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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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Chapter 1. Introduction



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 20™ century. The first large scale use of chemical
weapons occurred in Ypres, Belgium, in 1915." 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.? 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 | (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”.> Ypres was chosen
again by the Germans in 1917 for the release of Yperite, a new chemical weapon named
after the Belgian city.* 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.®

In 1925, the Geneva protocol® 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,” the use and development of these agents continued.
Notable uses of these chemical weapons include the Iran-lraq War between 1980-
1988%° and the Gulf War between 1990-1991°. 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."” Despite this, there have
been many examples of chemical weapon use. More notably, the G-series nerve agent
attacks in Matsumoto, Japan in 1994' and on the Tokyo subway in 1995."® 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.™ The name and structure of this nerve agent is classified

as it belongs to a new class of agent developed in Russia."®'®



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’."” 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."” Figure 1.1 illustrates the two

categories of blister agent; lewisites and mustards.

Clus~ -Cl d
cl cI N g cI N I
Lewisite 1 Mustard gas Nitrogen mustard
(Agent L1) (Agent HD) (Agent HN1)
ci CHa
S SR o CIr > S N clI N "
Lewisite 2 Sesquimustard Nitrogen mustard 2
(Agent L2) (Agent Q) (Agent HN2)
Cl Cl

{
x> ClI > 07T g clI > g

Lewisite 3 O-Mustard Nitrogen mustard 3
(Agent L3) (AgentT) (Agent HN3)

Figure 1.1. Chemical structures of the arsenic, nitrogen and sulfur blister agents.



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.""®
Eyes are particularly susceptible to vesicants with symptoms involving irritation,
lacrimation and blepharospasm.'” Upon inhalation, these agents irritate the respiratory
tract and lungs causing the accumulation of fluid and ultimately resulting in death by

pulmonary edema.?

1.3.1. Lewisite Agents

Lewisite (L) is a potent organoarsenic vesicant known for its significant systemic toxicity.
Lewisite was first synthesised in 19082 by the addition of acetylene to arsenic trichloride
in the presence of a suitable Lewis-acid catalyst.?>?* 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.?*

Due to its lipophilic nature, the main route of lewisite exposure is through skin
absorption inducing painful cutaneous blistering and inflammation.?’ However, other
exposure routes are known with the eyes and respiratory tract also vulnerable.?® 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.?

Cl
. N
/\/AS~ A
SH SH -~ « s"%s
MPDH -2 HCl MPDH
@) )

Active lipoate pyruvate Inhibited lipoate pyruvate
dehydrogenase complex dehydrogenase complex

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

formation of stable arsenical structures. Adapted from Epure et al.?’



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.? Lewisite preferentially binds to the dithiol moiety

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

Cl Cl
SH As ~/
/\/ .

-2 HCl Ho_A_S

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

et al.?®

Though Lewisite has limited solubility in water (0.5 g L')?°, hydrolysis of L1 and L2 occurs
rapidly. L1 undergoes conversion to the mildly vesicant water-soluble
2-chlorovinylarsonous acid (CVAQO) 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.?**

cl OH
A M0 As
X" Hel CI7\"""0H
CVAO
cl o OH
| 2 ]
CI/\/AS\/\Q —HCI CI/\/AS\/\CI
BCVAA

Scheme 1.3. Mechanism of the hydrolysis of L1 and L2. Adapted from Munro et al.%*

Lewisite can be readily decontaminated by a number of oxidants such as chloramines,
hydrogen peroxide, hypochlorous acid and iodine to yield 2-chlorovinylarsenic acid.®'*
In the presence of sodium hydroxide, the frans-isomer is cleaved to yield acetylene and
inorganic sodium arsenite. Whereas, the cis-isomer requires at least 40°C heat to react

in basic conditions to yield acetylene, sodium arsenite and vinyl chloride.?®

1.3.2. Mustard Agents
Mustard agents can be divided further into two groups; sulfur mustards and nitrogen
mustards. Both types exhibit vesicant properties, and both have a history of

weaponization.®® The reactivity and inherent instability of mustard agents is attributed to



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.>*

Cl
O RTNGG 5 \/ ®
Cl
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.>*

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(#-chloroethyl) sulfide, more
commonly known as sulfur mustard, was synthesised in the 1800s by Despretz whereby
sulfur dichloride was treated with ethylene.® The toxic characteristics of sulfur mustard
were not described until a few decades later.>®*" 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).%® 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.

s H20:0H2
Cl”~Cl

CI/\/S\/\CI

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 °C and is able to penetrate clothes in its
vaporised form. Additional chemical and physical properties of sulfur mustard are

outlined in Table 1.1.



Property / parameter

Agent

HD HN1 HN2 HN3 L1
Chemical formula C4HsClS CsH43CIN CsH44CIN CsH12CI3N C2H>AsCl3
( Cl
CHjz Cl~, -Cl
S ' H As
Structure Cl Cl o >N cr >N Cl

o >N

Mode of action

Vesicant alkylator

Vesicant alkylator

Vesicant alkylator

Vesicant alkylator

Vesicant alkylator

Physical state at

Colourless to pale

Colourless to dark

Colourless to brown

20 °C yellow liquid liquid Dark liquid Dark liquid liquid
Melting point / °C 14 .34 70 3.9 17
Boiling point/ °C 217 194 75 256 190
E;'_}s"y at20°C/g 1.27 1.09 1.15 1.24 1.89
Vapour pressure at

2000 rom b 0.72 0.24 0.29 0.0109 0.394
Volatility at 20 °C / 610 1520 3580 121 4480
mg m

Vapour density 5.5 59 5.4 71 71
LDso/ mg kg™ 100 20 10 10 30

Table 1.1. Physicochemical properties of blister agents. Data from opcw.org,* Handbook of Chemical and Biological Warfare Agents'’.




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.?****! 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 Sy1 mechanism.*°
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1.3.2.2. Mode of Action of Sulfur Mustard

Sulfur mustard is a potent alkylating agent. As a B-halothioether, HD can undergo Sn1
intramolecular cyclisation to form an episulfonium cation through cleavage of a chloride
anion. This highly reactive species alkylates DNA*? causing inhibition of DNA replication.
There have been many in vitro studies showing the formation of alkylated DNA adducts
with sulfur mustard.**** Incubation studies involving calf thymus DNA or human blood
with %S-labeled sulfur mustard identified the most commonly targeted alkylation sites on
DNA. These included N7-[2-[(2-hydroxyethyl)thio]ethyllguanine (l), bis[2-(guanin-7-
yhethyl] sulfide (lI), N3-[2-[(2-hydroxyethyl)thio]lethylladenine (IV), O6-[2-[(2-
hydroxyethyl)thio]ethyl]-guanine (lll) and its 2’-deoxyguanosine derivative (V).*> These

adducts are presented in Figure 1.2.

o)

HaN—( HaN—(¢ . S—NH,
N N/\/S\/\OH N //,I\l/\/ \/\I\\l\\ N
N= =N

—

O/\/S\/

0] ()]
A
HgN)\N N
o]

/rNH /=N
Ny NH,

Nr
=~ "N X
|
HO S0 \N*NHg Ao ~g NN HO

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

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

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.*® 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.*’ 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%.%¢ Cross-linking of guanine nucleotides on the same



DNA strand is less likely than cross-links between guanine moieties on different strands
due to the unfavourable configuration adopted by sulfur mustard.*®

The LDso value for sulfur mustard administered topically is 100 mg kg™.*® 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 ug

cm2).50

1.3.2.3. Nitrogen Mustard Agents

Nitrogen mustards are tertiary bis(2-chloroethyl)amines that contain at least two
B-chloroethyl groups linked by a nitrogen atom. Their structure resembles sulfur mustard
therefore, they have structural and toxicological similarities.*'>> Common examples of
nitrogen mustards include HN1 (bis(2-chloroethyl)ethylamine), HN2 (bis(2-
chloroethyl)methylamine) and HN3 (tris(2-chloroethyl)amine).>* Due to their toxicity and
physical and chemical properties (Table 1.1), their application as CWAs grew during
World War Il (WWII). However, nitrogen mustard and its derivatives such as

%657 and melphalan®® are alkylating agents used as

chlorambucil®®, cyclophosphamide
chemotherapeutic drugs.>*= 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 mustards®*-°

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

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

Adapted from Wang et al.®®

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).

R R .HCI R
N SOCl, N Na,COj U
HO™ """ 0H ClI " Cl >

Scheme 1.8. Synthetic route for the preparation of nitrogen mustards; R = -CH>CHj3
(HN1), -CHs (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.®

Characteristically, nerve agents contain a pentavalent phosphorus centre bound to a
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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.>’® 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.

i 0
~ N” E\’/O/\ |C|) J\ ||' v /O
Y TN <\ 7
| \I‘\‘l HsC™ KO HC™ 1O HsC }:O
Tabun Sarin Soman Cyclosarin
(GA) (GB) (GD) (GF)

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.”""? 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 10* times the rate of the
Pr-enantiomer.”"* A typical by-product formed from the synthesis of soman, sarin and
cyclosarin is O,0-diisopropyl methyl phosphonate, O,O-dipinacolyl methyl phosphonate
and O,0O-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.”?

and Abou-Donia et al.”’

As tabun does not contain a fluoride leaving group, its synthetic procedure differs from
the other G-series nerve agents.” 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).

0]
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I H I \ ©)]
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Scheme 1.10. Synthetic route for the preparation of tabun.
The first step is the treatment of phosphoryl chloride with gaseous dimethylamine to form

dimethylamidophosphoric dichloride and dimethylammonium chloride.

Dimethylamidophosphoric dichloride is subsequently treated with excess sodium
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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.?”® There are four other V-agents that are commonly
described; VE (O-ethyl-S-2-diethylaminoethyl ethyl phosphonothioate), VG (Amiton,
O,0-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.

VR VX

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=0."® 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.
S S S
I <" OH I NaOH -
] _P,©
c-hel “So-Ro ™~ o ho
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PR s 7

o~ I? g N 7/
CH,

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

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).%

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.””’® 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.?*

The hydrolysis of V-agents is more complicated than that of G-agents with two reaction
pathways involved (Scheme 1.13). For example, VX hydrolysis is intramolecularly
catalysed by the amino group and either P-O or P-S bond cleavage occurs however, this
is pH-dependent. At pH < 6 and > 10, P-S bond cleavage is favoured resulting in the
production of diisopropyl ethyl mercaptoamine (DESH) and ethyl methylphosphonic acid
(EMPA). At a pH range of 7-10, VX is hydrolysed to S-(2-diisopropyl-aminoethyl)
methyphosphonothioic acid (EA-2192) and ethanol. These products can undergo further
hydrolysis with EMPA forming MPA and ethanol, while EA-2192 hydrolysis yields DESH
and MPA.”® EA-2192 is known to be just as toxic as VX and its hydrolysis at room

temperature is extremely slow. As a result, VX cannot be decontaminated using base-
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catalysed hydrolysis like G-agents. Instead VX is oxidatively detoxified with aqueous

bleach containing either sodium hypochlorite or calcium hypochlorite. 8%

| O

\(N\/\SH +  HO VCH,

"3

Diisopropyl ethyl Ethyl methyl
mercaptoamine phosphonic acid
(DESH) (EMPA)

\(N\/\S’P\"’QHS +  HOTS

S-(2-Diisopropylaminoethyl) Ethanol
methyl phosphonothioate
(EA-2192)

Scheme 1.13. Hydrolysis pathways of VX. Adapted from Munro et al.?*

The physicochemical properties of selected G- and V-series nerve agents are presented
in Table 1.2.
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Agent

Property / parameter

Tabun (GA) Sarin (GB) Soman (GD) Cyclosarin (GF) VX
Chemical formula C5H11N202P C4H10F02P C7H16F02P C7H14F02P C11H26N02PS
: : : O
Structure SNOVOTN P, R, . ~e-Ru
N e0 H30/F|::’O HyC ‘FOJW< He N0 \f " HCHs
\i\\j F \\

Mode of action

AChE inhibitor

AChE inhibitor

AChE inhibitor

AChE inhibitor

AChE inhibitor

Physical state at

Colourless to brown

Colourless liquid

Colourless to brown

Colourless liquid

Colourless to amber

20 °C liquid liquid liquid
Melting point / °C -50 -56 -42 -12 -39
Boiling point/ °C 240 158 198 239 298
E;'_}s"y at25°Cl/g 1.073 4.86 1.022 1.133 1.0083
‘z’g'ﬁgt;’n""r’:ilsg”re at 0.037 2.10 0.40 0.044 0.0007
‘r:f;ar::.'ity at25°C/ 610 22000 3900 438 105
Vapour density 5.6 4.8 6.2 6.2 9.2
LDso/ mg kg™ 21.42 24.28 0.71 0.42 0.071
Aging half-time 19.2 h 3.0h 6 min 7h 1.5d

Table 1.2. Physicochemical properties of nerve agents. Data from opcw.org,*® Handbook of Chemical and Biological Warfare Agents,'” Worek

and Thiermann®?,
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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 A). 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.*
Alternatively, dealkylation of the alkoxyl group of the agent can occur in a process known
as ‘aging’.®% 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.?® Scheme 1.15 illustrates
the inhibition and irreversible aging of acetylcholinesterase by organophosphorus nerve
86,87

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

However, an alternative mechanism has also been proposed.®®
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Scheme 1.15. Reaction schemes describing the inhibition and irreversible aging of
acetylcholinesterase by organophosphorus nerve agent. R' = alkyl chain, R? = -CHs
or -N(CHzs)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.?® 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-time® | 19.2 h 3.0h 6 min 7.00 h 1.5d 5.8d

Table 1.3. Aging half-times of V-series nerve agents.

Nerve agent poisoning has a multitude of symptoms affecting the entire body®' however,
the respiratory and nervous systems are greatly affected. Large exposures of nerve
agent can cause sudden loss of consciousness, convulsions and flaccid paralysis.
Mucus secretions and ventilatory failure are also typical, with asphyxiation being the
common cause of death.®®?> Most nerve agents possess a chiral centre about the

phosphorus (V) atom generating both S, and R, isomers. AChE nerve agent inhibition
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has been shown to be stereoselective with S, enantiomers exhibiting increased inhibition

9397 |In addition to the chiral phosphorus atom,

potency compared to the R, isomer.
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.®® 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.?®'%
The treatment of hairless guinea pigs exposed to undiluted HD with 0.5 % hypochlorite
solution caused a 68% reduction of skin HD content.™"

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.'®? 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 researchers'®'% 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 (LUH-6),
trimedoxime (TMB-4), methoxime (MMB-4) and HL&-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 VX% with
calculated reactivation half-times of approximately 10 minutes, however it is ineffective

at reactivating soman-inhibited, cyclosarin-inhibited, and tabun-inhibited enzymes'®. A
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study involving 2-PAM, obidoxime, HI-6, and HL6-7 identified obidoxime as the most
potent reactivator of human AChE inhibited by organophosphates and
organophosphoramidates whereas, HLO-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.’”” 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.'® 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.'®
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Figure 1.5. Chemical structures of pyridinium oxime antidotes for nerve agent poisoning.

Due to their high affinity for the enzyme, oximes can displace the organophosphorus

nerve agent and reactivate AChE by nucleophilic attack of the oxime group on the
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phosphorus atom of the nerve agent.”'® 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."'"''? Furthermore, studies have shown that the
resulting phosphonylated oximes formed during the reactivation process are capable of
inhibiting AChE.""3114

Scheme 1.16. Reaction scheme for the reactivation of organophosphorous inhibited

acetylcholinesterase with 2-pralidoxime.

1.6. Simulants

Due to the high toxicity of live agents, they are classified as schedule 1 substances by
the CWC. This classification concerns chemicals which can either be used as chemical
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).

Br
- /O O\ O\ Q\ OPrI
n PrS\/P/\ /©/ Cl/P\/OEt NC/P\/OEt NC~ P\ . /\S/\/CI
Eo © ! OEt OEt oPrl
|

Profenofos (V) DCP (G) DCNP (GA) DFP (G) CEES (H)

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 agents''>""7.
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

118-129 130-134
)

simulants. The most common nucleophilic centres include sulfur , hitrogen

and oxygen''%_ Those with a sulfur atom active site can be further divided into two

118-121 122-129

groups: thiol-based sensors and thiocarbonyl-based sensors

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 °C) based on a displacement mechanism
involving a dithiol and a Cd**-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.’®' 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 uM and 10 uM, respectively.'?°
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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 uM and 40 uM by fluorescence
and visual inspection, respectively.''® 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°C for 5 minutes in the presence of Hg**
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 uM.""°

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).'?2'?® 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 uM and 6.25 ppm, respectively.'® 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°C. 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.'®

H H
\/N (0] NV SR
1
oz L)
N

S
2a: 'R = NEty, 2R =H, 3R = CHj4
2b: 'R = NEty, 2R=H, 3R = CF3
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2d: 'R = H, 2R = NEt,, 3R = CF;

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°C,
respectively. The level of sensitivity displayed by visual inspection (0.04 mg mL™),
fluorescence (0.0005 mg mL™), and UV spectroscopy (0.02 mg mL"), makes this
approach a strong field-deployable option, particularly with the fabrication of a portable
chemosensor kit.'? 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™to 1.2 uM 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.'?’
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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°C. Efforts to reduce the reaction time with the introduction
of a phase-transfer catalyst at an elevated temperature of 90°C were unsuccessful with
a time of 2 hours."® 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 sail, 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°C within 1 minute
in solution and 2 minutes in the gas phase. The LOD for sulfur mustard was determined

to be 6 ppm."*® These probe structures are presented in Figure 1.10.

O NH, O
HO.__O NH
OH NH

O O\/\/\O o)

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°C, within 10 minutes." Zhao et al.™®' studied

the relationship between CEES and fluorescent multicarbazole co-assembled
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nanofibers. The photostability of their previously reported carbazole-based nanofiber'’
was improved with the introduction of fluorenone-based nanofibers as a Forster
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.

WaoSad o0 LS
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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’
min™' was determined.’®®

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 kops > 0.024 s™'. 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.'™®

L G @”
n
/E% = H, Si'BuMe,

n=1,2,30r4
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, 0.061 s and

0.20 s™, respectively.'*

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.'!

H 5

H._NOH H_NOH

H.__NOH ‘ ‘ NOH |
OH on OO OH 1o | O N
SOMee . Ay

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.'*? 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 (Il), 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 uM
and 8 uM, respectively, and 80 uM and 8 uM for VX, respectively.?

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.'* The sensor structures are

presented in Figure 1.14.
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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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2.1. Introduction

2.1.1. Surfactants

Surfactants (surface active agents)' 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.
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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,?
phosphates,? sulfates* and sulfonates®. Conversely, the structures of cationic surfactants
typically contain amine groups such as imidazolium cations,® pyridinium cations’ and
quaternary ammonium cations®.

Typically, non-ionic surfactants are based on carbohydrates,® fatty acid esters,' and
(poly)ethers," 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.'?
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.’ These much larger micellar structures are able to scatter light sufficiently to
create a turbid mixture.''® The temperature at which this phenomenon occurs is
dependent on the surfactant, surfactant concentration, and ionic strength of the aqueous

phase'®"”

. 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.'®® 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.?°

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 sulfonate?'
or carboxylate?® 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.?>*?* Alternatively, surfactants with perfluoroalkyl?®® and
polysiloxane®” 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.?®-°

43



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.

Gouy-Chapman layer

Stern layer

Hydrophobic core

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.?’
Furthermore, increasing the hydrocarbon chain length linearly increases the aggregation
number of surfactants whilst lowering the CMC.3? 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.®® lonic

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

Stern layer Gouy-Chapman layer

Hydrophilic core

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 um. 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.®? in 1925 and was later developed by Epstein et
al.>® 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).

X X
N — . o0,
X R . = NO, ~ = NO,

NBP ®
X = halide, alkylsulphonate, etc. + H* “ - H*
Y colorimetric
RN~ NO, esponse

Scheme 2.1: Detection of alkylating agents by NBP (Epstein’s method.)

The Epstein method is a reliable procedure beca