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1. SCOPE OF ARTICLE AND PREVIOUS RELATED
REVIEWS

This review is shaped in scope by much and various chemical,
biological, materials science, device, and chemical engineering
literature. This review is intended to make major connections
between (i) biological systems, (ii) small molecules, (iii) sur-
faces, and (iv) micro- and nanoparticles. Important discussion of
reports related to organophosphorus pesticides and nerve agent
simulants are also included. One main thrust is to approach an
atomic level mechanism; this is found to be neither well-under-
stood nor well-summarized. This lack of understanding comes
mainly from the lack of extensive forays into this research subfield
due to the difficulty of working with the extremely toxic live
CWAs. Herein, the importance of some older literature, for
example, that regardingmetal organophosph(on)ate adducts and
catalysts from the 1960s, has been included and underscored.
This particular material has not been previously reviewed in this
context, to our knowledge. We broadly focus on various reports

dealing with a sequence of degradations and how these can
interface with various aspects of science and instrumentation.
Molecular biological aspects are also surveyed. Lastly, biotechnological
aspects will begin with earlier microorganism-related work; this will
followwith specific enzymes and thenwith themention of pertinent
protein engineering. However, a mixture of enzymes in one
microorganism or a mixture of enzymes give varying results, which
creates a challenge for those desiring molecular level understanding.

The nerve agent literature has been reviewed over the years by
practitioners of a variety of chemistry-related disciplines that
include but are not limited to pharmacology, military warfare,
biology, and medicine. Topics of previous reviews include
remediation catalysis,1 agent decontamination,2 liquid chroma-
tography�mass spectroscopy (LC-MS),3 AChE reactivation,4�8

agent detection,9,10 agent (bio)decontamination,11�16 agent degra-
dation,2,17�19 agent destruction,20 environmental chemistry,21

agent bioremediation,22�24 agent biosensing,23,25,26 preparation
of relevant biomaterials,27 biomonitoring,28 toxicity,29�31 solu-
tion NMR spectroscopic analysis,32 surface adsorption,33 agent
derivatization,34 and agent mimickry.21 In addition to these
reviews, there are also those written for clinical professionals
and practitioners in toxicology. Thus, some clear omissions,
because of the chemical focus here, include clinical descriptions
and the topic of “societal preparation.” It is noteworthy to
mention AChE enzyme and other inhibitors have been a recent
theme in research for treating the symptoms of Alzheimer’s
disease (AD). There are relatively few organophosphorus-based
studies focused on the comprehensive atomic and molecular level
chemical sensing and decontamination. A few notable examples can
be found, however: It has been 19 years since the Chemical Reviews
contribution entitled, “Decontamination of chemical warfare agents
(CWAs),” by Y. C. Yang and co-workers appeared,2 and 12 years
since their accompanyingAccounts article, “Chemical Detoxification
of Nerve Agent VX.”14 Also, aspects of organophosphonate detox-
ification centered on the utility of hypervalent iodinewere published
in Chemical Reviews in a 2002 article titled, “Phosphorolytic
reactivity of O-iodosylcarboxylates and related nucleophiles.”35

Research articles dealing with organophosphonates also some-
times include mention of mustard (H-type) agents. The mustard
bis(2-chloroethyl) sulfide (C4H8Cl2S), for example, is a cell poison.
Thus, these types of compounds lie outside the scope of this review.
For a review of mustards and some leading pertinent references,
see, for example, the B. M. Smith review1 and other sources.36

2. INTRODUCTION

Nerve agents are considered the most nefarious of synthetic
chemical derivatives. They are potent acetylcholinesterase (AChE)
active agents, clearly differentiated from other chemical warfare
(CW) type agents (blister, blood, choking, incapacitating, tear
(lachrymating), and vomit agents) because of their phosphor-
ylating mode of action, derived from their organophosphonate
structure (RO(OdP(R0)OR00). Specifically, this unique struc-
ture is the key to its danger expressed by mammalian toxicity
compared with similar related species (vide infra). Nerve agents
and pesticides comprise phosphorus(V) compounds with a
terminal oxide and three singly bonded substituents (two alkoxyl
and one alkyl group) (Figure 2) and are derivatives that have
inspired a wide variety of studies into their convenient detection
and detoxification; these studies are embodied in this review. We
want to connect different subdisciplines in a cross-cutting mole-
cular scale approach for chemists, biologists, materials scientists,
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practitioners of nanotechnology, and possibly even medical
personnel and physicists as well as some nonscientists. There is
a focus on metal-containing systems and related studies herein
because of the utility of metals in achieving selective and low-
temperature degradative processes and selective sensing. These
reports also extend to main group chemistry such as various
reactive oxygen species, as well as halogens such as iodine. Metals
allow for only one way of sensing, so we will broaden our
approach to larger swaths of the periodic table. Whether con-
sidering metals or not, the importance of thinking on the
molecular/atomic level is an important undertaking in attending
to the chemical descriptions delineated in the Chemical Weap-
ons Convention (C.W.C.). There are inextricable links between
contamination and sensing. Importantly, when agents are de-
composed, their downstream components must be monitored to
confirm the absence of the agent or how much hydrolysate has
been produced.

2.1. Destruction
Due to the latent dangers of CWA nerve agent species that

exist when stockpiled, adequate destruction capabilities are
required. We will focus on simple hydrolytic processes first.
Then, we will introduce metal-containing systems that are
important in catalysis. We will detail the mainmodes and systems
of decontamination.

2.2. Sensing
There is also a need to have adequate agent sensing37 and

monitoring to allay the fear that a rogue entity can (synthesize
agents and) disperse them in a surprise attack threatening civilian
populations. An ideal sensor in this context is considered as, but
is not limited to, a well-defined, reliable, and reusable (sensor-to-
sensor reproducibility) system that possesses various and distinct

attributes that include high analyte sensitivity (i.e., ideally part(s)
per trillion (ppt) sensitivity), selectivity (against interfering
species), adequately short response time, low false alarm rate,
low cost, and tolerance to a realistic range of temperatures. It is
also important to maintain consistent operation and have a
lengthy shelf life (resistance to aging) and steady lifetime
reliability. Reports will be ordered with respect to technique or
mode of sensing. Many of these criteria will be touched on.
Importantly, many of these issues relate to rational ligand design
as well as careful and creative research undertakings. Regarding
metals, d-block metal chemistry will be introduced for catalysis
and more. Particularly, adequate control of complex color,
electronics, sterics, and molecular geometry and reversibility
can be easily achieved through transition metal chemistry,38

and these criteria relate to the requirements for sensors.
Having underscored points of sensing and decontamination

separately, it is now important to establish certain ties between
them. Herein, we will however downplay the separate profile of
pesticides; pesticides will be mentioned alongside nerve agents
where they give particular insight into agent behavior. They exist
on a “toxicity continuum”. Notably, at the end of our review we try
to critically evaluate the current state of the art. This perspective is
meant to give the researcher the best vantage point in starting their
future studies. This review is relevant to primary literature that has
appeared in a print or online form through 2010.

CAUTIONARY NOTE: Conducting new or repeating old ex-
periments with particular organophosphonate-based compounds, for
example, actual or “live” organophosphonate-based nerve agents,
must be performed by properly trained personnel (supervision) only,
at specialized facilities (e.g., Aberdeen Proving Grounds) under only
genuine and adequate safety precautions. The use of proper training,
preparation, and common chemical sense derived from formal

Figure 1. Graphical timeline of notable nerve agent incidents and related dates.
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training is especially applicable here as it is with any chemical
laboratory research.

2.3. Historical Context
2.3.1. Brief History and Molecular Structure. The prag-

matic use of certain kinds of chemical-based deterrents (e.g.,
smoke clouds, arsenic-based fumes, etc.) during human battle-
field combat goes back millennia and is often reflective of the
technical and experimental sophistication of the society and
point in time. There has been a definite progression in the
development of dispersible chemical media in human warfare in
the past century guided by the knowledge of synthetic chemistry
(see the timeline in Figure 1). The replacement of chlorine (Cl2)
by phosgene (COCl2) and then by mustard gas reflects an
increasing sophistication directly reflecting greater chemical
and scientific understanding. Such techniques in modern battle
circumstances can be considered to originate from the tactics
used in trench warfare (Ypres, Belgium) during World War I. At
Ypres, Belgium, chlorine-containing compounds were used
effectively and gas warfare accounted for ∼91 000 deaths
(∼1.3 million casualties) overall.39

The exact history of the development of nerve agents40 is not
evident when surveying the primary chemical literature. Such
development was tied to secretive late 1930s and early 1940s
wartime efforts that begot substances that were subsequently
known as the G-type (German-type) nerve agents and related
compounds (Figure 2). G. Schrader and co-workers associated
with I. G. Farbenindustrie (Leverkusen, Germany) prepared
tabun in 1936. Subsequently, sarin (1938) and then soman
(1944) were prepared. These compounds were manufactured
in the thousands of tons. Cyclosarin was later developed in 1948.
These compounds were known openly to the greater world after
the end of WWII.41

An even more perilous extension to this secretive work was
conducted in Great Britain in Porton Down where VX (ethyl S-
diisopropylaminoethyl methyl phosphothioate), the first mem-
ber of the V-class (venom or venomous-type) was prepared in
the early 1950s. This work was part of an ICI patent application
and thus was registered in the patent literature before scientists at
Bayer (Germany) were able to do the same. Scientists in Great
Britain discovered V agents while synthesizing new insecticides.
Russian scientists later prepared the R-VX analogue in 1963, a
constitutional isomer bearing diethylamino and isobutoxide units

(Figure 2). The production of these compounds continued
during the Cold War leading to the present day stockpiles of
arsenals (munitions, shells) in various quantities that remain
stored in military depository locations in mainly the U.S. and
former Soviet Union (vide infra). In recent years, the status of
these stockpiles has been monitored by news agencies, as the
efforts for decontamination are enhanced.42

While the known nerve agents are closely related
[OdPV(OR)]-containing species (Figure 2), they do have
some important differences. In addition, all except tabun
[(EtO)OdP(�CN)(NMe2)]

43 contain a P-CH3 group. Thus,
with this exception, the [OdP-Me] fragment is a ubiquitous
nerve agent moiety. Sarin, soman, and cyclosarin44 are all closely
related fluorophosphonates (PH f PF). In the short V-series,
there exist VX45 and isomer R-VX, which possess the pendant
amino group an additional sp3-hybridized group 15 center.
Chinese VX involves a butoxy group compared with R-VX.46

The V-class gives rise to more complicated decomposition chem-
istry and sensing protocols (vide infra). Phosphorus(V) is essential;
there are no PIII species/intermediates known at any stage, except
perhaps as putative species in high temperature surface chemistry.

2.4. Related Compounds and Nomenclature
2.4.1. Phosphorus(V) Parent Compounds, Fundamen-

tal Chemistry. The complexity of agent substitution and
naming of compounds can be alleviated by reference to simpler
parent molecules. A presentation of simple phosphorus(III) and
(V) hydride, hydroxide, and oxide compounds and their names is
given in Figure 3. Here, acidity values as pKa’s are provided. All
nerve agents take their names from the phosphonate class. The
simplest phosphorus analog is PH3. This homoleptic trivalent
hydride can be formally substituted by hydroxyl groups to give
phosphinous acid [PH2OH]; a second hydroxyl group affords
phosphonous acid [PH(OH)2], and finally phosphinic acid
[P(OH)3]. Phosphinous acid and its derivatives are unstable in
relation to the tautomeric form, phosphine oxide (OdPH3),
which predominates due to its strong PdO bond.47 The only
known example of the stable phosphinous acid is (CF3)2POH.

48

Phosphonite species formally lack the phosphoryl oxygen
[PdO].49 Related pentavalent phosphorus species include sim-
ple phosphine oxide (OdPH3). OdPPh3 and related species can
give structural insights into sensing and decontamination of OPs,
but their hydrolysis chemistry would clearly differ in that P�R

Figure 2. Structures and names of G-type and V-type agents (in order of discovery). Agents shown as S-stereoisomers.
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bonds are very stable against bond rupture. Formal incorporation
of additional oxygen atoms gives phosphinic acid (OdPH2OH)
and phosphonic (phosphorus) acid [OdPH(OH)2]. Notably,
these species may tautomerize between P(V) and P(III), that is,
H2P(O)OH toHP(OH)2 (Figure 3). Also a tetrahedral structure
[OdPH(OH)2] is more stable than its isomer phosphonic acid,
P(OH)3. This form can be stabilized by coordination with some
metals.50 There are also other related simple phosphorus-
containing species. A variety of other cyclic and chain phos-
phorus oxyacid derivatives exist as well (e.g., orthophosphate
[2�O3P�O�PO3

2�]).51 Arsenic analogs may also possess
toxicity.52 Phosphorus sulfides are also important in this context
because of intermediates involved in nerve agent (NA) synthesis.
P�F and other halide species and their chemistry are also
relevant.
2.4.2. Pesticides. The ability of man to dispose of pests (i.e.,

mainly insects) by chemical means may predate his like ability to
dispose of or incapacitate his fellow man. Thus, taking roughly
the same post-WWI time frame, organophosphates (phosphorus
triesters) were developed (Figure 4). The preparation of
pesticides54 is entwined with that of the nerve agents since they
possess similar structural features and formulas (Figure 4). These
species possess the same mode of action (vide infra) as nerve
agents and are on the “toxicity continuum” but are less hazar-
dous. Prior to the 1930s, pesticides took the form of chlorinated

organic compounds. As with related chemical warfare develop-
ments, chlorine-containing pesticide compounds eventually gave
way to phosphorus(V) compounds. A discrete period of heavy
rational development of organophosph(on)ate-based pesticides
(insecticides) after World War II (1940s�1950s) spawned a
number of new related species. Well-known chemicals of this
type are almost always referred to by their common or industrial
names, for example, (alphabetically) chlorpyrifos, coumaphos,
cyanophos, demeton, demeton-S-methyl, diazinon, dichlorvos,
dioxathion, glyphosate, fonofos, malaoxon, malathion, methami-
daphos, mevinphos, oxydemeton-methyl, paraoxon, and para-
thion (Figure 4). Whereas pesticides are less immediately toxic
(to AChE) per the known LD50 values in nonhuman model
systems when compared with nerve agents, their heavier use and
looser monitoring is perhaps cause for greater concern. Pesti-
cides sometimes possess a terminal sulfido group [PdS]. This
alters the physical properties (i.e., hydrogen bonding, vide infra)
and has ramifications for every application. Having said all this,
Monsanto’s Roundup herbicide (Figure 4) is an example of a
phosphonate that is relatively nontoxic to humans and degrades
easily in soil.55

2.4.3. Simulants.Due to the grave toxicity of the nerve agent
class, various comparatively innocuous and readily available
molecules are frequently used in “nerve agent” research. These
simulants (aka, surrogates or mimics) exist in the “continuum” of

Figure 3. Structures and names of the rudimentary, mononuclear three-53 and five-valent phosphorus hydrides, hydroxides, and oxides.
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lowered AChE toxicity from the agents. They are typically less
expensive as well. These help in less vigorous laboratory settings
when testing a new chemical system for NA detection or
decontamination capability. The structures of various simulants
appear in Figure 5, and interestingly, some may also not be
phosphorus-containing (Figure 6). A NA simulant could be a
known pesticide (Figure 4). The utility of these in research will
be mentioned throughout this review. Importantly, simulants
provide an incomplete measure of utility, never exactly the same
behavior as with actual “live” agents. For instance, in terms of VX
chemistry, none gives “the unique intramolecular amino nitrogen

effect in VX.”14 In some molecules, the chemistry at phosphorus
is maintained, but few of these closely resemble the thiocholine
moiety, which alone is an essential degradation product in the
reaction, see Schemes 1 and 2. They are mainly P(V) centered,
and many possess one or more alkoxyl groups.56 DMMP is, by
far, the work-horse in nerve agent-like investigations.
2.4.4. Decomposition Products. Nerve agents and pesti-

cides produce some common signature byproducts upon hydro-
lysis (Scheme 1). All species except tabun give the all-important
methylphosphonic acid (MPA). The hydrolysis of tabun may
give [OdP(CN)] and dimethylamine or nitrile. The hydrolysis

Figure 4. Structures and names of selected relevant organophosphate-based pesticides.
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of sarin, soman, and cyclosarin, in addition to giving F�, may also
give the respective alkoxides or alcohols: isopropoxide, picolyl
oxide, and cyclohexyl oxide.

2.5. Toxicology
2.5.1. Acetylcholine Esterase (AChE) Inhibition. Acetyl-

cholinesterase (AChE) inhibition is the most well-known mode
of action of nerve agents. Inhibition occurs through the irrever-
sible binding of organophosphates to the catalytic site of the
enzyme.57�59 Acetylcholinesterase (AChE) is an enzyme that
hydrolyzes the neurotransmitter acetylcholine (ACh) in post-
synaptic membranes and neuromuscular junctions. When nerve
impulses reach a nerve ending, acetylcholine is released from the
terminals of presynaptic nerves into the synaptic or neuromus-
cular junction and binds to the ACh receptor site on the
postsynaptic membrane, thereby causing stimulation of the nerve

Figure 5. Structures and names of some relevant mimics used in sensing as mimics for sarin, VX, etc.

Figure 6. Some non-phosphorus-containing mimics and interferants.
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fibers or muscles. AChE serves as a regulator of neurotransmis-
sion by ACh hydrolysis. Enzymatic hydrolysis involves nucleo-
philic addition and acid-based reactions at the catalytic site of the
enzyme that involves a catalytic triad (three amino acids, serine,
glutamic acid, and histidine) (Scheme 3).60

Acetylcholine and the enzyme form an enzyme�substrate
complex by electrostatic attractions between the positive charge
on the acetylcholine nitrogen and the negative charge in the
acidic site. Then the imidazole moiety of the histidine catalyzes
acetylation of the serine hydroxyl group; the acetylated enzyme
then allows for nucleophilic attack by water to occur. The
deacetylation reaction results in the free enzyme and release of
inactive choline and acetic acid. Catalytic activity of AChE is very
high with a turnover number of >104 s�1.61

The mechanism of AChE inhibition with organophosphates is
analogous to the reaction of enzyme with ACh, except for the
reaction in which the leaving group of the organophosphates is
lost, so the enzyme becomes phosphorylated instead of acety-
lated (Scheme 4).62,63 Theoretical investigations show that
phosphorylation is a two-step addition�elimination in which
the addition step is rate-determining, while the elimination
process is faster. It should be noted that phosphorylation occurs
via a trigonal bipyramidal intermediate, whereas in the case of
acetylation, the carbonyl carbon is expected to pass through a
tetrahedral intermediate.64�66 The irreversibly inhibited phos-
phorylated enzyme can no longer hydrolyze acetylcholine. This
leads to an accumulation of acetylcholine in cholinergic receptors
and consequent continuous stimulation of the nerve fiber.
Phosphorylated AChE is stable but can undergo a possible

secondary process. The first one is the reactivation�hydrolysis of
phosphorylated enzyme. But the rate of hydrolysis is much
slower than in the case of an acetylated enzyme.63 Another
mechanism is the breaking of the PO�C bond in the inhibited
enzyme. This reaction is known as “aging”.67,68 Through this
reaction, the enzyme cannot be reactivated, and inhibition is
completely irreversible. In the case of tabun-treated AChE, aging
occurs through agent P�N bond scission.69,70 But an alternative
mechanism has also been proposed and is shown in Scheme 5.71

All known nerve agents possess a stereogenic phosphorus.
Interestingly, soman possesses one additional stereocenter on
the carbon of the pinacolyl group. These stereoisomers react with

acetylcholinesterase at different rates resulting in different toxicolo-
gical properties.31Through themeasurement of the bimolecular rate
constant of inhibition of AChE with the stereoisomers, and their
LD50 levels on mice, it was established that for soman and sarin, the
rates of inhibition of AChE by the P(þ) isomers are 3�4 orders of
magnitude less than those for the P(�) isomers; LD50 values of the
P(�) isomers of soman are much lower than those of the P(þ)
isomers. The configuration on the carbon atom in soman does not
have much influence on the rate of “aging”.72 For tabun and VX, the
rates of inhibition of AChE by the (þ) and (�) enantiomers differ
by 1�2 orders of magnitude. For both agent forms, like for soman,
the (�) enantiomers with a higher rate constant also have a lower
LD50, 119μg/kg and 12.6μg/kg for tabun andVX, respectively. But
the difference is not as dramatic as for the soman stereoisomers.31

2.5.2. Endocannabinoid System Activation. Acetylcholi-
nesterase is a primary target for nerve agents; however, some of
the pharmacological effects of organophosphates cannot be
explained only by inhibition of cholinergic activity.73,74 Thus,
the endocannabinoid system is a possible noncholinergic target.
In fact, there may be many as of yet unknown systems impacted.
Cannabinoids (CBs) (Figure 7) can reduce the amounts of
conventional neurotransmitters such as acetylcholine through a
retrograde signaling pathway.75 In this process, the retrograde
neurotransmitter is released from the postsynaptic cell and binds
into receptors on the presynaptic cell, while the conventional
neurotransmitters such as acetylcholine, travel from the pre-
synaptic cell and activate receptors on the postsynaptic cell.
Activation of the cannabinoid receptors temporarily reduces the
amount of acetylcholine produced. Several studies suggest that
some organophosphonates can bind directly to components of
the cannabinergic signaling pathway, such as to CB1 receptors,
fatty acid amide hydrolase (FAAH), and monoacylglycerol lipase
(MAGL).76�78 For example, it was reported that nerve agents
such as the sarin homologue isopropyldodecylfluorophospho-
nate (IDFP) (Figure 5) and the insecticide metabolite chlorpyr-
ifos oxon (CPO) induces cannabinoid behavioral effects
resulting in a greater than 10-fold increase in brain level
concentration of endocannabinoid resulting in the complete
blockage of their hydrolytic enzymes.79 Paraoxon (Figure 4)
inhibits FAAH activity and blocks agonist binding at the CB1
receptor.80 These results suggest that organophosphorus agents

Scheme 1. Generalized Hydrolysis of Nerve Agents
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can induce noncholinergic toxicity through hyperstimulation of
the endocannabinoid system.
Other neurological systems and biomolecules can be targeted

as well.81,82 It was reported that organophosphorus agents
chlorpyrifos and chlorpyrifos oxon react with tubulin protein in
disrupting microtubule structure. Organophosphorus agents
phosphorylate tyrosine and serine residues in β-tubulin.81

2.6. Critical Needs To Decontaminate and Detect
The unanticipated terrorist use of deadly chemical agents in

the past 30 years during complete or relative times of peace has
caused a malease that exists to the present day. These previous
events are widely publicized but are also tied to reports in the
primary chemical literature. Villages in Iraqi Kurdistan were
the sites of nerve (and mustard) agent use in 1988 during the

Scheme 2. Some Important Hydrolytic and Other Pathways for V-type Derivatives
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Al-Anfal campaign leading to thousands of deaths.83,84 Then,
there were several urban events in Japan perpetrated by
the Japanese Aum Shinrikyo cult. These included (i) a release
of sarin in Matsumoto, Nagano (June 1994), in which ∼7
people were killed and >200 were injured, (ii) isolated
assassination(s) (attempts) during 1994�1995,85,86 and (iii)
the City of Tokyo (Japan) subway attack in March 1995,87

standing as the most widespread “terrorist” NA use (12 dead,
∼5000 injured). More than 100 000 U.S. troops may have
been exposed to the sarin and cyclosarin in Khamisiyah,
Iraq, during the Gulf War in 1991.88 More recently, there
was also the use of a sarin-filled artillery round against
coalition forces during the second Gulf war in Baghdad, Iraq,
in May 2004.89,90

In the United States, false positives such as the one in
Washington DC in February 200691 for VX exposure have raised
questions about the reliability of sensors and the public readiness
for future agent-related attacks. Extremely preemptive means
have at times also led to controversy: the fear of covert
manufacture of CWA’s led to a military strike by the U.S. on
the El Shifa Pharmaceuticals manufacturing facility in Khartoum,
Sudan, in 1998 on the suspicion that organophosphonate nerve
agents were being produced there.92 Thus, good sensing tech-
nology may guide sound diplomacy as well.

2.7. Treaties and Conventions
The level of world stockpiles of organophosphonate nerve

agents are significant, especially those in U.S. and Russia. The

Scheme 3. Acetylcholinesterase Hydrolysis of Acetylcholine a

aAdapted from ref 60.

Scheme 4. Inhibition and “Aging” of AChE with Organophosphates a

aAdapted from ref 60.
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stockpiles are being reduced as countries attempt to abide by the
contractural agreement set by the Chemical Weapons Conven-
tion of 1997 (drafted, 1992; signed, 1993; effective 1997).

3. STOCKPILE DESTRUCTION

3.1. Agent Storage
Chemical agents can be stored either in bulk quantities or in

munitions. Agents stored in bulk are typically contained in large
cylindrical ton containers, similar to those used for storing or
shipping many commercial chemicals. These more innocuous
containers exclude explosive devices and fuel assemblies. Other
repositories of nerve agents are inmunitions: landmines, rockets,
artillery projectiles, and mortar projectiles. Some munitions have
no explosives or propellant, whereas others contain some
combination of fuse, booster, burster, and propellant, which
are sensitive to detonation. Many but not all stockpiles are stored
in “igloos” (earth-covered bunkers).

3.2. Protection Protocols and Logistics
Any direct human handling of nerve agents and materials

contaminated by them constitutes a high health risk due to
extremely high toxicity of the agents (see above). Monitoring of
the workplace environment and occupational health programs
are needed and developed.93 Chemical monitoring of air, liquids,
and solids must be provided by proven systems such as the
automatic continuous air monitoring system (ACAMS) and the
depot area air monitoring system (DAAMS), mass analysis, and
chromatography.93 Employees must be provided with personal
protective equipment and be extremely well-trained. Personal
protection devices may include respirators, safety glasses, earplugs,

and earmuffs. Detailed decontamination materials and methods
are described elsewhere (section 5).

The first step in the destruction process is the actual trans-
portation of weapons or ton containers from the storage place to
the destruction facility. It is obvious that this step is associated
with high environmental risk and public discontentment and is
always considered seriously. The characteristics of weapons and
containers, characteristics of the packaging, type of transport
vehicles, and external factors such as the possibility of accidents
and the venue of transportation are considered in evaluation of
transportation risk.94 In Russia, public opposition to the transfer
of all chemical agents from any storage site to one central disposal
plant forced the government to build “on-site” destruction
facilities at six of its seven storage sites. In the U.S., transportation
of dangerous weapons also raises major public concern. Nowa-
days, destruction facilities are on-site, located at existing storage
sites.95,96

3.3. Background
Before the Chemical Weapons Convention, dumping of

wastes at sea was a simple approach for “destroying” munitions
and materials remaining after the First and Second World Wars.
In the Baltic sea, drums of waste were often encountered by the
fishing industry.97 The last sea-dumping case was operation
CHASE in the Atlantic Ocean during the 1970s carried out by
the U.S. Army.98 Waste burning in open pits and burying were
also pursued as alternative disposal methods. In the case of
burying, very slow containment corrosion and subsequent slow
release of toxic compounds lead to localized contamination of
soil and groundwater, and thus it represents long-term environ-
mental threats. Also, both sunken and buried munitions might
explode causing a possible sudden release of nerve agents. In
1969, the National Research Council (NRC, U.S.) decided to
end the sea-dumping method. Other disposal technologies were
studied, and many technologies are still under consideration and
are presently in different stages of realization.99�101 Russia has
developed its own two-step process involving neutralization and
detoxification with a cocktail of organic compounds. This
mixture is then combined with bitumen, sealed in drums, and
buried.96,97 Currently, the U.S. Army employs technologies that
include thermal processes such as classical incineration as well as
hydrolysis with supercritical water oxidation.

3.4. Methods Currently Employed
3.4.1. Incineration. In 1982, the NRC endorsed incineration

technology as the recommended method. It is known as the
“baseline” system. The first full-scale prototype facility using this
system is the Johnston Atoll Chemical Agent Disposal System

Scheme 5. Mechanisms Proposed for “Aging” of Tabun through (a) C�O Bond Cleavage and (b) P�N Bond Cleavage

Figure 7. Structure of two endocannabinoids that participate in the
retrograde signaling pathway.
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(JACADS); its construction began in 1985, with Operational
Verification Testing (OVT) being conducted from 1990 to 1993.
This technology was quite effective for destroying stockpiled
warfare agents and is currently widely used in Germany and the
U.K. and by the U.S. Army.102

In addition to the JACADS in the Pacific, there are eight
chemical weapons stockpiles within the continental U.S. at Army
facilities: Anniston, AL, Pine Bluff, AR, Tooele, UT, Umatilla,
OR, Aberdeen, MD, Newport, IN, Richmond, KY, and Pueblo,
CO. Nowadays, incineration technology is employed at Annis-
ton, Umatilla, Tooele, and Pine Bluff. As of March 3, 2010, in
Umatilla Chemical Depot (UCD), all of the GB and VX agent
stored at the depot, 1531 tons of GB, HD, and VX stocks, had
been incinerated, representing over 41% of the base’s stockpile.
In Anniston 69%, in Tooele 88%, and in Pine Bluff 71% of
stockpiles have been destroyed.103

Early incineration technology usually subjected contaminated
matter to a single burn. Upon evaluation of testing and opera-
tions at JACADS, the U.S. Army improved the technology
further at the Tooele Chemical Agent Disposal facility
(TOCDF). This “second-generation” baseline process consists
of three stages: (a) separation of chemical agents, energetics
(explosives and propellants), and related materials in preparation
for incineration; (b) incineration of agents, energetics, and
“dunnage” (packing and shipping materials) and the thermal
decontamination of metal parts from munitions and storage
containers; (c) treatment and monitoring of gaseous effluents
and analysis and disposal of remaining solid and liquid wastes.101

A brief overview of the agent destruction stage is provided here.
For the nerve agents, the incineration process is described by

eq 1 for sarin and eq 2 for VX:

There are three furnaces in the system: the liquid incinerator
(LIC), the deactivation furnace (DF) for energetics, and the
metal parts furnace (MPF) to decontaminate the metal. The
fourth incinerator, the dunnage incinerator (DUN), was in-
tended but has not yet been put into operation. The liquid
incinerator is a two-stage refractory-lined incinerator designed to
destroy the nerve agents GA, GB, and VX (and mustard gases)
and consists of two sequential combustion chambers and a
pollution abatement system. Liquid chemical agent drained from
the munitions or storage containers is collected in a storage tank
from which it is fed into the first chamber, which is a high-
temperature (1480 �C) liquid incinerator. This first chamber is
preheated with natural gas. The fuel flow is controlled according
to agent flow so as to maintain the appropriate temperature for
effective agent destruction. Then, gases are sent to a second
chamber, also preheated with fuel, for a final burn stage at a

minimum temperature of 1090 �C (Scheme 6). The decontami-
nation fluid is also used in the second chamber to ensure
destruction of any residual agent. The afterburner gases are then
treated in the pollution abatement system. During the operation
of the system, some slag is produced in the second chamber. The
fluids also contain salts, which are deposited in the bottom of the
chamber. The slag removal system in TOCDF allows discharging
molten salts during operations.104

3.4.2. Neutralization by Base Hydrolysis.While incinera-
tion is an attractive destruction approach, increasing public
concern arising from the possible dangers from emissions of
incineration facilities have led to the examination of alternative
technologies for nerve agent destruction. Two alternative tech-
nologies for destroying nerve agent stockpiles were chosen by the
U.S. Army: water hydrolysis followed by biotreatment and water
hydrolysis followed by supercritical water oxidation.
3.4.2.1. G Series. Neutralization with aqueous NaOH at

ambient temperature allows for the destruction of significant
quantities of sarin (GB). The hydrolysis of sarin has been studied
extensively and is described by reaction 3. The technology was
first used in the U.K., then in the U.S. and more recently in Iraq;
4188 tons of sarin were hydrolyzed successfully at the Rocky
Mountain Arsenal (1973�1976).102 Sarin is pumped into a
holding tank. Then it is mixed with a large excess of aqueous
sodium hydroxide to produce an aqueous solution of inorganic
salts and the organic product of degradation. This material is
packed into drums and deposited in a hazardous waste landfill.
The water vapor before atmospheric discharge is subjected to a
scrubbing process. Waste water is transferred to an industrial
sump or lagoon.105 In addition to those by the U.S. Army,
neutralization processes have been used to destroyG agents inGreat
Britain, Canada, territories of the former Soviet Union, and Iraq.

3.4.2.2. VX Agents. VX is also hydrolyzed106 by sodium
hydroxide (Scheme 7). At room temperature, nontoxic EMPA
and toxic EA 2192 (but involatile and does not penetrate the
skin) are stable, but they are hydrolyzed at elevated temperature
to nontoxic products.14 This methodology was used by the U.S.
Army in neutralization processes at the Newport Chemical
Depot. The agent from a holding tank was fed slowly into a
vigorously stirred reactor containing aqueous sodium hydroxide
solution preheated to 90 �C. Hydrolysis occurs at the organic�
water interface, thus adequate reactor mixing is very important;
VX is present as a separate organic phase. The total amount of VX
added to the reactor is 21% of the hydrolysate (by weight) before
addition of sodium hypochlorite. The mixture is heated for 6 h.
After cooling, an equal amount of bleach solution (sodium
hypochlorite) is added to oxidize reaction products. After
bleaching, the amount of VX processed is equal to 10% of the
final hydrolysate (by weight). The hydrolysate is analyzed
periodically using gas chromatography/mass spectrometry.
The concentrations of both VX and EA 2192 are found to be
below 20 ppb.100 The hydrolysate is subjected to further treat-
ment and final disposal.
In 2003, neutralization followed by supercritical water oxida-

tion (SCWO) was selected as the technology to destroy the
chemical weapons stockpile at the Blue Grass Army Depot.107

After neutralization and chemical analysis, the hydrolysate was
transferred with oxidizing agent (air or oxygen) to the SCWO
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section and heated to 600�650 �C under approximately 270
atm. The SCWO reaction mechanism generally follows free-
radical chain pathways that involve important oxidative radicals,
such as •OH and •OOH. Within∼30 s, the organic components
are largely oxidized to water and sodium carbonate, phosphate,
and sulfate, as well as gaseous nitrogen-containing products (e.g.,
N2 and N2O). After cooling with quench water, the mixture from
the SCWO reactor is released through a pressure reduction
system. The resulting effluent is a mixture of gases (O2, N2,

CO2), a concentrated aqueous salt solution, and entrained solid
salts. The aqueous salts undergo distillation to remove water in
the evaporating section. Salts crystallized from this solution are
filtered and packaged for landfill disposal. The disadvantage of
second-stage technology is the corrosion of heating and cooling
elements on either side of the supercritical water reactor.
Frequent replacement of the reactor liner was planned for the
SCWO units at the Blue Grass Chemical Agent Destruction
Plant. Several research papers focused on SCWO development
have been published.108�110

4. DECOMPOSITION REACTIONS

4.1. Hydrolysis
Since G-type nerve agents react with water, hydrolysis can be

considered a basic method for detoxification.111 Both soman and
sarin are soluble in water and their hydrolysis under different pH
conditions has been carefully studied.112,113 Hydrolysis proceeds
by phosphorus SN2 nucleophilic attack (Scheme 8); the hydro-
lysis rate is temperature- and pH-dependent. This reaction gives
the nontoxic products isopropyl methylphosphonic acid (IMPA)
in the case of sarin and pinacolyl methylphosphonic acid in the
case of soman. Hydrolysis of tabun gives phosphoric acid as a
final product. Under neutral and basic conditions, hydrolysis
occurs through the formation of O-ethyl-N,N-dimethylamido-
phosphoric acid and cyanide; under an acidic environment
hydrolysis gives ethylphosphoryl cyanidate and dimethylamine
(Scheme 9). Under neutral conditions, the rate constant is
smaller than that of acidic and basic hydrolysis. At neutral pH
and 25 �C, tabun is stable in water for 14�28 h; the half-life at

Scheme 6. U.S. Baseline System Adapted from Ref 104

Scheme 7. Neutralization of VX with Sodium Hydroxide
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20 �C and pH 7.4 is approximately 8 h. At 20 �C and neutral pH
range, the half-life of sarin is estimated from 461 h (pH 6.5) to 46
h (pH 7.5). At 25 �C, the half-life ranges from 237 h (pH 6.5) to
24 h (pH 7.5). A half-life of 8300 h at 0 �C and pH 6.5 indicates
some persistence at low temperatures.17 Soman is hydrolyzed
five times slower than tabun; its estimated half-life is∼60 h at pH
6 and 25 �C. At pH greater than 10, both soman and sarin are
hydrolyzed within a few minutes. Because an acid is produced,
the pH decreases, and the rate of hydrolysis also decreased. Thus,
excess base is required to maintain the same reaction rate.2

The hydrolysis of VX is complex and involves several pathways
(Scheme 10). At neutral and weakly basic conditions, hydrolysis
is slow with a half-life of 60 h. The rate constant decreases as pH
decreases from 10 to 7.5. The reaction is catalyzed intramolecu-
larly by the available amino group; either the O-ethyl or the S-
alkyl group dissociates from the apical position, opposite the
attacking H2O molecule or the anionic phosphoryl oxygen
(Figure 8).14 At pH values of <6 and >10, cleavage of the P�S
bond is the predominant process, resulting in the formation of
ethyl methylphosphonic acid (EMPA) and diisopropylethyl
mercaptoamine (DESH). In aqueous 0.1 M NaOH, a solution
of 0.01 M VX was hydrolyzed to EMPA and S-(2-diisopropyl-
aminoethyl) methylphosphonothioic acid (EA-2192) in a ratio
of 87% to 13%, respectively; the reaction half-life here was 31
min.17 This ratio is constant from 0.01 to 0.5 M NaOH, but
decreases with increasing base concentration; in 4 M NaOH, it
is 73% to 27%, respectively. Computational studies on the
solvolysis of VX also indicate that the P�O and P�SR bond
cleavage processes are kinetically competitive, but the P�SR
cleavage pathway is favorable over P�OEt bond cleavage by 3.2
kcal/mol.114,115 The same trend was observed for analogs of
VX, DEMP and DEPPT. 31P and 13C NMR studies show that
EA-2192 is produced from P�O, not O�C, bond cleavage.14

EA-2192 is relatively stable in water; no degradation of EA-
2192 was observed after 1000 h in distilled water.17 EA-2192
can be hydrolyzed to DESH and MPA. However, at room
temperature, the hydrolysis is exceptionally slow, and EA-2192
is considered to be approximately as toxic as VX. Therefore,
unlike G agents, VX cannot be detoxified by base-catalyzed
hydrolysis. But, basic hydrolysis at elevated temperature is used
to effect neutralization. EA-2192 in concentrated NaOH at
90 �C gives the nontoxic species MePO3

� and thiolate (RS�).

Hydrolysis of R-VX is slower than VX under the same
conditions and half-lives in unbuffered water at pH 7 are 12.4
days and 4.78 days for R-VX and VX, respectively. It was
proposed that the bulky isobutyl group in R-VX inhibits the
attack by water and subsequent hydrolysis more than the ethyl
group in VX.116

4.2. Autocatalytic Hydrolysis or Hydrolysis Byproducts
VX and R-VX are completely hydrolyzed within 1�2 months

at room temperature to nontoxic compounds a and d in the
presence of a stoichiometric amount of water (Scheme 11).117

The reaction is initiated by an attack of the deprotonated
phosphonate (b) on protonated VX to produce the toxic dipho-
sphonate (c). Diphosphonate is rapidly hydrolyzed to the acid
(a), which is the carrier of the chain reaction. Since all reactions
are reversible, except for the hydrolysis of the diphosphonate, a
slight excess over the required equimolar water is recommended
to ensure irreversibility; otherwise diphosphonate c will react
with d to reform the V agent until an equilibrium is established
among the four major components in the dry mixture: the V agent,
b, c, and d. The reaction proceeds only with organophosphorus

Scheme 8. Hydrolysis of Soman and Sarin to MPA Scheme 9. Complete Hydrolysis of Tabun to Phosphoric
Acid

Scheme 10. Hydrolysis of VX
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esters with structures similar to the V-type agents (i.e., an
intramolecular amino group is essential) and involves both intra-
and intermolecular catalyzed reaction steps.

4.3. Use of Peroxide
Peroxides (R�O�O�R0) are attractive reactants for decon-

tamination because they are nontoxic and noncorrosive.118

Additionally, peroxides have low freezing points that make them
suitable for the development of cold-weather decontamination
solutions. Decontamination methods using the nucleophilic
peroxy anion, HOO�, have been known for decades.119,120 The
reaction proceeds through peroxyphosphonate intermediates,
which can be supported by 31P NMR analysis (Scheme 12).121

Density functional theory (DFT) has been used to show that
the reaction of G agents with hydroperoxide is kinetically more
favored compared with simple hydroxide.122,123 Faster solvolysis
can be explained by strong intermolecular hydrogen bonding in
the transition state geometry.123

For G agents, perhydrolysis is fast, and they can be easily
detoxified under dilute alkali conditions, whereas hydrolysis of V
agents in basic solution is less effective. From this perspective,
perhydrolysis of V agents (e.g., VX) is of more current interest.
Another point here is that perhydrolysis avoids formation of toxic
S-[2-(diisopropylamino)ethyl]-methyl phosphonothioic acid (EA-
2192), whereas basic hydrolysis yields about 22% EA-2192. It was

shown that VX also undergoes rapid perhydrolysis to give phos-
phonic acid, but a peroxyphosphonate intermediate was not ob-
served (Scheme 13).14,121 The reaction is pH-dependent. Forma-
tion of acidic product stops the reaction before completion; thus,
addition of bicarbonates as buffering components drives the reaction
to completion.14,121

Perborate, mostly sodium perborate, NaBO3 3 nH2O, is an
alternative detoxifying agent to hydrogen peroxide in terms of
storage stability. In alkaline aqueous solution, perborate dissoci-
ates to borate B(OH)3 and perhydroxyl anion (Scheme 14). The
perhydroxyl anion (OOH�) is more reactive than hydroxide
toward organophosphates.119,124 Several kinetic studies of per-
borate with organophosphates, including pesticides, were carried
out.125�127 It was established that the rates of decomposition of
malathion, diazinon, parathion, methyl parathion, and mevin-
phos with sodium perborate at pH 10 are much higher than those
in sodium carbonate, which was used as a control solution at the
same value of pH. The half-lives of pesticides in perborate
solution are estimated in minutes (e.g., ∼8.6 min for malathion
in tap water (Davis, CA)), while in control solutions they are too
long to be measured experimentally. Paraoxon also demonstrates
80-fold enhancement of decomposition rate in basic perborate
solution compared with usual alkaline hydrolysis. This reaction
rate depends on pH and concentration of perborate and slows
down with increasing pH and borate concentration. The calcu-
lated rate constant for reaction with perborate is in good

Figure 8. Intramolecular amino group-catalyzed hydrolysis of VX.
Adapted from ref 14.

Scheme 11. Autocatalytic Hydrolysis Mechanism of VX and
R-VXa

aModified from ref 117.

Scheme 12. Perhydrolysis of Sarina

aAdapted from ref 121.

Scheme 13. Perhydrolysis of VXa

aAdapted from ref 121.

Scheme 14. Dissociation of Perborate in Alkaline Aqueous
Solution and Reaction of Paraoxon with Perhydroxyl Aniona

aNote: in kinetic studies other reactions such as alkaline hydrolysis of
paraoxon and hydrolysis of boric acid, B(OH)3, must also be considered.
Adapted from M. D. David et al.125
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agreement with literature data for perhydroxyl ion, confirming that
perhydroxyl ion is the reactive species in this reaction.126 High
reactivity, commercial availability, and reasonably good storage
stability make sodium perborate a viable option for destroying
pesticide waste. However aqueous H2O2 is much more stable in
storage than any solid peroxide compound.128,129 For sodium
perborate in particular, high humidities and temperatures above
90 �C must be avoided in storage, and it decomposes in warm or
moist air.130 Cool storage is required for this material. Aqueous
H2O2 has less stringent storage requirements, and is it not as
temperature sensitive with regards to decomposition.131

4.4. Oxidation with Bleach and Related Reagents
One of the most important categories of agent/pesticide

decontamination reactions is oxidative chlorination. Solutions
or solid bleach agents were the first form of chemical deconta-
mination to be studied and were introduced duringWWI. Bleach
matrixes have also been tested with laboratory test animals.132

First, bleach decontamination solutions are presented in Table 1.
Reactions of some nerve agents with bleach are represented in

Scheme 15. Reaction 1 proceeds vigorously and rapidly via
oxidative hydrolysis of the P�S bond. Under acidic conditions,
only 3 equiv of active chlorine are required for each mole of VX.
Importantly, VX is more soluble in acidic media because of
tertiary amine nitrogen protonation; oxidation occurs at sulfur in
the presence of HOCl. At high pH, the solubility of VX is reduced
and oxidation at the amino moiety occurs accompanied by the
evolution of chlorine or oxygen gas and formation of sulfate and
carbonates. Under these conditions, over 20 mol of active
chlorine is required per mole of agent.2 In reaction 2, hypo-
chlorite anion catalyzes the hydrolysis in aqueous solution at pH
range of 5�9.133

The micellar reaction kinetics of phosphorus esters catalyzed
by hypochlorite was reported in 2002.134 The usefulness of
the hypochlorite�surfactant combination as a decontaminating
agent was established through a kinetic study of the hydrolysis
of three phosphorus esters and sarin in the presence of the

CTABr/ClO� system. In all cases studied at pH 8.5, the
surfactant CTABr (cetyl trimethylammonium bromide) signifi-
cantly enhanced the hydrolytic capability of hypochlorite. Sarin is
completely decontaminated within 10 min at a sarin/hypochlor-
ite ratio of 20:1 in a micellar CTABr�ClO� mixture. In the
absence of surfactant, it takes more than 70 min to detoxify sarin
even at a 10 times higher concentration of hypochlorite.133 There
are some disadvantages in using bleach as a decontaminant: (i)
the active chlorine content is reduced with storage time, so a fresh
solution must be prepared prior to use; (ii) a large amount of
bleach is required; (iii) bleach is corrosive to many surfaces. As a
result, buffered solutions of bleach (Table 1) and more stable,
less alkaline N-chloro compounds have been used. An aqueous
solution of a commercial N-chloro oxidant, Fichlor (sodium N,
N-dichloroisocyanurate) at pH 6 effectively detoxified VX but
was not as effective for G agents.2 HOCl is believed to be the
reactive species (Scheme 16).

Other oxidants were developed and explored. Since G-type
nerve agents can be easily hydrolyzed in basic media, oxidation is
more realistic for V-type nerve agents. Oxidation of the sulfur in
VX in aqueous acid medium is rapidly followed by hydrolysis to
nontoxic products. One of the most effective oxidants is the
commercial product DuPont Oxone, where the active ingredient
is potassium peroxymonosulfate. An aqueous solution of Oxone
has a pH of ∼2, can dissolve a large amount of VX, and enables
fast oxidation at the sulfur. In this case, only 3 equiv of oxidant are
required per 1 equiv of agent (Scheme 17).2 Based onOxone, the
L-Gel system was developed for decontamination of buildings
and large scale materials. The system is relatively noncorrosive
(pH ≈ 2.3).135 Other peroxyacids such as magnesium mono-
peroxyphthalate (MMPP), peroxyacetic acid, and m-chloroper-
oxybenzoic acid (m-CPBA) in aqueous or aqueous�polar
organic solvents detoxify VX.14,136

4.5. Alkoxide as Nucleophile
4.5.1. Basic Media. Alkoxide anion (RO�) is a good

nucleophile for the chemical destruction of organophosphonate

Table 1. Decontaminants Composed of Hypochloritesa

decontaminant composition

bleach aqueous solution of NaOCl (2�6 wt %)

HTH (high test hypochlorite) Ca(OCl)Cl þ Ca(OCl)2 as solid powder or a 7% aqueous slurry

STM (super tropical bleach) Ca(OCl)2 þ CaO as solid powder or as 7%, 13%, 40%, or 70% aqueous slurries

Dutch powder Ca(OCl)2 þ MgO

ASH (activated solution of hypochlorite) 0.5% Ca(OCl)2 þ 0.5% NaH2PO4 buffer solution þ 0.05% detergent in water

SLASH (self-limiting activated solution of hypochlorite) 0.5% Ca(OCl)2 þ 1.0% sodium citrate þ 0.2% citric acid þ 0.05% detergent in water
aAdapted from ref 2.

Scheme 15. Reaction of VX with Hypochlorite (Reaction 1) and Hydrolysis of Sarin Catalyzed by Hypochlorite (Reaction 2)
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nerve agents. Alkoxide solutions can be easily prepared mixing an
alcohol with NaOH or KOH. Alkoxide reactivity increases with
increasing size of the alkyl group (R). Cleavage of the P�S bond
in V-type nerve agents such as VX is more effective than in simple
basic hydrolysis and similar to perhydrolysis by peroxide. The
reaction proceeds through displacement of thiolate by the
alkoxide ion, but some loss of the O-alkyl group is also observed
(e.g., 3 in Scheme 18). Both displacements occur with complete
inversion of configuration at the phosphorus atom. The kinetic
facial selectivity in displacement depends on intrinsic kinetic
affinity of the alkylthio ligand to occupy either an axial position or
an equatorial position in transition state.137 VX reacts with 0.25
M CH3O

� in methanol with a t1/2 of 15 min at 22 �C.14 The
major product is the diester MePdO(OR)(OR1); but over time,
this species reacts with alkoxide to give MePdO(OR)2 and alkyl
methylphosphonate (5). For some compounds, the first-order

rate constants have been calculated; for example, for the simulant
DEPPT, a first-order reaction plot revealed k = 7.08 � 10�4

s�1.138 It should be noted that the reaction with alkoxide anion is
also effective in nonaqueousmedia.When EOH (E=H,Na, K) is
present in the reaction mixture, the hydroxide anion OH�

competes with RO�, whereupon the toxic thioic acid species
[MePdO(SR2)OH] is produced.
Other systems such as diols (e.g., ethylene diglycol), ether

alcohols, or amino alcohols (monoethanolamine, MEA) are also
used to generate alkoxide anions. Their reactivity increases as the
solvent becomes less protic.14 The standard decontamination
solution, “DS2”, contains the ether alcohol, ethylene glycol
monomethylether, which gives 4 as a reactive species in Scheme 19.
Compound 4 readily decomposes both G- and V-type nerve
agents to give diesters as the major products. These diesters
decompose further to give other products, but these reactions are
slower. DS2 is a very effective decontaminant and is noncorrosive
with long-term storage stability. It can be used in a broad tem-
perature range (�26�52 �C) as well.2
4.5.2. Metal-Catalyzed Reactions. For organophospho-

nates, there are various metal-based approaches to hydrolysis
revolving around the metal center and the ligand type. Also there
are options regarding the number of metal ions involved. First,
we will look at metal-catalyzed reactions. Then we will look at
metal-assisted action as illustrated in detail below in Scheme 21.
It should be mentioned that there are a wide variety of reports
regarding solution catalytic cleavage of organophosphate P�O
bonds by discrete metal/element complexes. The metal-cata-
lyzed hydrolysis1 literature is extensive, stemming from the
ubiquity of phosphates in biology, that is, in the backbone of
DNA/RNA, whichmay be cleaved hydrolytically through the use
of metal complexes.
Metal-catalyzed hydrolysis of organophosphonate papers are

by various principal authors such as Wagner-Jauregg and E.
Bamann. Earlier papers deal with phosphate esters. In 1955, a
report by Wagner-Jauregg et al. reported the hydrolysis of
(iPrO)2PdO(F) via Cu2þ 2,20-dipyridyl complexes;139 this
compound was found to be more effective than those whose
ligands contain other nitrogenous bases. A poor performance

Scheme 16. Detoxification of VX with Fichlor

Scheme 17. Detoxification of VX with Oxone

Scheme 18. Reaction of VX with Alkoxide Aniona

aAdapted from ref 138.
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with Cu2þ�EDTA confirmed that metal coordinative saturation
shuts down catalysis. In the same year, a report by K.-B.
Augustinsson et al. described metals used with phosphoryl-
phosphatases.140 Separately, A. E. Martell et al. studied the
hydrolysis of sarin and DFP to determine that Cu2þ was an
appropriate species for this process with a range of ligands.112,141

The kinetics of hydrolysis of sarin catalyzed by cerous, cupric, and
manganous ions was studied. Second-order rate constants were
obtained, and these hydrometallic species with the formula
M(OH)(H2O)x

y are considred as catalytically more active than
the hydroxyl ion.142 There is also a cluster of early reports
regarding the catalysis of phosphate esters by soluble metal ions
by E. Bamann et al. (∼1958�1962).143�147 This work was
performed in heterogeneous solvent systems specifically and
posed difficulty for obtaining accurate values of rate constants.
Then, there is an 1968 report of Mg2þ-enhanced hydrolysis of
sarin.148 In 1969, R. J. Withey studied the hydrolysis of ((p-
NO2)C6H4O)(OH)PdO(Me) with La3þ uncomplexed by an
ancillary ligand. In this study, the rates were measured in aqueous
media at near-neutral pH (7.3�9.0) at 70 �C; rate enhancements
of 3.6� 104 were found.149 Also, a report by R. A. Kenley in 1984
details the hydrolysis of [((p-NO2)C6H4O)(OH)PdO(Me)]
and [((p-NO2)C6H4O)(OEt)PdO(Me)] using Co3þ hosted
by one tetra-nitrogen [N4] macrocylic system (1,4,7,10-tetra-
azadecane-based) or two of the same bidentate systems (1,3-
diaminopropane, 1,1,2,2-tetramethyl-1,2-diaminoethane, 2,20-bi-
pyridyl species).150 The 1,1,2,2-tetramethyl-1,2-diaminoethane
is the most active in promoting production of free (p-NO2)-
C6H4O. The rate of hydrolysis (kapp) with 1,1,2,2-tetramethyl-
1,2-diaminoethane�Co3þwas determined to be 15� 10�2M�1

s�1 for [((p-NO2)C6H4O)(OH)PdO(Me)] and 5� 10�2M�1

s�1 for [((p-NO2)C6H4O)(OEt)PdO(Me)].
Regarding more contemporary reports, studies concerning the

generality of transition metal catalyzed hydrolysis were summar-
ized by J. R. Ward et al. in 1990.151 There was a report in 1985
of Co2þ hydrolysis of (p-(NO2)C6H4O)(OEt)PdO(Me) by

R. S. Brown et al.152 A 1988 report represents a new strategy: P. R.
Norman used a variety of metals in looking at monoaquo metal
species.153 Later, R. W. Hay et al., reported using [Cu-
(tmen)(OH2)(OH)]

þ (tmen=N,N,N0,N0-tetramethylethylenedia-
mine) with a variety of bases in the hydrolysis of 2,4-dinitrophe-
nyl ethyl methylphosphonate.154 F. Tafesse investigated hydro-
lysis of several nerve agent simulants by solution that contains
N4Co(III) ion (N4 = (ethylenediamine)2, (trimethylenediamine)2,
or tris(3-aminopropyl)amine) in microemulsions.155 Finally, a
report by R. E. Lewis described La3þ catalysis with additional
help from a (ligand)Zn�OCH3 species.

156

Similar catalysis was also adapted for materials and supports.
R. W. Hay and co-workers reported a copper system that is
capable of hydrolyzing sarin, 2,4-dinitrophenyl diethyl phos-
phate, and 2,4-dinitrophenylethylmethylphosphonate in metal-
lomicelles. These transformations occurred at 35 �C and at a pH
of 8. The hydrolysis enhancement for sarin was appreciable, and
for 2,4-dinitrophenyl ethyl methylphosphonate enhancement
was measured as 6.6� 104.157 E. L. Chang et al. reported methyl
parathion hydrolysis using a polymer (trimethylolpropane
trimethacrylate) and Cu2þ that was coordinated by a functiona-
lized bipyridyl ligand.158

Metal-based hydrolysis studies have also included VX mimics.
R. S. Brown communicated a Zn2þ-catalyzed series of phospho-
nothioates (EtO)(ArS)PdO(Me) (Ar = 3,5-dichlorophenyl,
4-chlorophenyl, 4-fluorophenyl, phenyl, 4-methoxyphenyl).159

Also methanolytic cleavage of paraoxon promoted by solid
supported lanthanide ion catalysts (La3þ, Sm3þ, Eu3þ, Yb3þ)
was investigated.160 Solid supports were chlorobenzylated silica
and chloromethylated polystyrene, functionalized with two
chelating agents (iminodiacetic acid and ethylenediamine-N,
N0-diacetic acid). The catalysts showed good activity at pH
values of 8.8 and 11 in methanol. Also, reusability of catalysts
was discussed.160

A report by L. Y. Kuo shows that molybdenocene (Cp2MoCl2)
can take part in O,S-diethyl phenylphosphonate hydrolysis; this
study is elaborated below (Scheme 20).161 Also, L. Y. Kuo and
co-workers previously determined the cleavage of a thiopho-
sphinate using a related organometallic system.162,163

The Kuo report represents a turning point for organometallic
systems. The complex used is actually a well-studied compound
type. Herein, the substrate underwent 100% cleavage of the P�S
bond (pH 7.2, 30 �C). The [ansa-Cp2MoCl2] species and
[(CpMe)2MoCl2] were also studied. Scheme 20 provides a clear
representation of the proposed active species. This report opens
up possibilities for other metallocene systems; group 4metal ions
for instance have been exhaustively pursued in other applications.
Scheme 20 clearly shows the attack on�OR and�SR in a well-
defined system. In Figure 10, a short stack of 31P NMR spectra
shows the progression of the hydrolytic nucleophilic reaction by
H2O at phosphorus to give the P�OH substituent from P�OEt.
One limitation with the L. Y. Kuo system is that it is not

Scheme 19. Reaction of VX, GB, and GD with decontami-
nation Solution DS2a

aAdapted from ref 2.

Figure 9. Ligands that have been used in exploring the hydrolysis of
nerve agents and related species.
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operational in pure water; an aqueous THF/acetone mixture was
used due to the water insolubility of the phosphonothioate.
Further, acetone was used tomaintain one phase. However, there
is currently some uncertainty of mechanism with this model
system. Some of the aspects that plagued the early work cited
above still could exist and do exist here: solvolytic dissociation of
ligands and complication of mechanism by multimers, that is,
formation of dimers.
4.5.3. Metal-Assisted Reactions. Noncatalytic, nonsurface

particle systems have also been reported to facilitate NA degra-
dation and likely detoxification. One main type of reaction
involves PO�R bond cleavages. D. A. Atwood et al., have
reported several examples in which the alkyl fragment is lost
from the organophosphonate leading to a bound phosphonate
element�phosphate ester.12,164 Group 13 element-mediated
sensing and degradation was possible using either an aluminum
or boron reagent (Figure 11).165 In the reaction, the NA
coordinates to the cationic group 13 element activating the
phosphate ester group for nucleophilic attack by the bromide
anion. Separately, in 1997, a lanthanum hexaaza-crown species
was studied.166 There is also a report by D. R. Leslie in which
ozone was used in conjunction with Co2þ, Cr3þ, and Mn2þ; this
older report involved a G-type agent.167 There are other exam-
ples of metal assistance for pesticides such as paraoxon.168

4.5.3.1. General Comments. The various systems described
above dealt with two general types of chemical systems. The
obvious question is whether a single or double or perhaps
multiple site system is better for catalysis. There is much support
generally for the bimetallic site. The prevalence of systems in
which the site adjacent to agent binding allows for the activation
of water for incipient nucleophilic attack is a theme that is also
discussed with surfaces and enzymes (See Scheme 21).
4.5.4. Biotechnological Degradation. Perhaps the most

intriguing aspects of organophosphonate nerve agent sensing
and decontamination are the biological ones,22,23,25,26,169,170

because there are many molecular aspects we do not understand.
There is an enormous amount of literature on phosphate
cleavage by discrete and carefully characterized metal complexes
especially including those of Zn2þ, Fe2þ, and combinations of
these two metals. This literature has been the subject of many
reviews, including some recent reviews.171�175 Nearer to our
purposes here, important enzymes have been studied in both
agent degradation and sensing. These important enzymes (vide
infra), while sometimes mutated, can come ultimately from

Scheme 20. The Proposed Stepwise Catalytic Action of Molybdenocene on (EtO)(EtS)PdO(Ph)a

aAdapted from ref 161.

Figure 10. The 31P NMR spectrum of DEPP, 25 �C, 0.1 M NaOH:
(A) t = 0; (B) intermediate; (C) completion of reaction. Copied directly
from ref 161. Licensee: David G. Churchill, Lincense Number:
2582911374387, License Date: Jan 06, 2011.
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organisms. Thus, this literature, which stretches back beyond the
1970s, is not immediately accessible for chemists because there
are reports based on particular microorganisms or stewymixtures
of microorganisms that have or have not been completely
characterized. However, the results are indeed of chemical
relevance; depending on the enzyme, selective P�F or P�C
cleavage may be achieved.
4.5.4.1. Whole Organism and Cell Studies. 4.5.4.1.1. Hu-

man, Animal, and Bacterial Studies. A founding paper in the
emergence of nerve agent biotechnology is the A. Mazur et al.
report from 1946, which revealed that (iPrO)2PdO(F) was
degraded in humans, rabbit, and monkey by a then-unspecified
enzyme.176 Plasma and tissue samples were studied. Importantly,
the P�F bond was cleaved selectively giving (iPrO)2PdO(OH);
and the analysis of fluoride ion (F�) was quantitative (there was
no evidence of (HO)2PdO(OH) formation). Other fluoropho-
sphates were investigated as well, such as (MeO)2PdO(F),
(EtO)2PdO(F), and (EtO)(MeO)PdO(F). Absolute enzyme

inhibition was possible with high Hg2þ concentration, whereas
partial (∼50%) inhibition was effected upon treatment with
Cu2þ or I�; effects of other additives were less pronounced.
Interestingly, at low Hg2þ concentration, the rate was enhanced.
Various organs were studied, and the liver was determined to be
the target organ of greatest inhibition.
In the mid-1950s, K.-B. Augustinsson published several papers

related to an enzyme, called “tabunase”, found in the blood
plasma of several animals and in human blood plasma that
hydrolyzed tabun.177�183 Analysis of reaction products was
carried out;181 and properties of “tabunase” including its effect
on the inactivation of cholinesterases by organophosphorus
compounds were studied.180,183

It is important to acknowledge that the utility of discrete
bacteria may facilitate OP degradation. There are general reports
of bacteria published within the last∼35 years that should also be
mentioned. A cluster of reports by D. M. Munnecke and co-
workers was published in the 1970s. Herein, generally parathion
was used in relatively high concentration to elucidate degradative
pathways. The first paper in 1974 reports the decontamination of
parathion and the formation of p-nitrophenol as a hydrolysis
product.184 A mixture of “microbial culture” was used to treat
parathion; degradation was observed at a rate of 50 mg of
analyte/(L 3 h). Herein, some microorganisms were tentatively
identified. Next, parathion was studied in xylene (95% xylene
solution (o-/m-/p-xylene mixture)) of relevance commerically,
since xylene is a parathion carrier.185 A subsequent report tries to
tie together the metabolic paths that these enzymes take in

Figure 11. Structures of various group 13 chelate compounds that have
been used in the dealkylation of nerve agents and related species.

Scheme 21. Proposed Hydrolysis or Nucleophilic Attack (Methanolysis) for a One- and Two-Site Metal- or Element-Based Catalyst
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degrading the agents.186 In this report, hydrolyis routes were
identified; one gave (i) a principal degradative route to diethyl-
thiophosphoric acid and p-nitrophenol. Two other degradative
pathways were also uncovered: (ii) a route that leads to oxidation
of parathion to paraoxon, followed by nitrophenol dissociation,
thus leaving diethylphosphoric acid; (iii) a third route involved
the amination of the parathion phenoxyl group. This derivative
can then be hydrolyzed to p-aminophenol and diethyl thiopho-
sphoric acid. In a report by D. M. Munnecke,187 eight pesticides
studied were found to be hydrolyzed; here a crude cell extract was
used, not the whole cell. Parathion was hydrolyzed at a rate of
416 nmol/(min 3mg protein); pH dependence in degradation
was studied (optimum conditions, pH 8.5�9.5, 35 �C). Then, in
1977 there was a study of these enzymes immobilized on glass.188

Next, there are a couple of reports by A. M. Cook et al. dealing
with how the degradation products of pesticides [(RO)2Pd
O(OH), (RO)2PdS(OK), (RO)2PdS(SK), (Ph)PdO(OH)2,
(RO)PhPdO(OH), (RO)PhPdS(OK), CH3PdO(OH)2, and
(RO)RPdO(OH)] are broken down by bacteria. Ionic versions
of (RO)2PdS(OK) and (RO)2PdS(SK) were reported; these
compounds were extensively and variously degraded.189 In a
subsequent report, A. M. Cook et al. categorize the various
phosphonates that could be used as a phosphorus source. The
examples include various derivatives including amino-containing
derivatives. In particular, 2-aminoethylphosphonic acid could be
used as a C, N, and P source for bacteria.190 Next, Pseudomonas
putida used ((NH2)CH2CH2)PdO(OH)2 as a sole carbon
source, an unprecedented demonstration. Here, it was noted
that the addition of one phosphate could alter the consumption
of another phosphate, etc. Studies with low analyte concentration
were also performed. Phosphite acted as an inhibitor, however. In
two previous papers, C�P scission with 2-phosphonoacetalde-
hyde phosphohydrolase was identified through studies by La
Nauze and co-workers.191 Next, L. P. Wackett et al. reported
C�P scission with Agrobacterium radiobacter bacteria.192 Bacter-
ial strains were characterized based on how they acted on
phosphonic acid. Herein, degradants and reaction rates were
revealed for derivatives such as R�PO3

2�, in which R included
þH3NCH2CH2�, H3C� and Ph�. The best growth rate was
found for HOPO3

2�- itself. DFPwas also analyzed byH. Attaway
in 1987.193

4.5.4.1.2. Escherichia coli. Various reports center on the use
of E. coli. In the M. L. Cordeiro et al. report of 1986, a
homologous set of OPs were analyzed (CH3(CH2)n—PdO-
(OH)2 [n = 0�5].194 This reaction gave pure hydrocarbon
products: specifically, the respective 1-alkenes were detected in
the headspace. Here, radical-based chemistry was invoked as the
probable mechanism; the production of alkenes requires a
skeletal rearrangement and would involve a cyclopropylcarbinyl
radical. Thus, Hg(OAc)4 was used as a reagent to help elucidate
this proposed mechanistic pathway. L. Z. Avila et al. studied
(NH2CH2)P(dO)(OH)2 and related species; a mutant of E. coli
was prepared that did not possess its native ability to decompose
aminomethyl phosphonates.195 This suggested that alkyl- and
amino-methyl-phosphonates share the same mechanistic path-
way of biodegradation. 13C/14C labeling aided this analysis.
Three possible pathways were proposed but are not directly
applicable to nerve agents because of the different amino
position, in contrast to that for VX. In 1991, L. Z. Avila et al.
reported a study of ethylphosphonic acid systems as well, which
involved an incorporation study of 32P.196 In 2003, E. S. Gilbert
et al. studied engineered E. coli SD2, along with P. putida, for the

degradation of parathion.197 Herein, samples containing 500 μM
parathion were hydrolyzed. Furthermore, p-nitrophenol was also
degraded (mineralized). These two bacteria were studied as a
biofilm as well. A. A. Wang et al. focused on genetically
engineered E. coli in which the cellulose binding domain and
OPH were expressed together on the cell surface.198 These
cells were studied in CELLMAX artificial capillary cartridges
(Celulosic Co., no. 400-022) in which paraoxon degradation
were monitored (0�60 min). Herein, a buffer solution was used;
CoCl2 was also added for the maintenance of OPH activity.
S. Y. McLoughlin and co-workers reported an E. coli that
coexpressed two phosphotriesterases.199 This paper emphasizes
genetic considerations (amino acid sequences) and provides
limited chemical detail regarding the chemical fate of paraoxon
whose degradation was studied.
4.5.4.1.3. Pseudomonas (putida)-type Bacterial Degrada-

tion Reports. Systems involving bacteria of the genus Pseudo-
monas have also been studied. First, from a report by C. G.
Daughton and co-workers in 1979, P. testosteroni was able to fully
degrade O-alkyl alkylphosphonate via C�P cleavage.200 Other
bonds (e.g., P�OR) were also hydrolyzed during this molecular
degradation. The ionic versions of the following organopho-
sphates were studied: CH3PdO(OH)2, [(CH3)2CHO]CH3Pd
O(OH), [(CH3)3CCH(CH3)O]CH3PdO(OH), CH3CH2Pd
O(OH)2, (CH3CH2O)(CH3CH2)PdO(OH), (CH3CH2O)-
(CH3CH2)PdS(OH), CH3CH2CH2PdO(OH)2, (CH3CH2O)-
(CH3CH2CH2)PdO(OH), and (NH2CH2CH2)PdO(OH)2.
Interestingly, in this study, RHgCl was found to serve as an
inhibitor with the R�Hg bond being resistant to cleavage. A. M.
Cook et al. studied the desulfurization of the species
(EtO)2PdS(O�) and (EtO)2PdS(S�) through treatment with
P. acidovorans (orthophosphate buffer).201 The sulfur was con-
sumed by the bacteria, but the mechanism could not be clearly
inferred. A report by C. M. Serdar and co-workers details a
P. diminuta parathion hydrolysis.202 P�OAr bond hydrolysis was
maintained as well as bacterial growth. A report by E. Zboinska
et al. considered 25 different organophosphonates as sole carbon
and nitrogen sources for P. fluorescens.203 Bacterial growth was
successful only for (D,L)-4-NH2(C6H5)CHPdO(OH)2, 2-ami-
noethyl phosphonate [NH2CH2CH2PdO(OH)2], amino-
methylphosphonate [NH2CH2PdO(OH)2], diisopropyl-9-
amino-fluoren-9-ylphosphonate [9-(9-NH2)(fluorenyl)PdO-
(OiPr)2], and 2-oxoalkylphosphonates [R(CdO)CH2Pd
O(OH)2] as phosphorus sources. The species NH2CH2PdO-
(OH)2 was a metabolite of glyphosate [N-phosphonomethyl-
glycine]. A report by A. W. Walker et al. from 2002 involves an
engineered P. putida andwill be described below in Scheme 22.204

Next, Y. Lei in 2005 reported the use of a P. putida, which
featured a cellular surface organophosphorus hydrolysis.205 The
organophosphonate and the nitroaromatic groups of the sub-
strate underwent decomposition. The extent of hydrolysis for
paraoxon (7.9), parathion (3.5), and methyl parathion (1.5) in
these systems was measured (in units of μmol/(h 3mg dry
weight)). M. Kulkarni and co-workers in 2006 reported the
biodegradation of p-nitrophenol by P. putida.206 This report is
significant because of the prevalence of p-nitrophenolic substit-
uents in pesticides. That P. putida can enable the decomposition
of p-nitrophenol as well as phosphonates is notable. In 2006, de la
Pe~na Mattozzi et al. reported a rationally designed pathway in P.
putida (vide infra).207

The Pseudomonas putida report by de la Pe~na Mattozzi, which
involves a muticomponent system, is intriguing because the end
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result gives mineralized products.207 The steps are all described
in Scheme 22. This report is related to the research group’s
previous study of parathion degradation into chemical (carbon)
and other components.197,204 The fate of the nitrophenol is of
relevance in biodegradation and has been seen in a previous
report by this group and others.
4.5.4.2. Isolated Enzymes. Once a clear understanding of

protein structure has been made, stepwise modifications of agent
degrading proteins, for example, OPH, can be undertaken. Such
tailor-made systems may lead to effective catalysis; adaption for
use in sensing arrays can then be made. First, when a metalloen-
zyme is considered, the simplest change is metal ion substitution.
However, when the metals are changed for an apoenzyme
sequence, different folding may ensue; upon remetalation,
denaturation could occur. After all, different folding may give a
different active site. In any event, steric and kinetic differences
may be evident. Next, the peptide sequence can also be altered.
By substitution of one residue (or single or multiple amino acid
segments), functional differences in agent hydrolysis can also
be achieved. Herein, organophosphonate cleavage is thought
to occur in approximately the same way as the cleavage of

phosphates. The proposed discrete steps in catalysis for one-
and two-centered species were shown above in Scheme 21.
4.5.4.2.1. Nature’s Catalysts: Organophosphate-Cleaving

Enzymes. Organophosphate hydrolase (OPH) is an enzymatic
protein composed of two lobes. It is usually obtained from
Pseudomonas diminuta. In the native state, each lobe bears a
dizinc site. The catalytic performance is relatively much better
against parathion and paraoxon and much worse for VX. There
are various select enzymes whose natural role may not be
established but which can measurably degrade nerve agents
and pesticides. Two types of these are organophosphorus acid
anhydrase (OPAA) and organophosphorus hydrolase (OPH).
The sequences and structures of both OPAA and OPH are
known. Some major contributors include the research groups of
J. J. DeFrank (U.S. Army Chemical Research, Development and
Engineering Center, Aberdeen Proving Ground,Maryland). One
report by DeFrank et al. involves the substrate (iPrO)2PdO(F),
whichwas used (pH 8.5, 50 �C) with “OPAA2” (∼60 000 kDa).208

The ions Mn2þ and Co2þ were used to stimulate the enzyme.208

An ion-specific electrode could monitor F� formation. Next,
the report by S. P. Harvey et al. deals with the hydrolysis of

Scheme 22. Complete Engineered Enzymatic Degradation of Paraoxona

aAdapted partly from ref 207.
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cyclosarin.209 Two enzymes were measured from Alteromonas sp.
JD6.5 (aka, “OPAA-2”) and A. haloplanktis.209 In 1996, T.-C.
Cheng et al. reported an OPA anhydrolase. It was also studied
with (iPrO)2P(O)F; OPAA-2 activity was also studied.210 A
report on organophosphorus hydrolase by C. M.-H. Cho et al. in
2002 deals with cell surface studies like the A. A. Wang et al.
report above.211 Here, a truncated form of the ice nucleation
protein was used to isolate OPH variants with parathion degra-
dative ability. Mutations in the active site of OPH, for example,
H254R, H257L and H254R/H257L, affect catalytic character-
istics, improving them for larger substrates due to enhancing
structural flexibility.212

4.5.4.2.2. OPH Conjugates with Synthetic Materials. There
are noteworthy OPH conjugations and immobilizations that
allow for hydrolysis (degradation) in convenient ways. First,
there was a report involving firefighting foams that contained a
portion of organophosphorus hydrolase (E.C. 3.1.8.1) found to
be effective in extracting and neutralizing NAs.213 Enzymatic
activity was said to be retained at the liquid/air interface. Next,
there is a report involving “nanocomposite protein�silicone
polymers” prepared in a variety of forms; these were found to
be effective in decomposing tested analytes involving paraoxon,
dichlorvos, and (iPrO)2PdO(F) in gas or liquid form.214

Finally, a report by A. H. Mansee et al. involved OPH conjuga-
tions to cellulose, which can be prepared on a column or
stirred.215 Herein, paraoxon and coumaphos were tested; de-
gradation was found to occur in the “column”, but stirring was
found to be more effective. In these accounts, it was meant for
the degradation to occur at the enzyme active site, and conjuga-
tion can be performed in a variety of ways. However, interaction
of the agents with the conjugatedmaterial or support needs to be
eliminated as a possibility by performing the necessary control
experiments.
4.5.4.3. Antibodies/Immunology-Related Strategies. The

exploration of antibodies in nerve agent sequestration and
decontamination has also arisen out of the biotechnological
approach. A review in 2007 by Lenz et al. underscores many of
the previous strategies and recent trends, as well as the utility of
poly(ethylene glycol)-coated r-HuBuChE.216 Herein, there ex-
ists the ability for sequestration but not necessarily destruction;
hydrolysis might occur but may not. Scheme 23 summarizes the
general approach and workings of enzyme and antibodies in the
context of this review. The cartoon illustrates the equations that
produce constants, for example, Ka and k3. The actions of
antibody and enzyme inhibitors are both shown in which there
may be a mutual inhibitor for both. A 1985 report by A. A.
Brimfeld et al. involves mouse monoclonal antibodies that were
shown to have stereochemical preferences for soman.217 In this
report, both antibodies share the same preference in binding for

the two P(�) centered of four total species. Soman can be
stereospecifically modified via enzymatic activity.218,219 The
[PdS] derivatives of soman and methylphosphonic acid were
not preferred. A lowered number of methyl groups on the
pinacolyl side chain reduced agent�antibody affinity. This
PdO/PdS difference was also found for paraoxon/parathion
in a separate study invoking an analysis of hydrogen bonding.220

For instance, the systems (EtO)3PdO and (EtO)3PdS were
studied in the 1960s with respect to their intermolecular hydro-
gen bonding capacity (with, e.g., phenol). The Kas values were
reported as 330.5 and 4.5 (20 �C, solvent CCl4); also the ΔH
values (kcal/mol) were �6.7 and �3.2. The PdS frequency
differences (Δ(υ)) were 30 cm�1 (solvent CCl4), and 16 cm

�1

(solvent CS2).
In a separate report in 1986 by Ngeh-Ngwainbi et al., para-

thion antibodies were placed on a piezoelectric crystal.221 This
study involved gas-phase agent ineractions that were reversible,
not degradative. The A. C. Buenafe et al. report in 1987 used
eight monoclonal antibodies whose site specificities for soman
were compared; herein, a mouse (murine) model was used.222

The action of these monoclonal antibodies could be compared
with that of phosphocholine-specific ones [phosphocholine =
(Me3N

þCH2CH2O)PdO(OH)2]. A 1989 report by M. H.
Erhard et al. involved an enzyme-linked immunosorbent assay
(ELISA) model that involved MATP [(p-NH2C6H4O)PdO-
(CH3)(OCH(CH3)C(CH3)3)].

223 Monoclonal antibodies in-
volving mouse immunization and MATP were covalently
attached to HSA; no interactions with tabun and VX were
observed, and minimal ones were found with sarin. Also, there
is a report byM. H. Erhard for soman detection.224 A 1992 report
by D. E Lenz focused on hybridomas that express antisoman
antibodies.225 IC50 values for soman were determined here:
1 � 10�4 to 5 � 10�6. These antibodies were not “cross-
reactive” with sarin, tabun, and pinacolylmethyl phosphonic acid
(hydroxyl soman) [((CH3)3C(CH3)CH)PdO(OH)2]. A re-
port byM. Glikson et al. from 1992 involved a different approach
for soman: a remote site attachment at the pinacolyl end
(�CH2COOH in place of �H). Also, a hydride (P�H) was
used in place of the fluoride ligand (P�F).226 The protein BSA
and keyhole limpet hemocyanin were utilized. This paper
addressed differently the need for high affinity, and a covalent
succinamido attachment was used. Soman can age quickly when
bound to AChE, making it hard to remediate the enzyme and
creating a challenge for reactivation. A sulfur-based mimic was
employed here: CH3SdO(OCHMeCMe3). An M. H. Erhard
et al. report from 1993 tackles soman detection systems.227

Next, antibodies for VX were explored by J.-M. Grognet in
1993.228 Here, antibodies were functional in vitro only. Ten VX
“haptens” were covalently bound to BSA or KLH. While the

Scheme 23. Antibody Rescue and Enzyme Inhibitiona

aAdapted partly from A. A. Brimfeld et al.217
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produced and characterized antibodies can neutralize VX inhibi-
tion of AChE, soman and sarin affinity were reported as well. In
1995, Y. Ashani et al. studied the regeneration possibilities of
phosphorylated mouse AChE conjugates using various oximes.229

Important points such as nucleophilic strength, orientation, and
the nonaged portion of the enzyme were considered in early
studies230,231 and in a related paper by L. Wong et al.232 Mutants
of mouse AChE (rMoAChE) were studied to elucidate which
AA’s influenced this important reactivation. Importantly, this
regeneration is related to agent decontamination pathways
because of the hypothesized limited toxicity of the phosphoryl�
oxime adduct formation; this conjugation naturally allows for a
restored AChE enzyme and phosphonate degradant byproduct.
A report in 1999, by J. Yli-Kauhaluoma et al. involved a
(pentacoordinate) organophosphorane species [MeP(O(CH2)5-
NH2)(OCHMeCMe3)O,O(bridging-C6H2(2,4-di-Bu

t));233 this
species resembles soman expressed as its transition state
structure.234 The hydrolysis was also studied theoretically.
Next, a P. Vayron et al. 2000 report studied antibodies with
Ph(EtO)PdO(SCH2CH2N(iPr)2),

235 which was used as a
simulant for VX. An R,R-difluorophosphinate hapten was
synthesized in which the hydrolysis was effected at pH 7.4
(25 �C). In this study, the catalytic increase was 14 400 M�1,
over that for uncatalyzed hydrolysis. A paper by Z. Kovarik
(2004) involved certain mutants of mouse AChE (EC 3.1.1.7) in
which the choline binding pocket (Y337A, Y337A/F338A) and
the acyl pocket (F295L/Y337A, F297i/Y337A, F295L/F297i/
Y337A) were varied to gain an understanding of structure�
function relationships.236 These mutants were treated with
[(RO)PdO(Me)SCH2CH2NMe3

þ)][CH3SO3
�] (R = cyclo-

heptyl, isopropyl, dimethylbutyl) to effect phosphorylation; both
RP and SP enantiomers were studied. The poisoned enzymes
were able to be reactivated through the use of oximes (HI-6 and
2-PAM). The mutants could be compared in detail with the wild-
type enzyme, which, interestingly, was outperformed by the
Y337A mutant. Readers might be directed here to a report by
B. P. Doctor et al. who prepared a thorough perspective of
bioscavengers for human protection in 2005.237 J. K. Johnson
et al. in 2005 reported three soman-specific monoclonal antibody
systems involving species that are protein-bound: [((CH3)3)-
C(CH3)CH)PdO(Me)(OC6H4NdN—protein)] and [(protein—
CH2(CH3)2)C(CH3)CH)PdO(Me)(OCH3)].

238 A recent re-
port by Z. Kovarik (2007) details the mutations of AChE that
can serve as catalysts for the cycloheptoxide compound
[(C7H13)PdO(SCH2CH2NMe3

þ)(Me)] [CH3SO3
�].239 Mu-

tations such as F295L/Y337A, Y337A, and F297I/Y337A were
examined; but the limiting step in [(C7H13)PdO(SCH2CH2-
NMe3)(Me)]þ degradation/hydrolysis was oxime (HI-6) reacti-
vation. A report by Y.-J. Huang et al. in 2007 involves BChE
produced from animalmilk and used in animal studies (transgenic
mice and goats) for prophylaxis.240 A 2008 report by A. Saxena
focused on human serum (Hu-BCHE) that was tested in the
event of whole body exposure to sarin.241

While there has been a variety of reports that attracted the
attention of scientists in various disciplines, there have been some
nagging technical difficulties in this field. First, it is generally
difficult to obtain and purify proteins in sufficient scale for sizable
degradation tasks. In some of the reports, it was not possible to
lower the toxicity of agent mixtures below satisfactory levels.
There is also sometimes mediocre or poor agent�antigen
specificity. These challenges can hopefully be met by new
approaches for NA destruction and detection in the future.

4.5.4.4. Phosphotriesterase (PTE) and Phosphodiesterase
Derivatives and Mutants. Another family of enzymes is the
phosphotriesterases and related species. While their natural role
and substrates are not clear, they can, nonetheless, degrade
various anthropogenic phosph(on)ates. Studies of phosphodies-
terase in the context of nerve agents and pesticides involve
various reports from the 1980s onward. Some major scientific
contributions to the greatly enhanced understanding of PTE
come from the career work of F. M. Raushel (Texas A & M
University).242 In a report by V. E. Lewis et al. in 1988,
phosphotriesterase from P. diminuta is able to specifically de-
grade the SP isomer of (NO2C6H4)PdS(OEt)(Ph).243 The
effects of phenyl group substitution were also studied; inversion
of P-configuration was supported, importantly suggesting the
role of nucleophilic water. In 1989, W. J. Donarski et al. studied
the effects of phosphotriesterase (P. putida) on paraoxon hydro-
lysis inwhich the analyte could bemodifiedwith (n-PrO) or (n-BuO)
groups.244 It was confirmed that phospho-mono- and diesters are
not acted upon.Vmax andVmax/Km values were determined for all
16 paraoxon analogues in which the alterations were only at the
Ar site. A 1989 study byD. P. Dumas reports a phosphodiesterase
(P. putida) studied for paraoxon hydrolysis.245 The value of kcat
was determined to be 2100 s�1. Hydrolysis of species such as
chlorpyrifos (trade name Dursban), (methyl) parathion, couma-
phos, diazinon, fensulfothion, and cyanophos were also mea-
sured (Figure 4). The enzyme was inhibited or inactived bymetal
chelators and inhibitors such as thiols. A preliminary model for
active site phosphate hydrolysis was also proposed. S. R. Caldwell
et al. in 1991 explored the limits of diffusion for phosphotries-
terase (P. diminuta) hydrolysis for various derivatives such as
paraoxon, etc.246 A simple mechanism was elucidated, and a
cartoon adaptation of it is provided in Scheme 24.
Herein, the k3 transformation is dependent on the acidity of

the phenol; Brønsted analysis supports a very product-like
transition state structure. A variety of phenyl group substituents
(nitro, fluoro, —CdOR substitutions as well) were included in
these studies.
In 1991, S. R. Caldwell et al. also set out to try to describe the

active site transition state structure.247 These studies utilized
18O-labeled substrates and base hydrolysis; enzymatic hydrolysis
was measured. Support for an associative mechanism was found.
(EtO)2PdO(OC6H4(p-NO2)) and (EtO)2PdO(carbamoylphenyl)
were studied. Primary and secondary 18O isotope effects were
determined. A report by J. N. Blankenship et al. involved studying
phosphotriesterase inhibition by (EtO)2PdO(O—CtC—
CH2(CH2)2CH3);

248 ketene [OdCdC—(CH2)3CH3] forma-
tion permits nucleophilic attack in or near the enzyme active site,
thus irreversibly “poisoning” the enzyme (99þ%). A report by
G. A. Omburo et al. involved characterizing and determining the
changes upon modification of the Zn2þ binding by methods that
included Cd2þ displacement.249 Use of 113Cd NMR spectrosco-
py revealed the presence of two signals, signifying two unique
environments. A portion of∼2 equiv of metal ions was required.
The apoenzyme (full protein devoid of (metal ion) “cofactor-
(s)”) can be formed through treatment with thiol, EDTA
(ethylenediaminetetraacetic acid), with the native-type form
being regenerated through the addition of M2þ ions. A report
by J. M. Kuo et al. in 1997 furthered the understanding of the
phosphotriesterase structure and function relationship through
active site changes;250 four separate sites that compose the
entrance to the bimetallic site were modified (W131F/A,
K169M/A/E/R, D253N/A, D301A/N/C). These mutants were
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treated with paraoxon. It was concluded that carboxylic acids can
sometimes help restore enzymatic activity. Also, in a report by
S.-B. Hong et al. in 1997, the putative quinone methide species
[(CH2d)(NO2)C6H3(dO)] was proposed to form as a
reactive substrate from the aryloxy substituent of precursor
[(BrCH2)2NO2C6H3O]PdO(OEt)2.

251 Also, in 1999 Hong
et al. reported that a paraoxon analysis prepared to probe
phosphotriesterases revealed dependence on relative steric
encumbrance.252 A comparison of chiral and racemic mixtures
revealed that kcat is greater for the (�) enantiomer by 10�
100-fold. SP is always preferred in this reaction. Next, changes in
the primary structure of PTE allow for changes in stereoselec-
tivity.253 Fourteen mutants were produced by site-directed
mutagenesis. For instance, G60A (small subsite) decreased kcat
in the hydrolysis of RP enantiomers; this led to a greater
selectivity (e.g., 13 000:1) for the SP analogues. Next, Chen-
Goodspeed et al. investigated the possibility of reversal of
phosphate selectivity.254 RP systems indeed can be preferred
over SP through particular single-site mutants. This is possible by
placing glycine in the “small subsite” at sites Ile106, Phe132, and
Ser308. Also, reducing the size of the large subsite led to reduced
activity for SP type substrates, especially in the case of mutant
H257Y. In 2001,M. A. Anderson et al. studied 18O isotope effects
using the “remote label method” to establish perturbations of the
hydrolysis of [(EtO)2PdO(OCH2CH2NMe3

þ)][I�] and (m-
NO2C6H4CH2O)(OEt)2PdO.255 The results supported an
associative mechanism. A report by C. M. Hill et al. in 2003
describes improved rates of degradation for soman, for
example;256 herein they substituted (O�C6H4�NO2) in place
of F�.257 The rate enhancement increased by a factor of ∼103

and was due to a multiple mutation: H254G/H257W (later with
L303T); the space allowed by H254G invites coordination of a
third metal ion, which dissociates upon coordination of
(iPrO)2PdO(Me).Molecular dynamics simulations and binding
free-energy calculations provide a molecular-level explanation for
increase in catalytic efficiency of the triple mutant H254G/
H257W/L303T toward soman.258 In 2003, Y. Li et al. reported pairs
of racemic species, for example, (Ph)PdO(OMe)(OC6H3X-p-Y)
(X = 2- or 3-F or H; Y = �NO2, �CHO, �CN, �COCH3,
�CO2CH3, �Cl), which were treated with PTE with the G60A
mutant (25 �C, pH 9.0).259 This rate increased as a function of
pKa for the (OC6H3X-p-Y) substituent (pKa 5.5�9.4). Later, this
research was extended by P.C. Tsai et al. to enantiomerically pure
chiral nerve agent analogues; several PTE mutants were used.260

In 2004, S. D. Aubert et al. reported a study of [Cd, Cd] and [Cd,
Zn] versions of PTE for comparison to the native [Zn, Zn]; cores
were studied with (EtO)2PdO(OC6H4-p-NO2) and (EtO)2Pd
O(OC6H4-p-Cl).

261 The study supports the conclusion that the
R-metal ion bears a hydrolytic hydroxide ion. Enzymatic activity
of Co2þ-PTE and Cd2þ-PTE modifications over the pH range
was also studied.262 In attempts to screen for better catalysts, L.
Brize~no-Roa et al. in 2006 conducted high-throughput screening

on 12 organophosphorus species. The incorporation of a fluo-
rogenic 3-chloro-7-oxy-4-methylcoumarin group changes its
optical characteristics upon dissociation.263 E. Ghanem et al.
reported in 2007 that EA-2192 hydrolysis (Scheme 2) is possible
using a glyerophosphodiesterase (GpdQ) (Enterobacter aerogenes);264

27 species including EA-2192 were analyzed. Also, the paraoxon
hydrolysis mechanism was studied theoretically by K.-Y. Wong
et al. in 2007. Of note here is a revision of a previous hydrolytic
mechanism.261,265 The Zn2þ 3 3 3Zn

2þ internuclear distance in-
creases for the transition state enzyme�paraoxon complex.
Binding occurs via the phosphoryl [PdO] oxygen with water
(hydroxyl group) hosted by the adjacent zinc center (see
Figure 12). Recently, molecular dynamics simulations and
high-resolution structures of the several PTE mutants, H257Y/
L303T (YT), I106G/F132G/H257Y (GGY), and H254Q/
H257F (QF), identified the correlations between structural
changes in the active site of the enzyme and the kinetic
parameters of organophosphate hydrolysis.266

Also, E. Dyguda-Kazimierowicz et al. undertook a gas-phase
computational study to determine the mechanisms of alkaline
hydrolysis.267 A variety of species was determined theoretically,
such as DFP, sarin, paraoxon, parathion, acephate, demeton-S
and tabun (see Introduction for structures). The results support
an associative reaction; P�F or P�CN cleavage occurs by
addition and elimination, whereas P�Oand P�S bond cleavages
occur by direct displacement.
4.5.4.5. The AChE Type. There has been some research

interest regarding AChE-type studies or enzymatic modifica-
tions.268,269 H. A. Berman and his group examined interaction of
cholinesterases with organophosphate substrates.270�272 The
chiral nature of these interactions was studied also. Many of
these kinds of reports are reviews entailing medical management
of agent exposure casualties, which are not covered here.264

4.5.4.6. HSA, Paraoxonase, and Fluorophosphatase. Along
with AChE-type reports regarding HSA, the paraoxonases and
fluorophosphatases can be mentioned as well (vide infra). Hu-
man serum albumin (HSA) is a ubiquitious protein in the
(human) body (∼0.6 mM in plasma). There are a few reports
detailing how this protein, which transports a variety of natural
species and xenobiotics, can serve to hydrolyze organopho-
sphorus agents. A 2008 report by M. A. Sogorb et al. centers
around the study of albumin hydrolysis of three separate
phosphates.273 HSA was active in exhibiting “paraoxonase”
activity in degrading these species in this order: paraoxon <
diazinon < chlorpyrifos-oxon. Next, there is the B. Li et al. 2008
report in which soman was studied.274 Four indicators of
hydrolysis were used: the deactivation of the inherent aryl
acylamidase ability of HSA, the production of [F�], 31P NMR
spectroscopy, and mass spectrometry.274

Also, there is the serum paraoxonase (PON) families, which
contain hydrolytic enzymes toward sarin and soman.275 This
enzyme contains two Ca2þ centers; one is considered catalytic,

Scheme 24. A Representation and Chemical Mechanisma

aAdapted partly from a figure from ref 246.
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whereas the other may be considered structural. For structural
and sequence information, please refer to other sources.
Mounter and other investigators studied derivatives of difluor-

ophosphatase (DFPase).276,277 Specifically, for hog kidney
(enzymes were extracted from this organ), there was DFPase
fluorophosphatase activity with Co2þ and Mn2þ activation.
When Proteus vulgaris was studied, Pseudomonas aeraginosa:
Mn2þ was active. A variety of cofactors such as Ca2þ, Ba2þ,
Mn2þ, and Zn2þ may allow for enzymatic activity; for exact
conditions and preparative details refer to papers by
Mounter.277 Other detailed aspects of this sort have also been
addressed.277�279

4.5.4.7. Aptamers. The use of aptamers is a recent novel
approach for agent pesticide decontamination per a 2008 report
by J. G. Bruno et al.280 These systems are intended as therapeutic
agents and rely on guest�host interactions and are products of
the systematic evolution of ligands by exponential enrichment
(SELEX) process.
4.5.5. Cyclodextrin-Assisted Reactions.Cyclodextrins are

able to catalyze the hydrolysis of certain nerve agents such as
sarin and soman. Cyclodextrins were first tested against nerve
agents in the early 1970s. Van Hooidonk and Breebaart-Hansen
(1970) reported the detoxification of sarin through the use of
R-cyclodextrin.281 A decade later it was demonstrated that
cyclodextrins are more effective in the inactivation of sarin and
soman.282 The mechanism involving the secondary hydroxyl
group(s) of cyclodextrin is identical with the enzymatic
mechanism283 and is illustrated in Scheme 25. Three steps are
considered: (i) formation of complex CD�OH*PX, (ii) phos-
phorylation of cyclodextrin to give phosphorylatedCD�OP, and
the final step involving (iii) dephosphorylation resulting in a
hydrolyzed organophosphonate (P�OH). Rate constants were
determined in these hydrolyses of organophosphonates in the

presence of cyclodextrin using spectrophotometric methods.
Weak detoxifying effects were limited to sarin and soman; tabun
and VX were not affected.
Further modification of cyclodextrins was shown to improve

catalytic activity. The Cu2þ complexes of cyclodextrins that
combine the catalytic activity of copper and binding properties
of the cyclodextrin enhance the rate of hydrolysis by more than
95 000 and 70 000 times (Figure 13).284 Another modification
involves the iodosobenzoic acid moiety (Figure 13) and was
tested against soman and paraoxon.285,286 Based on this research,
a cyclodextrin biological assay (CD-IBA) for high-throughput
screening for nerve agent detoxifying materials was develo-
ped.287,288 CD-IBA detoxified tabun demonstrating a broader
detoxification effect than for unsubstituted cyclodextrins.

4.6. Halogen as the Nucleophile
Various halogen-containing systems have been studied in the

context of decontamination. A comprehensive Chemical Reviews
article has been written byMoss.35 This review constitutes a large
part of the career work of Moss in which the chemistry involves
the combined attributes of iodosyl benzene and benzoic acid.

4.6.1. Use of BrOx.Moving up the halogens to bromine, the
hypobromite ion (BrO�), analogous to hypochlorite, is an effec-
tive R-nucleophile and has been used to degrade for phosphorus
esters. C. A. Bunton et al. reported bis(dialkylamide)hydrogen
dibromobromates as a source of BrO�.289,290 It is a stable solid

Figure 12. Approximate structure of the Michaelis paraoxon complex for the native dizinc active site of PTE as adapted from K.-Y. Wong et al.265

Lys169* is a lysine group modified with a carboxylic group.
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and gives BrO� and HOBr under aqueous alkaline (pH 10�11)
conditions. The nucleophilic substitution reaction of BrO� is
shown in Scheme 26.289 Treatment of 4-nitrophenyl phospho-
nates and phosphates, simulants for the phosphonofluoridate
nerve agents, shows rapid changes at an absorbance of 420 nm
indicating simulant decomposition.
4.6.2. Use of Other Halogens. Alumina-supported fluoride

reagents are used for the hydrolyses of VX, GB, and HD with
good results.291 KF/Al2O3 solid reagent can quickly hydrolyze
VX by P�S cleavage to the nontoxic species EMPA (t1/2 =
0.1�6.3 h) and toxic desethyl-VX, also known as EA 2192, by
P�O cleavage (t1/2 = 2.2�161 h). The latter can be further
hydrolyzed to nontoxic MPA (t1/2 = 2.2�161 h). In the same
manner, HD is hydrolyzed to nontoxic thioxane and TDG,
while GB produces nontoxic IMPA. These hydrolysis reactions
(see Scheme 27) are monitored by 31P MAS NMR spectroscopy
(see section on NMR spectroscopic characterization). Also,
zeolitic AgF powder can be used for the destruction of VX
through desulfurization.292,293

4.6.3. Use of Group 13 Chelates. The dinuclear boron
compound Salpen(tBu)[BBr2]2 was synthesized by D. A. At-
wood and co-workers.294,295 This compound is able to cleave the
C�O bond in phosphate esters. Many phosphate esters with
different alkyl chain length are tested with compounds and all
show good activities (>60% conversion by 1H NMR spectro-
scopy). As products, alkyl bromides and chelated boron phos-
phates are formed.

4.7. Surface Chemistry
Heterogeneous surface topics pertinent to organophospho-

nate detoxification were previously reviewed in 1988. A variety of
species were treated with emphasis on (i) oxidation, (ii) deal-
kylation, and (iii) hydrolysis.33 Importantly, while there are many
reports dealing with solids with adsorption, we will focus on
reports that involve bond cleavages.

4.7.1. Bare Metals and Solid Nanoparticles. A variety of
elementalmetallic crystal facets have been the sites of interest for
a group of studies. Here we recount a series of reports on “bare”
metal surfaces that involved the use of DMMP. Mo(110) was the
first surface studied.296 In 1985, R. I. Hedge and co-workers
reported Rh(100) treated with DMMP in which there was also
evidence of DMMP desorption.297 A carbon coating was also
tested to determine that it inhibits agent activation. Next, there
were also studies by X. Guo et al. of DMMP decomposing on
Ni(111) and Pd(111).298 Phosphorus from the agent forms a
layer on the metallic surfaces removable by treatment with O2 in
the case of Pd, but not with Ni (at 1075 K).296 The decomposi-
tion reaction for Pd(111) is shown in eq 5 in which the adsorbed
materials may be liberated at higher temperatures and with
oxidation:

DMMP f
7
2
H2ðgÞ þ 2CO2ðgÞ þH2OðgÞ þ PðadsorbedÞ

þCðadsorbedÞ ð5Þ
A comparison with Mo(110) indicates a more facile oxidative

removal of phosphorus at∼900 K and, thus, for earlier transition
metals.296 Next, a Pt(111) surface in the form of Pt crystal was
studied by M. A. Henderson et al.299 It was determined that
DMMP decomposition occurs above 300 K to give P and C
deposition. Under heating, [PO�CH3] bond cleavage occurs,
followed by [P�OCH3]; also [P�CH3] bond cleavage occurs in
higher temperature regions. Also DMMP activity on a platinum
wire was studied by C. S. Dulcey et al. in 1985.300

In terms of an atomic level understanding, a greatly detailed
report is provided by M. A. Henderson and J. M. White.299 In
previous related studies, the role of the Pt in catalytic deactivation
of organophosphorous compounds could not be determined.
This paper proposes a molecular surface binding model sup-
ported by various data, including high-resolution electron energy
loss (HREEL) spectroscopy and Auger electron (AE) spectros-
copy. Importantly, the generation of H2 and CO are noteworthy.
Mono- and multilayers were considered; the monolayer model
rationalizing the reported loss of H2 and CO is illustrated in
Scheme 28.
A great deal of effort involved interpreting infrared spectra, which

could probably be processedmore efficiently now than in the 1980s,
which was when much of this work was undertaken. A sample IR
spectrum of various reactant (DMMP) bands and their changes is
shown in Figure 14. The arrows show signal intensity changes as a
function of change in temperature (298 f 440 K). This sample
involved preadsorbedDMMPontoY2O3particles that were 6 nm in
dimensions. The challenge here, and that which continues, is
underscored by the build-up of phosphorus on the surface.
4.7.2. Metal Oxides. Metal oxides in all forms and formula-

tions constitute a large class of decontamination materials; many
reports appear in J. Phys Chem. and Langmuir, among others. One
major contributor here has been G. W. Wagner. The benefits of
metal-oxo species are their robustness and high activity. These
species are sometimes studied in semiconducting applications.

Scheme 25. Mechanism Showing Interactions of Cyclodex-
trin CD with Organophosphonate PX

Figure 13. (left) Hydrolysis of phosphate with Cu2þ complex of
modified cyclodextrin. Adapted from ref 284. (right) Structure of CD-
IBA.

Scheme 26. Decomposition of Phosphinate with BrO�a

aAdapted from ref 289.
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These materials are refractory, allowing for high-temperature
applications. From this work as well, it has not been abundantly
clear which mechanisms are at play on the molecular level at the
surface. Since surface coverage and mechanism are of course at
the heart of these species, these will be surveyed and analyzed
below. They are also of current commercial interest. Recently,
NanoScale Corporation (http://www.nanoscalecorporation.
com) was awarded a large U.S. Army contract to supply
nanoscale metal oxide powder decontamination kits for soldiers
in the field.
4.7.3. Representative Elements. Several reports from the

1980s deal with DMMP vapor (PdO (gas phase) υ = 1260 cm�1)

on surfaces involving oxidized iron,302 Al2O3,
303 SiO2, and R-

Fe2O3.
304 The K. J. Klabunde research group extensively studies

decomposition of phosphorus compounds by magnesium oxide
surfaces.53,305�307 A report by Rajagopalan and co-workers in 2002
describes the use of nanocrystalline MgO308 in the “destructive
adsorption” of paraoxon, (iPrO)2PdO(F), and (CH3CH2O)2Pd
O(CH2SC6H5). The cleavage of P�OR and P�F bonds occurred,
as supported by spectroscopy; no evidence for P�C bond cleavage
was obtained. The use of mixed “intermingled” alkaline earth
oxide�alumina particles (e.g., MgO�Al2O3) in an aerogel-type
medium was also reported.309 The aerogel method was intended
to give higher dispersion. The particle surface area decreased from

Scheme 27. Hydrolysis Reactions of VX, HD, and GB with the KF/Al2O3 Reagent

Scheme 28. Proposed Preliminary H2 Generation Pathway of DMMP on the Sub-monolayer Surface Coverage (Low Coverage)
in Which Molecules Are Not Affected or Influenced by One Anothera

aAdapted from M. A. Henderson et al.299
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Mg2þ down to Ba2þ and reactivity was reasoned by cation size.
Paraoxon was degraded as conveniently observed through the
diminution of the phenyl-based absorption band centered at
267 nm; the O�Ph substitutent and the phosphonic acids were
subsequently adsorbed. Wagner also studied the MgO system in a
1999 report;310 VX was studied, but EA-2192 was not detected.
Here, as with other studies, the TEM technique allows for the

comfirmation of a portion of the sample but does not help
significantly in improving amechanistic understanding. Recently,
new MgO particles (MS284) were prepared with better perfor-
mance in the destruction of nerve agent simulants.311

There have also been some studies related to calcium oxide
systems. CaO in the form of nanocrystals with Fe2O3 was
studied.312 CaO can be a support for Fe2O3, a species coated
with Fe2O3, or a stand-alone degradation medium. CaO was able
to degrade DMMP and was also studied as degradative nano-
crystals with VX and GD analytes.313 This decomposition gives
surface-bound adducts of ethyl methylphosphonate fromVX and
pinacolyl methylphosphonate from GD.
Aluminum-containing materials, namely, alumina, serve in

degradation in some reports. Alumina itself also plays the role
of a substrate in combination with other metal oxide systems. G.
W. Wagner and co-workers studied a variety of agents, GB, GD,
and VX, with Al2O3.

314 Here, aluminophosphates can be formed
(Scheme 29); agent degradation was also found to occur in the
“core” of the alumina particles. Density functional theory (DFT)
was applied to study environmental effects such as surface
hydroxylation and photoexcitation in line with exposure to
terrestrial solar radiation in the adsorption of DMMP, sarin,
and VX on γ-Al2O3.

315 It was established that for all three
species, adsorption on anOH-free surface occurs via an Al(Td)—
OdP dative bond to an unsaturated tetrahedral Al(Td) site.
Impregnate Al2O3 nanoparticles were produced and kinetics of
adsorption of DCP and sarin was monitored.316

Certain discrete models of magnesium oxide particle systems
that were explored experimentally have also been treated

theoretically in order to gain a better understanding of the
mechanism. In particular, Mg4O4 and Mg16O16 were used in a
theoretical modeling study, and both Ca2þ and Mg2þ oxide
surfaces and DFP ((iPrO)2PdO(F)) have been the subject of
calculations.317 Mg2þ was determined to bind the analyte
through the phosphoryl oxygen more strongly. For GB, adsorp-
tion is preferable on the surface of octahedral Al hydroxide rather
than on the surface of tetrahedral silica. Sarin was studied on
dickite, Al2Si2O5(OH)4.

318�320

Silica has also been studied inOP degradation. The silica edges
are thought to have OH-functionalized surfaces. First, DMMP
was examined.321 TCP, MDCP, (sarin), DMMP, and TMP were
assessed to have, in the order listed, a decreasing adsorption
strength. Sarin is placed in parentheses because its data are based
on calculations. Herein, the binding is not via conventional
phosphoryl oxygen adsorption but rather by hydrogen bonding,
as shown in Figure 15. J. Quenneville et al. examined the interac-
tion of DMMP with amorphous silica as a function of surface
hydroxylation density (number of OH groups in 1 nm2 of silica
surface) by using molecular dynamics simulations in conjunction
with the ReaxFF reactive force fields.322 Van der Waals interac-
tions, hydrogen bonding, strong covalent bonding, and even
DMMP fragmentation were observed in surfaces with different
OH densities. S. M. Kanan et al. also previously reported an
infrared study to assess the hydrogen bonding capabilities of the
series of analytes, which vary in their number of hydrogen bonds
with the surface.323 Agents were found to desorb intact, allowing
for a return of the original surface; this reversibility is important
in sensing. DMMP in particular can be selectively adsorbed out of
a methanolic gas stream.
Of these representative reports taken together, those by G. W.

Wagner and co-workers stand out as comprehensive. They
describe inexpensive and versatile materials (e.g., MgO and Al3O3)
that provide for some degree of atomic-level understanding.310,314

A scheme for agent degradation at the MgO surface and related
reactivity appears in Scheme 29.
4.7.4. d-Block (Groups 4�10). The oxo species of d-block

elements are also involved in organophosphonate studies. In
2001, Kim and co-workers reported TiO2, in the form of a
powder, in the adsorption of DMMP, (MeO)2PdO(H), and
(MeO)3PdO using IR spectroscopy.324 Next, there are TiO2-
based catalysts that were investigated with DMMP and TMP in
which the surface was modified by Pt and Pd.325 Separately,
DMMP was tested at the (110) surface of TiO2; a P�OMe
stretch was assigned to an adsorbed DMMP molecule.326 Mo-
lecular imprinting on titanium dioxide was found to be very
effective in the degradation of DIMP.327 The high activity of
TiO2 under UV-light irradiation was observed in photocatalytic
decomposition of DMMP.328 Mesoporous titania containing
gold nanoparticles was prepared as a photocatalyst for the
decontamination of soman.329,330 The catalyst operates under
ambient light and is considered environmentally friendly. Atte-
nuated total reflection�infrared Fourier transform spectroscopy
(ATR-FTIR) can be used in the study of adsorption and
photocatalytic degradation of sarin on powdery TiO2 film.331

S. M. Kanan and co-workers reported an IR spectroscopic study
of WO3, treated with DMMP, TMP, andMDCP.332 It was found
that MDCP can be hydrolyzed after adsorption of the species
through its OdP bond. The species is then hydrolyzed by a water
molecule that was adsorbed as part of a water layer. Z. X. Lu et al.
reported DMMP adsorption on monoclinic-WO3 nanoparticles;
DMMP was analyzed.333 It was found that for DMMP, the

Figure 14. The IR spectroscopic region showing growth and diminu-
tion of various vibrations bands assigned to features of phosphonate
species. Copied directly from ref 301.
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O�CH3 stretches at 1042 and 1069 cm
�1 are unchanged, whereas

the PdO stretch is assigned to the band at 1209 cm�1,
supporting phosphoryl binding. C. P. Tripp also determined this
with alcohol interferents.334 C. S. Kim et al. also studied WO3

Scheme 29. (top) Idealized MgO Surface and the Degradation of Sarin, a Helpful Model for Understanding Al2O3, Degradation
of GD and VX on Surfaces, and the Variety of Alumina Surfaces; Hydrolysate Relative Position Is Not Confirmed;a (bottom)
Illustration of the Different Kinds of Alumina Sites for Hydroxyl Groupsb

aAdapted from refs 310 and 314. bAdapted from a paper by G. W. Wagner and coworkers.314
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powders and relied on IR spectroscopy.324 Mesoporous manga-
nese oxide nanobelts were synthesized, and kinetics of decom-
position of sarin, sulfur mustard, and chloroethylethyl sulfide
were investigated.335 Zirconium-doped nano oxides of Fe, Al,
and Zn increase the rate of degradation of soman and VX. The
enhancement occurs due to an increase of surface area after
addition of Zr4þ.336 There were also studies of silver oxide and
vanadium oxide surfaces.337�339

4.7.5. Solid Metal Oxides of Group 3 and the Lantha-
nides. Lanthanides hold promise in many related applications
because of the variety of common forms of these materials.
Reports byW. O. Gordon detail DMMP decomposition through
the use of Y2O3 nanoparticles. This reaction is stoichiometric at
RT.301 With smaller average particle sizes, there was more
degradation; this is in accord with not only greater surface area,
but also perhaps an increase in the number of defects. Also there
was evidence for P�O�Me bond cleavage. Agent degradation
was supported by RAIR spectroscopic and XPS data indicating
changes after treating with DMMP. There are some related
studies of phosphates with lanthanides such as a report by C. J.
Hartzell et al.340 Obviously, there are fewer reports here than for
the d-block, but a closer look at the yttrium example is interesting
because it is classified as both a d-block metal and a rare earth
metal (Scheme 30).
4.7.6. Porous Silicon and Related Systems. There are

some reports involving porous silicon in devices. Two recent
reports come from the research efforts of S. Jang et al.341,342 First,
a rugate porous silica architecture was studied with DMMP,
DCP, and DEEP; TEP was also studied.342 Next, porous silicon
was used to effect the detection of DMMP; a double reflection
interferometer was used.342 Diethylethylphosphonate, (EtO)2Pd
O(Et), was also tested. Next, M. J. Sailor and co-workers reported
a “humidity-compensating” sensor; it was tested to discern
between water vapor and DMMP. Also, responses for toluene,
heptanes, and ethanol were collected.343 Porous silicon surfaces
are still new and being pursued as decontamination/detection
platforms.
4.7.7. Zeolites. Some researchers have investigated aspects of

zeolites in terms of organophosphonate sensing or decontamina-
tion. Different from simpler metal-oxo species, zeolites are well-
known for their particles of variable size and their distinct internal
channels. This gives an excellent overall agent contact area
considering the decrease in average particle size and boost from
internal surface binding. In 1992, W. T. Beaudry and co-workers
prepared resins that were used to degrade DMMP; (p-NO2�
C6H4)PdO(OPh)2 was also studied.

344 Through these adsorp-
tive studies, a sorptive site, attributed to the uptake onto the
surface, and a less-strongly adsorbing secondary low pertaining to
an ammonium hydroxide site were discovered. Sodium- and
silver(I)-exchanged zeolites were also studied by G. W. Wagner

for the detoxification of VX.293 VX and [(EtO)(EtS)PdO(Ph)]
(DEPPT) were found to degrade via [P�S] bond cleavage to
give (EtO)(HO)PdO(Me) with faster action observed for Ag
over that for Na. A secondary product, (iPr2NCH2CH2O)-
(OEt)PdO(Me) (QB), is proposed to form from a phosphonic
acid�Ag complex. Previously, a AgF-impregnated sorbent was
reported to degrade VX. Detailed mechanisms based on this
paper are provided below in Scheme 31.260 The silver zeolite is
depicted as desulfurizing VX. Then, DMMPwas also detected by
zeolite films of ZSM-5 (aluminosilicate zeolite).345 This zeolite
was also modified with Agþ sites. Next, nanocrystalline sodium-
zeolite (average particle diameter ∼30 nm) was studied by K.
Knagge and co-workers.346 Here, the adsorption and degradation
were monitored by IR and magic angle spinning (MAS) NMR
spectroscopy. Smectites (generally species of the formula (Ca,
Na,H)(Al,Mg,Fe,Zn)2(Si,Al)4O10(OH)2 3 xH2O) were also trea-
ted with DMMP.347 As with other studies, the Mnþ complex
(e.g., Mg2þ) of phosphonate was formed for use as a model
complex.
There are also some biochemical and animal model studies, as

well as those pertaining to certain kinds of microorganisms, that
help gauge the usefulness of zeolites as active sorbents in vivo.348

Bacteria and protozoa (rumen) were studied with and without
clinoptilolite-containing material (clinoptilolite = (Na,K,Ca)2�3-
Al3(Al,Si)2Si13O36 3 12H2O). There was a report involving the
decomposition of DMMP to (HO)2PdO(Me) when exposed to
sodium zeolite.349 Faujasite is (Na2,Ca,Mg)3.5Al7Si17O48 3 32
H2O. Zeolite tuff (61% clinoptilolite) was studied on the effect
of VX in a rat model.350 The rat was treated (peroral adminis-
tration) with VX in which clinoptilolite was the main protective
ingredient. In this model study, various organs were monitored
for their AChE activity with greatest adverse effects being found
in the stomach, brain, and liver. In vivo zeolite capabilities were
also determined using a sheep model.351 Here, the zeolite was
administered together with a portion of charcoal. Animal agent
poisoning criteria could be determined from the extent of
mortality in these animals. It was concluded that zeolites while
naturally offering some prophylactic effect based on the animal
studies, may pose difficulty in adaptation for human study
and use.
4.7.8. Comparative IR Data. Any continuing or new practi-

tioners exploring new chemical systems in agent degradation will
most likely require comparative normative IR spectral data on
agents and simulants. Such data is provided for the ubiquitous
model system DMMP, see Table 2.

4.8. Other Types of Systems
Outside of the types of systems listed here, there are other

reports including magnetic nanoparticles. A. Bromberg and co-
workers studied catalytic magnetic nanoparticles.353 These na-
noparticles were composed of magnetite (Fe3O4) and either a
monomer or a polymeric derivative of 2-pralidoxime. There have
been other techniques reported as well, such as those dealing
with plasma, electrochemical oxidation, and solvated electrons.
Plasmas (ionized gas or gases) have been reported in studies that
focus on agent degradation.15 There have been reports of a
plasma torch as well.15 Separately, there is an agent decontami-
nation chamber developed by scientists at Los Alamos National
Laboratory.354 There have also been some studies investigating
the practicality of using chemical species generated electroche-
mically for agent decontamination. An independent e-chem
section (vide infra, Section 7.9) will detail specifics of these

Figure 15. Different hydrogen bonding modalities for DMMP at SiOH
groups. From ref 323.
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reports. There was an electrochemical formation of iodine
reported by W. Xie in which (EtO)2PdO(CN) was detected
at a solution concentration of 2� 10�6M.355 The use of solvated
electrons in synthesis has also been mentioned.15 The use of the
common NH3/Na solution for the destruction of agents has
been described in the patent literature.356

5. DECONTAMINATION

The objective of agent decontamination involves various
generalized methods and strategies. Decontamination and de-
gradation are differentiated here. Degradation implies discrete
(molecular level) bond cleavages that afford products that may
still be toxic.

5.1. Overview: Ability to Reactwith All Types of Agents, Ease
of Application, and Compatibility with Treated Objects

There are many research papers and patents concerning the
decontamination of nerve agents that detail various formulations
of solutions, microemulsions, bled compositions, fibers, and
enzymes.357�368 Decontamination is defined as the process of
removing or neutralizing chemical agents from people, equip-
ment, and the environment and can be grouped into two main
categories: (i) physical and (ii) chemical removal of the con-
taminant. In this section, we briefly describe several decontami-
nation systems and applied techniques. The chemical aspects of
decontamination are discussed in section 4 (Decomposition
Reactions section). Early decontaminants used were bleaching
powders such as HTH (high test hypochlorite), STM (super

tropical bleach), Dutch powder, ASH (activated solution of
hypochlorite), and SLASH (self-limiting activated solution of
hypochlorite).2 Both G and V agents undergo bleach-mediated
decomposition (See section 4). Decontamination proceeds
rapidly in a few minutes to nontoxic products. But, the (bleach)
decontaminant must be prepared fresh, and its use on a large scale is
required for complete deactivation of agent. Moreover, bleach is
corrosive to many surfaces.

In 1960, another standard decontaminant was adopted. De-
contamination solution 2 (DS2) is a nonaqueous liquid com-
posed of 70% diethylenetriamine, 28% ethylene glycol mono-
methyl ether, and 2% sodium hydroxide.369 The active compo-
nent is the conjugate base CH3OCH2CH2O

�, which allows NAs
to form their diesters and further degrades them to the corre-
sponding phosphonic acids. This decontaminant possesses long-
term stability and a large operating temperature range (�26 to
52 �C). DS2 is noncorrosive to most metals, but it reacts with
paints, plastics, and leather materials; therefore, the contact time
is limited to 30 min, whereupon rinsing with large amounts of
water is required. A greater extent of NA loss occurs when
application is followed by a scrubbing action. DS2 is also
corrosive for the skin, so chemically protective gloves and
respirators that include eye shielding are required during hand-
ling. DS2 is flammable and cannot be used with bleach or other
strong oxidizing agents such as calcium hypochlorite; doing so
may cause the mixture to spontaneously explode.131,370

There are several decontamination kits, developed by the
U.S. Army.369 The M258 kit, as well as the M258A1 and M280

Scheme 30. Hydrolysis of DMMP on the Yttria Surface a

aAdapted from ref 301.
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skin decontamination kits, consist of two packets, one containing
a towelette prewetted with a solution of 10% phenol, 72%

ethanol, 5% sodium hydroxide, 0.2% ammonia, and 12% water by
weight. Another towelette is impregnated with chloramine-B and
accompanied by a sealed glass ampule filled with a 5% zinc chloride
solution. The towelette is wetted with the solution from the ampule.
Zinc chloride helps maintain an aqueous pH of 5�6 in the presence
of chloramine-B, which would otherwise bring the pH to 9.5. These
kits are effective againstG agents (via nucleophilic substitution at the
phosphorus). VX reacts with solutions contained in the kits; greater
decontamination occurs through a mechanical wiping action that
facilitates agent solubilization. The decontamination kits M291 and
M295 contain nonwoven fiber pads filled with resin mixture
composed of absorptive resin based on styrene/divinylbenzene.
They provide a high surface area with carbonized macroreticular
styrene/divinylbenzene resin, cation-exchange sites (sulfonic acid
groups), and anion-exchange sites (tetraalkylammonium hydroxide
groups). The primary effectiveness of kits depends on the physical
removal of the agents by wiping, as hydrolysis with the reactive resin
is still slow.369

Reactive skin decontaminant lotion (RSDL) was developed in
Canada by Purdon’s team at Canada’s defense department and
contains an alkali metal salt of phenol, acetone oxime, acetophe-
none oxime, 2,3-butanedione monoxime, and a solvent, such
as tetraglyme.371,372 The system is effective against V- and
G-type NAs.

Since chemical agents have limited water solubility, both
micelles and emulsions have been investigated as potential liquid

Scheme 31. Degradation of VXa

aAdapted from ref 293.

Table 2. Common IR Spectroscopic Features
(Frequencies, cm�1) in or on Nonreactive Mediaa

vibrational modes /media hexane CCl4 KBr SiO2

ν(CH3P) 2992 3006 3003 3006

ν(CH3O) 2957 2961 2956 2961

ν(CH3P) 2926 2935 2925 2935

ν(CH3O) 2852 2857 2855 2857

δ(CH3O) 1467 1462 1487

δ(CH3O) 1452 1448 1457

δ(CH3P) 1421 1417 1423

δ(CH3P) 1314 1319 1314

ν(PdO) 1246 1251 1252

F(CH3O) 1185 1186 1186

ν(CO) 1061 1066 1061

ν(CO) 1033 1039 1040

F(CH3P) 914 915 917

ν(PO2) 820 895 821

ν(PO2) 789 794

ν(PC) 711 712
aAdapted from ref 352.
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decontamination media. When a chemical agent encounters a
microemulsion system, it is partially dissolved into the organic
phase of the microemulsion. The agent reacts with the water-
soluble decontaminant at the surface of the organic phase. The
rate of decontamination depends on the size of the microemul-
sion particles; smaller particles allow for a faster reaction. An
example of a microemulsion system, developed by Germany, is
decontamination systemC8. It contains 15% tetrachloroethylene
(C2Cl4) which serves as the continuous phase (water is dispered
in organic tetrachloroethylene liquid system), 76% water, 1%
anionic surfactant, and 8% Ca(OCl)2.

2,370 C8 penetrates into dry
paint without surface disintegration. It is not corrosive, and when
sprayed it forms a thin film on the surface to allow sufficient time
for detoxification. Another example of a microemulsion is system
MCBD. The microemulsion medium is 60% water, 7% tetra-
chloroethylene, and 28% CTAC (n-cetyl trimethylammonium
chloride), and it contains a cosurfactant, (nBu)4NOH. The
reactive part of this system is 4% Fichlor, 0.1% sodium 2-nitro-
4-iodoxybenzoate (IBX), and sodium borate. IBX is a nucleo-
philic catalyst for the hydrolysis of agents. Borate buffer is
required to keep the IBX active.

There have been some efforts made toward the lab-on-a-chip,
as well as fiber optics.373 The first technique is based on
microfluidics that treat sarin. There have been a limited number
of endeavors involving fiber optics as well.374

6. AGENT FATE AND DISPOSAL

Information on the properties and environmental impact and
fate of nerve agents is important in terms of safety and adequate
remediation in nerve agent stockpile destruction, and the cleanup
of nonstockpile sites and facilities associated with production,
storage, and testing.

Nerve agents are generally not considered very persistent,375

although their degradation products can be quite persistent in the
environment. Some of the latter should be considered seriously
because of their high toxicity. Some agent physical properties are
given in Table 3.376 In general, V agents have greater persistence
than G-series agents. Among several degradation processes,
determining the fate, such as sorption, volatization, photolysis,
hydrolysis, oxidation, microbial degradation, and hydrolysis are
the most relevant.

Nerve agents are liquids at room temperature, and their
volatility is low. The most volatile, sarin, has a vapor pressure
and volatility of 2.10 mm Hg and 22 000 mg/m3, respectively.
V agents are less volatile than G agents and tend to be persistent on
surfaces, whereas the G agents present more of a vapor hazard.
Estimated volatization rates for sarin and VX and their degradation

products indicate that only the volatization of sarin may be signi-
ficant relative to the rates of hydrolysis for these compounds.

6.1. Indoor
Several studies related to indoor deposition and desorption

processes of nerve agents were conducted.377�379 Theoretical
models were developed that enabled the study of the dependence
of both deposition and desorption rates of nerve agents on the
indoor concentration.378,379 The change in the concentration of
sarin over time affected by the desorption and adsorption rates of
different materials in a building or room was estimated. It was
shown, for example, that concrete material without painting has a
high deposition rate and low equilibrium concentration, which
means that desorption does not occur until the indoor concen-
tration is low. Thus, unpainted concrete is perhaps the best
general protection material against sarin. The deposition rate
onto glass is low, and the desorption rate of sarin from glass is
high. Humidity can affect the deposition rate as well as decom-
position on glass.380 No deposition of sarin was observed on
alkyd or acrylate paints or on plastic carpet. This can be
rationalized by the low porosity of these materials.378,379 Using
concentration profiles versus time, a hypothetical scenario of
indoor release of sarin was developed.377 A sorption model
involving sorption rate parameters was also determined for nerve
agent simulants such as dimethyl methylphosphonate (DMMP),
diethyl ethylphosphonate (DEEP), and triethyl phosphate
(TEP).381

6.2. Concrete and Construction Surfaces
Several studies of the degradation of nerve agents on naturally

occurring surfaces were performed. The degradation pathway of
VX on concrete and a detection of its products and relevant
kinetic rate constants were investigated.382 The results showed
that VX decomposes on concrete in the same way as in alkaline
solution hydrolysis. The reaction product distribution and reac-
tion rate are temperature dependent; the rate increases with
increasing temperature (rate doubling approximately every
10 �C). At ambient conditions (24 �C), VX decomposes to 1%
of its initial concentration within 9�33 h, and to 1 part in 106

within 26�100 h, depending on the basicity of the concrete.383

Crushed concrete was used here which is more basic than intact
concrete. Whereas G. S. Groenewold reported a submonolayer
level of VX coverage, Wagner investigated drop-size effects on
rate of decomposition.384 The larger droplets (4 and 2 μL) react
considerably more slowly than 1, 0.5, and 0.2 μL droplets. It was
also shown that the decomposition rate is higher for “fresh”
concrete than for older material, which is explained by the greater
basicity for “fresh” concrete.384 Neither Groenewold norWagner
observed the formation of EA 2192 (Scheme 2) from basic
hydrolysis; but this may be due to the methods applied and limits
of detection. VX on other matrices was explored. Decay of VX on
the outer surface of asphalt (from local load) has an exponential
character (t1/2 = 14 days). The formation of degradation product
bis-diisopropylaminoethyl-disulfide
((iPr)2NCH2CH2S�SCH2CH2N(

iPr)2) in the outer layer and
inner portion of asphalt was observed.385 VX adsorption iso-
therms on minerals goethite (common iron mineral in soil;
FeO(OH)) and montmorillonite (a clay mineral) and activated
charcoal have been obtained.386 As expected, the greatest affinity
of VX was observed for activated charcoal. Montmorillonite has a
moderate affinity, while goethite has little affinity. Also, a surface
reaction of VX with wet and dry goethite has been investigated.
VX was applied in methylene chloride solution (VX purity

Table 3. Some Physical Properties of Nerve Agents.a

nerve

agent

vapor pressure

(mm Hg) at

20 �C

volatility

(mg/m3) at

25 �C
solubility (g/100 g)

at 25 �C

sarin 2.10 16400�22000 miscible

soman 0.40 3060�3900 2.1 (at 20 �C)
tabun 0.037 576�610 9.8

VX 0.0007 10.5 miscible at <9.4 �C,
sparingly miscible at 25 �C

aAdapted from ref 376. Solubility is in water.
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>99%) on wet and dry goethite and extracted into water after∼1
d. Recovery from dry goethite was 0%; >90% of the degradation
product EMPA was extracted. Wet goethite gives values of 60%
and 30%, respectively. Previously, goethite was demonstrated to
catalyze the hydrolysis of organophosphorus pesticides such as
demeton S, diazinon, disulfoton, and thiometon.387 It was
suggested that adsorption onto specific goethite binding sites
can reduce the electron density on phosphorus and enhance
nucleophilic attack. Measuring the permeation of nerve agents
through construction materials is critical for a greater under-
standing and to advance the stockpile disposal program. Data
characterizing the permeation of the nerve agent simulants
DMMP and DIMP through wood, gypsum wall board, cinder
block, and brick were obtained.388 These simulants permeated
through wood in a lateral direction, following the wood grain.
DIMP penetrates more rapidly (7�20 h) than DMMP (30�120
h). Both simulants permeated the lateral space of brick within 1 h.
Concentration�temperature plots for simulants penetrating
through gypsum wall board was also presented, showing that
the permeation time is generally a factor of 2�4 less at ∼32 �C
compared with times obtained at RT.

Hydrolysis is the primary degradative pathway for many nerve
agents in an aqueous environment (Scheme 1). The degradation
of soman and sarin under environmental conditions gives only a
few relatively nontoxic products, such as IMPA, pinacolyl
methylphosphonic acid, and MPA. The rate of hydrolysis is
temperature dependent. At 20 �C and neutral pH, the estimated
half-life ranges from 461 h to 46 h for sarin. At 25 �C, in the same
environment, the half-lives ranged from 237 to 24 h for sarin and
60 h for soman.17 VX is more persistent in the environment than
G agents: it does not evaporate readily and is essentially non-
volatile from water. Hydrolysis of VX gives many degradation
products, depending on temperature and pH. The most danger-
ous, and thus environmentally significant, is S-(2-diisopropyl-
aminoethyl) methylphosphonothioic acid (EA-2192), which is
stable under neutral conditions (see above). The rate of hydro-
lysis is accelerated in the presence of ions. For example, cations
such as Ca2þ and Mn2þ in seawater catalyze the hydrolysis.389

The half-life of tabun in seawater is shorter (4.5 h) than that in
fresh water (9 h).17 In river water, the hydrolysis rate was
enhanced by a factor of 2�4.390 There is obvious concern about
the fate of the nerve agent material involved in past disposal at
sea.391,392 The environmental threats of the sea-dumped chemi-
cal warfare material depends on munition type as well as
environmental conditions.98 The Baltic Sea was a site of much
dumping,393 as well as adjacent areas such as Skagerrak and the
Norwegian trench.

The fate of nerve agents and their degradation products in soil
have recently been reviewed by Munro et al. and Kingery.17,390,394

In many cases, persistence depends on weather conditions and
moisture. More than 90% of sarin is decomposed in soil within
5 days. At low temperature, persistence is increased, and sarin can
remain on snow during 2�4 weeks when deposited as droplets.
Liquid tabun is stable within 1�2 days under average weather
conditions and 2 weeks on natural snow; full NA degradation
occurs after 4 weeks. Under a neutral environment, tabun
degrades to O-ethyl N,N-dimethylamidophosphoric acid and
HCN.257 O-ethyl N,N-dimethylamidophosphoric acid can
further undergo hydrolysis to phosphoric acid, but this ultimate
reaction is much slower. In soil, apart from hydrolysis, tabun is
subject to biodegradation, nitrile hydrolysis, and N-dealkylation.
About 16 compounds were isolated from soil contaminated with

tabun, but most of them were present at less than 1%.395,396 Soil
studies with VX indicate that 90% of the agent decomposes
within 15 days. However, Bellier et al. recovered VX from soil
contaminated three months before.397

6.3. Landfills
Landfills have been another long-term consideration. Mathe-

matical models were developed for evaluating the suitability of
landfills for disposal of contaminated debris and the fate of
chemical warfare agents in landfills.398,399 The fate of nerve
agents was evaluated withMOCLA (model for organic chemicals
in landfills) with results showing that over 90% of NAs are
distributed and remain in the solid fraction associated with the
aqueous fraction. This can be explained by a small amount of
water present in landfills. The primary fate was hydrolysis. Sarin
was completely destroyed within 6 months, whereas soman and
VX decomposed much later (>5 years). Since some degradation
products are toxic and more persistent in the environment,
analytical evaluation of the fate of degradation products is needed.

7. SENSING AND DETECTION

Almost all instrumental techniques that currently unambigu-
ously determine the presence of nerve agents are expensive and
nonportable such as gas chromatography, mass spectrometry,
and NMR spectroscopy. In an effort to investigate new methods
of more selective and cheaper sensing technologies, as well as to
monitor safe, affordable, mild, and nontoxic disposal, it is in part
essential to better understand transition metal�nerve agent
binding and reactivity. Here, we can consider NAs as ligands.
Because of the complicated behavior of VX in aqueous media
(vide supra) (Figure 9), there is a need to examine particular
interactions and propose distinct model systems to investigate
decontamination pathways. Through ligand design, we can effect
selective phosphine oxide-type complexation.400,401 Also, the
study of reversible agent�metal binding allows for insights into
sensor applications. The study of agent�metal interactions is
ultimately crucial in understanding how exactly metalloenzymes
effect toxic organophosphate/organophosphonate substrate
decomposition. Also, simple sodium thermionic detectors
for sensing phosphorus compounds are commercially avail-
able.402 Later, colorimetric systems and other methods can
be introduced.

7.1. Possible Metal Ion Binding Modes in Solution
In this section, we will deal with reports and insights mainly

into non-bond-rupturing agent binding in solution to single metal
ion systems. There are a variety of binding modes due to the
various donor atoms present. We will first cover solution studies
in which [PdO 3 3 3M

nþ] binding occurs. The primary metal
(ion) contact is likely through the phosphoryl oxygen in a Lewis
base (L-type) ligation.375 X-ray and IR spectroscopic data allow
for a better molecular understanding. Interestingly, there is no
crystallographic report of a real NA species bound in a metal
complex; there is instead a great reliance onmodel agents such as
DMMP. Also the simple consideration of a hydrogen ion (Hþ) as
a model for a chelated metal species is useful. With any given
agent, there are various interactions whose strength will depend
on the metal, and the noninvolved ligand. Monodentate inter-
actions with other possible donor atoms will give weaker inter-
actions. The binding of neutral Lewis donor phosphoryl group
molecules is competitive with ostensible or adventitious water or
with common interferents (e.g., NO2). Unfortunately, even
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moderate humidity might greatly “outweigh” the OdP con-
centration.
7.1.1. Early Reports of Phosph(on)ate [R3PdO 3 3 3M

nþ]
Interactions (R= Alkyl, Alkoxyl). Next, we will discuss early
solution and structural studies of OdPR3, OdP(OR)3, or
OdPR(OR)2 M�O interactions with metal ions. To the best
of our knowledge, results by F. A. Cotton on a series of
phosphine oxide type complexes, involving early reports of
OdP(R)3 M

nþ binding, were not considered in the nerve agent
context and have not been reviewed before from this angle. J. C.
Sheldon and co-workers reported complexes of the formulation
[Br3PdO 3 3 3 SnBr4], and [Cl3PdO 3 3 3 SnCl4].

403 Here [Ar3Pd
O 3 3 3M] species were prepared to demonstrate that the
[X3PdO 3 3 3 SnX4] systems do bind through the oxygen. Next,
Ni2þ complexes with OPPh3 were reported.

401 Ph3AsdO metal
complexes were also reported.404 For a useful list of P�O
stretching frequencies, the reader is referred to the Cotton
reference.401 Next, there was a brief review describing the effect
metal ion binding has on the P�O stretching frequency.405

Additionally reported were Co(II), Ni(II), and Cu(II) com-
plexes, with the formulation (Ph3PdO)M(NO3)2, in which the
NO3

� is bound through one oxygen. In particular, phosphine
oxide complexes with Cu2þ as well as arsine analogs were
studied.406 The characterization of these molecules was as
follows: [Cu(Ph3PdO)2Cl2], yellow, ν(PdO) = 1142 cm�1;
[Cu(Ph3PdO)2Br2], dark red, ν(PdO) = 1145, 1169 cm�1. For
free Ph3PdO, ν(PdO) is 1195 cm�1. These compounds were
found to be tetrahedral. The cation moiety Cu(Me3PO)4

2þ was
square planar. Arsenic analogs were yellow-brown (ν(PdO) =
840 cm�1) and olive green (ν(PdO) = 842 cm�1). Perchlorate
species were also obtained, but the Cl�O streteching bands in
the IR spectrum obscured the PdO stretches. In 1966, K. D.
Berlin et al. treated MgI2 with diphenyl phosphinates; it was
found that the PO�C bond, not the P�OC bond, was
cleaved.407 This relates to the metal-assisted discussion above.
More contemporary M�O�P reports come from F. Gabbai and
co-workers, in which DMMP (dimethyl methylphosphonate)
was added to 1,2-bis(chloromercurio)tetrafluorobenzene;408 the
199Hg chemical shift could be monitored, vide infra. A crystal
structure of the bis-adduct was obtained (Figure 16). The binding
constant for this interaction was measured as 3.7( 0.4M�1. There
are many crystallographic complexes of simpler phosphonates (vide
infra). The synthesis and crystal structure of transition metal
alkoxides Ti(OMe)4 and Nb(OMe)5 containing organophospho-
nate ligands [Bu4

nN]2[PhPO3H] were reported.
409 The bridging

geometry of phenylphosphonates and IR spectrum band for PdO
bond were observed. The simple complexes of related phosphates
continue to provide information on complex color and IR signature.
The binding of VX species allows for various monodentate

modes but also bidentate modes as illustrated in Figure 17. This
was studied by Y. S. Lee and D. G. Churchill, and the binding
energies (gas-phase calculations) were provided.410 In simple
metal salt systems, VX and R-VX should possess nearly the same
binding, judging from the fact that the steric differences do not
come into play at a single metal ion.
The phosphonate diacids are also treated (Figure 18). By their

nature, like carbonic acids, they are bound through their depro-
tonated oxide. A review by J.-G. Mao discusses lanthanides and
phosphonates.411 The variety of phosphonates that are free-
standing or connected to other phosphonates are considered in
terms of solid state and luminescence. The solid state and
luminescence aspects also give “food for thought”, important in

terms of decontamination or sensing. There is special interest
associated with the stability and low solubility of these species.
There are reports on molecular mechanics calculations, in

which organophosphate species bind to lanthanides and become
complexes formulated as ML2.

412 This work is interesting, in that
it deals with the reverse situation in whichOdP’s sequestermetal
ions selectively. It also ties in with H2O/PdO phosphoryl metal
complexation competition and considers the lanthanide hydra-
tion sphere and how bound waters can be displaced by PdO
groups.
Also, intermolecular hydrogen bonding study between orga-

nophosphorus compounds and phenol, methanol, R-naphthol,
and pentachlorophenol are done by T. Gramstad.413�415 They
measure hydrogen bonding association constants. It turns out
that enthalpy, entropy, and association constants have a linear
relationship with hydrogen bonding frequency shifts.
7.1.2. Coordination Chemistry of Downstream Non-

P-Containing Products of Decomposition. Another very
important aspect to consider in terms of catalysis is how the
decomposition products (Scheme 1) or the downstream com-
ponents will interact with metal ions. The neutral thiocholine
substrate (HSCH2CH2N(R)2) (Figure 19) is probably the most
recognizable non-P-containing nerve agent degradation product,
an essential product of VX hydrolysis decontamination, and a
notably strong player in metal chelation because of its simple
bidentate design. It offers a stable five-membered metalloheter-
ocyclic interaction with a variety of metals regardless of the R
groups (Figure 19). For completeness, we can consider a variety
of R groups (e.g., R =Me, Et, but not H). Previously the dimethyl
derivative was prepared by J. H. Yoe and by Burke,416 but no
crystal structures were reported. Also Jain studied complexes of
diethylamino-ethanethiol with Cr(III), Co(III), and Ni(II).417

Dimethylaminothiols were also reported with Zn, as in Zn-
[SCH2CH2N(CH3)2]2, which was prepared from the disulfide
(CH3)2NCH2CH2SSCH2CH2N(CH3)2.

418 N,S (diethyl)-type
ligands with Al and Ga [SCH2CH2N(CH2CH3)2] were reported

Figure 16. (top) The Hg2 complex from ref 408 and (bottom) simple
phosphoryl binding mode with a single metal ion. The phosphoryl
stretch can be conveniently monitored.
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by C. Jones.419 The report by G. G. Briand420 describes the
[SCH2CH2N(CH3)2] ligand with bismuth. There is actually a
variation for this ligand coordination in which the sulfur can bind
alone. This is also true in the C. N. McMahon report in which
Al3þ complexes with [SCH2CH2N(CH3)2] were studied.421

The [SCH2CH2N(CH2CH3)2] ligands with Re
422 and oxotech-

netium species have also been described.423 Diethylaminoetha-
nethiol (DEAT) was studied by Jain,424 who describes the
coordination of 2-dimethylaminoethylthiolate ligands. Na2PdCl4
was used as a starting material to give a trimer, [PdCl-
(SCH2CH2NMe2)]3; the Pt equivalent was made as well. The
mono and bis species of PdCl(SCH2CH2NMe2)(PPh3) were
also isolated. Mass spectral as well as 31P NMR spectroscopic
data was provided (vide infra). Given that HSCH2CH2N(CH3)2
and HSCH2CH2N(CH2CH3)2 are commercially available; sim-
pler derivatizations can be made.
Mikuriya (1980) studied fragments that have an O-group.

These interesting neutral [NSO] fragments were examined with
Cu(II).425�427 These species are also known as v-mercaptami-
nes�aminoethanethiolate and are illustrated as their complexes
in Figure 19. Interest in these species is structural only: con-
nected to the aminothiolate is a proximal oxygen ligating atom.
Arguably, this is as close as we can get to a stable VX-type
structural mimic in which these species bear a dimethylene
fragment [CH2CH2] in place of a P

5þ fragment [�PdO(OR)].
There are other decontamination products such as fluoride

(F�) in the case of sarin, soman, and cyclosarin and cyanide
(�CN) in the case of tabun.These ions are not unique tonerve agent
systems, but their detection is relevant here. There are various fluoride
sensing reports. Other substrates such as alkoxides (e.g., EtO�)
and amines (HNMe2) are far too common in our surroundings
to be signatures of nerve agent species.

Next, the consideration of tabun Mnþ�N-binding has led us
to include one more structural example, which involves a
[MrNC�P] motif. This occurs in the example of Naþ binding
of the [NC�P(CN)]� ion, in which the Naþ is hosted by an 18-
crown-6 ligand.428 The degree of crystallographic disorder ob-
scured the Na 3 3 3N bonding distances. Thus, there is still no
adequate structural mimic for tabun for a binding mode that is, in
light of the great number of known M�NC� motifs, very likely
to exist. Also, a mimic of tabun was tested electrochemically
based on the β-oxide formation reaction.429

7.2. Colorimetric Detection
There are a variety of chemical systems that involve selective

color changes as an indication of the presence of an agent or
degradation product. There are pertinent older reports such as
the amine-peroxide indication reaction or cleavage of indophenyl
acetate.430 Contemporary systems are often metal- or organic
dye-containing. One clever scheme involves gold nanoparticle
growth catalyzed by the thiocholine produced from AChE
degradation of paraoxon, in which nanoparticle growth is then
inhibited by the thiol.431 The increase in nanoparticle size gives a
change in color. Another report utilizes a tetraphenyl-porphyrin
(sulfate) in a displacement assay, as tested with diazinon,
malathion, paraoxon, and coumaphos.432 On this sensor surface,
AChE systems are anchored and their active sites are occupied by
the porphyrin, which is then displaced by an agent. The released
porphyrin gives rise to an optical signal (decrease of 412 nm band
when released; limit of detection 7 ppt). Also, there is a report
involvingmolecularly imprinted polymer (styrene and diacrylate,
combined with a nerve agent mimic).433 There is a report by A.
M. Costero et al. that describes the use of a diaza species with a
tethered alcohol; this undergoes color changes upon interac-
tion with (EtO)2PdO(Cl), (iPrO)2PdO(F) and (EtO)2Pd
O(F).434 Later, A. M. Costero utilized azo and stilbene deriva-
tives for detection of DCP, DFP, and DECP.435 For optical
detection of fluoride ion after hydrolysis of DFP, a polymeric
membrane containing Al(III) octaethyl porphyrin and ETH
7075 chromoionophore was developed.436 Changes in absor-
bance occured due to the deprotonated form of chromoiono-
phore. Indicator pH paper also can be used as a detector if
enzymatic hydrolysis of acetylcholine by acetylcholinesterase
into acetic acid and choline is taken into account.437 The
presence of organophosphonate inhibits acetylcholinesterase,
and hence, no change of pH is observed. Inhibition of acetylcho-
linesterase activity also was used in paper by D. S. Prokofieva for

Figure 17. Theoretical binding modes at one metal ion of VX or R-VX.
One enantiomer is shown only.

Figure 18. Diagram of non-neutral phosphonate systems.411

Figure 19. (left) The binding of the thiocholine (SCH2CH2N(
iPr)2)

residue to one metal center (R = Me, Et) and (right) stucture of Cu2þ

aminoethanethiolate species.
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spectroscopic detection of soman.438 Silicon nanoparticles func-
tionalized by thiol groups and aliphatic alcohols were prepared
for chromogenic detection of nerve agent mimics.439 Squaraine
dye was used to produce a chromofluorogenic response.

7.3. Chemiluminescence: Fluorescence and Phosphorescence
There are various systems that instead of, or in addition to,

giving clear colorimetric signals, give clear fluorescent signals.
Some agent derivatives are naturally fluorescent due to their
substitution or derivatization and thus can be monitored by
UV�vis. The catalysts can be lanthanide-based such as those by
Murray and Jenkins and co-workers440,441 or organometallic as
reported by L. Y. Kuo et al.161

7.3.1. Lanthanide-Based Catalysts. Regarding f-element
systems, inherent and fingerprint luminescent properties of the
lanthanide ions (f�f orbital electronic transition) upon, for
example, phosphonate binding is in theory possible. Murray
reports devices involving Eu3þ serving as the basis for sensing of
the phosphonic acid degradation product of sarin and soman in a
copolymer.441 This representative report by Murray involves
PMP (pinacolyl methyl phosphonate) and establishes a half-life
index. Lanthanide ions, especially those in aqueous environ-
ments, may have variable coordination numbers (8, 9, and higher).
In this context, Eu3þ with a coordination number of 9 was
established; Eu(DMMB)3(PMP)(NO3)2 optical responses with
PMP Eu(DMMB)3(NO3)3 gave rise to an optical band at
∼610 nm; Eu(PMP)3 gives a peak at 613 nm; DMMB = 3,5-
methyl dimethylbenzoate was also used. The limit of detection in
this work was reported at∼125 ppt. In the resulting (4�5 mol %)
polymers, the 610 nm signal is weak. Results from a 3 mol %
polymer loading possessed the best features. The complex
percentage was kept low to allow for less cross-linking, making
it easier for liberation of adsorbed PMP.
7.3.2. Organometallic-Based Sensors. There are some

notable organometallic-based sensors. One involves a BODIPY
system: a boron dyad that is a CN� sensor (intended for
tabun).442 An organometallic approach also comes from a report
in Angewandte Chemie, International Edition.443 There are also
ferrocene-based systems discussed later in the context of electro-
chemistry (vide infra).444

7.3.3. Organic Design. Some sensors are simply fluorogenic
organic compounds.445,446 The A. J. Rebek et al. report under-
scores how a research group with the reputation of creating
elegant host�guest designs approaches nerve agent detection
and degradation chemistry (Figure 20).447 In the molecular
system shown prior to nucleophilic attack, the tertiary amino
lone pair of the probe is engaged electronically via photoinduced
electron transfer (PET) with the delocalized pyrenyl system.
Upon addition of DCP, this lone pair achieves intramolecular
ring closure and removes the PET quenching mechanism path-
way allowing for natural pyrenyl fluorescence. Further, there is a
theoretical study that stems from this report as well.448 S. Han
published application of rhodamine�hydroxamate rearrange-
ment in the detection of nerve agent simulant DCP.449 BES-
Thio fluorescent probe based on fluorescein can be used for the
direct detection of neve agents possessing a thiocholine leaving
group.450 A. Akthakul et al. developed a sensor containing the
Nile Red dye.451 The device demonstrates over an order of
magnitude increase in vapor sensitivity for the sarin simulant
DMMP when inorganic oxides were used as a quencher. An
organogel containing a 2-(20-hydroxyphenyl)benzoxazole group

was synthesized and tested for detection of nerve agent
simulant.452

7.3.4. Biologically-Based Luminescence Detection.
There are various detection designs stemming from strictly bio-
logical systems. Uses of green fluorescent protein (GFP) in this
context have been reviewed453�455 with a pair of reports coming
from Wu454,455 and a notable example involving paraoxon in
2002.454,455 In terms of GFP technology, paraoxon was also
studied with a yeast biosensor.456 Next, terbium was employed as
a luminescent probe in attempting to learn whether tryptophan is
close to the Ca2þ binding site in human paraoxonase.457 Bio-
sensors that are fluorescent have been developed.458 Next, the
phnD protein product of E. coli was studied with the natural
(HO)2PdO(CH2CH2NH2) derivative; changes in fluorescence
with binding to (HO)2PdO(Me) were absent.459 Organopho-
sphate hydrolase (OPH) mounted on silica gel was prepared to
determine (iPrO)2PdO(Me).460 A fiber-optic OPH biosensor
was developed.461 This device is extremely selective to organo-
phosphates such as parathion, paraoxon, and coumaphos. Also it
can be applied to the measurement of different organopho-
sphorus esters in a mixture. Organophosphorus acid anhydrolase
(OPAA) was studied with fluorine-containing species.462 There
has been a report by Briseno-Roa involving species with fluor-
escent leaving groups that allow for the screening of potentially
active hydrolytic enzymes.263 Paraoxon, parathion, dimefox,
DFP, tabun, sarin, cyclosarin, soman, VX, and Russian-VX were
conjugated with the optically reporting group 3-chloro-7-oxy-4-
methylcoumarin. This moiety gives rise to fluorescence upon
P�O scission that can be monitored by emission spectroscopy.
Laser-induced fluorescence (LIF) was used463 in which eosin was
the indirect LIF (electrophoretic) dye for EMPA, MPA, and VX.
A limit of detection of 30 μM (VX) and 37 μM (EMPA) was
reported. The instrumental aspects of micro-X-ray fluorescence
(MXRF) were discussed in which a peptide library was
utilized.464 Also, the fluorescence and CD properties of OPAA
(E.C.3.1.8.2) were monitored with (iPrO)2PdO(F).465 Sepa-
rately, there were two FRET-based methods used in the detec-
tion of methylphosphonic acid.466 ADNA aptamer sequence was
bound covalently via tosyl groups onto magnetic beads.
7.3.5. Polymer and Bead Supports. A polyhedral oligosil-

sesquioxane nanosensor was reported that details remote sensing
capabilities.467 Also microspheres (1�10 μM) were used for PMP
detection involving molecularly imprinted polymers.468 The poly-
mericmedium involvedmethacrylic acid and divinylbenzene. Next, a
report describing carboxylate-functionalized microbeads that give a

Figure 20. The Rebek group system.447
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“turn-on” optical response upon treatment with (EtO)2PdO(Cl)
has been made.469 The amine group of fluoresceinamine, which is
adsorbed by poly(2-vinylpyridine)-coated microbeads, undergoes
reaction with chlorophosphonate. Here, the HCl is trapped at the
nitrogens of the accompanying pyridyl groups. A chemical sensor
based on a molecular imprinting technique with a silica matrix was
developed and tested on PMP and VX simulants.470

7.4. Porous Silicon
Porous materials constitute a useful platform that enables the

detection of a wide array of target molecules and materials.471

Among these materials, porous silicon has been of recent interest
in nerve agent detection. C. P. Tripp and co-workers studied the
binding between organophosphonate and the silica surface with
IR spectroscopy.321,323 Absorption changes in the silica SiO�H
stretching mode in the IR spectrum allow for detection of
DMMP, TMP, MDCP, and TCP. The signal depends on the
hydrogen bonding environment; the energy of the band de-
creases in this order: TCP < MDCP < DMMP < TMP. The
absorption of DMMP on the SiO2 surface is different from other
surfaces such as WO3, TiO2, and Al2O3. In the latter cases,
binding of DMMP with the metal oxide surface occurs through
H-bonding at the PdO group, and at elevated temperatures,
stable methyl phosphate groups remain attached to the surface,
while methoxy groups are eliminated.324,472,473 In contrast, silica
surface binding occurs at the oxygen atoms of methoxy groups
through H-bonding and, at elevated temperature, leads to
desorption without decomposition of DMMP (Scheme 32).304

Porous silicon made by electrical etching can detect HF gas
produced by hydrolysis of fluorophosphonate esters (e.g., sarin,
soman, GF, and DFP).474,475 A TMEDA[Cu(II)] (TMEDA =
tetramethylethylenediamine) complex476 acts as a catalyst for the
hydrolysis of DFP and accelerates production of HF gas
(Scheme 33).477 Also, the addition of surfactant enhances HF
gas production; HF acting on the porous silicon oxide inter-
ferometer gives rise to a changed response to SiF4 gas resulting in

a blue (hypsochromic) shift (∼ 15 nm) and an intensity decrease
in the Fabry�P�erot interference fringe.474

A distributed Bragg reflector (DBR) porous silicon interfe-
rometer allows for the detection of DMMP, TEP, and DEEP.
Exposure of this device to a simulant results in a red
(bathochromic)-shift of the DBR reflection peaks.342 The first
(22 nm) and second DPR peaks (32 nm) undergo red-shifting as
seen for DMMP detection. The two reflection band systems
show more red-shifting than the one reflection band system.

7.5. Carbon Nanotubes
Carbon nanotubes are a naturally good material choice for

sensors due to their nanoscale diameter and electrical and
electrochemical properties. Carbon nanotubes decorated with
nickel nanoparticles were used for electrochemical detection of
2-diethylaminoethanethiol, degradation product of the V-type
nerve agent.478 Pd-contacting single-walled carbon nanotubes
(SWNTs) and Au-contacting SWNTs were tested by Y. Kim
et al. to detect DMMP gas.479 Pd-contacting SWNTs exhibited
detection levels as low as 1 ppm. DMMP vapor in concentrations
below 1 ppm also was detected with SWNT thin films integrated
with polyimide substrate.480 Some theoretical calculations of
interaction of nerve agents with SWNTs were also performed.481

Ferrocene�amino acid conjugates noncovalently bonded to multi-
walled carbon nanotubes (MWNTs) on indium tin oxide surfaces
also change their electrical properties after reacting with mimics for
tabun and its degradation products.482 Later, P. M. Diakowski et al.
prepared MWNTs covalently modified with ferrocene�lysine
conjugate.483 In this case, detectionof nerve agent simulant occurred
at micromolar level. Hexafluoroisopropanolphenyl derivatives were
used for functionalizing SWNTs, and sensors can detect DMMP
with a detection limit below 50 ppb.484,485

7.6. Extraction and Analysis
7.6.1. Overview: Checking Compliance Techniques

Used in General. Many techniques are used for the extraction

Scheme 32. Absorption and Desorption of DMMP on Various Metal Oxide Surfaces
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of nerve agents from aqueous environments. Extraction and
analysis of nerve agents and their degradation products have been
previously reviewed by R. M. Black and B. Muir in 2003.486 This
review summarizes GC and LC analysis of NA reagents. In 2008,
H. Thiermann and co-workers reported LC-MS-based nerve
agent analysis.3 Here, we will cover other methods and recent
reports about extraction and analysis. Extraction by various
methods, followed by analysis with chromatographic tools (GC, LC,
and HPLC), has been used previously for nerve agent separation.
In the liquid phase, ion-pair liquid�liquid�liquid microextrac-
tion of MPA, EMPA, IMPA, and CMPA is done with 1-octanol
solvent and the assistance of tri-n-butyl amine ion-pair
complexes.487 Ion-exchange solid-phase extraction (SPE) meth-
ods using strong cation-exchange488 and anion-exchange489�491

cartridges are reported. Molecular imprinted solid phase
extraction,492,493 using methacrylic acid (MAA) and pinacolyl
methylphosphonic acid (PMPA), and solid phase-extraction
followed by analysis with HPLC with 13C-isotope column
technique494�496 were also reported. Lastly, solid-phase micro-
extraction (SPME), combined with an ATR�FT-IR spectro-
meter,497 LC-ESI-MS/MS,DESI-MS/MS,498 andGC/MS499,500

analysis were developed and used for extraction and analysis of
nerve agents.
Recently, a new microextraction technique, HF-LPME

(hollow fiber liquid-phase microextraction), was developed by
H. K. Lee and was used for extraction of triazine herbicides.501 V.
Tak et al. reported that the HF-LPME method is efficient for
extraction of nerve agent mimics and real agents such as DIMP,
DEDEPA, DCHMP, DEPS, sarin, CMPF (cyclosarin), EDEPC,
and SM from water.502 There are many extraction parameters,
and extraction is performed under optimized conditions: a
polypropylene hollow fiber, using trichloroethylene (1 μL) as
extraction solvent, 1000 rpm stirring speed, 15 min extraction
time, and 30% NaCl aqueous solution. Extracted compounds
were analyzed by GC-MS spectrometry. The detection limit of
these systems is 0.1�10 μg/L, which is better than a nonsalt
water system (detection limit 0.5�200 μg/L). Also, the HF-
LPME method is used for detection of degradation products of
chemical warfare agents503�505 and alkylphosphonates at the
concentration of 0.5�0.75 μg/mL from water.506

7.6.2. Soils. Extraction experiments of VX from natural soils
were performed by B. Bellier et al. in France.397 The authors
analyzed two kinds of soils: local soil (neutral silt loam) and
tropical soil (acidic sandy silt loam, French Guyana). A VX
dichloromethane solution was used to treat each soil (“spiking”
level < 10 μg/g); then, the mixture was allowed to homogenize
(3 months). The soils containing VX were mixed with tris buffer
(pH 9); extraction with dichloromethane/hexane (v/v 85:15)
gave the best recovery numbers. Importantly the pH of the soil
buffer solution should be quite close to the pKa value of VX and
quite low to avoid basic hydrolysis. Other reports as well describe
the extraction of nerve agents from soils with spiking levels of

0.1�10 mg/g,390 0.4% extraction with dichloromethane,507

spiking level of 0.5 mg/g with 8% ( 6% of recovery,508 and a
spiking level of 20 μg/g with 16.2% ( 1.3% of recovery.509 A
hexane�benzene mixture was used for extraction of sarin from
soils; and gas-chromatographic separation and flame ionization
detector helped in the analysis of a trace amount of nerve agent at
a level of 10�4 mg/kg.510 Concentrations of VX and sarin in slag
also can be determined by derivatization of them with optically
active alcohols.511 Also, the spiking and extraction of nerve
agents from asphalt385,512 and concrete513 are reported. Detec-
tion of nerve agent degradation products in soil using capillary
electrophoresis is described by A. Seiman.514 A patent exists as
well on devices for nerve agent extraction through application of
an external electrical field.515

7.7. Common Spectroscopic Techniques
Almost all current instrumental techniques that unambigu-

ously determine the presence of nerve agents are generally
expensive and nonportable, such as gas chromatography and
(multinuclear) NMR spectroscopy. There has been a long-
standing interest, first among inorganic chemists, about how
organophosphonates bind to metals, and next by analytical
chemists, about how an adequate detection device can be
engineered. Ligand optimization and reporting media continue
to be explored in NA detection efforts that involve various
spectroscopic techniques such as IR and NMR spectroscopy.

As has been underscored by the inclusion of many spectral
absorbances throughout this review, IR spectroscopy is indis-
pensible for many systems mentioned herein; direct access to
monitoring the phosphoryl stretch is very useful. Electron-poor
ions such as Fe3þ and Cu2þ favor stronger coordination and give
[PdO] stretching frequencies concomitantly lower by 30�
100 cm�1. Some other functionalities, such as perchlorate Cl�O
stretches, can obscure PdO absorbances. Agents themselves are
not significant absorbers or emitters in the UV�vis spectral
region,516 unless they are specifically modified with, e.g., a
fluorescent coumarin-type leaving group.263,517 With the inclu-
sion of a photoabsorber material, such as a porphyrin, we can
monitor this conveniently by UV�vis methods.
7.7.1. NMR Spectroscopy. NMR spectroscopy supports

many areas of chemistry and science. NMR spectra have found
great utility in monitoring reactions and characterizing new
compounds and also, for example, in detection of agent and
agent remants.518,519 NMR can be used as a definitive part of
determining nerve agent (or remnant) presence. There are
numerous nuclei that can be brought to bear in NA studies,
especially the 31P nucleus. Analytes that contain characteristic
13C, 1H, and 31P, as well as 15N and 19F, NMR signals can be
probed.520 This of course assumes the absence of paramagnetic
ions and the necessary solubility of some species. In terms of
assignments of agents in solution, the contribution by Yang and
co-workers should also be mentioned,521 as well as work of Van
den Berg et al.522 Many studies have focused on 31P NMR
spectroscopy.151,314,344,349,408,523,524 Other NMR active nuclei
and related experiments also are found in the literature. The
types of experiments have involved HSQC NMR,525�528 as well
as magic angle spinning (MAS).346 Next, shift reagents can
change the phosphorus δ value.32,529 One early study involved
mixtures of (Me2N)3PdO, DMMP, or (MeO)3PdO, in the
presence of Be2þ and Al3þ ionic centers.530 Next a series of
phosphates was treated with Co2þ and Fe3þ.531 The species
(MeO)3PdO, (EtO)3PdO, and (MeO)2PdO(Me) were all

Scheme 33. Hydrolysis of Fluorophosphonate Esters and
Removal of HF Gas by Silicon Oxidea

a From ref 474.
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found to give shifts upon binding; also P�H decoupling was
observed. With this technique, changes in P�S bonding can be
monitored.532 Variable-temperature 31P NMR spectroscopy was
used in studying resin-based systems with two DMMP adsorp-
tion sites, the macroreticular region and the quaternary ammo-
nium hydroxide ion-exchange sites.344 It was found that DMMP
may migrate from one site to another.
In this next section, the uses, limitations, and details of NMR

spectroscopy are provided. There are techniques that allow for
detection of the various stereoisomers of the nerve agents; see
Figure 4 in Van den Berg et al.522 There is also a report of
lanthanide-induced shifts from authors who have also been active
in the organophosphonate sensor area.533 An NMR spectro-
scopic assay was also developed to conveniently determine the
purity of live agents.534 31P NMR spectroscopy can also be used
in studies that involve enzymes that degrade agents.532,535

Studies that successfully determine discrete cleavage events have
used 31P, including the L. Y. Kuo andH. Koskela reports.161,528 In
terms of calculational efforts, 1H, 13C, 31P, and 15N NMR spec-
troscopic values were simulated (calculated) by I. Bandyopadhyay
et al. and compared with actual literature values.410

Nuclei other than 1H, 31P, and 13C NMR also occasionally
hold prominence. The 27Al, 113Cd, and 199Hg nuclei have been
utilized in (i) monitoring adducts or (ii) mineralization. First a
study of magic angle spinning in 27Al NMR spectroscopy was
utilized.314 Herein, VX, GB, GD, and HD were allowed to form
complexes on the nanosize Al2O3 (AP�Al2O3) material surface.
The 29Si nuclei was used in helping to characterize supports and
in monitoring changes in these systems during sensing or
decontamination.536,537 The use of 113Cd NMR spectroscopy
was included in a report by Omburo et al.249 199Hg NMR spec-
troscopy has been used by Gabbai and co-workers to characterize
a double DMMP adduct; a 199Hg NMR spectroscopic downfield
shift helped support the role of direct O�Hg binding of DMMP
in solution.408 In studies in which the aminothiolates are formed,
15N NMR spectroscopy was undertaken,538 and 119Sn NMR
spectroscopy has been previously utilized.538

7.8. Related X-ray Diffraction Studies
Single-crystal X-ray diffraction studies help elucidate the

intricacies of agent structure and potential binding possibilities
that help open up a window for future sensing possibilities. We
have conducted particular CSD searches on direct and related
(and important) crystallographically known fragments. The
[M 3 3 3OdP] group can be quite well quantified using various
species in terms of bond lengths and bond angle. Much is known
about [M 3 3 3OdP] interactions from phosphine oxides, but few
structural studies have been performed on groups other than
[R3PdO] moieties (R = alkyl, aryl). From a survey of
[(C�O�)2(C�)(PdO 3 3 3 3M)] (M = any metal) structures
in the Cambridge Structural Database, version 1.12 (www.ccdc.
cam.ac.uk), the mean PdO bond length in [PdO 3 3 3M

nþ]
interactions is 1.48 Å and themeanM 3 3 3Obond length is 2.33 Å
(Figure 21).

Next, we can describe what is known about some particular
NA-related motifs below. There were ∼60 search “hits” for the
(M�O)2PdO(CH2�) fragment (CSD) from reports that in-
clude those of Ochocki,539 S. W. Ng,540 and R. T. Paine and co-
workers.541 The significance of these structures is that they
resemble a deprotonated acid fragment bound through three
atoms to one metal center. (CH2)2 could be thought of as
holding the place of [�PdOMe(OR)�]. This motif is realistic

with respect to a degraded sample in which the (�OR) has been
hydrolyzed off.
7.8.1. Protein Structures. Protein X-ray crystallography has

come of age and allowed a development of our understanding of
AChE, OPH, and related enzymes. Of particular relevance are
data that involve the enzyme and phosphorylation events. One
study involves AChE in which the effect of enzyme aging is
elucidated.542

7.9. Electrochemical Sensors and Detection Protocols
Electrochemical methods are simple, versatile, and practical, in

terms of controlling and altering the behavior of redox materials.
Transition metal ions here have exploitable properties. Such
equipment is not too bulky, in theory, to have a portable device,
especially in regards to recent lab-on-a-chip research efforts. In
recent years, certain reviews in this area deal with biosens-
ing.15,25,26 Electrochemistry is now strongly linked to biosensing.

As far back as the early 1960s, there was activity in this area and
reviews of the literature.543 Guilbault and co-workers worked on
organophosphonate electrochemistry543 with sarin, (EtO)2(EtSCH2-
CH2S)PdO, parathion, and malathion. There were reports of a
mercury surface with which polaragram data was recorded.
Chemical groups point outward and waters are replaced stepwise
in a Cu2þ-complex by the surface-active compounds R3PdO.544

In the late 1990s, there are notable electrochemistry papers by
A. and P. Mulchandani dealing with organophosphorus hydro-
lase.545�547 Also, some studies involve the use of phthalocya-
nines. Thus, this section involves structurally positioned redox-
active metal ions that do not directly bind with agent donor
atoms. Recently, electronic tongue array, consisting of an eight
working electrodes (Au, Pt, Ir, Rh, Cu, Co, Ni, and Ag) was used
to detect nerve agent simulants DCP and DECP in aqueous
environments.548 Some common ferrocene-type systems, such as
those used in electrochemistry, are described next.
7.9.1. Ferrocene and Phthalocyanine-Based Sensors.

There was a report involving an aminoferrocene derivative by N.
W. Duffy. (EtO)2PdO(CN) is sensed by an aminoferrocene
species [[(BocNH)Fc(CO)CSA]2] bound by a cystamine link-
age to a gold substrate. A covalently bound phosphoramide species
is produced after the boc group is removed (deprotection) giving
a markedly different electrochemical potential.444 There was also
an exploration of Co2þ/3þ phthalocyanines (redox reaction) in
which DMMP was studied using interdigitated electrodes.549 In
this report, thin films (∼50 nm) of phthalocyanines were the
subject of electrochemical studies with O2 as an interferent. The
phthalocyanine was either a free-base or the cobalt species on
gold electrodes. [The Lewis basicity (�ΔHBF3� ) of the analyte
scales was 10�135.] Next, SW nanotubes were prepared that
were functionalized with tetraaminophthalocyanine cobalt-
(II).550 In this array, electrocatalytic response limits of detection
of 8.0 and 3.0 μM were determined for dimethylaminoetha-
nethiol and diethylaminoethanethiol, respectively. The subse-
quent amount of thiocholine is detected by the electrooxidization
from applied current. Co�phthalocyanine thin films (∼50 nm)
were also tested with various electrode metals (Pt, Pd, and Au).551

Voltages were measured when DMMP was used with water,
methanol, and toluene in the gas phase. One report by K. A. Sashi
dealt with the thiocholine generated from acetylthiocholine
when treated with AChE.552 An enzyme electrode was used for
amperometric detection of the thiolate degradation products of
demeton-S.552 DMAET and DEAET were used and were selec-
tively detected at 2.0 and 0.8 μM concentration, respectively.
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AChE and carbon nanotube reports were alsomade.553 There is a
2008 report that deals with electrochemical detection of VX in
blood; it gives a limit of detection of 4.0 � 10�7 M.554 This is
compared with an assay involving Ellman’s reagent with a limit of
detection of 5.2 � 10�7 M. Ellman’s derivative is 5,50-dithiobis-
(2-nitrobenzoic acid) and its transformation to the 2-nitro-5-
thiobenzoate anion gives rise to a signature absorption (λmax =
412 nm). Immobilized butyrylacetylcholinesterase on electrodes
with Prussian blue (Fe7(CN)18(H2O)14�16) was involved in
detecting residual enzyme activity with sarin (limit of detection =
12 ppb) and VX (limit of detection = 14 ppb).555 Copper

phthalocyanine chemically incorporated in polypyrrole was pre-
pared for sensing of DMMP.556 Lastly, the impedance of metallic
carbon single-walled nanotubes was used in determining a bind-
ing model with analytes that include organophosphonates.557

There are also studies that focus on the selectivity gained by
the F-electrode, of great utility in the detection of hydrolysis
components of sarin, cyclosarin, and soman. Xi et al. discussed
potentiometric detection of degradation products from
(iPrO)2PdO(F) hydrolysis.558 The detection limit is lowered
with the help of a F� ion selective electrode (2 � 10�6 M).
Other techniques inherently require electrochemical methods.

Electrochemical methods are known for micromechanical sys-
tems that are used in testing DMMP.559 Microchip electrophor-
esis combined with electrochemistry was also reported.560,561

Microfluidic separations of alkyl methylphosphonic acids
(paraoxon, methylparathion) were reported through the method
of contactless conduction detection.562 The limit of detection for
this was 48�86μg L�1. Another method of electrophoresis using
a polymer instead of glass matrix, involved a contactless con-
ductivity detector able to determine both anions and cations at
the same time.563 Also, a detector intended for naval vessels was
reported.564 This ceramic�metal gas sensor utilized cyclic
voltammetry; its design was meant to be versatile and robust.
Gold nanoparticle immunosensor systems have also been
reported.565 PMP and MPA were detected using techniques that
include SPR and potentiometry. Sensing involved an electro-
chemically cross-linked carbazole/Cu2þ dendrimer constituting
a SAM sensing platform.566 The amines interact with the agent
and Cu2þ ions; whereas the carbazole allows for cross-linking
and for a discrete potentiometric response. Next, detection of
VX-type degradation products DMAET and DEAET was pro-
vided through a polypyrrole sensor combined with PQQ
(pyrroloquinoline quinone) (Figure 22) giving respective detec-
tion limits of 4.5 and 3.0 μM, respectively.567

A small number of reports involve an important part of the
chemical detection system or sensing array that was synthesized
electrochemically.568 These kinds of methods were used in
preparing a silver substrate.337 Ca2þ experiments are performed
with a calcium ion probe with (CH2CHCH2)2PdOPh.569When
substrate Ca2þ ion binding chemistry is considered, simple
binary compounds such as CaCO3 and can also be considered.
The full knowledge of how such metal ions and inexpensive
systems are capable of interacting effectively and usefully with the
various organophosphonates is important and not fully obtained.
Later, some such important basic chemistry issues are touched on
(vide infra).570 Separately, there have been studies focused on
cellular systems. In 2001, studies on neurons using pinacolyl
methylphosphonic acid (PMPA) were conducted to determine
its neurophysiological effects in model systems.571 Some more
methodological reports are also mentioned, such as an ampero-
metric study of paraoxon and methyl parathion572 and a single
run approach involving parathion.573

7.10. Uses of Mass Spectrometric Techniques
The nature of mass spectrometry (MS) with its requirement

for electron beams, resulting fragmentation, and reliance on
secondary (tandem) techniques such as gas chromatography
for analyte sensing makes MS a special technology for considera-
tion. The general expectation with this rapid screening technique
is that the limits of sensitivity can be pushed to extremes, beyond
those for other techniques. MS in this area has been the subject of
occasional reviews.28,574,575Mention in the articles is of particular

Figure 21. Histograms of (top) [PdO 3 3 3M
nþ] angles and (bottom)

[O 3 3 3M
nþ] (y-axis) and [PdO] (x-axis) distances.
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agents such as sarin,83,490,494,495,498,576�590 soman,490,494,495,-
498,578,579,582,581,584,588,587,591�595 tabun,69,70,596,498,579,592 and
VX.382,383,488,490,494,495,499,500,513,597�608 Tandem separation
techniques will not be emphasized here. Also, surfaces (e.g.,
concrete) were considered in their own section (vide supra). The
types of MS techniques include MALDI-TOF, GC-MS, GC-
ICPMS, ESI, SPAMS, and desorption electrospray. MALDI was
presented as an effective way of determining widespread emer-
gency events (telemedicine). Also, it is common to silylate the
agent or agent degradation products prior to analysis. Here, we
will mention key reports and studies that focus on mass spectro-
metry as a central definitive theme.609

7.10.1. Confirmation of Actual Use on Civilians or
Conflict Zones. The most pertinent reports invoking the use
of mass spectrometry have been the ones that give definitive
evidence of actual terrorist or rogue military agent use. First, in
the 1988 attack on the Kurdish town of Birjinni, claims that
chemical warfare agents were used by the then rogue Iraqi
command were verified analytically by GC-MS and GC
tandem.83 Various forensic samples were analyzed; the existence
of (iPrO)(HO)PdO(Me) and (HO)2PdO(Me) degradation
products was thus supported. Also importantly, unreacted sarin
was detected. In addition to nerve agents, decomposition pro-
ducts were also detected. Next, Benchop and co-workers re-
ported the in vivo detection of nerve agent degradation products
from victims of attacks in Tokyo and Matsumodo (Japan);590 a
detection level of 2�135 ng/mL was reported in human beings.
The higher values were interesting because of the apparent
contamination in some survivors of NA doses above the pro-
posed lethal limit. Next, there was a study involving the serum of
a Japanese victim (Osaka area), which contained degradation
components of VX.605 Separately, the Japanese report contains
analyses of brain tissue from autopsies of victims.589 In the serum
sample, not only EtO(PdO)MeOH was present, but also
(iPr)2NCH2CH2S(Me) was detected. This was the first evidence
of an actual human VX victim and underscores the importance of
determining which metabolites are present in serum, and how
VX or other agents are metabolized in the human body.
7.10.2. General Reports. The reports of mass spectrometry

stemming from ∼1980 mark a steady progression in the art; a
growing important conjunction with other methods (chromato-
graphic methods) is also seen. Also, progress toward biotechnol-
ogy (identifying and targeting biomarkers) is a main advance in
this field. A 1979 report deals with detection byMS of species that
include (RO)2PdO(R0), (RO)PdO(R0)F, (RO)PdO(R0)(SR00),
and (R2N)PdO(OR0)(CN).610 This study compared electron
impact and chemical ionization methods. MS also provides
support for some surface-based studies. The detection of DMMP

on Pt(111) was supported by MS techniques;299 it was shown
that DMMPwas bound to the surface in that it was able to desorb
and be detected intact. Also, a Mo(110) surface was monitored
for DMMP desorption products usingMS.296 Next, thermospray
LC-MS was used to determine VX degradation; 200 pg could be
detected of the Hþ ion of VX.606 Herein, spiked river samples were
used; the detectable amount from 50 mL was 1 ng/mL. This
ionization relates to the recent geometry-optimized calculation of
[(OMe)(Me2NCH2CH2S)PdO(Me)][Hþ] in the gas phase.410

Ionization processes for soman and tabun were also determined
by taking the ratio of photo- and thermionic signals.592 In 1999,
VX was reported as being detected directly using ion trap
secondary ion mass spectrometry.603 The samples involved
milligram scale soil samples from which intact [VX þ H]þ and
fragments were detected (0.4 monolayer coverage). These
experiments were also supported by calculations of protonation
of the tertiary amino nitrogen.410 Here, deuteration was also
conducted to show that the C2H4N(

iPr)2
þ fragment allows

for NH proton transfer to the phosphonothioate (RO)Pd
O(R0)(SR00). This occurs in concert with or before the C�S
bond cleavage event. In a 2000 report, liquid samples were
analyzed by HR electrospray ion mobility methods.611 Here,
phosphonic acids in the negative mode were determined in the
ppb range. As metioned in the 31PNMR context, the degradation
of DMMP was determined in 1995.608 Next, electrospray
ionization ambient pressure ion mobility spectrometry was used
to study both G and V agents.612 These species were also
analyzed in the presence of vesicant derivatives. The lowest
limits of detection were found to be <1 ppm. There was a report
involving phosphonothioates in which MS was used to deter-
mine the products after treatment with Na(s).597 The formation
of the phosphonic acids and phosphonothioic acids could be
confirmed. Solid-phase microextraction of VX was used in
tandem with GC-MS.500 The interesting disulfide derivative
[bis(diisopropylaminoethyl)disulfide] was determined from a
soil sample (detected at 1 μg per 1.0 g of soil).499 In 2003,
secondary ionization (IM-TOF-MS) was used by Steiner et al. in
detecting DMMP, pinacolyl methylphosphonate, diethyl phos-
phoramidate, and 2-(butylamino)ethanethiol.613 The metabo-
lites of sarin were detected by positive ion chemical ionization as
per a report from 2004.580 A general reference on the technique
of desorption mass spectroscopy was presented by Takats and
co-workers in 2004.614 Lastly, some reports involve the mention
of pesticides: malathion was studied with GC-FID.598

ES-MS was used to support microsynthesis of various O,O-
dialkyl-N,N-dialkylphosphoramidates to generate a library of mass
spectra.615 Additionally the methyl esters of N,N-dialkylami-
noethane-2-sulfonic acids (DAESAs), R2NCH2CH2S(dO)2OCH3,
were analyzed by GC-EI mass spectroscopy.599 This is similar to
a report by D. Pardasani in which the methyl esters of N,N-
dialkylaminoethane-2-sulfonic acids were detected.616 Next,
aerosol matrices of DMMP, DEEP, DEPA, and DEP were
studied using ion mobility time-of-flight mass spectrometry.617

Instrument port fluorination was used in a MS experiment
with acids (AAPAs and APAs). These analyses gave the respec-
tive fluorinated products with detection limits stated as 0.5�800
ng mL�1. A qualitative method was developed for the determi-
nation of degraded products of nerve agents through the use of
ion-pair liquid chromatography�electrospray ionization tandem
mass spectrometry (IP-LC-ESI-MS).618 Next, alkylphosphonic
acids were studied with an ion-pairing agent (n-Bu)3N; this was
done with a variety of instrumental variations.618 Generally,

Figure 22. The structure of pyrroloquinoline quinone (PQQ).



5388 dx.doi.org/10.1021/cr100193y |Chem. Rev. 2011, 111, 5345–5403

Chemical Reviews REVIEW

alkylphosphonic acids (APAs) andO-alkyl alkylphosphonic acids
(AAPAs) give deprotonated molecular ions in the negative mode
[M � H]�. With tri-n-butyl amine as an ion-pairing agent, a
detection limit was quoted as 0.5�10 μg mL�1. Also, amino
alcohols (N,N-diisopropylethanolamine, triethanolamine,N-methyl-
diethanolamine, N-ethyldiethanolamine, N,N-dipropylethanol-
amine) were studied with N,N-dialkylaminoethane-2-ols and
alkyl N,N-diethanolamines in the context of extraction and MS.488

The best limits of detection were reported as 0.01 and 5� 10�3

μg mL�1 (selected ion mode). This method was also used in the
analysis of water samples sent by the Organization for Prohibi-
tion of Chemical Weapons; human plasma was also analyzed.
Next, GCMSwas used in conjunction withmicroextractions that
involved hollow fiber (HF-LPME) derivatives. The limits of
detection were 0.04�0.36 μg L�1.503 This involved derivatiza-
tion and the hydrophobicity of the tube protected the analyte
from hydrolysis. DMMP was studied by a femtosecond laser
pulse (TOF-MS) in which the ratio of the Meþ or MeOþ

ionization fragments could be controlled.576

For rapid sensing of all CWA’s, Seto and co-workers in 2006
recommended combining the use of a monitoring tape method
and counterflow introduction atmospheric pressure chemical
ionization mass spectrometry, to be used in conjunction with
commercial detection equipment. A newMALDI�TOFmethod
was described to determine the presence of degradation products
in isopropyl methylphosphonic acid, pinacolyl methylphospho-
nic acid, ethyl methylphosphonic acid, isobutyl methylphospho-
nic acid, and cyclohexyl methylphosphonic acid.584 Finally,
degradation products could be determined using IM-TOF-MS
in the negative mode.619

The portable ionmobility spectrometer with 63Ni was used for
the detection of vapors of sarin, soman, cyclohexylsarin, tabun,
and nitrogen mustard 3 with the limit of alarm of 0.005�
0.5 mg 3m

�3.620 For detection enhancement by HPLC coupled
with ICP-MS, Caruso used calcium chloride and ammonium
hydroxide for removal of inorganic phosphate as a major
interferent.621 Also, field-portable GC-MS with a transmission
quadrupole and cylindrical ion trap is used for the detection of
VX-related compounds.622 Tandem capillary GC-MS and desorp-
tion electrospray ionization MS (DESI-MS) are also used.623,624

In the Lockridge research group, organophosphorus agent-
labeled proteins were treated with trypsin giving the peptides a
labeled tyrosine. The MS-MS spectrum followed by separation
with HPLC gives the parent ion peaks with diisopropylfluor-
ophosphate (216 amu), sarin (214 amu), and soman (214
amu).625 For the stable buffer condition, TRIS and TES are
treated as buffer compounds with nerve agents for the character-
ization by LC-EMI-MS.626 Also, Morokuma suggested the
chemical ionization mass spectrometry detection of diethyl-
methylthiomethylphosphonate (DEMTMP) through theoreti-
cal calculations. He considered proton affinity, fluoride affinity,
and ionization potential as factors.627 Recently, a new 241Am
ionization aspiration type ion mobility spectrometer was used for
the detection of nerve agents in general.628

7.10.3. Silylation Agent Studies. The facile reaction of a
phosphonic acid and trialkylhalide (e.g., TMSCl, Me3SiCl) to
afford a phosphonic silyl ester allows for a stable and volatile
nerve agent derivative formass spectrometric experiments. There
are a variety of reports regarding various silylations as well as other
derivatizations. First, a series of [RO(OH)PdO(Me)] derivatives
was silylated with CF3(CdO)N(SiMe3)2 and 1% Me3SiCl
used in derivatization, see Scheme 34.491 These samples were

extracted from water, soil, and other media. DMMP was also
studied. Next, -SiMe2

tBu derivatives of EMPA, IMPA, PMPA,
and MPA were studied in model aqueous soil extraction.629

Interestingly, this derivatization was impeded by the presence of
Ca2þ andMg2þ in the presolution. In determining the hydrolysis
of VX in equimolar water, the acids were functionalized to their
SiMe3 (TMS) counterparts to facilitate analysis.604 In 2001,
derivatization using SiMe3 was also studied by X. Y. Hu and
co-workers.630 Herein, six hydrolysis products of five species
were derivatized allowing for detection limits of ∼0.02 mg L�1.
Next, a report describes RO(PdO)Me(OH) (R = H, ethyl, iso-
propyl, and pinacoly groups) species treated to give the corre-
sponding [tBuMe2Si-] derivatives.631 This derivatization was
performed with aqueous samples that included beverages (cola
and coffee). Separately, methylphosphonate (MPA) and ethyl,
isopropyl, and pinacolyl methylphosphonate were detected via
derivatization using [tBuMe2Si-] and studied as soil samples.588

Next, GC-ICP-MS was used in identifying silylated versions of
species that included ethyl methylphosphonic acid, isopropyl
methylphosphonic acid, the sodium salt of ethyl hydrogen
dimethylamidophosphate, isobutyl hydrogen methylphospho-
nate, as well as pinacolyl methylphosphonic acid, methylpho-
sphonic acid, and cyclohexyl methylphosphonic acid. In
particular, N-(tert-butyldimethylsilyl)-N-methyltrifluoroaceta-
mide was detected at levels of less than 5 pg.601 Here tert-
BuMe2SiCl (TBDMSCl) was used in forming the silylated, and
thus more volatile, derivatives from species present in water and
soil samples, as confirmed by GC-time-of-flight mass spectro-
metry (TOF-MS). In another study, phosphonic acids (silylated)
were detected in the presence of interferents in the form of
pesticide degradation products using GC ICP-MS.582 The spe-
cies used were (iPrO)(OH)PdO(Me), (Cyhex(cyclohexyl)O)-
(OH)PdO(Me), (pinnacol-O)(OH)PdO(Me), and (OH)2Pd
O(Me). Three pesticide-based interferents (mixtures of pesti-
cides and silylated degradation products) were prepared in the
presence of one silylated species. The TMS derivative of EA-
2192 was detected GS-MS analysis.632

Other derivatization agents have been used to enable signature
readings in mass spectrometry as well. These include bromo-
phenacyl bromide (Scheme 34); this study involved (FAB) LC-
MS and LC-MS-MS analysis with EMPA, IPMPA, and PMPA.587

Limits of detection were reported at 1�20 ng mL�1. Another

Scheme 34. Silylation of MPA with TMSCl or tBuMe2SiCl
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example involves derivatization with fluorinated phenyldiazo-
methane reagents.633 Detection limits were between 5 and
10 ng mL�1.
7.10.4. Use of Mass Spectroscopy in Phosphorylation

of AChE. MS data also finds obvious use in determining AChE
conjugation. One study involves tabun and butyl tabun and
demonstrates P�N bond cleavage upon AChE binding.69 An-
other report explores tabun resistance and an antidote. The
report included crystallographic analysis.596 In this effort, one
objective is to determine the amount of NA aging that has taken
place with the enzyme. The pathways of phosphorylation and
aging were addressed through a paper in 2001 using MALDI-
TOF and involving methamidophos and tabun.70 This involved
the use of a hexadeutero form of tabun (EtO)(CN)Pd
O(N(CD3)2), which allowed for detection of two adducts with
a mass difference of 6.05. After aging, the conjugates possessed
the same molecular weight. Furthermore, the aging products of
tabun�AChE and paraoxon�AChE had the same molecular
weight according to the MS results.
7.10.4.1. Animal Models, Biological Studies and Biomar-

kers, in Vivo, for Example, the Blood Pool. Various mass
spectrometric techniques greatly facilitate in vitro and in vivo
animal studies, especially by detection of known biomarkers
stemming from OP intoxication.28 An early report studied the
bioaccumulation of agents in bivalves (clams).586 Also there were
some clinical trials with pigs tested with soman.593 In these
studies, agents themselves (not degradants) could be detected in
blood and cerebral spinal fluid (CSF). Interestingly, the levels,
and thus the toxicokinetics, of the four isomers of soman could be
monitored separately with GC-HRMS: “The relatively non-toxic
C(()P(þ) isomers disappeared from the bloodstream and CSF
within the first minute, whereas the levels of the highly toxic
C(()P(�) isomers could be followed far longer, depending on
the dose.” In human and rat serum, fluoridation of the VX
degradant provided (EtO)MePdO(F) as a biomarker.495

Furthermore, the decadeuterated diethyl ethyl phosphonate
((EtO)2PdO(Et)) was used as an internal standard. Also, with
human plasma as a model medium, (RO)(OH)PdO(Me) and
(OH)2PdO(Me) were reported detected at a limit <22 μg L�1.
TMS silylation was effected for six degradation products.489

Later, in a report by Black and co-workers, albumin tyrosine
was phosph(or)ylated.579 In vitro (guinea pigs), this was revealed
as a biomarker. It was determined that VX requires higher
concentrations to effect phosphorylation. The reasons were
not mentioned, but it could be simply due to sterics. Also, soman
was detected in plasma using a rat model.594 The effect of VX skin
contact was studied using the guinea pig model.602 GC-MS-MS
was used to monitor VX concentration. Additionally, in an
animal experiment, administration of synthesized 2-diisopropy-
laminoethanethiol (DAET) to rats, resulted in the production of
DAEMS. These results documented that GC-MS and GC-MS-
MSwere applicable to biological samples such as serum.MALDI-
TOF was also used.583,602 Also, guinea pigs, rhesus monkeys, and
human plasma were studied.634 The limit of detection was
reported as 0.5 ng mL�1. In 2008, tubulin, a protein commonly
studied in the context of mitosis and neurodegenerative diseases,
was determined to be affected by tyrosine activation.578 In a
minipig model, plasma was used in studying (iPrO(PdO)Me-
(OH)) and cyclohexyl-O(PdO)Me(OH). In another study,
albumin was studied; peptide fragments of human serum albu-
min were analyzed in response to chlorpyrifos oxon, dichlorvos,
diisopropylfluorophosphate (DFP), and sarin.578,583,635 The

surface tyrosine (residue 411) in albumin was determined to
be phosphorylated by analysis of a series of fragments, along with
the phosphorylated fragments. Similar research was done in 2010
by H. John for sarin, soman, tabun, cyclosarin, VX, Chinese VX,
Russian VX, chlorpyrifos-oxon, DFP, paraoxonethyl, and pro-
fenofos.636 LC-MS/MS was also used as detection technique for
VX in blood plasma and microdialysates.637,638 Chiral quantifica-
tion of tabun enantiomers in swine blood was carried out by O.
Tenberken by GC-PCI-MS.639 Developed GC-MS can allow for
the detection of nerve agents at an exposure level of 1% BuChE
inhibition, where ChE activity assay cannot be verified.640

7.10.4.2. Urine. The ability to probe for agent and agent
metabolites in urine is of great utility and was also investigated in
various studies.641 Tandem MS was used in determing nerve
agent metabolites in samples of human urine.641 Also there was
another study detecting the metabolites of sarin, soman, VX,
R-VX, and cyclosarin using LC-MS-MS.494 A general limit of
quantitation was given to be e0.5 ng mL�1. Furthermore LC-
MS-MS was used in another human urine study in which alkyl
methylphosphonic acids were studied.581 A lowest limit of
detection was reported as 30 pm mL�1.

7.11. Piezoelectric Crystal Surface Acoustic Wave (SAW)
Sorption Detection Devices and Coatings

Surface acoustic wave (SAW) sorption detectors are an
important class of detection device currently incorporated into
numerous portable devices.642�645 The contributions of analy-
tical chemists such as J. W. Grate and others are significant.646

Grate’s recent Chemical Review, “Acoustic wave microsensor
arrays for vapor sensing”, along with citations therein, can serve
as a reference to the numerous companies employing this kind of
technology. An estimated million SAW devices are produced
every year and are exemplified by the BAE ChemSentry system
or Sandia’s hand-held MicroChemLab device. These represent
the state of the art. The BAE system was tested against various
analytes as reported in the Japanese literature.91

There are early relevant papers pertinent to organophospho-
nates from G. Guilbault and co-workers.647�653 In this research,
the piezoelectric crystal surface is often coated to have a specific
interaction with the analyte in question. There have also been
reports of efforts to improve such coatings.536,537,654�656 An
acoustic resonator coated with poly(vinylidene fluoride) was
used as a nerve agent sensor.657 The sensitivity of this sensor was
as high as 80 kHz/ppm. Thus, the success of a discerning
polymer (coating) and one that is selective employs molecular
and atomic level interactions; aberrant nonagent interactions
may lead to false positives. Understanding metal binding for a
wider array of sorption detectors is important to the design of
new SAW devices for urgent sensing applications.440,658,659 The
contributions of Guilbault begin in 1972 in which a quartz crystal
with various inorganic coatings was tested for responses with
DIMP and paraoxon.648 The next paper in 1974 dealt with oxime
coatings and again with DIMP and paraoxon.649 This progres-
sion led to discrete groups of studies that are discussed below.
With this method, a large range of dilutions is possible.660

7.11.1. Metal Ion Containing Coatings. Some reports
have considered metal ions in the coatings, which allow for
specific agent binding. A 1981 G. G. Guilbault paper deals with
coatings that involve copper complexes for DIMP binding.650

Before this, Guilbault and co-workers screened a large number of
metal chloride salts (MCln) with diisopropylmethylphosphonate
(DIMP) as a gas analyte (and OP-NA simulant) for sensor
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precursors.661 Guilbault demonstrated that Cu2þ binding to
DIMPwas possible in these arrays. Binding has been investigated
as a platform for OP sensing. They used some analytes for
(realistic) interferants such as automobile exhaust. Other com-
plexes were evaluated such as those of Ni, Co, and Fe, but Cu2þ

gave the best response. Also, the ligand had to accommodate
enough vacancy.650,662 Thus, at this early point it was concluded
that “copper complexes may adsorb and desorb phosphorus
esters in air.”650 Also an uncoated species was determined as
well.651 In 1992, Kepley reported a monolayer that incorporated
Cu2þ ions.663 In this SAW array (used because of mass
sensitivity), an Au layer was used, combined with a thiolate with
a pendant carboxylate group (-SCH2(CH2)nCOO

�). A layer
exists here with some semblance to a coordinatively unsaturated
Cu2þ ion surface. Interestingly, for this sensor array, there was a
slow response obscured for exposure to water. DIMP was used,
and greater monolayer disorder was found with acid-terminated
groups than with an alkyl terminated group. The sensitivity was
reported as 100 pg/cm2 of adsorbed substrates. Methylene C�H
stretches were assigned in the IR spectrum, as well as CdO
stretches (1740, 1717 cm�1). One signal was for a free carbonyl
group, while the other corresponded to a CO group engaged in
hydrogen bonding. Upon Cu2þ complexation bands arise at 1609
and 1450 cm�1. These signals were assigned to the coordinated
DIMP: P�O 1016 cm�1, [P�O 3 3 3H] 1206 cm�1. Another
example of utilizing Cu2þ ion layers is the report by D. Chen.664

Nieuwenhuizen and co-workers explored lanthanide systems
for SAW detection platforms.659,660,665�667 Some common
ligand systems appear below that connect with these reports. A
report of a SAW device involving La3þ describes a molecular
ligand based on the common aminocarboxylate framework:N,N,
O-tricarboxymethyl tyrosine (TCMT), N,N-dicarboxymethyl
glutamic acid (DCMG), and 2-bis(carboxymethyl)aminohexa-
decanoic acid (BHA) (Figure 23). This ligand allows for a gas-
phase analyte to bind to the surface most likely through its
phosphoryl oxygen. This interface interaction gives rise to a
change in device mass that is detected by a change in vibrational
frequency.666 Next, Nieuwenhuizen and co-workers published a
series of studies of SAW sensors with La3þ at the chemical
interface in which sarin and DMMP were analyzed.659 Normal-
ized to the area mass, the BHA ligand, when treated with 5
ppm of DMMP, gives a value of 28.0Hz/(ppm 3 μg), whereas, the
LaTCMT species gives 4.5 and DCMG gives 5.3 Hz/(ppm 3 μg).
The detection limit of 0.1 ppm was reported with these inter-
faces. They also reported variable temperature trials involving
LaBHA values of 8.2 (30 �C), 3.2 (50 �C), and 1.4 (70 �C)
Hz/(ppm 3 kHz) (sensitivity). At a 5 ppm level of DMMP, when
the chemical interface material is LnCl3, there is a sensitivity of
0.2 Hz/(ppm 3 kHz), with a sensor involving LaBHA a sensitivity
of 1.1, and with only BHA a sensitivity of 0 Hz/(ppm 3 kHz).
Reliability and accuracy is less when just BHA is used. Some
damage is incurred by GB to the chemical interface. In these
studies EtOH, n-hexane, methyl ethylketone, ethyl acetate,
toluene, water, ammonia, and nitrogen dioxide were studied
for their possible intereference capacity. Interestingly, NO2

reacts strongly with a sensitivity of 3.6 Hz/(ppm μg). A paper
by C. Dejous deals with variable-temperature reversible sensing
at concentrations of 10�100 ppm.668 A R.M. Crooks paper dealt
with surface exposure to DiMP.669,670 The surface coverage was
estimated to possess a thickness of 16 monolayers, with a
proposed binding that involved Cu2þ ions.669 Next, a miniature
sensor was prepared to determine the concentration of

DMMP as it passes through a filter bed (porous carbon).671

Here, the throughput level and humidity range were tested.
Metal oxides, such as TiO2 and MnO, are also applied on
quartz crystal microbalance sensors.672,673 DMMP species
were tested with these sensors. Next, there was a report
dealing with preconcentrator sampling,674 capillaries for
preconcentrating,675 multisensor systems,676 and a study of
a variety of coatings.677 There was also a GC-SAW method
explored for sarin and soman.678

7.11.2. Hydrogen Bonding: Organic Coatings. Four
reports by C. Hartmann-Thompson and co-workers describe
coatings that utilize hydrogen bonding. The first one involved
hyperbranched polymer coatings for SAW applications for
DMMP; a phenol derivative was found to be more effective than
the hexafluoro-2-propanol group.536 This was followed by a 2006
“letter” that underscored the advantages of modifiable H-bonded
arrays.679 A report describing derivatives involving oligosilses-
quioxane (Figure 24) nanofiller compounds also appeared.537

The fourth article involved two types of possible hydrogen bonds
for DMMP.656 There are related reports by other groups as well.
In one report, there was a SAW sensor in which the delay line was
coated.668 DIMP was analyzed in a SAM�SAW device. Also, in a
somewhat related report, the photoacoustics of diethyl methyl-
phosphonate, DMMP, diisopropyl methylphosphonate, and
diethyl phthalate (DEP) were studied.680 Siloxane polymer
functionalized with hexafluoroisopropanol groups was synthe-
sized for use with a quartz crystal microbalance sensor to detect
DMMP. The detection limits of this sensor were as low as 0.13
ppm.681

7.11.3. Cantilever Devices.Cantilever beams, in the context of
metal-oxide semiconducting research, have been reported.682,683 An-
other cantilever device involved the use of PZT to detect DMMP.339

Also, a microcantilever-based “electronic nose” was developed for the
determination of concentration of DMMP in binary and ternary
mixture.684 Lastly, a microcantilever piezoresistive sensor consisting of
SiO2 functionalized self-assembled bilayers was reported.

685

8. CONCLUSIONS AND CRITICAL ASSESSMENT

While this review describes many mainstream efforts by
various chemical and biochemical laboratories, there are also
many smaller sets of studies and single papers that investigate
new systems undertaken in the hope that informative or useful
results can be obtained. The value of these many “one hits” is
unclear. What we need, really, is a quantum leap in this
research; this will come through introduction of new or hybrid
techniques, as well as by better connection of the dots between
existing sets of studies. Further, we should look at new
developments areas such as new families of materials,
nanoscience, and enzymology as they continue to evolve. In
Scheme 35, we tried to graphically summarize many of the

Figure 23. Ligands used by Nieuwenhuizen and co-workers.666
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topics that were discussed herein with the larger picture in
mind. Clearly, there is a lifetime for agents as well as for human
individuals. Contamination of agents during their lifetime
(synthesis, storage, unwanted deployment, and finally de-
struction or decontamination) impacts human health and
the environment. Recourses such as monitoring, detection,
and sensing are important and should be further developed;
this review has intended to provide a basis for this. Below, we
outline areas for future efforts and foci in protection, decom-
position, decontamination, and sensing.

8.1. Decomposition
Systems based on microorganisms are essential to be

included in a discussion of decontamination. It is here where
we inevitably lose focus on molecular level events. While there
is indirect evidence of selective bond cleavage, it would be very
helpful to be able to verify mechanisms at the molecular and
atomic level. Such information could confirm the action of a
specific enzyme and allow for clearer understanding of the
mild and intrinsically “less disruptive” degradation pathways
of microorganisms/enzymes, especially for cleavage of the
hydrolytically stable P�C bond. This bond is acid and base
stable and more thermally resistant to decomposition. One

general drawback is selectivity for the analyte in question:
these studies do not always demonstrate that microorganisms
will preferably use organophosphonates in any given situation.
Thus, if there is only a certain, specific, pesticide, then the
enzyme has no choice but to use it as a nutrient. Another
negative point is that such exemplary systems do require a great
amount of protein engineering, and perhaps, large amounts of
biomaterials, which would require stringent handling. Compared
with the robustness of small molecule catalysts, the microbial
systems are quite sensitive. The microbial and enzymatic studies
involve an exploration of mechanism, but sometimes do not
account for which amino acids are key in the active site. Such
reports also do not always comment on the reusability of microbes
or adaptation for use under various conditions.

It might seem that bacterial engineering has run its course: it is
expensive, is temperature sensitive, and requires meticulousness
in understanding cell biology. However, the amount of insight
and control one has with this technology is underscored by the
Pseudomonas putida report by de la Pe~na Mattozzi among others,
which signifies the potential elegance and importance of future
related work. As with other studies of this kind, mild conditions
can be employed and complete degradation is approached through
interfering microorganisms. Importantly, the presence of bacter-
ia in chemical studies might obfuscate the results. So we under-
score the importance of careful analysis (perhaps more
cleanliness in chemistry).We need more detailed studies that follow
real NAs from full agent down to completely degraded materials.
Cellular biology will play an important role in designing further
hybrid systems.

8.2. Decontamination
Large scale treatments have included self-cleaning coatings.

Also “clothing” and new materials remain a challenge, especially

Scheme 35. Sketch Connecting Aspects of Agent Development, Storage and Environmental Impact to Insights into What Is
Known about in Vivo Transport

Figure 24. The idealized structure of the oligosilsesquioxane.
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in terms of characterization. New materials such as those at
surfaces are probably more promising for a greater range of
applications than particles. A very important topic for the
study of the decomposition of nerve agents and closely related
compounds is still solid phase surfaces. This area of research
continues to represent a frontier and is a likely area of future
growth. In light of the enormous amount of research being
conducted on the morphologies of new nanometer-sized
materials, chemical possibilities abound at surfaces, phase
boundaries, edges and apexes, clusters, microparticles, and
nanoparticles, as well as tailored surfaces. Foremost, the
particle approach in catalysis gives the exceptional and well-
documented advantages of enhanced surface area and in-
creased “concentration” of edges/corners. The presence and
variation of defects, absences, and material pores may also
supply critical microstructure for catalytic enhancement.
Imaging of these particles is also better and more detailed
than ever before, due to improvements in and more wide-
spread use of TEM and SEM.

8.3. Sensing
Fluorescence and colorimetric techniques have limitations in

terms of the photostability of the sensor and the accessible
wavelengths. New techniques in spectroscopy will enable a
revisitation of the catalysis of NAs on surfaces as well as probing
them directly in solution or in the gas phase. We are still waiting
for the next spectroscopic technique and equipment that facil-
itate the study of real agents under real time scales, in the context
of real matrices.

8.4. Protection
The most important consideration in protection is sepa-

rating the agent from personnel. Optimal personal protection
has yet to be realized. But importantly, we can use new
markers; personnel need to know they are out of harm’s
way. Wearable convenient clothing that can sense in real-time
and degrade contaminants is an important frontier that has not
yet been crossed because of limitations in characterization
and experimental conditions. Efforts in this and other areas
continue.

8.5. Critical Needs
Meetings and committees are important to bring the best

options before a group of experts in the field. Eventually, the
chosen techniques can be ready to implement. Continued
vigilance in the pursuit of a greater understanding of organo-
phosphonate sensing and decontamination can be found in
recent society events. Each year, there is a Chemical and
Biological Defense Science and Technology Conference
meeting (DTRA) (http://cbdstconf.sainc.com). Also, at the
ACS meeting in Washington in 2009, the Inorganic division
presented a symposium entitled “Sensing and Destroying
Chemical Nerve Agents and Pesticides”.686 Continued inter-
displinary and collaborative meetings will allow for better
progress, as underscored by the recent papers in high impact
journals and in the patent literature reviewed here. Interdisci-
plinary work and discussions focused on real agents is at the
heart of basic and applied research advances. A common
forum for sensors and decontamination agents is also vital
for effective communication between various scientists in
the field.
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LIST OF ABBREVIATIONS
AChE acetylcholinesterase (also found as acetylcho-

line esterase, acetylcholineesterase, etc.)
ASH activated solution of hypochlorite
ATR-FTIR attenuated total reflection�infrared Fourier

transform spectroscopy
BSA bovine serum albumin
CB cannabinoid
CWA chemical warfare agent
DMMP dimethyl methylphosphonate
DIMP diisopropyl methylphosphonate
DS2 decontamination solution 2
ELISA enzyme-linked immunosorbent assay
GB sarin; O-isopropyl methylphosphonofluori-

date
GD soman; 3,3-dimethyl-2-butyl methyl phospho-

nofluoridate
GF cyclosarin; O-cyclohexyl methylphosphono-

fluoridate
CTABr cetyl trimethylammonium bromide
HI-6 pyridinium, 1-(((4-(aminocarbonyl)pyridinio)-

methoxy)methyl)-2-((hydroxyimino)methyl))-,
dichloride

HSA human serum albumin
HTH high test hypochlorite
IMS ion mobility spectrometry
IR infrared
KLH keyhole limpet hemocyanin
Ln lanthanide
MALDI-TOF-MS matrix-assisted laser desorption ionization�

time-of flight mass spectrometry
NMR nuclear magnetic resonance
OP organophosphonate
OPH organophosphorus hydrolase
2-PAM pralidoxime
PET photoinduced electron transfer
PZT lead zirconate titanate
RSDL reactive skin decontaminant lotion
R-VX O-isobutyl-S-2-diethylaminoethyl methylphos-

phonothioate
SAW surface acoustic wave
SLASH self-limiting activated solution of hypochlorite
VX ethyl-S-diisopropylaminoethyl methyl phos-

phothioate
WMD weapons of mass destruction
WWI world war I
WWII world war II
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