 
The toxicity of nerve agents is attributed to their inhibition of acetylcholinesterase, an 

enzyme responsible for the hydrolysis of the neurotransmitter acetylcholine at cholinergic 

synapses. It can inhibit enzymatic function because the inhibition mechanism is 

analogous to the hydrolysis of acetylcholine. The mechanism of enzymatic acetylcholine 

hydrolysis is presented in Scheme 1.14.  

 

 
Scheme 1.14. Mechanism of acetylcholine hydrolysis by AChE. 

 

These reactions involve a catalytic triad in the active site of the enzyme which is situated 

at the bottom of a deep and narrow electronegative gorge (~20 Å). There are three amino 

acids that make up the triad: serine (Ser203), histidine (His447) and glutamic acid 

(Glu334). The active site is divided into two subsites denoted anionic and esteratic. With 

an overall negative charge, the anionic site attracts the positively charged quaternary 

ammonium group of acetylcholine and the esteratic site is responsible for catalytic 

substrate hydrolysis. Each amino acid of the catalytic triad plays a role in the hydrolysis 

of the substrate. Following the formation of an enzyme-substrate complex between 

acetylcholinesterase and acetylcholine, acetylation of the serine hydroxyl group is 

catalysed by the imidazole moiety of histidine. This reaction is facilitated by the 

simultaneous transfer of a proton from serine to histidine, to form a tetrahedral 
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intermediate transition state which is stabilised through electrostatic interactions with 

glutamic acid. Subsequently, the acetylated enzyme is hydrolysed generating the free 

enzyme and inactive choline and acetic acid.  

Acetylcholinesterase is a primary target for organophosphate nerve agents as 

they can phosphorylate the active site of the enzyme by forming covalent adducts with 

the reactive hydroxyl group of the serine residue of the triad. This inhibition is often 

irreversible resulting in the accumulation of acetylcholine, which leads to the continuous 

stimulation of cholinergic synapses. In the case of nerve agent poisoning, the enzyme 

becomes phosphorylated instead of acetylated. Studies have shown that 

phosphorylation is a two-step process involving an addition-elimination mechanism, with 

the addition step being rate-determining in comparison to the subsequent rapid steps. 

Cleavage of the appropriate organophosphorus leaving group occurs after the agent is 

bound to the enzyme to form a stable organophosphorus-enzyme complex however, two 

secondary processes can occur. Firstly, the enzyme can be reactivated by hydrolysis of 

the complex. This process is slower than the hydrolysis rate of an acetylated AChE.4 

Alternatively, dealkylation of the alkoxyl group of the agent can occur in a process known 

as ‘aging’.83–85  This aging process causes antidote treatments to be ineffective against 

enzyme reactivation due to the dealkylation reaction generating a negatively charged 

phosphylated serine residue, making it resistant to nucleophilic attack by reactivators. 

This negatively charged adduct participates in strong hydrogen bonding with His447 and 

therefore stabilises the anionic phosphylated serine residue.85 Scheme 1.15 illustrates 

the inhibition and irreversible aging of acetylcholinesterase by organophosphorus nerve 

agent. The aging mechanism of tabun is slightly different with P-N bond cleavage.86,87 

However, an alternative mechanism has also been proposed.88  
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Scheme 1.15. Reaction schemes describing the inhibition and irreversible aging of 

acetylcholinesterase by organophosphorus nerve agent. R1 = alkyl chain, R2 = -CH3 

or -N(CH3)2 and X = F or CN. 

 

The electron-donating ability of the alkoxy group is proportional to the rate of ageing with 

the potential for reactivation decreasing with time.89 Each nerve agent has a different 

AChE aging rate however increasing the number of methyl groups of the alkoxyl moiety 

increases the aging rate. The aging half-times of selected V-agents are presented in 

Table 1.3. 

 

 Tabun Sarin Soman Cyclosarin VX VR 

Aging half-time90 19.2 h 3.0 h 6 min 7.00 h 1.5 d 5.8 d 

Table 1.3. Aging half-times of V-series nerve agents. 
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the respiratory and nervous systems are greatly affected. Large exposures of nerve 
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Mucus secretions and ventilatory failure are also typical, with asphyxiation being the 

common cause of death.8,92 Most nerve agents possess a chiral centre about the 
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has been shown to be stereoselective with Sp enantiomers exhibiting increased inhibition 

potency compared to the Rp isomer.93–97 In addition to the chiral phosphorus atom, 

soman contains a second chiral centre at the carbon atom in the pinacolyl group which 

leads to four stereoisomers.  

 

1.5. Treatment of CWA poisoning 
For the purposes of medical triage, it is imperative that all detection technologies are 

capable of selectively distinguishing between different classes of CWAs as the treatment 

of patients poisoned by HD and nerve agents differ considerably. 

Treatment of mustard poisoning is primarily symptomatic as there is no available 

antidote. Alternatively, the priority lies heavily on the treatment and decontamination of 

blistered skin. Thorough decontamination of HD-poisoned skin is important to reduce HD 

absorption and thus reducing the blistering effect to the victim and reduces the secondary 

exposure to medical staff.98 The whole body area, not just the HD-affected regions of the 

body should be washed with large amounts of water and 0.5 % hypochlorite solution.99,100 

The treatment of hairless guinea pigs exposed to undiluted HD with 0.5 % hypochlorite 

solution caused a 68% reduction of skin HD content.101 

Therapeutic antidotes for organophosphate-inhibited AChE are developed based 

on a class of oxime reactivators. Standard treatment for organophosphate poisoning 

involves the combined administration of atropine (anti-muscarinic), diazepam 

(anticonvulsive) and oxime.102 Atropine and diazepam are used to reduce symptoms 

however oximes are able to restore the physicological function of AChE through the 

cleavage of the P-O bond of the organophosphate-enzyme adduct. Since the discovery 

of pralidoxime (2-pyridinealdoxime methiodide) or 2-PAM as an efficient reactivator of 

phosphorylated AChE in 1955 by UK and US researchers103,104, many oxime structures 

have been synthesised. Initially, AChE reactivators were designed based on the 

structure of acetylcholine therefore early examples of oximes contain a quaternary 

ammonium group to give mono-pyridinium (2-PAM) and bis-pyridinium reactivators. The 

latter class of reactivators contain oximes such as asoxime (HI-6), obidoxime (LüH-6), 

trimedoxime (TMB-4), methoxime (MMB-4) and HLö-7. Chemical structures of these 

oxime reactivators can be seen in Figure 1.5. Unfortunately, the clinical use of the 

aforementioned oximes is limited as their efficacy is unequal against structurally different 

nerve agents thus, they cannot be regarded as effective broad-spectrum reactivators. As 

an antidote, 2-PAM is very efficient at reactivating AChE inhibited by sarin and VX105 with 

calculated reactivation half-times of approximately 10 minutes, however it is ineffective 

at reactivating soman-inhibited, cyclosarin-inhibited, and tabun-inhibited enzymes106. A 
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study involving 2-PAM, obidoxime, HI-6, and HLö-7 identified obidoxime as the most 

potent reactivator of human AChE inhibited by organophosphates and 

organophosphoramidates whereas, HLö-7 was most effective at reactivating 

phosphonylated AChE. Extremely low values for oxime reactivation were documented 

for tabun-inhibited AChE with all oximes however, no significant reactivation was 

recorded for HI-6-treated samples.107 Tabun is one of the most difficult nerve agents to 

treat due to the resistance of tabun-inhibited AChE to reactivation by antidotes. The 

crystal structures of tabun-inhibited Mus musculus (mouse) AChE (mAChE) before the 

aging process sheds light on this unique resistance. The non-aged tabun conjugate 

undergoes a structural change in the active site of the enzyme. Specifically, the catalytic 

triad is uncoupled which positions the imidazole side chain of His447 into a conformation 

where hydrogen bonding to a nearby water molecule is favoured. Furthermore, the 

phenyl side chain of Phe338 is displaced thus moving it into the active site gorge 

resulting in reduced accessibility of reactivators.108 Charged oximes cannot pass the 

blood-brain barrier (BBB) therefore recent advances in reactivator development has 

been centred around uncharged oxime and non-oxime structures.109 

 

 
Figure 1.5. Chemical structures of pyridinium oxime antidotes for nerve agent poisoning. 
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phosphorus atom of the nerve agent.110 The enzyme reactivation reaction is outlined in 

Scheme 1.16 whereby the mechanism occurs via a two-step reaction. Firstly, the 

nucleophilic hydroxyl group of the oxime attacks the phosphorus atom of the covalently 

bound nerve agent forming a reversible oxime-organophosphate-enzyme conjugate. 

Secondly, the resulting organophosphate-antidote complex is cleaved via a 

pentacoordinate transition state.111,112 Furthermore, studies have shown that the 

resulting phosphonylated oximes formed during the reactivation process are capable of 

inhibiting AChE.113,114  

 

 
Scheme 1.16. Reaction scheme for the reactivation of organophosphorous inhibited 

acetylcholinesterase with 2-pralidoxime. 
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weapons or used in the manufacture of chemical weapons. Alternatively, simulants with 

similar chemical and physical properties to live agents but decreased toxicity are used 

for research purposes. Although these compounds can mimic the chemistry of live 

agents, no simulant can behave completely the same therefore a degree of incomplete 

utility is always present. Thus, licensed chemical weapons facilities such as Porton Down 
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in Salisbury are locations used for authorised live agent testing. There are many common 

examples of simulants chosen to substitute live agents in research. For this research, 

we chose 2-chloroethyl ethyl sulfide, diethyl chlorophosphonate (DCP), diethyl 

cyanophosphonate (DCNP), diisopropylfluorophosphate (DFP) and profenofos for H, G, 

and V agents respectively (Figure 1.6).  

 

 
Figure 1.6. Chemical structures of simulants 

 

1.7. Sulfur Mustard Sensors 
Due to the relatively weak electrophilicity of sulfur mustard, there have been fewer 

reported sensors for blister agents and their simulants compared to nerve agents115–117. 

Thus far, a multitude of chemical probes have been reported by various research groups 

constructed with various nucleophilic sites for the detection of sulfur mustard and its 

simulants. The most common nucleophilic centres include sulfur118–129, nitrogen130–134, 

and oxygen135,136. Those with a sulfur atom active site can be further divided into two 

groups: thiol-based sensors118–121 and thiocarbonyl-based sensors122–129.  

 

1.7.1. Sulfur-Based Sensors 

1.7.1.1. Thiol-Based Sensors 
In 2013, Kumar and Anslyn reported the first turn-on fluorescent sensor for sulfur 

mustard simulant, CEES, in hot water (80 ℃) based on a displacement mechanism 

involving a dithiol and a Cd2+-indicator complex (Figure 1.7, left). Unfortunately, an 

intermediary step was required to cap any unreacted dithiol before detection of simulant. 

The probe was found to selectively detect CEES at a concentration of 0.2 mM within 1 

minute in solution, soil and on surfaces.121 This sensing protocol was later optimised by 

introducing a squaraine dye to eliminate the need for the capping step. The absence of 

CEES caused the dithiol to react with the dye causing bleaching of the colour. However, 

the chromogenic and fluorogenic properties of the squaraine dye were retained in the 

presence of CEES. The detection of CEES was found to be selective and sensitive with 

chromogenic and fluorogenic detection limits of 50 𝜇M and 10 𝜇M, respectively.120  
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Figure 1.7. Structures of sulfur-based sensors reported by Kumar and Anslyn (left) and 

Wang et al. (right). 

 

Despite this elegant effort, the instability of the dye in the presence of excess base was 

a potential source of false positive responses. To overcome this, both phenolic functional 

groups were removed from the dye rendering it non-responsive to basic conditions. This 

adapted sensing protocol was found to be selective at detecting sulfur mustard over other 

live nerve agents in multiple matrices including in solution, in soil, on surfaces, and in the 

vapour phase. The detection limit was found to be 18 µM and 40 µM by fluorescence 

and visual inspection, respectively.118 Wang and co-workers designed and synthesised 

a non-emissive mercaptomethylphenyl-modified tetraphenylethene multisite probe for 

sulfur mustard detection (Figure 1.7, right). This probe generated aggregation-induced 

emission (AIE) upon reaction with CEES at 80℃ for 5 minutes in the presence of Hg2+ 

metal ions because of the production of a sandwich-type complex, which restricted the 

phenyl ring rotation of tetraphenylethene. This sensing protocol exhibited high selectivity 

and sensitive for CEES in solution and in soil samples with a detection limit of 1.10	𝜇M.119 

 

1.7.1.2. Thiocarbonyl-Based Sensors 
In this group of thiocarbonyl sensors, sulfur is incorporated into the probe as either a 

thioamide or a thioketone. Those with thioamide moieties are largely designed on a 

rhodamine core structure with a thiolactam functionality (Figure 1.8, left).122,128 An 

example of this type of sensor was designed by Pardasani and co-workers. Their 

rhodamine chemodosimeter with a thioamide functional group was capable of selectively 

detecting sulfur and nitrogen mustards within 15 minutes at room temperature. In the 

presence of sulfur mustard, the thioamide group of the chemodosimeter underwent S-

alkylation followed by ring opening of the spirothiolactum, resulting in the production of 

a highly conjugated salt. The detection limit for sulfur mustard in the solution and gas 

phase was 4.75 𝜇M and 6.25 ppm, respectively.129 Song et al. designed four fluorescent 
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probes based on a thioquinolone structure for both solution and gas phase detection of 

sulfur mustard and its analogues via a fluorescent ‘turn-on’ reaction (Figure 1.8, right). 

Two probes containing trifluomethyl groups were identified for their superior sensing 

performance, displaying high selectivity, rapid response times (1 minute), and nM-levels 

of sensitivity at an elevated temperature of 60℃. The field application of mustard gas 

detection was shown using probe-fabricated test strips which selectively detected CEES 

vapour at 0.2 ppm within 4 minutes.123 

 

 
Figure 1.8. Structures of thiocarbonyl-based sensors reported by Pardasani et al. (left) 

and Song et al. (right). 

 

Gupta et al. developed the first chromogenic and fluorogenic sensor for the detection of 

sulfur mustard in solution, in soil and on surfaces (Figure 1.9, left). The turn-on 

fluorescent xanthene-9-thione derivative was able to selectively detect sulfur mustard 

and its simulant within 1 minute of exposure at a temperature of 60 and 50℃, 

respectively. The level of sensitivity displayed by visual inspection (0.04 mg mL-1), 

fluorescence (0.0005 mg mL-1), and UV spectroscopy (0.02 mg mL-1), makes this 

approach a strong field-deployable option, particularly with the fabrication of a portable 

chemosensor kit.125 Interestingly, Tian et al. later optimised this probe by replacing the 

trimethylamine groups with piperidine moieties, which improved the detection limit of 

CEES in solution from 0.2 mg mL-1 to 1.2	𝜇M and was also capable of detecting CEES 

vapour at a concentration of 0.5 ppm (Figure 1.9, right). This probe underwent a selective 

transformation in the presence of CEES to form a fluorescent thiopyronin derivative, 

which also generated a noticeable colour change.127 
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Figure 1.9. Structures of thiocarbonyl-based sensors designed by Gupta et al. (left) and 

Tian et al. (right). 

 

1.7.2. Oxygen-Based Sensors 
Broome and Jiang constructed a salicylic acid derivative containing a pyrene functionality 

for the detection of alkylating agents. The sensing protocol took advantage of the 

aggregation of the probe in aqueous solution which caused pyrene excimer fluorescence 

emission in the presence of CEES. Unfortunately, the response time was lengthy at 48 

hours at a temperature of 40℃. Efforts to reduce the reaction time with the introduction 

of a phase-transfer catalyst at an elevated temperature of 90℃ were unsuccessful with 

a time of 2 hours.135 Gupta et al. reported a luminol-based turn-on fluorescent probe in 

combination with an ionic liquid for the selective detection of ppm levels of sulfur mustard 

in soil, in solution, on surfaces, and in the gas phase. The introduction of the ionic liquid 

improves the nucleophilicity of the probe and enhances the electrophilicity of sulfur 

mustard, allowing detection to occur at an ambient temperature of 25℃ within 1 minute 

in solution and 2 minutes in the gas phase. The LOD for sulfur mustard was determined 

to be 6 ppm.136 These probe structures are presented in Figure 1.10. 
 

 
Figure 1.10. Structures of oxygen-based sensors reported by Broome and Jiang (left) 

and Gupta et al. (right). 

 

1.7.3. Nitrogen-Based Sensors 
Chu et al. developed six affinity ionic liquids incorporating a reactive azobenzene 

derivative for the chemoselective detection of gaseous CWA mimics by quartz crystal 

microbalance, in solution and on filter paper discs. These discs were capable of detecting 

DCP at room temperature and CEES at 60℃, within 10 minutes.130 Zhao et al.131 studied 

the relationship between CEES and fluorescent multicarbazole co-assembled 
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nanofibers. The photostability of their previously reported carbazole-based nanofiber137 

was improved with the introduction of fluorenone-based nanofibers as a Förster 

Resonance Energy Transfer (FRET) acceptor. The unique fluorescence quenching 

behaviour observed for CEES vapour enabled the rapid discrimination of this simulant in 

the presence of other CWA mimics within 3 seconds. The detection limit of CEES vapour 

was measured at 0.3 ppm. The structures of these sensors are presented in Figure 1.11. 

 

 
Figure 1.11. Structures of nitrogen-based sensors reported by Chu et al. (top) and Zhao 

et al. (bottom). 

 

1.8. Nerve Agent Sensors 
Due to the inherent electrophilicity of nerve agents, there are more reported sensors in 

the literature compared to those of mustards. Many elegant sensors have been 

developed based on chromogenic and fluorogenic detection. 

 

1.8.1. Sensors for the Determination of G-series Neve Agents 

1.8.1.1. Primary Alcohol-Based Sensors 
Sensors containing a purposely positioned hydroxyl moiety undergo phosphorylation and 

subsequent intramolecular cyclisation upon exposure to organophosphate resulting in a 

spectrophotometrically detectable species. Some of these sensors also generate a 

colorimetric response detectable by the naked eye. Dale and Rebek developed a 

collection of fluorescent sensors for the determination of DCP via a photoinduced 

electron transfer (PET) mechanism (Figure 1.12, left). The fluorescence of the tertiary 
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amine probes at an excitation wavelength of 340 nm was quenched by transfer of the 

amine lone pair to the pyrene fluorophore via a PET process. Upon exposure to DCP, 

the primary alcohol was phosphorylated followed by a rapid intramolecular cyclisation 

reaction to form the quaternarised ammonium salt. This species was no longer able to 

quench the pyrene fluorescence due to the absence of a lone pair of electrons and thus 

the emission was enhanced. It was found that increasing the spacer length (n) reduced 

the quenching efficiency. Using a large excess of DCP, a rate constant of k = 0.07 M-1 

min-1 was determined.138  

In a similar approach, Zhang and Swager developed a fluorescent naphthalene-

based sensor for the sensitive and selective detection of nerve agent simulants DCP and 

DFP (Figure 1.12, middle). The restricted conformation of the naphthalene ring 

accelerated the cyclisation step after formation of the phosphate ester intermediate. The 

reaction kinetics exhibited were too rapid to measure accurately however it was 

estimated to be kobs > 0.024 s-1. This sensor was developed into thin films that exhibited 

a bathochromic shift in emission wavelength from 375 to 438 nm upon formation of the 

cationic cyclised product.139  

 

 
Figure 1.12. Structures of sensors containing hydroxyl moieties reported by Dale and 

Rebek (left), Zhang and Swager (middle) and Royo et al. (right). 

 
Royo et al. designed an azo dye (Figure 1.12, right) with a similar mechanism to that of 

Zhang and Swager. Here, the dye was derivatised with a 2-(2-(dimethylamino)-

phenyl)ethanol (DAPE) moiety where the nucleophilic hydroxyl functional group 

undergoes phosphorylation in the presence of simulant which facilitates the 

intramolecular N-alkylation to generate the final quaternary ammonium salt. This 

cyclisation reaction can be observed spectrophotometrically and visually whereby the 

yellow-coloured probe shows an absorbance peak at 410 nm and undergoes bleaching 

to the cyclised salt generating a peak at 325 nm. This azo was able to determine the 
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presence of DCP, DCNP and DFP at rate constant (k) values of 0.013 s-1, 0.061 s-1 and 

0.20 s-1, respectively.140 

 

1.8.1.2. Oxime-Based Sensors 
A common limitation of some PET sensors is the relatively slow phosphorylation of the 

nucleophilic moiety by a target organophosphate. As a result, sensors have been 

developed with highly nucleophilic moieties to increase the kinetics of this rate-limiting 

step. Hence, probes have been developed with oxime functional groups. For example, 

Dale and Rebek developed their previously reported fluorescent sensor by synthesising 

four oxime-based probes with coumarin, naphthalene, pyrene and pyridine cores 

(Figure 1.13, left). Upon treatment with DCP, the sensors underwent a cyclisation 

reaction to form the desired arylisoxazole structures thus causing measurable shifts in 

the absorption and emission peaks. The naphthyl-based sensor was identified as the 

highest performing with a 62-fold increase in fluorescent enhancement.141  

 

 
Figure 1.13. Structures of oxime-based sensors reported by Dale and Rebek (left) and 

Anslyn (right). 

 

Anslyn et al. developed a “turn-on” PET fluorescent probe capable of detecting DFP 

within a ms timeframe in the presence of a non-nucleophilic base (Figure 1.13, right). 

The oximate anion quenched the fluorescence of the probe via a PET mechanism 

resulting in a very weak fluorescence intensity. Subsequent addition of simulant 

prevented this quenching and causes a rapid increase in fluorescence intensity.142 This 

study showed that introducing highly nucleophilic moieties substantially increases the 

response time of PET-based sensors. 

 

1.8.2. Sensors for the Determination of V-series Nerve Agents 
There are relatively fewer sensors for the detection of V-series nerve agents in 

comparison to that of G-agents. Furthermore, a higher proportion of the literature 

concerning V-agents involve colorimetric sensors with responses that can be visually 

observed by the naked eye. For example, Kumar and Rana developed a squaraine dye 
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capable of selectively detecting VX and tabun. A fluoride source reacts with tabun and 

VX to generate their respective leaving group anions, cyanide and thiolate. These 

nucleophilic anions attack the blue-coloured dye resulting in the bleaching of colour only 

in the presence of simulant. This system required the subsequent addition of Hg (II), a 

thiophilic metal ion, to cleave the thiol from the dye complex in order to visually 

discriminate between VX from tabun by the restoration of colour. The limit of detection 

(LOD) for the visual and fluorescence detection of tabun was determined to be 50 µM 

and 8 µM, respectively, and 80 µM and 8 µM for VX, respectively.143  

Gupta et al. later reported a chromogenic ferrocene dye with a dicyanovinyl 

moiety. The sensing mechanism requires a diketooxime reagent that reacts with a nerve 

agent to generate the phosphonylated intermediate which the decomposes under basic 

conditions to produce cyanide ions that react with the dye resulting in the bleaching of 

colour. This sensor was found to be selective towards tabun, sarin and VX over other 

potential interfering agents. The detection limits for these agents were determined to be 

1.0 mM and 0.15 mM by visual and UV-vis detection.144 The sensor structures are 

presented in Figure 1.14. 

 

 
Figure 1.14. Structures of VX sensors reported by Kumar and Rana (left) and Gupta et 

al. (right). 

 

Despite the wide variety of detection systems for the determination of blister and nerve 

agents, the lack of purely colorimetric systems creates a demand for selective and 

sensitive probes that can be interpreted without the requirement of complicated 

equipment. This thesis will focus mainly on sensor development for mustards as it was 

concluded to be the most challenging CWA type to detect due to its water immiscibility. 
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Chapter 2. The Rapid and Selective Detection of Sulfur 
and Nitrogen Mustards by a One-Pot Method 
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2.1. Introduction 

2.1.1. Surfactants 
Surfactants (surface active agents)1 are amphiphilic compounds comprised of a 

hydrophobic ‘tail’ group and a hydrophilic ‘head’ group. Surfactants can be divided into 

four main categories based on the chemical structure of their ‘head’ group: anionic, 

cationic, non-ionic and zwitterionic. These classes are summarised in Figure 2.1. 

 

 

Figure 2.1. General structures of surfactants are grouped into categories based on their 

‘head’ groups. Blue: anionic surfactants; pink: zwitterionic surfactants; purple: cationic 

surfactants; orange: non-ionic surfactants. 
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In detail, examples of anionic surfactant ‘head’ groups include carboxylates,2 

phosphates,3 sulfates4 and sulfonates5. Conversely, the structures of cationic surfactants 

typically contain amine groups such as imidazolium cations,6 pyridinium cations7 and 

quaternary ammonium cations8.  

Typically, non-ionic surfactants are based on carbohydrates,9 fatty acid esters,10 and 

(poly)ethers,11 with the water solubility of the latter being the result of hydrogen bonding 

between the ether oxygen atoms of the oxyethylene ‘head’ groups and the water 

molecules of the aqueous phase. They also possess a unique property whereby micellar 

solutions develop a turbid appearance at a certain temperature. This phenomenon is 

known as the cloud point, above which the system phase separates into a micelle-rich 

phase and a micelle-poor phase creating a density difference between the two phases.12 

This separation is caused by an increase in aggregation number due to the aggregation 

of small micelles to form large secondary aggregates and a reduction in intermicellar 

repulsions.13 These much larger micellar structures are able to scatter light sufficiently to 

create a turbid mixture.14,15 The temperature at which this phenomenon occurs is 

dependent on the surfactant, surfactant concentration, and ionic strength of the aqueous 

phase16,17. For example, for polyethene oxide non-ionic surfactants, an increase in 

ethylene oxide chain length increases the cloud point due to a decrease of intermicellar 

repulsion as a consequence of the dehydration of the hydrophilic ‘head’ groups with 

rising temperature.18,19 At constant ethylene oxide chain length, the cloud point may be 

lowered by increasing the hydrocarbon tail length, branching of the hydrocarbon chain, 

and a broad range of hydrocarbon chain lengths.20  

Zwitterionic surfactants are amphoteric as their structures contain both anionic and 

cationic groups within their structure. The cationic component is typically based on 

primary, secondary or tertiary amines or quaternary ammonium cations with a sulfonate21 

or carboxylate22 group as the anionic component. The ‘tail’ groups of surfactant 

molecules remain fairly unaltered and typically consist of hydrocarbon chains which can 

be either linear, branched, or aromatic. Commonly, these hydrophobic chains are at least 

eight carbon atoms in length.23–25 Alternatively, surfactants with perfluoroalkyl26 and 

polysiloxane27 hydrophobic chains have been reported. These traditional surfactants are 

considered chemically “innocent” as their properties are a result of their structurally 

amphiphilic nature. Metallosurfactants are a subdivision of surfactants in which the 

incorporation of a metal centre at the polar ‘head’ group introduces new properties such 

as variable charge, catalytical activity, and magnetic properties.28–30  
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2.1.2. Micellisation 
At specific concentrations, surfactant molecules can adsorb at interfaces to form micelles 

thereby significantly changing the physical properties of the interface. The word interface 

describes the boundary between two phases in gas/liquid, liquid/liquid, and solid/liquid 

systems. The concentration at which aggregation occurs is specific to the individual 

surfactant compound and is termed the critical micelle concentration (CMC). This 

process of self-assembly occurs spontaneously whereby surfactant monomers form 

thermodynamically stable and ordered structures. The adsorption behaviour of 

surfactants is a result of the amphiphilic nature of the molecules. In an aqueous solution, 

surfactant molecules form micelle structures in which the hydrophobic ‘tails’ are 

positioned in the interior of the micelle and the hydrophilic ‘head’ groups are in contact 

with the aqueous phase (Figure 2.2). Micelles can exist in a variety of shapes however 

spheres are the simplest of these self-assembled structures. 

 

 

 

Figure 2.2. Two-dimensional illustration of the adsorption of surfactant molecules into a 

micelle of an oil-in-water (O/W) microemulsion. 

 

The micelle radius is dependent upon the length of the surfactant hydrocarbon chain.31 

Furthermore, increasing the hydrocarbon chain length linearly increases the aggregation 

number of surfactants whilst lowering the CMC.32 Non-ionic micelles with surfactants 

containing zwitterionic or uncharged ‘head’ groups have significantly lower CMCs 

compared to their analogous ionic surfactants of the same carbon chain length due to a 

reduction in intramicellar electrostatic repulsion between the polar ‘head’ groups.33 Ionic 

strength has little influence on the CMC of non-ionic surfactants compared to that of ionic 
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surfactants.34,35 The addition of salt decreases the repulsion between the charged 

‘head’ groups of ionic surfactants which reduce the CMC; however, the ionic strength 

effect is less pronounced for non-ionic surfactants due to the absence of electrostatic 

repulsion between the uncharged ‘head’ groups. Many additional factors affect the CMC 

including pH,36 pressure,37 temperature38 and the type of counter ion38. Furthermore, 

increasing the alkyl chain length also increases the distance between ‘head’ groups at 

the micelle interface. The adopted shape of a micelle is dependent on the packing and 

interactions of surfactant ‘head’ groups.32,39,40 Other complex self-assembled 

structures are favoured at surfactant concentrations above the CMC such as rod-like and 

lamellar micelles. At greater surfactant concentrations, a variety of complex liquid 

crystalline structures can be adopted such as cubic phases, hexagonal phases and 

vesicles.41 The aggregate structures described are in relation to systems existing in 

aqueous solutions; however, micellisation can also occur in organic media where 

surfactants aggregate to form reverse micelles. This micellar structure consists of the 

hydrophobic ‘tails’ interacting with the organic phase at the exterior of the micelle whilst 

the hydrophilic ‘head’ groups form the centre of the structure (Figure 2.3).41  

 

 

 

Figure 2.3. Two-dimensional illustration of the adsorption of surfactant molecules into a 

micelle of a water-in-oil (W/O) microemulsion. 

 

2.1.3. Microemulsions 
An emulsion is a dispersed system of liquid phases which are usually immiscible or 

partially miscible. Microemulsions are a subclass of emulsions with small droplet 

diameters in the range of approximately 0.01-0.1 µm. Their characteristically small 
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diameter size means that these systems are of low turbidity.42 Microemulsions can be 

classified into three main categories based on their structure: water-in-oil (W/O), oil-in-

water (O/W) or bicontinuous systems. The latter arises when oil and water nanochannels 

are interspersed by flexible surfactant monolayers.43 Microemulsions are clear, 

thermodynamically stable, optically isotropic systems typically containing at least three 

components: oil phase, aqueous phase and surfactant.44,45  The formation of stable 

microemulsions involves creating a system whereby the interfacial tension between the 

oil and water phases approaches zero. However, single surfactants are often unable to 

sufficiently lower the interfacial tension between the two phases of the microemulsion 

even after the CMC or solubility limit has been reached.42 To overcome this problem, 

co-surfactants can be introduced to achieve the desired lowering of the interfacial 

tension.46,47  Typically, medium chain length alcohols are employed due to their 

amphiphilic nature and preference to adsorb at the water/oil interface compared to 

shorter or longer chain length alcohols.48–51  

 

2.1.4. Development of the NBP Assay 
The employment of 4-(4-nitrobenzyl)pyridine (NBP) in the detection of alkylating agents 

was first described by Koenigs et al.52 in 1925 and was later developed by Epstein et 

al.53 in 1955 for the quantitative determination of alkylating agents such as alkyl halides. 

In this two-step laboratory process, NBP is treated with a suitably reactive electrophile 

under elevated temperature resulting in the formation of a cationic salt, which upon 

subsequent treatment with a strong base produces an intensely blue-purple coloured 

dye through deprotonation at the benzylic methylene group (Scheme 2.1).  

 

 
Scheme 2.1: Detection of alkylating agents by NBP (Epstein’s method.) 
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1. The relatively poor nucleophilicity of NBP requires it to be heated with the analyte at 

a high reaction temperature of 100 °C. 

2. The sensing protocol is a two-step process with the addition of a strongly basic 

developing solution that can only be added after the NBP is alkylated due to its base 

sensitivity. This competitive reaction produces a red colour change which could 

render the positive colour change indistinct in the presence of an alkylating agent. 

3. Sulfur mustard is essentially insoluble in water therefore high boiling point organic 

solvent mixtures are required. 

4. This protocol requires the user to have previous knowledge and education in 

laboratory chemistry and therefore renders this method to a laboratory setting only. 

Thus, we cannot call this a “point-of-use” sensor as it is not practicable for use in the 

field. 

 

NBP has also been used as a colorimetric sensor for the determination of 

organophosphate pesticides by UV-vis spectrophotometry.54 Turner’s method uses a 

lower reaction temperature along with lower boiling point solvents compared to other 

pesticide determination protocols involving NBP.55–57 This method was shown to be 

suitable for many organophosphate pesticides. However, like Epstein’s method, this 

sensing protocol suffers many of the same limitations. For example, since this method 

treats pesticides as alkylating agents the reaction conditions are again forcing, requiring 

a 100 °C heating step to produce the quaternarised dye precursor. Furthermore, the 

sensing protocol again requires a step-wise addition of analyte and a strong base, 

tetraethylenepentamine, in this case, to produce the colour change. These limitations 

restrict the potential development of Turner’s method as a field-deployable sensor. 

Scheme 2.2 depicts the mechanism of pesticide determination by NBP.  

 

 

Scheme 2.2. Detection of pesticides as alkylating agents by NBP (Turner’s method.) 
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Previous work in the Fallis group involved the study of episulfonium chemistry in a O/W 

anionic microemulsion.58 Sodium dodecyl sulfate was used as the surfactant with toluene 

as the oil phase, n-butanol as co-surfactant and distilled water as the aqueous phase. 

This microemulsion was denoted SDS-5T with “5T” indicating 5% (wt%) of toluene 

present as an oil sub-phase. Mass spectrometry analysis of HD and its simulants in SDS-

5T showed the expected hydrolysis products with the negatively charged interface of the 

anionic microemulsion accelerating the hydrolysis of mustards and by doing so proved 

the formation of the characteristic episulfonium cation intermediate. The unexpected 

alcoholysis products from the nucleophilic substitution by n-butanol co-surfactant 

molecules observed in the mass spectrometry data implies that sulfur mustards become 

more electrophilic in the anionic microemulsion medium as these compounds do not 

readily react with pure alcohols.  

Small-angle neutron scattering (SANS) was employed to study the partitioning of 

simulants within the microemulsion structure (Figure 2.4). The SANS data shows that 

there is a net negative charge associated with the SDS-5T microemulsion droplets. 

Furthermore, the expected droplet volume fraction shows that much of the total material 

present on average is contained in these droplets. Note that this value decreases upon 

dilution as water-soluble components of the microemulsion partition to the larger 

aqueous phase of the system. Given the small radius of the droplets, the surface area is 

extremely high resulting in the high decontamination performance of the system. This 

paper also demonstrates that 2-chloroethyl ethyl sulfide (CEES) has a very similar 

reactivity to sulfur mustard (HD) in microemulsion solutions. Hence, CEES is an ideal 

simulant for HD.  
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 x 3 dilution x 5 dilution 

Rcore (mean)  (Å) 14.3 11.6 

S(Q) effective radius (Å) 31.1 29.1 

Effective charge (e) 17.6 13.5 

Expected droplet volume fraction 0.095 0.061 
Figure 2.4. SANS contrast variation study from a three-fold dilution of SDS-5T. Plots 

(contrasts) refer to drop (�), shell (Ú), core (+, scaled x 5) and perdeuterated 

microemulsion (Í, scaled x 5). The data were fitted by Prof. Peter Griffiths using the 

parameters in the table. See reference 58 for full details. 

 

Figure 2.5 shows the SANS data of perdeuterated SDS-5T microemulsion samples 

containing 1 wt% simulant and [MnCl(salen)] catalyst along with a control sample 

containing no analyte. The presence of peaks for both the lipophilic 2-chloroethyl phenyl 

sulfide (PhCES) and catalyst suggests that these compounds are both localised in the 

droplet’s oil phase and do not partition to other areas of the microemulsion structure. The 

absence of a structured peak for CEES shows that it does not partition into the oil core 

of the droplet which is a reasonable observation due to the rapid self-reaction of 

mustards to form the episulfonium cation which rapidly partitions to the aqueous phase. 
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This data indicates that CEES undergoes rapid hydrolysis while PhCES hydrolyses more 

slowly. The lipophilic catalyst remains localised in the droplets. This published work can 

be utilised to create a new NBP sensing system for mustards through the exploitation of 

the evident enhancement of the electrophilicity of HD and its simulant in a microemulsion. 

Thus, we aim to explore the reactivity of NBP with mustards and other selected 

electrophiles in a range of microemulsion media.  

 

 

Figure 2.5. SANS of CEES (◇), PhCES (�) and a lipophilic [MnCl(salen)] catalyst (Δ) in 

a per-deuterated microemulsion (control, ●). Note that the scattering intensity (Q) axis is 

logarithmic. The highlighted region shows the peaks arising from droplet-droplet 

scattering. 
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2.2. Aims 
The purpose of this work was to devise a low-cost colorimetric sensor for sulfur and 

nitrogen mustard vesicants that may be used at point-of-use by non-experts (e.g. 

war-fighters and first-responders). The development of sensor systems for mustards is 

challenging due to its low reactivity characterised by its relatively weak electrophilicity 

under normal circumstances; there are considerably fewer sensors reported in the 

literature for mustard type agents in comparison to that of nerve agents. To date, there 

are no suitable field-deployable systems for mustards that meet our threshold design 

criteria. In this work, we sought to develop a colorimetric test system that was based 

solely upon commercial-off-the-shelf materials. This not only reduces the costs of the 

system but also truncates the development processes by circumventing lengthy custom 

synthetic reagent development. The design criteria are summarised as follows in 

Table 2.1. 

 

Point-of-Use Sensor Design Criteria 

 Target  Threshold Comment 

1 Detection of 0.1 µL of 
deposited hazard 

Detection of 2 µL of 
deposited hazard 

The limit of detection is 
normally limited by visual 

detection of the 
deposited liquid 

2 
Colorimetric response 

persists with high 
analyte loading (100 µL) 

Colorimetric response 
persists with high analyte 

loading (20 µL) 

High loads of mustard 
agents are likely to be 
contaminated with HCl 

3 Commercial-off-the-shelf 
component formulation 

Non- commercial-off-the-
shelf reagents must meet 

the price per unit 
threshold (determined by 

market forces) 

Commercial-off-the-shelf 
reagents have 

established supply 
chains and alternative 

suppliers 

4 
Formulation to remain 

colourless upon 
exposure to negative 

Formulation to remain 
colourless for 30 minutes 

upon exposure to 
negative 

Colour detection may 
have to be performed at 
a remote location under 
poor lighting conditions. 5 

Formulation to remain 
coloured upon exposure 

to positive 

Formulation to remain 
coloured for 1 hour upon 

exposure to positive 

6 Effective against all 
common false positives 

Unaffected by 
decontamination 

reagents 

Essential for operational 
effectiveness. 

7 5-year shelf-life 2-year shelf life Essential for product 
viability. 

Table 2.1. Design criteria for point-of-use sensors. 
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2.3. Results and Discussion 

2.3.1. Mustard (CEES) Detection in Solution and Anionic Microemulsion Solution 
2-Chloroethyl ethyl sulfide (CEES), also known as “half-mustard”, was used as a sulfur 

mustard (HD) simulant since it has very similar physicochemical properties to the live 

agent without the associated severe toxicological properties. CEES has a relatively high 

LD50 of 300 mg/kg59 (dermal, predicted) in comparison with that of HD (100 mg kg-1, 

dermal)60, and is an appropriate substitution of HD for laboratory studies of an academic 

nature. However, it must be handled with extreme caution as it is carcinogenic and 

mutagenic, and capable of causing sensitisation. 

 

The reactivity of NBP and other weak bases towards CEES was first investigated by low-

resolution ESI+ mass spectrometry (ESI+ LRMS) in an anionic microemulsion. 10 µL of 

CEES was added to anionic microemulsion solutions (1 mL) containing 2 equivalents of 

NBP, 4-picoline and 2-bromopyridine, respectively. The solutions were allowed to stand 

at room temperature for 16 h and were diluted with methanol (10 µL mL-1) before 

analysis. The mass spectra obtained for these solutions along with a control of anionic 

microemulsion are presented in Figures 2.6, 2.7, 2.8 and 2.9. 

 

 
Figure 2.6. ESI MS (+ve mode) of control SDS-5T. *Clusters arising from the surfactant 

are marked. 
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Figure 2.7. ESI MS (+ve mode) of SDS-5T and 4-picoline with CEES. *Clusters arising 

from the surfactant are marked. 

 

 
Figure 2.8. ESI MS (+ve mode) of SDS-5T and 2-bromopyridine with CEES. Not the 

trace amount of product arising from the sterically hindered substrate.  *Clusters arising 

from the surfactant are marked. 
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Figure 2.9. ESI MS (+ve mode) of SDS-5T and NBP with CEES. *Clusters arising from 

the surfactant are marked. 

 

These mass spectra show characteristic peaks for SDS, and its sodium addition clusters. 

The peaks at m/z 311 correspond to sodium dodecyl sulfate clustered with a sodium 

cation to create a positively charged adduct. Each subsequent cluster peak denotes an 

adduct with an additional sodium dodecyl sulfate molecule. Analysis of the mass 

spectrometry data shows that both NBP and 4-picoline are alkylated by CEES in anionic 

microemulsion. This is apparent from the peaks at m/z 215.1290 and 182.14, 

respectively. However, the alkylated product of 2-bromopyridine was not observed at an 

expected m/z of 260.01 (C10H15BrNS+). The bromine substituent in the 2-position on the 

pyridine ring has both steric and electronic effects on the alkylation reaction. Bromine in 

this position creates a sterically hindered environment around the pyridine nitrogen atom, 

in addition to withdrawing electron density away from the nitrogen atom. These combined 

effects suppress the nucleophilicity of this weak base. Thus, the data suggests that both 

unhindered pyridine nucleophiles such as NBP and 4-picoline are selective towards 

sulfur mustard analytes. 

To examine the detection performance of NBP as a reagent for mustard (CEES) 

detection, the reaction time was first investigated at ambient temperature using anionic, 

cationic, and non-ionic surfactant mixtures as the reaction media with ethanol solutions 

as a control system. The formulations outlined in Table 2.2 are varying combinations of 
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NBP solution in ethanol (0.4 M) with aqueous sodium hydroxide solution (0.4 M) along 

with the appropriate solvent. This value of sodium hydroxide concentration allowed the 

adjustment of the pH without inducing side reactions which cause the yellowing of the 

mixtures. We speculate that this yellowing reaction is the base promoted aerobic 

oxidation of NBP to the corresponding ketone ((4-nitrophenyl)(pyridine-4-yl)ketone) 

(Scheme 2.3).  

 

 
Scheme 2.3. Aerobic oxidation of NBP to the corresponding ketone. 

 

Table 2.3 outlines the volumes used for each component of the formulation. CEES was 

added as a limiting reagent in each test solution, thus an excess of 2.33 equivalents of 

NBP was present relative to CEES. All reactions were monitored for a maximum of five 

minutes and digital photographs were taken immediately after CEES addition and at 1, 

3 and 5 minutes of exposure. Data is presented at the 5-minute timepoint to highlight 

any non-positive (i.e. non blue-purple) responses. 

Since the pH of the system is crucial to the operation of NBP as a reagent, the 

pH values of the surfactant mixtures were recorded before and after the addition of NBP 

and NaOH and are presented in Table 2.4. 

 

 Volume of stock 
solution added (𝛍L) 

Moles of stock 
solution added 

(mol) 
Final concentration 

(M) 

NBP (0.4 M) 100 4.0 x 10-5 2.0 x 10-2 

NaOH (0.4 M) 200 8.0 x 10-5 4.0 x 10-2 
Table 2.2. Components of NBP formulation. 
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Component Vial 1 Vial 2 Vial 3 Vial 4 

NBP (0.4 M) / µL 100 100 100 100 

NaOH (0.4 M) / µL  200  200 

Solvent / µL 1900 1700 1900 1700 

CEES / µL   2 2 
Table 2.3. Quantities for NBP formulations for CEES sensing in solution. 

 

System 
pH 

No reagent + NBP (0.4 M) + NaOH (0.4 M) 

Anionic micelle 5.70 8.25 12.41 

Anionic swollen micelle 6.38 7.53 12.42 

Anionic microemulsion 5.94 7.34 12.20 

Cationic micelle 3.66 5.62 12.53 

Cationic swollen micelle 3.74 5.89 12.63 

Cationic microemulsion 3.78 5.68 12.65 

Non-ionic micelle 3.67 4.96 12.48 

Non-ionic swollen micelle 5.89 6.45 12.73 
Table 2.4. pH values of surfactant mixtures before and after the addition of reagents. 

 

2.3.2. Performance of Anionic Aggregation Colloid Systems 
The response of anionic surface-active systems and an ethanol control is presented in 

Figure 2.10. It is evident from the images that the reaction medium is an important factor 

in the operation of the system. The responses are discussed in the following sections. 

Ethanol was chosen as a control since all the reagents were freely soluble. Using ethanol 

as the bulk solvent, no reaction took place resulting in no change in the perceived colour 

(Figure 2.10). Even upon standing for extended periods, this system failed to yield the 

desired blue-purple positive response. Thus, it is likely that a simple solvent (ethanol) 

system does not afford the pre-organisation of reagents and analytes (NBP and CEES) 

at ambient temperature to yield the desired characteristic blue-purple colour of the dye. 

We tentatively suggest that this implies the rate-limiting step is the attack by NBP on the 

alkylating agent (CEES). This was verified by the rapid colour response of alkylated NBP 

reagents to alkaline ethanol solutions. In addition, this system also depicts the instability 

of NBP in basic conditions due to the production of an orange colour. The production of 

colour upon exposure to no analyte is unsatisfactory for colorimetric detection as a 

positive colour change in the presence of an analyte would be less defined and therefore 
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perceived as ambiguous by the naked eye, especially in operational scenarios of poor 

ambient lighting. 

 

 

Component Vial 1 Vial 2 Vial 3 Vial 4 

NBP (0.4 M) / µL 100 100 100 100 

NaOH (0.4 M) / µL  200  200 

Solvent / µL 1900 1700 1900 1700 

CEES / µL   2 2 
Figure 2.10. Comparison of the performance of the solution and anionic surfactant 

mixtures with simulant after 5 mins of exposure. Vials are numbered 1 to 4 from left to 

right in each image. 

 

From inspection of Figure 2.10. it is apparent that the introduction of various anionic 

surfactant components has a significant impact on the reactivity of the system. Firstly, 

formulation 2 produced a very pale-yellow colour upon exposure to negative in all three 

SDS mixtures, which was a substantial improvement upon the orange colour seen in the 

ethanol system. This colour was attributed to small amounts of NBP-ketone that is 

present in commercial sources of the reagent. This colour is lost if NBP is freshly 
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recrystallised from butanone/hexane. We postulate that this observation arises from the 

anionic interface of the micelles/droplets repelling the hydroxide ions from the interfacial 

region, thus protecting the NBP reagent from decomposition. Secondly, very high 

reaction rates were observed with the rapid production of intense blue or purple colour 

within seconds which intensified over 5 minutes upon exposure to CEES. Incorporating 

SDS in the form of micelles resulted in a colour change from nearly colourless to an 

intense blue in the presence of CEES. The addition of an n-butanol co-surfactant to 

create a swollen micelle system caused a slight impact on the analyte-free colour with 

an increase in the depth of yellowing. However, this can be considered negligible 

compared to that of the ethanol system. The addition of toluene as an oil-phase to 

generate an SDS-5T microemulsion system also gave rise to a negligible pale-yellow 

negative response. It is clear to see that there is a change in positive colour production 

from blue to purple upon the addition of toluene. Since the dye is solvatochromic and 

produced a red colour when dissolved in toluene, we can argue that a weighted average 

microenvironment response yields a colour combination of red and blue, resulting in the 

final purple colour produced in the anionic microemulsion formulation. In these systems, 

likely, the micelles and droplets are effectively concentrating the reagents and analytes 

into a small volume (see SANS data above) with a corresponding increase in the reaction 

rates. The enhanced production of episulfonium species in these systems also provides 

further reaction rate benefits, while the surface activity of the alkylated NBP species will 

expose the dye precursor to the alkaline aqueous continuous phase, hence developing 

the colour response. 

 

2.3.3. Performance of Cationic Aggregation Colloid Systems 
The behaviour of NBP was further studied by varying the nature of the microemulsion 

medium. The response of cationic formulations after treatment with CEES is presented 

in Figure 2.11, and it is apparent that the system was negatively impacted by utilising a 

cationic surfactant. Upon formulation with no analyte present, all systems produced a 

red colour similar, but more intense, to that observed in the ethanol system. Again, this 

is of course an undesirable response, as it would reduce the fidelity of the colour 

response observed with a true positive. It was hypothesised that the net positive charge 

of the cationic droplets should suppress episulfonium cation formation resulting in poor 

reactivity. Interestingly, both the cationic micelle and swollen micelle formulations 

exhibited good activity towards CEES exposure resulting in a significant colour change. 

However, this change was more difficult to observe in the micelle formulation due to the 

inherent intense red colour of the blank solution. This may suggest that the positively 
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charged interface suppresses the formation of episulfonium cation in the interfacial 

region and thus remains localised in the droplet core where it is vulnerable to nucleophilic 

attack by NBP. However, the cationic interface will also undergo facile bromide-

hydroxide exchange, thus concentrating hydroxide in the vicinity of the NBP. It is feasible 

to assume that this is the origin of the ‘enhanced’ red colour observed in the analyte free 

control sample. Interestingly, the cationic microemulsion exhibited the worst 

performance of the cationic systems with only a slight deepening of the red colour 

observed upon the addition of CEES. This may be indictive of the more dilute 

microenvironment in the droplet core, reducing the rate of the second-order (bimolecular) 

NBP-CEES interaction. 

 

Component Vial 1 Vial 2 Vial 3 Vial 4 

NBP (0.4 M) / µL 100 100 100 100 

NaOH (0.4 M) / µL  200  200 

Solvent / µL 1900 1700 1900 1700 

CEES / µL   2 2 
Figure 2.11. Comparison of the performance of cationic surfactant mixtures with 

simulant after 5 mins of exposure. Vials are numbered 1 to 4 from left to right in each 

image. 
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2.3.4. Performance of Non-ionic Aggregation Colloid Systems 
Once more, it is visible from the images of non-ionic surfactant mixtures that these 

formulations were unstable and formed a pale orange colour upon exposure to base 

(Figure 2.12). Although this colour is less intense compared to that of the cationic 

surfactant formulations, it is unfavourable and reduces the impact of the perceived colour 

change. Despite this, they both exhibited moderate performances to generate clear 

colour changes, but the final purple colour was less intense compared to the anionic 

formulations. This suggests that the equilibrium between CEES and episulfonium 

formation is less favourable in non-ionic systems compared to anionic systems. Here, 

the images presented are for non-ionic micelle and swollen micelle formulations as the 

microemulsion was unstable with 5 wt% toluene and formed a cloudy suspension. Thus, 

no formulations were prepared with non-ionic microemulsions for treatment with CEES. 

The stability of non-ionic surfactants is a common problem with these amphoteric 

compounds exhibiting a unique property called the “cloud point” which results in phase 

separation. 

 

 

Component 1 2 3 4 

NBP (0.4 M) / µL 100 100 100 100 

NaOH (0.4 M) / µL  200  200 

Solvent / µL 1900 1700 1900 1700 

CEES / µL   2 2 
Figure 2.12. Comparison of the performance of non-ionic surfactant mixtures with 

simulant after 5 mins of exposure. Vials are numbered 1 to 4 from left to right in each 

image. 

 

It is apparent from the images in Figure 2.13 that all systems experienced a colour 

change upon simulant exposure but only the anionic and non-ionic formulations 
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displayed a strong purple colour response. However, it is clear that the anionic 

formulations have a markedly high performance for CEES determination, not only in 

terms of colour contrast but also in the speed of response. Furthermore, we also 

observed that only anionic surfactant mixtures were able to protect the NBP reagent from 

base-catalysed degradation as essentially no production of colour was observed in the 

basic analyte free system. Although the colour of the blank formulation was pale and 

near colourless in the anionic surfactant systems, the NBP used in all formulations was 

slightly yellow. However, the desire to use all commercial-off-the-shelf reagents as much 

as possible has meant that the NBP was not recrystallised before use. The purification 

of NBP via recrystallisation in butanone/hexane gives a white crystalline solid, which 

generated colourless formulations in anionic surfactant mixtures. 

 

 
Figure 2.13. Comparison of the performance of anionic and cationic microemulsion and 

non-ionic swollen micelle mixtures with simulant. Vials are from left to right in each 

image: Blank; CEES. Note that these experiments were performed with commercially 

sourced NBP and used as received. 

 

2.3.5. Determination of Molar Extinction Coefficient of NBP-CEES Dye  
Due to the variation in molar extinction coefficient values reported for alkylated NBP in 

the literature61,62, this parameter was investigated using an aprotic solvent due to the pH 

sensitivity of the dye. The molar extinction coefficient of the alkylated adduct was 

investigated by UV-vis spectroscopy at ambient temperature at a wavelength range of 

200-800 nm (Figure 2.14). Solutions of the dye in acetonitrile previously dried over 

potassium carbonate were measured in triplicate to generate a plot of average molar 

absorptivity against wavelength (Figure 2.15). Potassium carbonate was also added to 

each sample to maintain a high pH throughout the UV-vis measurement. 
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Figure 2.14. UV-vis spectra of NBP-CEES adduct at various concentrations in 

acetonitrile. 
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Figure 2.15. Average maximum absorbance versus concentration plot of each solution. 

 

From this triplicate data set, a maximum wavelength of 551 nm was identified and 

absorbance values at this wavelength were plotted against dye concentration to obtain 

a linear equation with an R2 value of 0.99753 (Figure 2.15). The gradient of this line 

corresponds to the average molar extinction coefficient multiplied by the path length thus 

allowing an extinction coefficient value of 8350 L mol-1 cm-1 to be calculated. 

 

2.3.6. Quantitative Absorbance Spectra of NBP Surfactant Formulations  
The electronic spectra of the anionic, cationic and non-ionic surfactant formulations 

before and after simulant exposure are presented in Figures 2.16, 2.17 and 2.18, 

respectively. All solutions were measured after 5 minutes of exposure to either negative 

or simulant. Each solution was analysed in the appropriate surfactant mixture containing 

NaOH (4 x 10-2 M) to maintain a high pH, at a concentration of 7.5 x 10-5 M. 
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Figure 2.16. UV-vis spectra of anionic surfactant formulations before and after exposure 

to simulant. Solutions were diluted to 7.5 x 10-5 M in anionic surfactant mixtures 

containing NaOH (4 x 10-2 M) and measured after 5 mins. 

 

It is apparent from the electronic spectra of anionic surfactant formulations in Figure 2.16 

that all blank solutions were essentially non-absorbing over the typical human eye visible 

region (380-750 nm). The response of the system to CEES yielded spectra with a broad 

peak with shoulders centred in the 540-640 nm region. In the context of this project, this 

is a very useful response since the maximum human visual acuity is centred at ~ 555 

nm. Upon comparison, it is clear to see that the anionic micelle formulation gave the 

poorest performance in terms of colour intensity with a molar absorptivity of 163 L mol-1 

cm-1 at an absorbance of 615 nm. The addition of n-butanol as a co-surfactant to 

generate the anionic swollen micelle formulation caused the peak to shift 

hypsochromically from 615 to 557 nm. This system exhibited the best performance of all 

the anionic formulations generating the highest molar absorptivity of 934 L mol-1 cm-1. 

The incorporation of 5 wt% toluene to create the anionic microemulsion formulation also 

resulted in a hypsochromic shift. However, the change in wavelength was smaller with a 

shift from 557 to 539 nm. The molar absorptivity for the microemulsion formulation lay in 

the middle with a value of 509 L mol-1 cm-1. 
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Figure 2.17. UV-vis spectra of cationic surfactant formulations before and after exposure 

to simulant. Solutions were diluted to 7.5 x 10-5 M in cationic surfactant mixtures 

containing NaOH (4 x 10-2 M) and measured after 5 mins. 

 

The electronic spectra of the performance of cationic surfactant formulations before the 

addition of simulant (Figure 2.17) display the production of the colour seen in the testing 

images for all systems as a result of the decomposition of NBP. The cationic micelle 

generated the greatest colour production upon exposure to the added base, to such an 

extent that it had a comparable molar absorptivity to some solutions exposed to simulant. 

The performance of the cationic surfactant formulations upon exposure to CEES 

followed a slightly different trend from the anionic formulations. Here, the cationic micelle 

formulation exhibited an intermediate performance with a molar absorptivity of 304 L mol-

1 cm-1 at 492 nm. The addition of n-butanol to create the cationic swollen micelle 

formulation resulted in an absorbance peak at 571 nm. Similar to the anionic 

formulations, this system continued to give the best performance with a molar 

absorptivity of 339 L mol-1 cm-1. The addition of toluene to generate the cationic 

microemulsion system greatly reduced the intensity of the response of the formulation 

with a large decrease in molar absorptivity generating a value of 123 L mol-1 cm-1 at 483 

nm. 
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Figure 2.18. UV-vis spectra of non-ionic surfactant formulations before and after 

exposure to simulant. Solutions were diluted to 7.5 x 10-5 M in non-ionic surfactant 

mixtures containing NaOH (4 x 10-2 M) and measured after 5 mins. 

 

The electronic spectra of non-ionic surfactant formulations in Figure 2.18 support the 

evidence of limited NBP degradation in non-ionic micelle and swollen micelle systems 

with the absence of absorbance peaks in the visible region after 5 minutes of exposure 

to negative. There was little difference in the colour intensity produced in both 

formulations upon exposure to CEES. However, the non-ionic micelle formulation had 

an absorbance peak at 569 nm and lower molar absorptivity of 230 L mol-1 cm-1 

compared to the swollen micelle system with a molar absorptivity of 296 L mol-1 cm-1. 

Incorporation of co-surfactant caused a slight hypsochromic shift of the absorbance peak 

from 569 to 559 nm. 

From the electronic spectra of the above systems, the conversion of NBP to the 

NBP-CEES dye responsible for the colour production was calculated for each surfactant 

system. These values are presented in Table 2.5. 
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System Conversion 
(%) at 5 mins Comment / Interpretation 

Anionic micelle 4.5 
CEES is poorly soluble in the micellar system. 

Contact area is low between analyte and 
reagents. 

Anionic swollen 
micelle 26.0 CEES rapidly dispersed and fully solubilised. 

Anionic 
microemulsion 14.2 CEES and toluene are ‘competing’ for 

solubilisation. 
Cationic micelle 8.5 CEES is moderately well solubilised. 

Intermediate reaction rate. Cationic swollen 
micelle 9.4 

Cationic 
microemulsion 3.4 CEES is very well solubilised in microemulsion 

core, low propensity to episulfonium formation. 
Non-ionic 
micelle 6.4 CEES is moderately well solubilised. 

Episulfonium formation is a less favourable 
equilibrium. Non-ionic 

swollen micelle 8.2 

Table 2.5. Calculated conversion (%) values of NBP to NBP-CEES dye in surfactant 

formulations at 5 mins.  
 

The calculated conversions clearly show the superior performance exhibited by the 

anionic swollen micelle formulation with a 26.0 % conversion of NBP to the dye. The 

anionic microemulsion generated just under half the amount of dye with a 14.2 % 

conversion. The anionic micelle exhibited the poorest performance of the anionic 

systems with a 4.5 % conversion. This is not unexpected since the intensity of colour 

produced in the micelle system was noticeably weaker than that of the swollen micelle 

and microemulsion formulations. On the other hand, the cationic and non-ionic systems 

had similar conversion values with all formulations exhibiting less than 10 % conversion 

of NBP to the coloured dye. However, there is a notable increase in conversion when n-

butanol co-surfactant was introduced to the micelle formulations. This trend was seen in 

all surfactant systems. Upon comparison of the anionic and cationic systems, there was 

a considerable reduction in conversion upon the addition of toluene to the swollen micelle 

formulation. 

 

2.3.7. Determination of NBP decomposition product 
The decomposition of NBP was investigated by UV-vis spectroscopy and mass 

spectrometry in each of the surfactant mixtures. The electronic spectra of all the 

surfactant formulations before exposure to simulant are combined in Figure 2.19 for ease 

of comparison. It is clear to see from the UV-vis spectra that cationic surfactant 

formulations produced the most colour upon exposure to negative compared to anionic 

and non-ionic formulations. This suggests that NBP undergoes the most decomposition 
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in cationic surfactant which is evident in previously presented formulation images in 

Figure 2.11. Thus, only the anionic surfactant systems were effective at protecting NBP 

from degradation as the anionic interfacial region shields the droplet-solubilised NBP 

from the high hydroxide levels present in the aqueous continuous phase. 

 

 
Figure 2.19. UV-vis spectra of anionic, cationic and non-ionic surfactant formulations 

after 5 mins exposure to base. 

 

Mass spectrometry was utilised to investigate the identity of the NBP decomposition 

product responsible for creating the peach to orange colour in the blank formulations. 

The cationic swollen micelle formulation was chosen for analysis by ESI mass 

spectrometry as this solution generated the most intense orange colour of all the 

surfactant formulations upon exposure to no analyte. 
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Figure 2.20. Mass spectrum of NBP and NaOH in cationic micelle formulation. 

 

The mass spectrometry data of the cationic micelle formulation in Figure 2.20 shows no 

peak for the expected ketone at m/z 229.0608. However, the presence of this ketone 

has been found in previous unpublished work by the IAF group. The proposed 

decomposition reaction of NBP in surfactant systems has been previously outlined in 

Scheme 2.3. Firstly, NBP undergoes base-catalysed oxidation at the benzylic methylene 

group resulting in the addition of a hydroperoxide functional group (ROOH). 

Subsequently, a ketone is produced upon the loss of water. Unlike NBP, this ketone is 

unable to undergo the required deprotonation step to produce the intensely coloured 

dye. Hence, the NBP ketone is not a sensor for CEES determination and its production 

in a formulation reduces the amount of NBP present for alkylation by CEES. As a result, 

the reactivity of the formulation is reduced causing a decrease in the production of colour. 

This effect is greatly seen in the cationic surfactant systems where the colour change 

upon CEES addition is perceived as ambiguous to the naked eye. The peak at m/z 

488.2344 is postulated to be an adduct of NBP and the cationic surfactant in its sodium 

slat form whereby the imidazolium undergoes a carbene C-H insertion of the methylene 

group of NBP. 

 

* 

* 
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2.3.8. Development of Anionic Aggregation Colloid Systems 
On account of the instability of cationic and non-ionic formulations with the generation of 

noticeable colour before CEES addition, it was concluded that these systems do not 

meet the design criteria and thus were not pursued further as mustard detection systems. 

Instead, the SDS anionic formulations were identified as the best performing systems 

and were further studied to understand the behaviour of the surfactants and the location 

of the components within the microemulsion structure. The images of the ethanol solution 

and anionic surfactant mixtures after 5 minutes of CEES exposure have been combined 

for ease of performance comparison and are presented in Table 2.6. 

 

System Solution 
Anionic 
micelle 

Anionic 
swollen 
micelle 

Anionic 
microemulsion 

CEES 
response 

✗ ✓ ✓✓✓ ✓✓✓ 

Image 

    
Table 2.6. Comparison of the performance of the solution and anionic surfactant 

mixtures after 5 minutes of exposure to CEES. 

 

The toluene content of anionic SDS microemulsions was varied to investigate the 

mustard detection performance of the microemulsion. Four microemulsions were 

prepared with 1, 2, 3 and 4 wt% toluene and denoted SDS-1T, SDS-2T, SDS-3T and 

SDS-4T, respectively. Images of these microemulsion formulations after 5 minutes of 

exposure to CEES are presented in Figure 2.21. Microemulsions prepared with higher 

toluene concentrations were not further investigated due to their temperature sensitivity. 

Upon cooling, these microemulsion experienced phase separation and thus cannot be 

deployed in real-life scenarios due to their poor temperature stability.  
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Component Vial 1 Vial 2 Vial 3 Vial 4 

NBP (0.4 M) / µL 100 100 100 100 

NaOH (0.4 M) / µL  200  200 

Anionic microemulsion / µL 1900 1700 1900 1700 

CEES / µL   2 2 

Figure 2.21. Comparison of the performance of anionic microemulsions with varying 

amounts of toluene (wt%) as oil-phase. Vials are numbered 1 to 4 from left to right in 

each image. 

 

It is interesting to observe that the toluene content did not have an appreciable effect on 

the colour intensity detectable by the naked eye. However, it was observed that 

microemulsions with a toluene content of less than 4 wt% were unable to sufficiently 

solubilise CEES with noticeable droplets of the simulant sitting at the bottom of the vial 

even after the 5-minute monitoring period. Progressing forward, anionic microemulsion 

(SDS-5T) was chosen over the anionic swollen micelle formulation based on its rapid 

and intense response and superior solubilisation of simulant. Although the swollen 

micelles exhibited higher conversions than the micelles and microemulsion, the swollen 
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micelle systems tend to phase separate with large amounts of mustards.  On the other 

hand, microemulsions are adept at dissolving hydrophobic materials. Additionally, 

previous studies have fully characterised this type of SDS, H2O, n-butanol, toluene 

anionic microemulsion.58 

 

 
Figure 2.22. UV-vis spectra of NBP-CEES dye at 5 x 10-5 M in acetonitrile with the 

photopic curve overlaid. 

 
Figure 2.22 displays the UV-vis response of NBP-CEES dye in acetonitrile at a 

concentration of 5 x 10-5 M. In addition, the photopic curve is recorded.  The photopic 

curve, more formally known as the luminous efficiency function, is a theoretical construct 

derived from empirical data that is effectively a plot of human eye sensitivity against 

wavelength under ambient lighting conditions.63 This function has a maximum at 555 nm 

and corresponds to the green region of the visible spectrum. Notably, there is a strong 

similarity between these two curves, which is indicative of why NBP is such a good 

colorimetric sensor despite a rather modest extinction coefficient of the dye. 
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2.3.9. Selectivity studies 
One of the common complications in the development of new sensor systems is the 

interference of common everyday chemicals (e.g. bleach). More important for this study, 

is the ability to distinguish other analytes such as reactive electrophiles and various 

chemical nerve agents, since in real-world scenarios the decontamination protocols and 

medical remediation for these species differ from that of blister agents. Sensors with high 

selectivity are crucial in designing a reliable detection system that does not experience 

meaningful false-positive responses. Thus, a colorimetric study was performed with 

electrophiles, mustard simulants, nerve agent simulants and several known false 

positives of commercially available colorimetric chemical detection papers which were 

previously used by the US military. When the paper encounters a CWA, the colour 

observed will change according to the type of agents present. For example, H-agents 

produce a red colour, G-agents produce a yellow colour and V-agents produce a green 

colour. These chemical papers have now been discontinued as the impregnated dyes 

used were found to be carcinogenic. Furthermore, these papers suffered from many false 

positives caused by various common chemicals usually found in civilian and military 

environments such as diesel, brake fluid, blood, dish detergent and a wide range of 

common solvents.  Thus, it was determined appropriate to study the selectivity of NBP 

by also exposing the formulation to the colorimetric paper false positives. The images of 

the formulation after exposure to various false positives are presented in Figures 2.23, 

2.24 and 2.26. The performance of the formulation was examined by the addition of 2 µL 

of an analyte, which was allowed to react at ambient temperature for 5 minutes.  

 

It is evident from these images that benzoyl chloride, benzyl chloride and epichlorohydrin 

are the three electrophiles to induce a colour change. Benzoyl chloride produced a bright 

yellow colour after exposure. However, as this response is not the distinctive purple 

colour associated with the dye, this colour can be confidently accepted, and benzoyl 

chloride can be considered a nuisance positive. For our purposes, a nuisance positive is 

a positive that does not specifically identify the target analyte but gives a positive 

response that may in some scenarios be useful. Since benzyl chloride is hardly benign, 

and not commonly encountered in operational scenarios, we do not regard this response 

as significantly deleterious to overall performance.  Benzyl chloride also produced a 

response with the production of a very pale purple colour after 5 minutes of exposure. 

However, it can be seen in the image that the analyte sits at the bottom of the vial in the 

form of droplets. Furthermore, the poor reactivity with benzyl chloride and the slow 

production of colour further accentuates its low impact as a nuisance positive for this 

system. From its moderate reactivity, epichlorohydrin may be considered a false positive 
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for this system due to its clear purple colour response. Despite these undesirable 

responses, these electrophilic analytes are toxic chemicals in their own right and their 

detection by this sensor cannot be considered undesirable. Acetyl chloride, 1-

bromobutane, 1-iodobutane and methyl iodide did not generate a colour change 

suggesting that NBP is not alkylated by these analytes as the characteristic purple colour 

of the dye is not observed. This is an interesting observation, particularly in the case of 

methyl iodide since this reagent normally yields a rapid reaction. For methyl iodide, a 

similar microemulsion system has been reported, but in this case, additional Ag(I) ions 

were required to effect methyl iodide detection.64 Hence the commercially useful result 

here is that the current system is likely to be very selective against simple alkyl halides, 

which have been previously used as fumigation agents (e.g. methyl bromide). 

 

 
Component Volume (𝛍L) 

NBP (0.4 M) 100 

NaOH (0.4 M) 200 

Anionic microemulsion 1700 

Electrophile 2 

Figure 2.23. Comparison of the selectivity performance of anionic microemulsion 

formulation with reactive electrophiles. 

 

It is important as a sensor that NBP is selective as a mustard detection system therefore 

it must not give a response when treated with nerve agents. This is crucial since the 

medical remediation protocols for nerve and blister agent toxicity are very different and 

due to their nature likely to be harmful. Organophosphate simulants including profenofos, 

diethyl chlorophosphate (DCP), diethyl cyanophosphate (DCNP), 

diisopropylfluorophosphate (DFP) and mephosfolan (an organophosphorus insecticide) 
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were used to investigate the selectivity of NBP (Figure 2.24). The simulant structures are 

presented in Figure 2.25. 

 

 
Component Volume (𝛍L) 

NBP (0.4 M) 100 

NaOH (0.4 M) 200 

Anionic microemulsion 1700 

Simulant 2 

Figure 2.24. Comparison of the selectivity performance of anionic microemulsion 

formulation with blister and nerve agent simulants. Note that the N-mustard was added 

as a hydrochloride salt. 

 

 
Figure 2.25. Simulants used in the false-positive screen.  

 

Reassuringly, these nerve agent simulants did not generate a colour change. These 

results contrast the previous work of Turner where NBP was used for the determination 

of pesticides.54 This suggests that the anionic microemulsion does not sufficiently 

enhance the electrophilicity of organophosphate simulants, which is inconsistent with its 

effect on both HD and CEES.58 In the case of organophosphates, nucleophilic attack by 
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NBP occurs at the carbon atom of the ester group. The suggested mechanism for this 

reaction is illustrated in Scheme 2.5. Unlike the reaction with HD, the determination of 

organophosphates does not occur through an ionic intermediate. Instead, upon attack of 

the ester carbon atom, an anionic leaving group is generated to yield ethyl 

phosphorocyanidate anion and alkylated NBP cation. The latter species can 

subsequently be deprotonated in a basic environment to produce the characteristic blue 

colour of the dye. However, this reaction is not enhanced in anionic microemulsion 

whereby the net negative charge of the droplet interface would suppress the formation 

of the anion. This suggests that a cationic microemulsion would enhance the reactivity 

by which the net cationic charge of the droplet interface creates a favourable 

environment for the formation of the phosphorocyanidate anion. It is worth noting that 

this method of Turner also used forcing conditions and extended reaction times to 

generate significant colorimetric responses. 

 

 
Scheme 2.5. The suggested mechanism of the Turner method for organophosphorus 

agent detection. 

 

At first glance, the poor response for 2-(diethylamino)ethyl chloride (N mustard) may be 

considered an unsatisfactory result. However, this simulant is a hydrochloride salt which 

changes the pH of the system to create a less basic environment. The addition of NaOH 

base to this solution resulted in the colour intensification of the dye similar to the 

response with CEES, hence it is likely that live-agent mustards such as HN1, HN2 or 

HN3 would yield good positive responses. 

The common analytes to produce a false positive response for the H-, G- and V-

agent dyes of the discontinued commercial colorimetric chemical papers were tested 

with the anionic microemulsion formulation. The images of these treated formulations 

after subsequent exposure to simulant are presented in Figure 2.26.  
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Component Volume (𝛍L) 

NBP (0.4 M) 100 

NaOH (0.4 M) 200 

Anionic microemulsion 1700 

Analyte 2 

Figure 2.26. Comparison of the selectivity performance of anionic microemulsion 

formulation with several common false positives for discontinued colorimetric chemical 

detection papers.   
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Reassuringly, no response was indicated by all solutions treated to the analyte. Thus, 

these chemicals are unreactive in this formulation suggesting that they are not false 

positives for the sensing system. Additionally, each formulation solution was treated with 

CEES (2 µL) after exposure to each interference agent and all solutions generated a 

purple colour response similar to test solutions exposed to CEES only. This clearly 

demonstrates the specificity of NBP for mustards and we can confidently conclude that 

this formulation can detect the target analyte in the presence of other CWAs and potential 

reactive interfering agents present in the environment. 

 

2.3.10. Mass Spectrometry Analysis of Anionic SDS-5T Aggregation Colloid 
System 
The mass spectrometry data of the anionic microemulsion formulation before and after 

the 5-minute exposure to CEES can be seen in Figure 2.27a and 2.27b.  

 

 
Figure 2.27a. ESI MS (+ve mode) of anionic microemulsion formulation before exposure 

to simulant. *Clusters arising from the surfactant are marked. 

 

To prevent overloading the detector with microemulsion, the solutions were diluted with 

methanol (10 µL mL-1) prior to mass spectrometry analysis. This also breaks the 

microemulsion structure, rendering it into a simple solution which essentially prevents 
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any further reaction from occurring. Thus, the spectra obtained are a good representation 

of the species present in the formulation at 5 minutes. Analysis of the spectra show a 

strong peak for [NBP+H+] at m/z 215.08. As expected, the formulation treated with CEES 

generated a peak for CEES-alkylated NBP adduct [NBP-CEES]+ observed at m/z 

303.12.  

 

 
Figure 2.27b. ESI MS (+ve mode) of anionic microemulsion formulation after exposure 

to simulant. *Clusters arising from the surfactant are marked. 

 

2.3.11. Performance Comparison of SDS and SDBS 
Given that one of our target design criteria relates to the shelf life of the system, mass 

spectrometry was used to establish the inherent stability of the SDS microemulsion NBP 

system as means of identifying any unwanted reactions occurring within the 

microemulsion media. NBP was added to SDS-5T and the solution was stored for 4 

weeks and then subjected to ESI-MS. The analysis of these spectra shows the formation 

of NBP alkylated by the dodecyl chain of SDS after 4 weeks at ambient temperature 

(Figure 2.28), as indicated by the peak at m/z 383.2710 (calculated for C24H35N2O2
+ = 

383.2693, 4.4 ppm, [H25C12-NBP]+). This reaction is likely to proceed via the mechanism 

illustrated in Scheme 2.6. This shows that the SDS system is unstable to one-pot storage 
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and cannot meet the 2-year shelf-life design criterion. In designing a point-of-use system 

this observation had important implications for the manufacturability of the system.  

 

 
Scheme 2.6. Proposed mechanism of NBP alkylation in anionic microemulsion media. 

 

 

Figure 2.28. ESI MS (+ve mode) of a stock solution of SDS-5T (10 mg mL-1) left at 

ambient temperature for 4 weeks. The sample (10 µL) was diluted with 1 mL MeOH 

before analysis. 

 
To overcome this limitation, SDS was replaced by sodium dodecylbenzenesulfonate 

(SDBS) which has a different structure with a phenyl ring making it less susceptible to 
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nucleophilic attack by NBP. The structures of SDS and SDBS are combined in Figure 

2.29 for comparison.  

 
Figure 2.29. Structures of anionic surfactants SDS and SDBS and their susceptibility to 

nucleophiles. 

 
Mass spectrometry analysis of an aged (~1 year) sample of NBP in SDBS-5T shows no 

production of NBP-C12H25 alkylation product (Figure 2.30) as SDBS is resistant to 

nucleophilic attack due to the lack of electrophilic site and the insufficient leaving group. 

This shows that NBP is stable in SDBS microemulsion and this system may be 

formulated as a single component on a point-of-use system. 

 

Figure 2.30.  ESI MS (+ve mode) of a stock solution of SDBS-5T (10 mg mL-1) left at 

ambient temperature for ~1 year. The sample (10 µL) was diluted with 1 mL MeOH before 

analysis. Note the reduced tendency for ion clustering in comparison to SDS based 

systems. 

O S O

O

O Na S
O

O O Na
site of SN2 attack

not susceptible
to SN2 substitution

SDS SDBS

 



 

 82 

 
Following this, the reactivity of NBP was examined in SDBS microemulsion to determine 

its CEES detection performance. The compositions of the formulations tested and the 

images of the colorimetric responses with CEES simulant are presented below in Figure 

2.31. Again, photographs were taken at 5 minutes to permit any discolouration of the 

control samples to develop. Intense colours were produced immediately that grew in 

intensity during the experiment.  

 

 
Component 1 2 3 4 

NBP (0.4 M) / µL 100 100 100 100 

NaOH (0.4 M) / µL  200  200 

Anionic microemulsion / µL 1900 1700 1900 1700 

CEES / µL   2 2 

Figure 2.31. Comparison of the performance of SDS and SDBS microemulsion with 

simulant. Vials are numbered 1 to 4 from left to right in each image. 

 

It is evident from these images that SDBS microemulsion exhibits a similar naked eye 

colorimetric response to SDS microemulsion after 5 minutes of exposure to CEES. It 

should be noted that the SDBS-5T formulation is considerably more viscous than SDS. 

Unfortunately, we were unable to quantify the viscosity characteristics of the systems 

under study. It is sufficient to note that the rheological properties of the system do not 

impede the reactivity of NBP or the performance of the system. It is noteworthy that this 

formulation is also less susceptible to foaming, which is beneficial for swab system 

design and formulation (see Chapter 4). 

   1           2     3          4    1           2     3             4 
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Figure 2.32. UV-vis spectra of SDS and SDBS microemulsion formations after 5 mins of 

exposure to CEES. 

 

The electronic spectra of the SDS-5T and SDBS-5T formulations before and after 

simulant addition are presented in Figure 2.32. The absorbance data shows the lack of 

colour production associated with the decomposition of NBP. Although the colorimetric 

responses of these systems were indistinguishable by eye, it is apparent that the SDS-

5T formulation produces a more significant colour production than that of SDBS-5T with 

a molar absorptivity of 509 L mol-1 cm-1 at 539 nm compared to 258 L mol-1 cm-1 at 550 

nm, respectively. The conversion of NBP to NBP-CEES dye was again calculated using 

the above electronic spectra to give 14.2 % and 7.2 % conversion for SDS-5T and SDBS-

5T, respectively. We postulate that the increased viscosity of the SDBS system may be 

the cause of this reduction in conversion. 



 

 84 

 
Component Volume (𝛍L) 

NBP (0.4 M) 100 

NaOH (0.4 M) 200 

Anionic microemulsion 1700 

Analyte 2 

Figure 2.33. Comparison of the performance of SDS and SDBS microemulsion with 

simulants. Vials are from left to right in each image: Blank; CEES; mephosfolan; DFP 

(new); DFP (aged). Note the turbidity of the more viscous SDBS sample in image b). 

 

SDS and SDBS microemulsions, prepared here at a total volume of 1 mL for ease of 

testing severely hazardous analytes, were exposed to organophosphorus AChE inhibitor 

simulants DFP and mephosfolan (Figure 2.33). Two samples of DFP were used for these 

interference tests with new and aged simulants employed. Aged DFP contains the 

hydrolysis product diisopropyl hydrogen phosphate and contains varying amounts of 

hydrofluoric acid. These potential organophosphate interferants did not produce a colour 

change thus we can confidently eliminate mephosfolan and DFP as potential false 

positives of both the SDS and SDBS sensing system. Only CEES initiated the sensing 

mechanism to produce the intensely colourful dye. The increase in viscosity upon 

substituting SDS for SDBS, can be seen in image e) of Figure 2.33 where the dispersion 
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of colour is much slower before shaking compared to the SDS system in image b). 

However, this increased viscosity of the system in repeat runs was again found not to 

impede the reactivity or the ability to disperse the simulant with gentle shaking by the 

user. 

CWAs may be present as mixtures and it is deemed important to examine the H-

detection capability of the system after exposure to other simulants or agents (Figure 

2.34). 

 

 
Figure 2.34. Comparison of the performance of SDS and SDBS microemulsions with 

CEES addition to formulations previously exposed to simulants. Vials are from left to 

right in each image: Blank; CEES with H2O (1 mL); mephosfolan; DFP (new); DFP 

(aged). 

 

Figure 2.34 shows that previous exposure to simulants does not interfere with the 

sensing mechanism when CEES (2 µL) is added. Furthermore, no impact on the colour 

intensity after 5 minutes of exposure was seen by the naked eye. This suggests that the 

formulation was not compromised by previous simulant exposure. 

To dilute the observed colour, 1 mL of distilled water was added to each vial after 

CEES exposure. Upon dilution of the formulations, the colours were immediately 

distinguishable by the naked eye, and this was further improved with the aid of 

illumination by a light bulb. It can be seen in Figure 2.35 that the SDS formulation 

produced a purple colour however, the SDBS formulation produced a magenta colour. 

This may suggest that the SDBS formulation experiences a phase change in the 

microemulsion system or a change in the location of the dye. Thus, we interpret this as 

a solvatochromic effect reflecting the different microenvironments of the dye. Since the 

perceived colour is very important in colorimetric detection systems, further studies were 

undertaken to examine the origins of this solvatochromic effect. 
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Figure 2.35. Comparison of the performance of SDS and SDBS microemulsions with 

CEES. Vials are from left to right: SDS-5T; SDBS-5T. Note these samples contain 

identical amounts of reagents and analytes. 

 

The electronic spectra of the dye in toluene/n-butanol solvent mixtures show that the 

solvatochromic dye gives a different colour depending on the polarity of the solvent 

(Figure 2.36). For example, in a non-polar solvent such as toluene, the dye is a purple 

colour but in a more polar solvent like n-butanol, it displays a red colour. Note that in the 

‘water rich’ micellar systems described above the colour appeared blue. These 

discussions have more than aesthetic importance since a colorimetric dosimeter that has 

a variable colour must be used with caution to avoid misidentification of target analytes. 

The electronic spectra suggest that the dye in SDS-5T remains localised in the toluene 

oil phase however in SDBS-5T the dye is accessible to the interface where the n-butanol 

molecules are located. Further studies are required to fully investigate this hypothesis. 

We may conclude here that whilst SDBS based formulations are more useful from a 

shelf-life perspective, those based on SDS have superior response where the human 

eye perceived colour is concerned.  
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Figure 2.36. UV-vis spectra of NBP-CEES dye in toluene/n-butanol solvent mixtures of 

varying ratios. 

 

To explore this phenomenon the absorbance spectra for SDS-5T and SDBS-5T 

formulations after exposure to CEES are presented alongside the photopic curve in 

Figure 2.37.  Upon comparison, it is apparent to see that the absorbance peaks for both 

formulations exhibit a similar 𝜆max to the photopic curve. This data elegantly shows why 

the perceived colour response is so strong and easily detectable by the naked eye. 

However, it is apparent that the extent of reaction is much less in the SDBS system 

implying a low level of conversion of analyte to colorimetric dye response. This is an 

important consideration when we consider our target detection limit of 0.1 μL. 
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Figure 2.37. UV-vis spectra of SDS-5T and SDBS-5T after exposure to simulant with 

the photopic curve overlaid. 

 

2.3.12. Investigating CEES Hydrolysis in Ionic Microemulsions 
Mustard agents are known to hydrolyse in water to yield a complex mixture of the 

corresponding alcohols and sulfonium species65,66 with the concomitant release of HCl 

and a lowering of the pH. In formulating point-of-use devices it is deemed important to 

establish the pH behaviour of mustard agents in microemulsion media.  

Initially, the volume of CEES that could be solubilised in SDS-0T was determined to give 

a best-case scenario of a microemulsion system in which the oil content of the system 

was solely derived from the analyte. This has the advantage of generating a system in 

which the organic oil phase could be omitted. This is not only more cost-effective but is 

likely to yield a system with a better shelf-life. The measurement of CEES loading using 

100 mL SDS-0T was carried out at ambient temperature with CEES added in 100 µL 

increments and the pH was monitored after each addition of CEES. SDS-0T was also 

used here so that a maximal loading value could be obtained without the toluene 

‘competing’ for the solubilising power of the microemulsion. Recording of pH values was 

stopped at the point where the microemulsion became turbid in appearance, indicative 

of phase separation. The hydrolysis product of CEES is 2-(ethylmercapto)-ethanol, 
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which will be denoted CEES-OH, which was also used as a co-surfactant (Scheme 2.7). 

This was done to account for the in-situ generations of a co-surfactant, namely CEES-

OH, from CEES hydrolysis since additional co-surfactant can significantly alter the 

structure of microemulsions, such as changes in droplet morphology and viscosity. 

 

 
Figure 2.38. CEES hydrolysis in SDS-0T and SDS swollen micelle with CEES-OH as 

co-surfactant. Simulant was added in increments of 100 µL to the microemulsion (100 

mL) and allowed to stir for 1 minute before measuring the pH. 

 

Figure 2.38 shows that the starting pH of SDS-0T is 5.74 (arising from CO2 absorption 

from the air) with the first addition of CEES decreasing the pH to an acidic value of 2.96. 

This suggests that the equilibrium between CEES and its hydrolysis product, CEES-OH, 

is favourable in an anionic swollen micelle system as the production of HCl reduces the 

pH, creating an acidic medium. The continued addition of CEES gradually decreased the 

pH to a final value of 0.97. At this point, pH measurements were stopped as the 

microemulsion became turbid upon a CEES loading of 6.2 mL. It is worth noting that the 

hydrolysis is likely to be suppressed at higher loadings of sulfur mustards since the back 

reaction of the intermediate episulfonium species will begin to increase in its importance 

at higher chloride concentrations (Scheme 2.7). 
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Scheme 2.7. The CEES-episulfonium chloride equilibrium and hydrolysis of CEES to 

CEES-OH. 

 

To address the possibility that CEES hydrolysis yields a co-surfactant, an SDS swollen 

micelle with the n-butanol co-surfactant replaced with equimolar CEES-OH was 

prepared and the hydrolysis of CEES in this new microemulsion was investigated 

similarly to that of SDS-0T (Figure 2.38).  

The pH decreases less significantly with CEES addition compared to in SDS-0T, 

whereby the pH decreases to 4.44 from an initial value of 5.85. This suggests that 

incorporation of CEES-OH as the co-surfactant creates an unfavourable environment for 

the formation of the hydrolysis product by suppressing the forward reaction of the 

episulfonium intermediate. Interestingly, this microemulsion can solubilise more CEES 

than SDS-0T, with 6.8 mL incorporated before the system becomes turbid in 

appearance. The results of these hydrolysis experiments suggest that by simple 

formulation manipulations the hydrolysis behaviour of sulfur mustards can be influenced. 

This is an important practical consideration since a lower rate of hydrolysis implies that 

more mustard agent is available for detection and hence the effective limit of detection 

is more likely to fulfil our target criterion of 0.1 μL. 

The hydrolysis of CEES was also investigated in both anionic and cationic 

microemulsions containing 4 wt% toluene. CEES was added in either 0.1 or 1 wt% and 

the pH was monitored every minute for over 1 hour. Furthermore, the pH of the system 

was investigated with the addition of NBP and the effect of ionic strength was studied 

using NaCl. These graphs are presented in Figure 2.39. 
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Figure 2.39. Comparison of CEES hydrolysis in anionic and cationic microemulsions 

with various additives. 

 

The pH begins at 6.29 for 1% CEES and quickly drops to 3.12 after the first minute. This 

shows that CEES hydrolysis is a rapid reaction as the production of HCl quickly creates 

an acidic environment. At approximately 20 mins, the rate of hydrolysis begins to decline 

with the pH decreasing at an approximate rate of 0.01 min-1 for the remainder of the time. 

The change in pH over the 1-hour period is 6.29 to 1.78. As expected, decreasing the 

amount of CEES present from 1 wt% to 0.1 wt% means that less CEES is available to 

undergo hydrolysis to CEES-OH. Thus, HCl production is reduced which causes the pH 

to decrease at a lower rate. However, the data follows the same trend as that of 1 wt% 

CEES, particularly with the rate of the pH decrease in the last 40 minutes. The change 

in pH over the 1-hour period is 6.08 to 2.43. NBP (5 mg) was added to SDS-4T with 1 

wt% CEES. The amount of NBP added was calculated from the previously calculated 

extinction coefficient of the dye (8350 L mol-1 cm-1) at an absorbance of 2 using the Beer-

Lambert law. With the presence of NBP, the pH decreases more than when NBP is 

absent.  However, this change is subtle which indicates that the weakly basic NBP 

localised in the oil core of the droplet has little effect. Changing the ionic strength of the 

aqueous phase of the microemulsion by introducing NaCl at concentrations of 100 mM 
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and 200 mM is expected to cause a less dramatic reduction in pH compared to the 1 

wt% CEES data as it should suppress the hydrolysis of CEES. This is due to Le 

Chatelier’s principle. As a consequence of the presence of salt, a higher concentration 

of chloride ions is present in the aqueous phase which causes the hydrolysis equilibrium 

to lie on the episulfonium side to re-establish the equilibrium. As a result, less hydrolysis 

would occur and the production of HCl by-products would reduce causing the pH to be 

less acidic. However, this is not what is observed. Although the difference is small, the 

addition of NaCl causes the pH to decrease. By adding NaCl to the system we are 

changing its composition which might be changing the size of the droplets. Big 

aggregates tend to get smaller with increasing ionic strength therefore the surface area 

increases thus the rate of hydrolysis increases. Furthermore, increasing the 

concentration of NaCl from 100 to 200 mM has an insignificant impact on the pH. 

Substitution of the anionic microemulsion to a cationic microemulsion causes a change 

in the overall charge of the droplet interface from negative to positive. It is believed that 

a net positive charge would suppress the production of the episulfonium cation and 

therefore diminish CEES hydrolysis. However, upon addition of CEES to cationic 

microemulsion, the pH is reduced considerably to 3.48, which is the lowest recorded 

value of all previously monitored samples. 

 

2.3.13. Investigating the pKa of Alkylated NBP in SDS-5T Formulations 
The requirement for an elevated pH in NBP colorimetric systems is an important 

consideration when designing field-deployable devices. The need in our current 

formulations for an additional base (NaOH) has cost implications, not only arising from 

reagent costs but also, given the sensitivity of NBP to high hydroxide concentrations may 

necessitate the compartmentalisation of a device before its use. Hence it is important to 

quantify the interaction of hydroxide and alkylated NBP derivatives to achieve a better 

understanding of the mode of action of the sensor and hence instigate design 

improvements. This has required a determination of the pKa value of alkylated NBP 

derivatives.   
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Figure 2.40. Averaged pH titration curve for NBP in SDS-5T at a total concentration of 

2 x 10-2 M with the titration curve for this formulation after exposure to simulant overlaid. 

 

The acid-base equivalence point of the SDS-5T formulation was investigated by 

executing a pH titration with an aqueous 1 M NaOH solution (Figure 2.40). A stock 

solution of NBP in SDS-5T was prepared at a concentration of 2 x 10-2 M to reflect its 

concentration in the previous testing formulations. A 20 mL portion of this solution was 

first acidified with 6 M HCl solution to achieve a low starting pH of below 1 and 

subsequently treated with aliquots of 1 M NaOH at ambient temperature until a pH of 

approximately 13 was reached. The pH was monitored after each addition of NaOH. The 

titrations were run in duplicate, and the data were averaged to create the pH titration 

curve. The reaction conditions were kept constant for the titration involving CEES (20 

µL) (Figure 2.41). Interestingly, the pH titration curve with simulant present follows the 

same pattern as that of NBP only, implying that the pKa value of NBP and alkylated NBP 

are comparable. Additionally, the system with CEES added requires a lower amount of 

base to reach a pH of approximately 13. This indicates that small amounts of CEES do 

not considerably change the pH of the formulation, implying that the alkylation reaction 

is rapid in comparison to the rate of sulfur mustard hydrolysis. Given that CEES 
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hydrolysis results in the production of HCl, which would normally lower the pH it is clear 

from this data that this is not occurring in substantial amounts.    

 

 
Figure 2.41. Titration curves of SDS-5T formulation before and after exposure to 

simulant along with their corresponding first derivative plots. 

 

The half-equivalence points of these titration curves were found using the first derivative. 

The half-equivalence point represents the point at which the pKa of the acid is equal to 

the pH of the solution. This value represents the pKa value of the methylene proton of 

NBP in the anionic microemulsion system in both the absence and presence of stimulant. 

The pKa values calculated were 3.41 and 4.17 for formulations before and after exposure 

to simulant, respectively. Thus, we can conclude that under these conditions the pyridyl 

based pKa of NBP is 3.41 and that of alkylated NBP has a methylene group pKa value of 

4.17 (Scheme 2.8). The experimentally calculated pKa of 3.41 is lower than expected for 

the pyridinium cation, which has a value of approximately 5.3. This suggests that the 

conjugate acid of NBP is more acidic in the anionic microemulsion. Similarly, the pKa 

value of the methylene group of NBP is considerably lower than the expected value of 

approximately 26.7. This suggests that the resonance effect increases the stability of the 
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conjugate base through the delocalisation of the negative charge, thus lowering the pKa 

value. 

 

 
Scheme 2.8. The acid-base behaviour of the SDS-5T/CEES/NBP system. 

 

2.3.14. Measurement of NBP Location in SDS-5T Microemulsion 
The localisation of NBP in SDS microemulsion was studied using the fluorescence of 

pyrene through the efficiency of the nitro group of NBP to quench the fluorescence of 

pyrene. As a hydrophobic compound, pyrene has been widely employed to study the 

micellisation of surfactants. The unique characteristics of pyrene fluorescence were 

exploited to investigate the locus of NBP. Specifically, the calculation of the ratio of the 

third to first vibronic peaks provides a direct measure of the polarity of the solvent that 

the probe resides in and the fluorescence intensity as a function of quencher 

concentration. Pyrene was added to the microemulsion at a concentration of 2 µM and 

the emission was measured between 370-600 nm using the following parameters: λex of 

340 nm with an emission slit of 2.5 nm.  
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Figure 2.42. The intensity of SDS-5T solubilised pyrene emission as a function of 

quencher concentration. 

 

Figure 2.42 clearly shows that pyrene fluorescence is quenched by the presence of NBP, 

with the fluorescence decreasing with an increase in quencher concentration. This 

suggests that the pyrene is located in the same environment as NBP and thus resides 

in the toluene oil phase of the droplet. The fluorescence intensity does not change 

considerably below an NBP concentration of 2x10-4 M. 
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Figure 2.43. Ratio of the third to first vibronic peak of the pyrene probe of the same data. 

 

Figure 2.43 shows the 3/1 ratio of the vibronic peaks of pyrene as a function of quencher 

(NBP) concentration. The relatively unvarying 3/1 ratio values with NBP concentration 

clearly demonstrates that the pyrene probe remains in a constant hydrophobic 

environment. This suggests that NBP and pyrene both reside in the same environment 

and therefore NBP must occupy the oil core of the microemulsion droplet.  
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2.3.15. Evidence for the Proposed Mode of Action 
In designing the colorimetric sensor system we have generated sufficient data to propose 

a mode of action (a mechanism) for the sensor system. This is illustrated in Figure 2.44 

below. 
 

Figure 2.44. Proposed mode of action of mustard detection in an anionic microemulsion. 

 

Step 1 - The first step of the detection of sulfur mustard is the solubilisation of analyte 1 

by the microemulsion droplet in the toluene oil phase. This is verified by the intermediate 

self-diffusion coefficient observed by Fallis et al.58  

 

Step 2 - Here is the rapid formation of the episulfonium cation 2 at the interface of the 

droplet. The episulfonium formation is driven by the net negatively charge of the anionic 

microemulsion droplet interface. This is evidenced by the observation of CEES self-

addition products in microemulsion solutions by mass spectrometry studies in the work 

of Fallis et al.58 Reaction with further analyte will yield acyclic sulfonium species (3, not 

shown) or hydrolysis to CEES-OH (4, not shown) will reduce the concentration of analyte 

in the system.  
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Step 3 - Here the nucleophilic attack of the episulfonium cation by the nitrogen atom of 

the oil-soluble NBP 5 produces an alkylated adduct. This step is rapid with the reaction 

rate decreased with help from the microemulsion bringing the analyte and sensor 

molecule in close proximity. This effectively gives the reactants a higher concentration 

locally and thus improves the rate of reaction. This is evidenced by the observation of 

CEES-NBP adduct in the +ESI-MS. Furthermore, the anionic interface of the droplet 

protects the oil-soluble NBP and the interracially bound episulfonium species from 

nucleophilic attack by the hydroxide ion base located in the continuous aqueous phase. 

This step is also likely since the direct reaction of sulfur mustards and NBP in normal 

solutions (see ethanol data above) is observed to be exceedingly slow under ambient 

conditions and a more reactive electrophile, the episulfonium, is needed to explain the 

observed high rate of reaction. 

 

Step 4 - The final step is the deprotonation of the alkylated adduct which produces a 

highly coloured conjugated dihydropyridine dye 7. This is the visually detected 

colorimetric response arising from the π to π* transition within the chromophore. This is 

a reasonable postulate since the alkylated NBP species 6 will be surface active. This 

places 6 at the interface where it is exposed to the high pH of the continuous aqueous 

medium.   

 

The rate-limiting step can only be postulated as additional kinetic studies are required. 

Based on the available evidence, there are two possible rate-limiting steps in the mustard 

detection. Firstly, the dispersion of CEES in the microemulsion may be the slowest step 

as gentle shear force is occasionally required to accelerate the dispersion of simulant. 

Secondly, the deprotonation of the cationic dye precursor is a plausible rate-limiting 

chemical step as this adduct must be in proximity to a sodium hydroxide molecule in 

order for the final step of the detection to occur. 
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2.4. Experimental 
Reagents were purchased from commercial suppliers and used as received without 

further purification unless stated otherwise. 1H and 13C NMR spectra were run on Bruker 

Ultrashield FT-NMR spectrometers with a field strength of 300 MHz. NMR chemical shifts 

(δ) are reported in ppm and are referenced to the residual solvent signal. Spin-spin 

coupling constants J are given in Hz. Mass spectra were performed by the Analytical 

Services staff at Cardiff University School of Chemistry on a Waters Xevo G2-XS QTof 

mass spectrometer. UV-vis studies were performed on an Agilent Technologies Cary 60 

UV-vis spectrophotometer using quartz cells. Fluorescence studies were performed on 

an Agilent Technologies Cary Elipse Fluorescence spectrophotometer using quartz cells. 

pH measurements were performed on a Thermo Scientific Orion Star A111 pH meter. 

 

2.4.1. Preparation of surfactant mixtures 
Anionic, cationic and non-ionic surfactant solutions and microemulsions were prepared 

by mixing a surfactant, co-surfactant (n-butanol), distilled water and an organic solvent 

(toluene). Materials of technical or ACS reagent grades were used in all circumstances. 

For the purpose of this thesis, surfactant derived mixtures will be referred to by the terms 

in Table 2.7.  

 

System Components Composition 

Micelle 2 Water – surfactant mixture 

Swollen micelle 3 Water – surfactant – co-surfactant (n-
butanol) mixture 

Microemulsion 
(O/W – oil-in-water) At least 4 Water – surfactant – co-surfactant (n-

butanol) – oil(toluene)* mixture 
Inverse 
microemulsion 
(W/O – water-in-oil) 

At least 4 Water – surfactant – co-surfactant – toluene 
mixture 

Table 2.7. Components of micellar, swollen micellar and microemulsion systems. *Each 

microemulsion contains 5% (wt%) toluene. 

 

2.4.1.1. Anionic surfactant mixtures 
The compositions of sodium dodecyl sulfate (SDS) mixtures were prepared according to 

Table 2.8. Here, SDS-0T is the anionic swollen micelle and SDS-5T is the anionic 

microemulsion. 
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Component / system SDS micelle SDS-0T SDS-5T 

SDS (g) 10.1 10.1 10.1 

1-Butanol (g) - 9.1 9.1 

Toluene (g) - - 4.8 

Distilled water (g) 76 76 76 
Table 2.8. Composition of anionic surfactant mixtures. 

 

2.4.1.2. Cationic surfactant mixtures 
1-Dodecyl-3-methylimidazolium bromide ([C12H25ImCH3]Br) mixtures were prepared 

according to Table 2.9. 

Component / system Cationic 
micelle 

Cationic 
swollen micelle 

Cationic 
microemulsion 

[C12H25ImCH3]Br (g) 10.0 10.0 10.0 

1-Butanol (g) - 10.0 10.0 

Toluene (g) - - 4.5 

Distilled water (g) 70 70 70 
Table 2.9. Composition of cationic surfactant mixtures. 

 

2.4.1.3. Non-ionic surfactant mixtures 
Polyoxyethylene (23) and lauryl ether (Brij 35) mixtures were prepared according to 

Table 2.10. 

Component / system Non-ionic 
micelle 

Non-ionic 
swollen micelle 

Non-ionic 
microemulsion 

Brij 35 (g) 10.0 10.0 10.0 

1-Butanol (g) - 10.0 10.0 

Toluene (g) - - 4.8 

Distilled water (g) 75 75 75 
Table 2.10. Composition of non-ionic surfactant mixtures. All components are present in 

%(w/w). 

 

2.4.2. Procedure for simulant and analyte testing 
Prior to testing formulations with simulant or other toxic analytes, a bleach bath must be 

prepared to decontaminate all equipment and glassware that come in contact with 

hazardous chemicals during testing experiments. This decontaminating solution is 

prepared with thick bleach, IPA and water in a 1:1:2 ratio with NaOH pellets to maintain 

a high pH. Furthermore, coloured crepe paper is attached to the fume hood sash to 

demonstrate the level of extraction. Testing involving simulants should always be 
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conducted with a supervisor or other qualified person in attendance. A glass petri dish is 

utilised as a secondary container to store the simulant bottle. In addition to standard 

laboratory PPE, two pairs of gloves of opposing colours are worn to handle simulants in 

order to identify any tears in the material. Once the stimulant has been carefully added 

to the formulation and the necessary equipment contaminated in the bleach bath, gloves 

are inspected for contamination. If contaminated, the gloves are placed in the bleach 

bath for decontamination.  

 
 

Synthesis of 1-(2-(Ethylthio)ethyl)-4-(4-nitrobenzylidene)-1,4-dihydropyridine (4) 

 
 

4-(4-nitrobenzyl)pyridine was first recrystallised using methyl isobutyl ketone. 4-(4-

nitrobenzyl)pyridine (0.833 g, 3.89 mmol) was dissolved in ethanol (15 mL) and added 

to SDS-5T microemulsion (50 mL). The reaction mixture was stirred at room temperature 

and 2-chloroethyl ethyl sulfide (0.45 mL, 3.89 mmol) was added dropwise. 0.2 M 

aqueous NaOH solution was added dropwise until the solution remained a purple colour. 

Water (~700 mL) and 0.2 M aqueous NaOH solution were added in portions sequentially 

until a blue-green precipitate was seen. The reaction mixture was stirred at room 

temperature for 16h. The product was filtered under suction to yield a blue-green solid 

(0.549 g, 1.82 mmol, 47%). 1H NMR (300 MHz, CHCl3-d) δH (ppm) = 8.01 (2H, d, 3JHH = 

9.0 Hz, Ar-H), 7.21 (2H, d, 3JHH = 9.0 Hz, Ar-H), 6.59 (2H, dd, 3JHH = 5.4, 2.1 Hz, Ar-H), 

6.45 (1H, dd, 3JHH = 7.6, 1.8 Hz, Ar-H), 5.96 (1H, dd, 3JHH = 7.6, 2.4 Hz, Ar-H), 5.37 (1H, 

s, R=C-H), 3.60 (2H, t, 3JHH = 6.8 Hz, R-N-CH2-), 2.75 (2H, t, 3JHH = 6.8 Hz, R-N-CH2-

CH2-S-), 2.54 (2H, q, 3JHH = 7.4 Hz, R-S-CH2-CH3), 1.25 (3H, t, 3JHH = 7.4 Hz, R-S-CH2-

CH3). 13C NMR (75 MHz, CHCl3-d) δC (ppm) = 148.04, 141.37, 139.02, 135.43, 132.80, 

124.70, 124.46, 116.69, 108.08, 102.75, 55.27, 32.30, 26.65, 14.86. HRMS (ES+) found 

m/z 303.1158, calcd m/z 302.1089 for [C16H18N2O2S]. UV-vis (n-BuOH) 𝜆max (𝜀 / L mol-1 

cm-1): 540 (13220) nm. 

 
  

NO2
N

S
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Chapter 3. Self-Assembled Sensors for The Detection of 
Sulfur Mustards 

  



 

 108 

3.1. Introduction 

3.1.1. Merocyanine Dyes 
Merocyanine dyes are a class of neutral polymethine dyes discovered by Brooker,1,2 

where one terminal component is electron donating while the other terminal component 

is electron withdrawing. The structure of Brooker’s merocyanine is illustrated in Figure 

3.1. 

 

 
Figure 3.1. Brooker’s merocyanine. 

 

The electron accepting/donating capability of these two moieties impacts the electronic 

structure of the dye and thus its electronic spectrum. Merocyanines display a wide variety 

of colours in solution and the perceived colour can be influenced by the solvent polarity. 

Thus, a large number of reported literature has been devoted to understanding the 

solvatochromic behaviour of merocyanine dyes.3–7 The solvatochromic behaviour of 

merocyanines was first observed by Brooker in 1951.8 Thus, many of these compounds 

have found applications as solvent polarity indicators.9,10 In general, the 𝜆max exhibits 

hypsochromic shifts to shorter wavelengths with increasing solvent polarity. This effect 

results from the stabilisation of the merocyanine ground state where the dye can exist in 

two resonance forms, neutral and zwitterionic, as illustrated in Figure 3.2. 

 

 
Figure 3.2. Resonance forms exhibited by merocyanine dyes. R = any alkyl chain. 

 

In polar solvents, merocyanines exist in the zwitterionic structure which increases the 

energy gap between the ground state and excited states which corresponds to and 

absorption of shorter wavelengths of light. Research into the solvatochromic behaviour 

of merocyanines suggests that a major factor in the stabilisation of the zwitterion in polar 

solvents is the hydrogen-bonding interaction between the solvent and the oxygen atom 

of the dye.11,12 Furthermore, large functional groups placed ortho with respect to the 

oxygen atom have been found to reduce this hydrogen bonding through steric effects.12 

On the other hand, merocyanines favour the neutral resonance form in non-polar 

N
O

O
NR

O
NR

Zwitterionic Neutral



 

 109 

solvents and thus longer wavelengths of light are absorbed due to the formation of a fully 

conjugated species which corresponds to a decrease in the energy gap.  

Improving the electron donating ability of the terminal phenolate group by incorporating 

two tertiary butyl groups ortho to the oxygen atom generates more symmetrical electronic 

spectra with distinct vibrational structure.11,13,14 

 

Merocyanine dyes have large extinction coefficients in the order of 104 - 105 

L mol-1 cm-1.15,16 For example, Brooker’s merocyanine has a molar extinction coefficient 

of 5.4 x 104 L mol-1 cm-1 in water.9 Owing to these large extinction coefficients, 

merocyanine dyes have found many applications in biology and medicine as stains for 

measuring cellular membrane potentials.17,18 Furthermore, merocyanine dyes have been 

applied in dye-sensitised solar cells as they are easily polarisable due to their dipole 

moments .19–21 

 

3.1.2. Dye-Surfactant Interactions 
The electronic spectral changes of merocyanine dyes in micellar media have been a 

widely researched topic.22–25 It has been reported that merocyanine dyes can form 

complexes with oppositely charged surfactants through electrostatic interactions. On the 

other hand, the absence of such interactions is observed for similarly charged dye and 

surfactant molecules as a consequence of electrostatic repulsion.26,27 However, the 

strong hydrophobic effect of merocyanine dyes has been shown to overcome these 

electrostatic interactions. 

 

The spectroscopic behaviour of merocyanine dyes in anionic and cationic 

microemulsions has been investigated by Shah and Minch.25 Sodium dodecyl sulfate and 

hexadecyltrimethylammonium bromide solutions were used to investigate the spectral 

changes of 1-alkyl-4-[(oxocyclohexadienylidene)ethylidene]-1,4-hydropyridines with 

varying chain lengths from methyl to decyl. The general structure of the merocyanine 

dyes is illustrated in Figure 3.3. 

 

 
Figure 3.3. The general structure of 1-alkyl-4-[(oxocyclohexadienylidene)ethylidene]-

1,4-hydropyridines investigated by Shah and Minch. n = 0 - 9. 

 

nN
O
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The spectral shifts observed for merocyanine dyes in micelle solutions varied with 

solvent polarity. Thus, changes in the electronic spectra can be used to predict the 

location of the dyes in the micellar environment. For example, the dye can be in one of 

two environments; adsorbed on or near the surface or localised in the micelle droplet. 

Interestingly, a bathochromic shift was observed in all cases upon incorporation of the 

dye into micelles. This spectral shift to longer wavelengths was attributed to an increase 

in the localisation of dye molecules into micelles. Increasing the alkyl chain length 

generated more hydrophobic dyes which displayed pronounced bathochromic shifts in 

the electronic spectra. Additionally, more hydrophobic dyes were found to induce 

micellisation of both anionic and cationic surfactants which suggests that dyes with 

longer alkyl chains interact more strongly with surfactant molecules compared to their 

more hydrophilic analogues. However, it is difficult to attribute dye-surfactant interactions 

to a single force as there are many forces working in parallel including the combined 

effect of the change in microenvironment upon deaggregation of dye molecules28,29, 

localisation of the merocyanine within the hydrophobic micellar core30, electrostatic 

interactions31 and charge-transfer interactions between donor and acceptor functional 

groups32,33.  
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3.2. Aims 
The purpose of this work was to devise a self-assembled sensor for sulfur mustard 

vesicants that may be used at point-of-use by non-experts (e.g. war-fighters and 

first-responders). There have been few reported in-situ sensors for chemical warfare 

agents with the majority involving the formation of a chemosensor via a cyclisation 

reaction.34–37 Most of these sensors have been designed for organophosphorus 

detection thus, there is an urgent requirement for mustard-selective probes. However, 

elevated temperatures are often required for the sensing mechanism to occur which 

restricts the field applications of these probes. In this work, we aim to build upon this 

research to develop a colorimetric sensor that can self-assemble from a reagent mixture 

at ambient temperature. 
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3.3. Results and Discussion 

3.3.1. Self-Assembled Sensors 
To improve on the selectivity of commercially available chemical detection papers, an 

alternative colorimetric system was explored whereby the analyte drives the assembly 

of the dye. Thus, this self-assembled sensor (SAS) is generated via a cascade synthesis 

triggered by the detection of a target hazardous chemical. Merocyanines, a class of dyes 

defined by their (poly)methine structures, were chosen as SAS molecules as these dyes 

are often intensely coloured with large extinction coefficients. Brooker’s merocyanine is 

a well-known dye notable for its solvatochromic properties and as a result, has been 

extensively used as a solvent polarity indicator.38 It was postulated that the formation of 

sulfur mustard derived episulfonium species in microemulsions could be exploited to 

drive the formation of a merocyanine system (Scheme 3.1). It was suggested that the 

alkylation of 4-picoline 1 by the analyte in an alkaline microemulsion generates first the 

pyridinium species 2 which upon deprotonation yields the reactive intermediate 3. 

Reaction within the microemulsion with the hydroxy-benzaldehyde 4 generates the 

benzylic pyridinium phenol 5 which upon dehydration yields the desired colorimetric 

response, namely the merocyanine dye 6. The hindered lipophilic aldehyde 4 was 

chosen to suppress alkylation at the phenol site and ensure portioning of the aldehyde 

into the microemulsion droplets. Preliminary work (Prof Ian Fallis, private 

communication) indicates a red colour response with this system (1 + 4 in pH = 12 

SDS-5T), however, repeats of this experiment gave variable results (mass spectra 

indicated trace reaction products).  While further work is needed in this area, we felt it 

would be informative to prepare some simple merocyanines to compare their 

spectroscopic properties to the dihydropyridine dyes obtained by NBP alkylation.  
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Scheme 3.1. Proposed analyte driven assembly of a merocyanine dye from 4-picoline. 

 

To examine the potential of merocyanines, several non-mustard derived dyes of this 

class was prepared (Scheme 3.2). In a general method 4-picoline (1) was first alkylated 

to yield 1-alkyl-4-methylpyridinium bromides (2). Subsequent reaction in EtOH/MeCN 

solution with one equivalent of 3,5-di-tert-butyl-4-hydroxybenzaldehyde under reflux 

conditions affords the hydrated form. Alkaline work-up afforded the target merocyanines 

in modest to good yields.  

 

 
Scheme 3.2. Synthetic route for the production of merocyanine dyes. 

 

In the case of R = Et (Scheme 2.9), crystals of 2b suitable for single-crystal X-ray 

diffraction were grown by slow evaporation of an acetone solution (~ 100 mL) over 72 h. 

Upon data collection and refinement, the solid-state structure was found to crystallise in 
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the monoclinic space group P21/c with one molecule in the asymmetric unit (Z’); 

increasing to four molecules in the unit cell (Z). 

 

3.3.2. X-Ray Structure of Alkylated Merocyanine Dye 
Compound 2b was obtained as an attractive green crystal with a yellow-gold reflex 

(Figure 3.1 (a)). The compound has a typical Brooker’s merocyanine structure with an 

essentially co-planar central chromophore (Figure 2.46 (b)) and all bond lengths and 

angles were typical for this type of structure (Appendix, Table 1). Interestingly an 

examination of the packing diagram (Figure 2.46 (c)) revealed a head-to-tail dimerisation 

of the dye molecules, presumably driven by electrostatic forces. These dimers are in turn 

packed into H-bonded chains in an alternating herringbone pattern. No other significant 

packing interactions were found in the structure.  

 

 
Figure 3.1. a) Crystal structure of the merocyanine dye 2b; b) planarity of the crystal 

structure; c) packing diagram showing dimerization of the dye molecules. 
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3.3.3. Electronic Spectra of Merocyanines 
The electronic spectra of a range of merocyanines were determined in toluene, 

chloroform, acetonitrile and methanol solution (Scheme 3.3 and Figure 3.2). It is 

apparent from these spectra that in common with other merocyanines these are highly 

solvatochromic.39 In common with the parent compound Brooker’s merocyanine these 

compounds display red absorption in low polarity media with the absorption shifting to 

shorter wavelengths in more polar media. Thus, in chloroform or toluene, we observe 

complex manifolds centred around 575 nm whilst in methanol the main absorption occurs 

at 395 nm for all the derivatives measured. Of note is the comparison of the spectra of 

methanol and acetonitrile. Here, and despite having a higher relative permittivity, the 

acetonitrile spectrum remains predominantly red adsorbing. We attribute this difference 

to the protonation of the merocyanine (Scheme 3.3) generating the protonated form in 

methanol arising from water in the solvent, while this occurs to a lesser extent in 

acetonitrile which has lower water content.  

 

 
Scheme 3.3. (Top) Merocyanines in this study; (Bottom) resonance forms of 

merocyanines in media of differing polarities and the effect of protonation from methanol. 
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Figure 3.2a. Electronic spectra of merocyanines in solvents of differing polarity. Toluene 

(top) and chloroform (bottom). εr = relative permittivity (dielectric constant). εr = 2.38 

(toluene) and 4.81 (CHCl3) 
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Figure 3.2b. Electronic spectra of merocyanines in solvents of differing polarity. 

Acetonitrile (top) and methanol (bottom). εr = relative permittivity (dielectric constant). εr 

= 32.6 (MeOH) and 36.6 (MeCN). 
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3.3.4. In-Situ Merocyanine Formation  
Given the challenges of assembling a sensor in-situ from a phenolic aldehyde and an 

episulfonium alkylated picoline, we attempted the ‘semi in-situ’ synthesis. The 

merocyanine precursor illustrated in Figure 2.48 was dispersed in SDS-5T and exposed 

to CEES as an analyte. On all occasions, these solutions were somewhat cloudy, even 

after filtration, precluding the use of UV-vis spectroscopy due to scattering. However, it 

was apparent from visual inspection that reaction to form the merocyanine dye was 

taking place (Figure 3.3). Here we observe a slow but characteristic blue colour change 

indicated. Unfortunately, attempts at purifying this precursor (MCP, 3) failed to result in 

a strongly yellow-brown coloured analyte free solution. This colouration is likely to arise 

not only from the impure nature of the sample but also from the intrinsic colour of the 

pyridyl vinyl phenolate chromophore.    

   

 

     MCP, 3 

 
Component Vial 1 

(control) Vial 2 

Merocyanine precursor (MCP, 3) 5 mg 5 mg 

SDS-5T (pH 12) 3000 µL 3000 µL 

CEES  2 
Figure 3.3. Performance of SDS-5T (pH 12) microemulsion system with the 2,6-di-tert-

butyl-4-((E)-2-(pyridine-4-yl)vinyl)phenol merocyanine precursor. Notes: a) Note the blue 

colour of the sample vials indicating red absorption, hence localisation within the 

microemulsion core. b) Note the cloudiness of the sample, even after filtration. 

 

3.3.5. An Alternative Self-Assembled Sensor (SAS) 
The general observation that pyridines are rapidly N-alkylated by sulfur mustards in 

microemulsion media prompted the investigation of an alternative commercial-off-the-

shelf formulation of a self-assembled sensor system (Figure 3.4). This system has the 

4-picoline (1) reagent in common with that above and progresses through the same alkyl 

N

OH

1            2            1            2           1            2          1            2          1            2 
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pyridinium and the methylidene dihydropyridine intermediates 2 and 3. The aldehyde 

acceptor has been replaced with 4-(dimethylamino)-benzaldehyde (4) with the intent of 

forming N-alkyl dimethylamino aza-stilbene chromophore (6) via its hydrate 5.  

 

 
Figure 3.4. The proposed mechanism in situ of dye formation from 4-(dimethylamino)-

benzaldehyde in an anionic microemulsion system. 

 
The initial reaction of 4-picoline, 4-Me2NC6H4CHO and CEES in an alkaline (pH 12) SDS-

5T microemulsion gives an immediate red colour which grows in intensity over time after 

analyte addition and moderate agitation. The electronic spectra of this system and a 

control sample are illustrated in Figure 2.50. Here the control consists of a mixture of 4-

picoline and CEES in an alkaline (pH 12) SDS-5T microemulsion. Only the sample 

containing the 4-Me2NC6H4CHO reagent yields a positive response as indicated by the 

strong absorption in the blue part of the spectrum. Dilutions of this system with water 

remain blue absorbing, but the maximum in the visible spectrum shifts slightly towards 

the red region of the spectrum, indicative of a dipolar chromophore being exposed to an 

increasing polar medium. This implies that the merocyanine dye formed (resonance 

structures 6 and 7 in Figure 3.4) initially resides within the droplet cores, as expected 
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based on its cationic charge and likely lipophilicity. Unfortunately, the λmax observed in 

this system (482 nm) is considerably shifted from the photopic maximum and hence the 

colour perceived is not as strong as that observed for the NBP system. The absorbance 

spectra of the in-situ formation of merocyanine from 4-picoline are illustrated in Figure 

3.5. 

 

 
Figure 3.5. In-situ merocyanine formation from 4-picoline (10 µL) + 4-Me2NC6H4CHO 

(10 mg) + CEES (5 µL) + base (NaOH to pH = 12) in SDS-5T. Note the slight shift in the 

maximum for the SAS merocyanine upon dilution indicating a change in microemulsion 

structure. The base + picoline + CEES control (black trace) has been scaled to reveal 

detail. Figure supplied by Prof. Ian Fallis and Dr Andrew Wood. 

 
To verify that the merocyanine was being formed in-situ, ESI MS (+ve mode) spectra 

were analysed, an example of which is presented in Figure 3.6. Most rewardingly we 

observe that the base peak, even higher in intensity than the usually observed SDS 

sodium ion adducts, in the spectrum corresponds to the desired dye product (6, 7). This 

is indicative that indeed the assembly of the dye has been promoted by the addition of 

the analyte. Reassuringly we also observed the protonated precursors 4-picoline (1) and 

4-(dimethylamino)benzaldehyde (4). The absence of a peak for alkylated picoline in the 

mass spectrum is interesting as this species was clearly seen previously at m/z 182.14 

in the preliminary mass spectrometry studies of various weak acids. This suggests that 

4-Picoline + CEES + Base 

4-Picoline + 4-Me2NC6H4CHO + CEES + Base 

4-Picoline + 4-Me2NC6H4CHO + CEES + Base (diluted 1:10) 

4-Picoline + 4-Me2NC6H4CHO + CEES + Base (diluted 1:4) 
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the formation of the merocyanine dye is fast compared to the alkylation of 4-picoline by 

simulant. While it is not possible from this data to extract a conversion of analyte into the 

product, it seems likely that the extent of reaction is substantial and may prove useful in 

future studies. 

 

 
Figure 3.6. ESI MS (+ve mode) of 4-picoline + 4-Me2NC6H4CHO + CEES + base in SDS-

5T after 10 minutes with the reaction quenched by dilution with methanol. Note that the 

target cyanine dye is the base peak and the high ion count. *Clusters arising from the 

surfactant are marked. Figure supplied by Prof. Ian Fallis and Dr Andrew Wood. 

 

3.5. Experimental 
Reagents were purchased from commercial suppliers and used as received without 

further purification unless stated otherwise. 1H and 13C NMR spectra were run on Bruker 

Ultrashield FT-NMR spectrometers with a field strength of 300 MHz. NMR chemical shifts 

(δ) are reported in ppm and are referenced to the residual solvent signal. Spin-spin 

coupling constants J are given in Hz. Mass spectra were performed by the Analytical 

Services staff at Cardiff University School of Chemistry on a Waters Xevo G2-XS QTof 

mass spectrometer. UV-vis studies were performed on an Agilent Technologies Cary 60 

UV-vis spectrophotometer using quartz cells.  
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3.5.1. Procedure for simulant and analyte testing 
Prior to testing formulations with simulant or other toxic analytes, a bleach bath must be 

prepared to decontaminate all equipment and glassware that come in contact with 

hazardous chemicals during testing experiments. This decontaminating solution is 

prepared with thick bleach, IPA and water in a 1:1:2 ratio with NaOH pellets to maintain 

a high pH. Furthermore, coloured crepe paper is attached to the fume hood sash to 

demonstrate the level of extraction. Testing involving simulants should always be 

conducted with a supervisor or other qualified person in attendance. A glass petri dish is 

utilised as a secondary container to store the simulant bottle. In addition to standard 

laboratory PPE, two pairs of gloves of opposing colours are worn to handle simulants in 

order to identify any tears in the material. Once the stimulant has been carefully added 

to the formulation and the necessary equipment contaminated in the bleach bath, gloves 

are inspected for contamination. If contaminated, the gloves are placed in the bleach 

bath for decontamination.  

 
3.5.2. Synthesis of 1-(2-(Ethylthio)ethyl)-4-methylpyridinium chloride (1a) 

 
 

Tetraethyl ammonium iodide (0.062 g, 0.24 mmol) was dissolved in acetonitrile (5 mL) 

with heating. 4-picoline (2.34 mL, 24.1 mmol) and 2-chloroethyl ethyl sulfide (2.80 mL, 

24.1 mmol) were added to the solution. The reaction mixture was heated at reflux in a 

pressure tube for 24 hours. The reaction was allowed to cool to room temperature. The 

residue was washed with petroleum ether, the mixture was then sonicated, and the 

solvent was decanted off. This was repeated twice to remove excess 2-chloroethyl ethyl 

sulfide. The dark brown oil was purified by Kugelrohr distillation at 50 ℃ for 2 hours 

(2.891 g, 13.3 mmol, 55 %). 1H NMR (400 MHz, MeCN-d3) 𝛿H (ppm) = 9.09 (d, J = 6.7 

Hz, 1H, Ar-H), 7.86 (d, J = 6.4 Hz, 2H, Ar-H), 4.86 (t, J = 6.6 Hz, 2H, RN-CH2-), 3.13 (t, 

J = 6.6 Hz, 2H, RN-CH2-CH2-), 2.60 (q, J = 7.4 Hz, 2H, RN-CH2-CH2-S-CH2), 2.61 (s, 

3H, Ar-CH3), 1.17 (t, J = 7.4 Hz, 3H, RN-CH2-CH2-S-CH2-CH3). 13C NMR (400 MHz, 

MeCN-d3)	𝛿C (ppm) = 160.83, 145.20, 129.14, 60.11, 32.85, 26.11, 22.14, 15.00. HRMS 
(ES+) found m/z 182.1008, calculated m/z 182.1003 for [C10H16NS+]. 

 

General Procedure 1. Synthesis of Pyridinium Salts 
4-picoline (1.04 mL, 10.7 mmol) and alkyl halide (12.8 mmol) were dissolved in 

acetonitrile (10 mL) and heated at reflux for 24 h. The reaction was allowed to cool to 

N ClS
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room temperature and the volatiles removed in vacuo to give an orange-pink oil. The 

crude product was dissolved in minimum dichloromethane and triturated with hexane to 

give an off-white solid. 

 

Synthesis of 1-Ethyl-4-methylpyridinium bromide (1b) 

 
 

Compound 1b was synthesised according to General Procedure 1 using bromoethane 

(0.96 mL, 12.8 mmol). Yield: 1.961 g, 9.48 mmol, 89 %.1H NMR (400 MHz, DMSO-d6) 

δH (ppm) = 9.07 (2H, d, 3JHH = 6.7 Hz, Ar-H), 8.01 (2h, d, 3JHH = 6.3 Hz, Ar-H), 4.62 (2H, 

q, 3JHH = 7.3 Hz, R-N-CH2-), 2.60 (3H, s, Ar-CH3), 1.49 (3H, t, 3JHH = 7.3 Hz, R-N-CH2-

CH3). 13C NMR (101 MHz, DMSO-d6) δC (ppm) = 158.55, 143.49, 128.26, 55.28, 21.31, 

16.32. LRMS (ES+) found m/z 122.10 calculated m/z 122.10 for [C8H12N+]. 

 
Synthesis of 1-Propyl-4-methylpyridinium bromide (1c) 

 
 

Compound 1c was synthesised according to General Procedure 1 using 1-

bromopropane (0.96 mL, 12.8 mmol). Yield: 1.081 g, 7.94 mmol, 62 %. 1H NMR (400 

MHz, MeCN-d3) δH (ppm) = 9.11 (2H, d, 3JHH = 6.7 Hz, Ar-H), 7.87 (2H, d, 3JHH = 6.4 Hz, 

Ar-H), 4.64 (2H, t, 3JHH = 7.4 Hz, R-N-CH2-), 2.56 (3H, s, Ar-CH3), 1.89 (2H, h, 3JHH = 7.3 

Hz, R-N-CH2-CH2-), 0.83 (3H, t, 3JHH = 7.4 Hz, R-N-CH2-CH2-CH3). 13C NMR (101 MHz, 

MeCN-d3) δC (ppm) = 159.46, 143.23, 128.84, 59.91, 22.12, 19.09, 13.1. LRMS (ES+) 
found m/z 136.11 calculated m/z 136.11 for [C9H14N+]. 

 

Synthesis of 1-Isopropyl-4-methylpyridinium bromide (1d) 

 
 

Compound 1d was synthesised according to General Procedure 1 using 2-

bromopropane (1.20 mL, 12.8 mmol). Yield: 1.370 g, 6.34 mmol, 59 %. 1H NMR (400 

MHz, MeCN-d3) δH (ppm) = 9.14 (2H, d, 3JHH = 6.8 Hz, Ar-H), 7.89 (2H, d, 3JHH = 6.4 Hz, 

Ar-H), 5.12 (1H, hept, 3JHH = 6.7 Hz, R-N-CH-), 2.60 (3H, s, Ar-CH3), 1.62 (6H, d, 3JHH = 

N Br

N Br

N Br
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6.8 Hz, R-N-CH-(CH3)2). 13C NMR (101 MHz, MeCN-d3) δC (ppm) = 160.37, 142.96, 

129.42, 64.54, 22.93, 21.86. LRMS (ES+) found m/z 136.11 calculated m/z 136.11 for 

[C9H14N+]. 

 

Synthesis of 1-Butyl-4-methylpyridinium bromide (1e) 

 
 

Compound 1e was synthesised according to General Procedure 1 using 1-bromobutane 

(1.37 mL, 12.8 mmol). Yield: 2.411 g, 10.5 mmol, 98 %. 1H NMR (400 MHz, DMSO-d6) 

δH (ppm) = 9.06 (2H, d, 3JHH = 6.6 Hz, Ar-H), 8.01 (2H, d, 3JHH = 6.3 Hz, Ar-H), 4.60 (2H, 

t, 3JHH = 7.4 Hz, R-N-CH2-), 2.60 (3H, s, Ar-CH3), 1.86 (2H, p, 3JHH = 7.5 Hz, R-N-CH2-

CH2-), 1.25 (2H, h, 3JHH = 7.4 Hz, R-N-CH2-CH2-CH2-), 0.87 (3H, t, 3JHH = 7.4 Hz, R-N-

CH2-CH2-CH2-CH3). 13C NMR (101 MHz, DMSO) δC (ppm) = 158.67, 143.70, 128.28, 

59.44, 32.55, 21.34, 18.64, 13.29. LRMS (ES+) found m/z 150.13 calculated m/z 150.13 

for [C10H16N+]. 
 

Synthesis of 1-Pentyl-4-methylpyridinium bromide (1f) 

 
Compound 1f was synthesised according to General Procedure 1 using 1-bromopentane 

(1.59 mL, 12.8 mmol). Yield: 1.395 g, 5.71 mmol, 53 %. 

 
1H NMR (300 MHz, MeCN-d3) δH (ppm) = 8.92 (2H, d, 3JHH = 6.7 Hz, Ar-H), 7.87 (2H, d, 
3JHH = 6.2 Hz, Ar-H), 4.61 (2H, t, 3JHH = 7.5 Hz, R-N-CH2-), 2.61 (3H, s, Ar-CH3), 2.01 – 

1.85 (2H, m, R-N-CH2-CH2-), 1.43 – 1.20 (4H, m, R-N-CH2-CH2-CH2-CH2-CH3), 0.86 (3H, 

t, 3JHH = 6.8 Hz, R-N-CH2-CH2-CH2-CH2-CH3). 13C NMR (101 MHz, MeCN-d3) δC (ppm) 

= 159.52, 143.33, 128.85, 70.78, 30.11, 29.45, 22. 31, 21.42, 14.96. LRMS (ES+) found 

m/z 164.14 calculated m/z 164.14 for [C11H18N+]. 

 

General Procedure 2. Synthesis of Merocyanine Dyes 
1-Alkyl-4-methyl pyridinium bromide (1 equiv.), 3,5-di-tert-butyl-4-hydroxybenzaldehyde 

(1 equiv.) and piperidine (1.2 equiv.) were dissolved in EtOH/MeCN (30 mL, 1:1 v/v). The 

reaction mixture was heated at reflux for 16-24 h. The completion of the reaction was 

determined by TLC. The reaction was stopped and allowed to cool to room temperature 

N Br

N Br
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and volatiles were removed in vacuo to give an intensely coloured deep blue oil. KOH in 

EtOH (0.2 M, 50 mL) was added to the oil and the solution was heated at 65 °C for 1 h. 

The reaction mixture was stopped and allowed to cool to room temperature and volatiles 

were removed in vacuo to give a deep blue oil. The crude product was purified by various 

methods described below. 

 

Synthesis of 4-(3,5-Di-tert-butyl-4-hydroxystyryl)-1-methylpyridinium (2a) 

 
 

Compound 2a was synthesised according to General Procedure 2 using 1,4-

dimethylpyridinium iodide (1.500 g, 6.38 mmol). The crude product was purified by 

recrystallisation in MeOH/H2O (9:1, 50 mL) to yield a green solid (1.359 g, 4.20 mmol, 

63 %). 
1H NMR (400 MHz, DMSO-d6) δH (ppm) = 7.71 (2H, d, 3JHH = 7.1 Hz, Ar-H), 7.53 (1H, d, 
3JHH = 14.5 Hz, R=C-H), 7.42 – 6.88 (4H, m, Ar-H), 6.17 (1H, d, 3JHH = 14.5 Hz, R=C-H), 

3.71 (3H, s, R-N-CH3), 1.30 (18 H, s, Ar-tButyl). 13C NMR (101 MHz, DMSO-d6) δC (ppm) 

= 180.56, 154.83, 150.37, 143.61, 140.02, 129.29, 115.25, 104.12, 48.58, 43.54, 34.68, 

29.63. UV-Vis (Toluene): 𝜆max (𝜀 / L mol-1 cm-1) 628 (37600), 578 (54400), 543(39600). 

HRMS (ES+) found m/z 324.2322, calculated m/z 324.2327 for [C22H29NO+H+]. 

 

Synthesis of 2,6-Di-tert-butyl-4-(2-(1-ethylpyridinium-4-yl)vinyl)phenolate (2b) 

  
 

Compound 2b was synthesised according to General Procedure 2 using 1-ethyl-4-

methylpyridinium bromide (1b) (1.500 g, 7.42 mmol). The crude product was purified by 

slow evaporation in acetone (~100 mL) over 72 h to give green crystals (0.822 g, 1.96 

mmol, 26 %). 1H NMR (400 MHz, MeOH -d4) 𝛿H (ppm) =  7.95 (2h, d, 3JHH = 7.1 Hz, Ar-

H), 7.63 (1H, d, 3JHH = 14.9 Hz, R=C-H), 7.46 – 7.34 (4H, m, Ar-H), 6.50 (1H, d, 3JHH = 

N

O

N

O
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14.9 Hz, R=C-H), 4.12 (2H, q, 3JHH = 7.5, 5.6 Hz, RN-CH2-), 1.47 (3H, t, 3JHH = 7.2 Hz, 

RN-CH2-CH3), 1.41 (18H, s, Ar-tbutyl). 13C NMR (101 MHz, MeOH-d4)	𝛿C (ppm) = 154.73, 

146.45, 141.80, 141.72, 141.34, 141.22, 129.06, 120.14, 110.34, 54.69, 35.90, 30.59, 

16.43. UV-Vis (Toluene): 𝜆max (𝜀 / L mol-1 cm-1) 628 (22900), 578 (32300), 543 (23000). 

HRMS (ES+) found m/z 338.2486, calculated m/z 338.2484 for [C23H31NO+H+]. 

 

Synthesis of 2,6-Di-tert-butyl-4-(2-(1-propylpyridinium-4-yl)vinyl)phenolate (2c) 

 
 

Compound 2c was synthesised according to General Procedure 2 using 1-propyl-4-

methylpyridinium bromide (1c) (2.312 g, 10.7 mmol). The crude product was purified by 

recrystallisation in MeOH/H2O (95:5 v/v) to give a green solid (0.902 g, 2.57 mmol, 24 

%). 1H NMR (500 MHz, DMSO-d6) 𝛿H (ppm) = 7.78 (2H, d, 3JHH = 7.4 Hz, Ar-H), 7.54 

(1H, d, 3JHH = 14.4 Hz, R=C-H), 7.25 – 7.09 (4H, m, Ar-H), 6.19 (1H, d, 3JHH = 14.4 Hz, 

R=C-H), 3.91 (2H, t, 3JHH = 7.1 Hz, RN-CH2-), 1.74 (2H, h, 3JHH = 7.3 Hz, RN-CH2-CH2-

), 1.30 (18H, s, Ar-tbutyl), 0.86 (3H, t, 3JHH = 7.3 Hz, RN-CH2-CH2-CH3). 13C NMR (101 

MHz, DMSO-d6) 𝛿C (ppm) = 154.45, 146.66, 142.03, 141.22, 119.44, 119.10, 108.97, 

60.63, 35.94, 30.58, 29.74, 27.97, 26.20, 25.27, 10.87. UV-Vis (Toluene): 𝜆max (𝜀 / L mol-

1 cm-1) 628 (28900), 578 (40600), 543 (28800). HRMS (ES+) found m/z 352.2642, 

calculated m/z 352.2640 for [C24H33NO+H+]. 

 

Synthesis of 2,6-Di-tert-butyl-4-2-(1-isopropylpyridinium-4-yl)vinyl)phenolate (2d) 

 
Compound 2d was synthesised according to General Procedure 2 using 1-isopropyl-4-

methylpyridinium bromide (1d) (0.500 g, 2.31 mmol). The crude product was purified by 

recrystallisation in EtOH to give a dark blue solid (0.495 g, 1.41 mmol, 61 %). 1H NMR 

(400 MHz, DMSO-d6) 𝛿H (ppm) = 7.87 (2H, d, 3JHH = 7.1 Hz, Ar-H), 7.55 (1H, d, 3JHH = 

14.5 Hz, R=C-H), 7.26 – 7.09 (4H, m, Ar-H), 6.19 (1H, d, 3JHH = 14.5 Hz, R=C-H), 4.34 
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(1H, hept, 3JHH = 6.6 Hz, RN-CH2-), 1.41 (6H, d, 3JHH = 6.7 Hz, RN-CH-(CH3)2), 1.30 

(18H, s, Ar-tbutyl). 13C NMR (101 MHz, DMSO-d6) 𝛿C (ppm) = 180.55, 150.85, 145.23, 

143.68, 137.25, 133.49, 128.43, 115.35, 104.15, 58.51, 34.70, 29.64, 22.01. UV-Vis 

(Toluene): 𝜆max (𝜀 / L mol-1 cm-1) 628 (49300), 578 (67900), 543 (47200). HRMS (ES+) 
found m/z 352.2640, calculated m/z 352.2640 for [C24H33NO+H+]. 

 

Synthesis of 2,6-Di-tert-butyl-4-2-(1-butylpyridinium-4-yl)vinyl)phenolate (2e) 

 
 

Compound 2e was synthesised according to General Procedure 2 using 1-butyl-4-

methylpyridinium bromide (1e) (1.500 g, 6.52 mmol). The crude product was purified by 

recrystallisation in EtOH to give a green solid (2.138 g, 5.85 mmol, 90 %). %). 1H NMR 

(400 MHz, MeOH-d4) 𝛿H (ppm) = 7.90 (2H, d, 3JHH = 6.9 Hz, Ar-H), 7.63 (1H, d, 3JHH = 

14.9 Hz, R=C-H), 7.41 – 7.34 (4H, m, Ar-H), 6.44 (1H, d, 3JHH = 14.9 Hz, R=C-H), 4.09 

(2H, t, 3JHH = 7.3 Hz, RN-CH2-), 1.83 (2H, p, 3JHH = 7.5 Hz, RN-CH2-CH2-), 1.40 (18H, s, 

Ar-tbutyl), 1.38 – 1.32 (2H, m, RN-CH2-CH2-CH2-), 0.98 (3H, t, 3JHH = 7.4 Hz, RN-CH2-

CH2-CH2-CH3). 13C NMR (400 MHz, MeOH-d4)	𝛿C (ppm) = 154.20, 146.51, 142.23, 

141.21, 140.04, 129.45, 124.76, 119.26, 108.70, 58.90, 35.88, 33.91, 30.56, 20.39, 

13.74. UV-Vis (Toluene): 𝜆max (𝜀 / L mol-1 cm-1) 628 (11200), 578 (15700), 543 (11100). 

HRMS (ES+) found m/z 366.2797, calculated m/z 366.2804 for [C25H35NO+H+]. 
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Synthesis of 2,6-Di-tert-butyl-4-(2-(1-pentylpyridinium-4-yl)vinyl)phenolate (2f) 
 

 
 

Compound 2f was synthesised according to General Procedure 2 using 1-pentyl-4-

methylpyridinium bromide (1f) (2.613 g, 10.7 mmol). The crude product was purified by 

recrystallisation in MeOH/H2O (95:5 v/v) to give a green crystalline solid (0.472 g, 1.24 

mmol, 7 %). 1H NMR (400 MHz, DMSO-d6) 𝛿H (ppm) = 7.77 (2H, d, J = 7.0 Hz, Ar-H), 

7.53 (1H, d, J = 14.4 Hz, R=C-H), 7.42 – 6.78 (4H, m, Ar-H), 6.17 (1H, d, J = 14.5 Hz, 

R=C-H), 3.92 (2H, t, J = 7.2 Hz, RN-CH2-), 1.72 (2H, p, J = 7.1 Hz, RN-CH2-CH2-), 1.30 

(18H, s, Ar-tbutyl), 1.26 – 1.20 (4H, m, RN-CH2-CH2-CH2-), 0.86 (3H, t, J = 7.1 Hz, RN-

CH2-CH2-CH2-CH3). 13C NMR (101 MHz, DMSO-d6) 𝛿C (ppm) = 180.69, 150.40, 146.94, 

143.62, 139.10, 129.46, 127.52, 115.43, 104.12, 56.22, 46.80, 34.66, 27.72, 21.60, 

13.79. UV-Vis (Toluene): 𝜆max (𝜀 / L mol-1 cm-1) 628 (30500), 578 (42600), 543 (30100). 

HRMS (ES+) found m/z 380.2953, calculated m/z 380.2953 for [C26H37NO+H+]. 

 

Synthesis of 2,6-di-tert-butyl-4-(2-(pyridin-4-yl)vinyl)phenol (MCP, 3) 

 
 
4-Bromo-2,6-di-tert-butylphenol (0.500 g, 1.75 mmol), 4-vinylpyridine (0.23 mL, 2.10 

mmol) and tri-o-tolylphosphine (0.107 g, 0.35 mmol) were placed in a flask and dissolved 

in triethylamine/DMF (20 mL, 1:1 v/v). The reaction mixture was degassed by freeze-

pump-thaw method (3 cycles) and Pd(OAc)2 (0.044g, 0.18 mmol) was subsequently 

added under N2. The reaction mixture was heated at 90 °C for 16h. The reaction was 

stopped and allowed to cool to room temperature. Distilled water (100 mL) was then 

added and the reaction mixture was extracted with DCM (3 x 50 mL). The organic layer 

was washed with distilled water (3 x 100 mL) to remove excess DMF and then washed 

with weak acid to remove excess triethylamine. The organic layers were combined and 

washed with brine (50 mL), then dried over magnesium sulfate, filtered and the volatiles 

N

O

N

OH
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removed in vacuo. The crude oil was triturated with hexane to give a brown solid (0.190 

g, 0.61 mmol, 35 %). 1H NMR (400 MHz, DMSO-d6) δH (ppm) = 8.49 (2H, d, J = 5.1 Hz, 

Ar-H), 7.54 (2H, d, J = 5.5 Hz, Ar-H), 7.49 (1H, d, J = 16.4 Hz, R=C-H), 7.40 (2H, s, Ar-

H), 7.26 (1H, s, Ar-OH), 7.01 (1H, d, J = 16.4 Hz, R=C-H), 1.42 (18H, s, Ar-tbutyl). LRMS 
(ES+) found m/z 310.22, calcd m/z 310.22 for [C21H27NO+H+]. 
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Chapter 4. Smart Devices for Chemical Warfare Agent 
(CWA) Detection 
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4.1. Introduction 

4.1.1. Existing field detectors 
The chemical weapons convention came into force in 1997 by the Organisation for the 

Prohibition of Chemical Weapons (OPCW) to control and ban CWAs. However recent 

uses of these agents in the Syrian civil war (2013-2018)1 and in the UK (2018) with the 

use of nerve agents suggest the continued illicit synthesis and stockpiling of CWAs. In 

light of present threats, it is vital that analytical methods are adapted for on-field 

identification of suspected CWA samples. The rapid, sensitive, and selective 

identification of these agents is important in protecting first responders and medical 

personnel as well as the effective treatment of patients.2 Current methods for on-site 

CWA detection largely involve using standalone devices or hand-held detectors for the 

determination of multiple target analytes. Detectors are based on a variety of techniques 

including ion mobility spectroscopy, flame photometry, infra-red spectroscopy, raman 

spectroscopy, surface acoustic wave, photo ionisation detection, and flame ionisation 

detection.3 Apart from this, gas chromatographs (GC) and GC combined with mass 

spectrometry detectors (GC/MS) are also available. However, these instruments suffer 

from several of the following limitations including high cost, non-portability, lack of 

selectivity and sensitivity, complicated operations, and long response times.2 To 

overcome these disadvantages, colorimetric detection technology is an elegant solution 

as they are usually inexpensive, lightweight and easily operated in the field. However, 

there is very little purely colorimetric chemistry in this area with most sensors based on 

equipment. When a target analyte encounters certain reagents, a response can be 

observed visually in the form of a colour change or spectroscopically by fluorescence of 

UV-vis spectroscopy. These reagents can be incorporated into various devices such as 

papers, tubes, or kits. Papers are employed for detecting suspect liquids on a surface 

whereas, detector tubes are utilised for detecting vaporous agents. Detection kits are 

manufactured to contain a combination of papers and tubes for multi-analyte detection. 

Chemical detection papers are impregnated with soluble dyes and pH indicator to 

produce a visible colour change upon absorption of a liquid CWA. A yellow colour 

signifies the presence of G-type nerve agents, red denotes a blister agent and green 

signifies a V-type nerve agent. Figure 4.1 demonstrates the employment of these papers 

in the field. These user friendly and portable alternatives have rapid detection response 

times and were utilised by the military for decades before being discontinued to the 

mutagenicity of the dyes.4,5  
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Figure 4.1. Colorimetric detection paper. 

 

Colorimetric detection tubes such as Dräger tubes, shown in Figure 4.2, are glass tubes 

containing specific reagents impregnated into a silica gel support.69 This technology 

requires a pump to draw the vaporous agent through the impregnated silica, causing a 

change in colour depending on the class of agent present.3,6,7 Phosphoric acid ester 

tubes experience a colour change from yellow to pink after exposure to nerve agent and 

yellow thioether tubes generate an orange colour upon exposure to HD. These tubes are 

able to quantitatively detect live agent as the intensity of colour production is proportional 

to the concentration of agent. These tubes can be combined in a manifold as a 

simultaneous testing set.  

 

 
Figure 4.2. Commercially available colorimetric tubes. 

 

Despite their promising features, colorimetric detection techniques lack specificity and 

suffer from many false positives caused by common chemicals such as bleach, brake 

fluid, and antifreeze. To overcome this limitation, efforts have been focused on the 

development of novel chemical probes for CWAs based on colorimetric or fluorogenic 
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detection. These nucleophilic probes exploit the electrophilic nature of nerve agents and 

blister agents to cause a change in their optical properties. However, there is less 

colorimetric chemistry capable of rapid detection at ambient temperature and also 

detectable by the naked-eye. 

 

4.1.3. Colorimetric swab technology 
Swab technology is an effortless approach to incorporate existing homogeneous 

chemistry into to a hand-held device that can be easily deployed in the field. These swab 

systems have a lower risk of live agent contamination compared to paper-based 

technology as they allow a greater distance between the user and a potential hazard. 

Furthermore, following saturation of the swab tip, the entire swab is placed into a 

protective casing which prevents any potential leaking of the formulation containing live 

agent. These point-of-use devices can be deployed by both military personnel and first 

responders for rapid detection of hazardous chemicals in real-life scenarios. Colorimetric 

hand-held technology must have the following attributes to be an effective system; 

inexpensive reagents and materials, easy to use, portable, rapid response times, 

sensitive, selective, and disposable. Furthermore, the technology must generate a 

distinct colour change with the intention that the end user requires no prior chemical or 

laboratory knowledge to both operate the system and to understand the result. 
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4.2. Aims 
The purpose of the work described below was to explore the performance of the mustard 

detection formulation in real-life scenarios. The applicability of the sensing formulation 

developed in Chapter 2 for the determination of CEES from spiked soil samples and 

contaminated surfaces. These solution-based formulations were developed into suitable 

field-deployable systems for the colorimetric determination of blister agents. 
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4.3. Results and Discussion 

4.3.1. Detection in real-life scenarios 
The requirement for easy-to-use field deployable devices for the detection of chemical 

warfare agents (CWAs) has become a necessary field of research due the illicit use and 

stockpiling of these highly toxic agents. Once deployed, sulfur mustard (SM) is dispersed 

into the environment and can remain active from hours to even weeks and it has been 

found to persist in soil and water for decades.8,9 Thus, it is crucial that sensing protocols 

are developed into easy-to-use devices to detect the presence of live agent in real-life 

scenarios.  

 
4.3.2. Sensing Mustard Agents in Soil 
To determine the practical application of NBP, the presence of CEES in soil was 

investigated. A sample of soil was spiked with CEES and treated with the anionic 

microemulsion formulation and allowed to react at ambient temperature for 5 minutes. 

Furthermore, a sample of soil not spiked with CEES was also treated in a similar manner. 

Images were taken after 5 minutes of exposure to soil samples and the supernatant was 

subsequently collected (Figure 1.4). This removal of soil from the solution allowed any 

changes in colour to be better perceived by the naked-eye.  

The development of a purple colour characteristic of the conjugated dye indicated 

the presence of CEES. Although the colour is strong here, the previously high 

performance of the formulation with CEES has not transferred to soil studies. It is also 

worth noting the turbidity of the treated formulations compared to the blank solution. 

However, these details do not affect the visibility of the colour. The soil sample not spiked 

with CEES gave a slight colour change compared to the blank solution which is not 

unexpected after treatment with impure soil particles. Encouragingly, the solution does 

not produce the characteristic blue-purple colour of the dye and thus clearly showing the 

absence of CEES. The total volume of the solution after the removal of soil particles was 

lower due to the soil absorbing the formulation. Despite this, a clear colour change occurs 

after 5 minutes of exposure. 

 

 



 

 138 

 

Component Volume / 𝛍L 

NBP (0.4 M) 100 

NaOH (0.4 M) 200 

Anionic microemulsion 1700 

CEES 2 
Figure 1.4. Performance of SDS-5T formulation with spiked and not spiked soil samples. 

Vials are from left to right: Blank; filtered solution after exposure to control soil sample; 

filtered solution after exposure to CEES-spiked soil sample. 

 

4.3.3. Sensing on surfaces 
The development of a swab device permits the incorporation of the existing formulation 

solution into a simple, inexpensive, and disposable device that can be used by untrained 

first responders. The cotton swab can be wiped over a suspected contaminated surface 

before being placed back into the swab chamber. The snap valve can subsequently be 

broken to allow the bulb solution to flow down the hollow tube of the swab to react with 

the analyte absorbed on the swab tip. A colour is generated if the target CWA is present.  
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Figure 4.5. Illustration of a) swab components and b) method for detection of a 

contaminated surface. 

 

To gain a better understanding of how the device works, initial tests with the swab were 

carried out using a control sample of SDS-5T. This system was deemed a challenging 

solution as the inherent saponaceous nature of the surfactant mixture could lead to 

dispensing difficulties. Hence, giving time to solve any issues at the initial stages of 

manufacture. Challenges arose when emptying the bulb of solvent because the system 

behaved as a pipette and as a result, solvent was drawn back up the hollow tube and 

returned to its initial location in the bulb. This caused the microemulsion to become 

susceptible to foaming which made the transfer of solution more challenging. To 

overcome this problem, a small hole was placed in the hollow tube of the swab to 

equalise the pressure. This simple remedy worked well with the microemulsion staying 

at the bottom of the swab chamber in repeated test runs. This was implemented in all 

future swab manufacturing. The NBP formulation was incorporated into a swab device 

as seen in Figure 4.5. and subsequently used to determine the presence of CEES from 

a contaminated surface.  
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4.3.3.1. Swab Device for The Detection of Mustard Agents 

 

 

Component Volume (𝛍L) 

NBP (0.4 M) 100 

NaOH (0.4 M) 200 

Anionic microemulsion 1700 

CEES 2 
Figure 4.6. Colorimetric response of swab device containing SDS-5T formulation after 

detection of CEES on a surface. Swabs are from left to right in each image: immediately 

after CEES exposure, 1 min exposure, 3 min exposure, and 5 min exposure. 

 

It is evident from the images in Figure 4.6 that NBP in anionic microemulsion performs 

to a similar high standard to that of the initial solution tests executed in glass vials 

whereby a colour change occurs instantaneously upon exposure to CEES and the colour 

continued to intensify over the 5-minute monitoring period. 

The swabs were not shaken during this period in order to observe the dispersion 

of colour. Although the colour takes approximately 3 minutes to sufficiently disperse, the 

recognisable colour of the NBP-CEES dye is unmistakable for the presence of CEES. 

Furthermore, the swab tip is nearly unperceived at the 5-minute mark due to the intensity 

of the colour produced. 

 

4.4. Experimental 

4.4.1. Procedure for CEES testing 
Prior to testing formulations with CEES, a bleach bath must be prepared to 

decontaminate all equipment and glassware that encounter hazardous chemicals during 

testing experiments. This decontaminating solution is prepared with thick bleach, IPA 

and water in a 1:1:2 ratio with NaOH pellets to maintain a high pH. Furthermore, coloured 
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crepe paper is attached to the fume hood sash to demonstrate the level of extraction. 

Testing involving simulants should always be conducted with a supervisor other qualified 

person in attendance. A glass petri dish is utilised as a secondary container to store the 

simulant bottle. In addition to standard laboratory PPE, two pairs of gloves of opposing 

colours are worn to handle simulants in order to identify any tears in the material. Once 

the simulant has been carefully added to the formulation and the necessary equipment 

contaminated in the bleach bath, gloves are inspected for contamination. If 

contaminated, the gloves are placed in the bleach bath for decontamination.  

 
4.4.2. Procedure for preparation of spiked soil sample 
Soil sample (2.0 g) was mixed with CEES (2 µL) in diethyl ether (2 mL) and the mixture 

was allowed to stand for 20 min. The solvent was evaporated by nitrogen blow down to 

obtain a dry sample of soil spiked with CEES. This soil sample was treated with 2 mL of 

the appropriate formulation and allowed to react at ambient temperature for 5 minutes. 

Moreover, a soil sample not spiked with CEES was also treated in a similar manner. 

 

4.4.3. Manufacture of swab devices 
The swab device consists of 4 components: a bulb, a snap valve, a cotton swab, and a 

swab chamber (Figure 4.8). These materials are purchased from Medical Packaging 

Corp. (Hygiena, UK). The sensing formulation is placed in the bulb and the snap valve 

is tightly inserted using a custom-made swab press instrument. The snap valve is 

available in two types: single and double which denotes the amount of times required to 

break the snap valve to release the formulation down the swab shaft.  
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Figure 4.8. Swab components. Anti-clockwise from the top: Snap valve inserted into 

bulb; bulb; snap valve; swab; swab chamber. 
 
4.4.4. Procedure for swabbing a CEES contaminated surface 
CEES (2 µL) was placed onto a glass petri dish to mimic a real-life scenario of a 

contaminated surface. The swab chamber was removed, and the cotton swab tip of the 

device was wiped over the surface several times to ensure maximum absorption of the 

CEES. The swab was placed back into the chamber and the valve was snapped to 

release the appropriate sensing formulation, which was allowed to react at ambient 

temperature for 5 minutes. 
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Chapter 5. Concluding Remarks 
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5.1. Conclusion and Future Remarks 
The research presented in this thesis highlights the potential of NBP and merocyanine 

dye, MCP, 3 as point-of-use sensors for mustards. The below discussion is presented 

as a summary of the work presented in this thesis, as well as to act as a critical evaluation 

of the results and to comment on the future direction of the work. 

Expanding upon previous patented work by Fallis and Morgan,1 NBP was 

incorporated into surfactant systems to improve upon the reactivity of NBP as a 

colorimetric assay for mustard agents. The use of NBP as the sensor meets the design 

criteria of incorporating inexpensive commercial reagents with relatively small quantities 

of all reagents required to prepare the formulation. 

Upon exposure to CEES, NBP in micellar, swollen micellar and microemulsion 

formulations produced a positive blue-purple colour. The SDS systems were found to 

have the highest performance compared to the cationic and non-ionic systems with the 

greatest overall combined conversion of NBP to NBP-CEES dye. This advancement was 

achieved through the compartmentalised nature of the SDS structure in water which 

allowed NBP and base to be formulated in a one-pot system. 

NBP was found to detect a small volume of CEES, with 2 µL of simulant detected which 

is the design criteria threshold. The target of 0.1 µL CEES was not met due to the lack 

of equipment with no small volume pipettes available. However, we predict that the 

formulation can detect such small volumes as intense colour changes have been 

generated rapidly with 2 µL of simulant. Furthermore, the formulation remained coloured 

for up to 24 hours after exposure to positive. Longer monitoring periods were not 

investigated as this is sufficient time for a colour change to remain when considering 

potential transportation of the formulation to a separate location. Conversely, the 

formulation remained colourless for up to 24 upon exposure to negative. The 

formulations were not monitored for longer time periods however this is sufficient time 

when considering transportation of the formulation. 

 Given that one of the target design criteria relates to colour persistence with 

larger volumes of CEES (20 µL), the solvation of the simulant was investigated in anionic 

swollen micelle. This system was chosen to act as best-case scenario in which the oil 

content of the system was solely derived from CEES. SDS-0T was found to dissolve a 

large quantity of CEES with  6.2 mL of simulant incorporated at ambient temperature. 

Although solubility studies were not conducted with SDS-5T microemulsion, it is 

predicted that the presence of toluene would allow this formulation to dissolve a higher 

volume of CEES as this hydrophobic, greasy material will be easily solvated in the 

toluene oil-core. 
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Unfortunately, NBP exhibited instability in SDS formulations with the production of 

[H25C12-NBP]+ observed in mass spectrometry analysis of the formulation after 1 month 

of storage. The substitution of the more stable SDBS surfactant eliminated this instability 

and its incorporation into a formulation with NBP was able to detect CEES at a similar 

rate and colour intensity. Due to the time constraints of the project, thorough shelf-life 

investigations into the alternative SDBS formulation could not be carried out. Thus, we 

cannot confidently say that this alternative surfactant generates a formulation with a 

target shelf-life of two years. Upon comparison of the conversion of NBP to NBP-CEES 

dye, the SDBS formulation displayed an approximate 50 % decrease compared to SDS 

which was attributed to the increased viscosity of the system. Further work on the 

rheological properties of both systems is required to confirm this theory. 

However, both SDS and SDBS formulations eliminated the prior limitations 

experienced by Epstein and Turner.2,3 The previous NBP assays required harsh 

conditions for the treatment of NBP with an alkylating agent. The enhancement of the 

electrophilicity of mustard agents is promoted by the negatively charged droplet of the 

anionic microemulsion. As a result, sulfur and nitrogen mustards react rapidly at ambient 

temperature. The compartmentalised character of the microemulsion allow incompatible 

reagents to be formulated together in a one-pot aqueous system. This advancement has 

identified the NBP formulation as a potential smart device for deployment in real-life 

scenarios.  

The characteristic fluorescent behaviour of pyrene was exploited to investigate 

the location of NBP in the microemulsion. The 3/1 ratio plotted as a function of NBP 

concentration showed invariance of the measured values suggesting that NBP resides 

in the oil-core of the SDS droplet.  

Many false positives were tested against NBP including reactive electrophiles, blister 

and nerve agent simulants and several known false positive analytes of discontinued 

colorimetric detection paper. Although a couple of these species produced an 

undesirable response, the observed colour was not the characteristic blue-purple of the 

NBP-CEES dye. Thus, we can confidently say that NBP is selective towards sulfur and 

nitrogen mustards and thus meets the last target criteria of generating a sensor that is 

effective against all common false positives. 

The latter study of merocyanine dyes as alternative self-assembled sensors 

(SAS) was presented in its early stages of development. However, the colour change 

observed upon reaction of the merocyanine precursor with CEES is promising. Future 

work in this area requires focus on the purification of merocyanine reagents to eliminate 

the inherent colour of the blank formulation which would also increase the solubility of 
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the merocyanine in the droplet core. Hence, allowing meaningful and thorough 

investigations into the behaviour of the merocyanine in microemulsion formulations. 

Unfortunately, the strong solvatochromism of the systems derived from the 

parent Brooker’s merocyanine renders this type of system less useful in potential point-

of-use applications where a ‘fixed’ colour response is most desirable, particularly if the 

method were to be used by inexperienced personnel. These types of material may 

however be used as solvent polarity probes as alternatives to more expensive 

Reichardt’s dyes. The successful formation of an analyte-induced dye is an exciting 

development. While the colour of the dye observed in the formulation examined is not 

ideal, it does show that from commercially available precursors a relatively complex dye 

can be formed in-situ by the addition of the target analyte. This holds good future promise 

as it is relatively straightforward to vary the components to, for example, incorporate a 

higher degree of conjugation to shift the spectra observed towards the photopic 

maximum and hence more intensely perceived colours. 

The established formulation for mustards developed in Chapter 2 was 

successfully manufactured into a field-deployable swab system for use by first 

responders. These swabs are an advancement on current equipment-based techniques 

for the determination of CWAs as they are inexpensive to manufacture and portable. 

Furthermore, the simple observation of colour within 1 minute provides non-experts in 

the field with an easy-to-use system for the determination of mustard agents. The 

formulation exhibited a high performance when exposed to CEES which were 

comparable to previous solution-based testing in glass vials. Slight adaptation was 

required in assembling the swab components with the requirement of creating a small 

hole in the swab shaft to prevent the formulation from transferring back into the swab 

bulb. Further studies are required regarding swab manufacture by integrating alternative 

components such as the introduction of filters and adjusting the swab length and material 

of the swab tip. Soil studies were performed on the NBP formulation exhibited moderately 

high success. The presence of soil produced a turbid final solution however this did not 

impede on the chemistry of the system and a coloured response was produced upon 

exposure to CEES-spiked soil and the formulation remained colourless when exposed 

to a control soil sample. Although the colour intensity was not comparable to previous 

solution-based tests with CEES, the difference in colour after 5 minutes of exposure was 

clearly observed by the naked eye.  

As commercial colorimetric chemical papers are another interesting branch of 

smart devices, the development of these established formulations would be required. 

We postulate that the manufacture of paper-based products with impregnated reagents 
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will be a challenging venture, particularly with the NBP system as the compartmentalised 

nature of the formulation would be difficult to transfer to a “dry” device. 
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Appendix 

Compound Merocyanine 2b 
Formula  C23H31NO 
Dcalc./ g cm-3  1.101 
𝜇/mm-1  0.066 
Formula Weight  337.49 
Colour  dark green 
Shape  block 
Size/mm3  0.08×0.05×0.03 
T/K  100(2) 
Crystal System  monoclinic 
Space Group  P21/c 
a/Å  9.7065(5) 
b/Å  13.1999(9) 
c/Å  15.9901(8) 
𝛼/°  90 
𝛽/°  96.289(4) 
𝛾/°  90 
V/Å3  2036.4(2) 
Z  4 
Z'  1 
Wavelength/Å  0.71075 
Radiation type  MoK� 
𝛩min/°  2.006 
𝛩max/°  25.003 
Measured Refl.  14505 
Independent Refl.  3590 
Reflections with I > 2(I)  2323 
Rint  0.1408 
Parameters  233 
Restraints  0 
Largest Peak  0.344 
Deepest Hole  -0.270 
GooF  0.941 
wR2 (all data)  0.1879 
wR2  0.1587 
R1 (all data)  0.1051 
R1  0.0628 
Table 1. Crystal data of compound 2b (Chapter 2) 


