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Abstract

Today, the determination of chemical warfare agents (CWAS) is an important area of application in analytical chemistry.
Chromatographic, capillary electrophoretic and mass spectrometric techniques are primarily used for the identification and
quantification of a broad field of classical CWAs in environmental samples and neutralization masses, obtained after
destruction of CWAs. This overview is illustrative for the state of the art and mainly focuses on the literature published since
1996.
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1. Introduction

Chemical warfare agents (CWAs) were first used
on a large scale in World War I. Since then they have
been employed several times in conflicts around the
world. Classical CWA can be divided into several
groups, the most lethal group being the nerve agents.
Their name is derived from the major action of these
chemicals on the nervous system. Nerve agents
irreversibly react with the enzyme acetylcholinester-
ase in tissue fluid, which effects the accumulation of
acetylcholine and continuous stimulation of the
nervous system. Particularly, one nerve agent, sarin
(isopropyl methylphosphonofluoridate), was in the
news after its use against the population of the
Kurdish village of Birjinni in 1988 and after terrorist
attacks in Matsumoto city in 1994 and the Tokyo
underground system in 1995. Although the terrorists
used rather impure sarin and a primitive delivery
system, it was effective enough to kill 12 people and
injure more than 5000 others. Another well-known
nerve agent, VX @-ethyl S-2-diisopropylaminoethyl
methylphosphonothiolate), which is among the most
toxic substances ever produced by man, has a lethal
concentration—time dose for 50% of the exposed
individuals (LC.5,) of 10 mg min/M as aerosolised
agent. The second group, the vesicants, is used for
casualty effects. These agents affect the eyes and
lungs and blister the skin. Sulphur mustard (bis(2-
chloroethyl)sulphide) was frequently used in World
War | and in the second half of the 1980s in the
Iran—Iraq war. The third group, blood agents, inter-
fere with the oxygen transport capability of blood
and may cause death by suffocation. Blood agents
like hydrogen cyanide were used in World War I.
The fourth group, incapacitating agents, has non-
lethal physiological effects such as vomiting and/or

mental effects. Although this categorisation is not
exhaustive, the four categories mentioned cover the
majority of classical CWAs. Next to this type of
compound, there is a relatively large group of toxins
and bioregulators which are regarded as possible
chemical or biological warfare agents (BWAs), e.g.
botulinium toxin, saxitoxin and ricin. The determi-
nation of BWAs generally requires special tech-
niques; these will not be discussed in this paper.
The Convention on the Prohibition of the De-
velopment, Production, Stockpiling and Use of
Chemical Weapons and on their Destruction (the
Chemical Weapons Convention; CWC) entered into
force on 29 April, 1997 [1]. By June 2002, 145
countries had ratified or acceded the Convention. In
the CWC, chemical weapons are defined as toxic
chemicals and their precursors, except when intended
for purposes not prohibited under the CWC; muni-
tions, devices and equipment designed for releasing
the chemical are also covered. A toxic chemical is
defined as a chemical that through its chemical
action on life processes can cause death, temporary
incapacitation and/or permanent harm to humans or
animals. A precursor is a chemical needed for the
production of a toxic chemical, but can also be a
degradation product of a toxic chemical. Generally,
these compounds are considerably more polar anc
less volatile than their precursor CWA (see Fig. 1).
The toxic chemicals and their precursors that have
been identified for the application of verification
measures are listed in Schedules 1-3 contained in
the Annex on Chemicals of the CWC [1]. Altogether,
thousands of chemicals are included in the
Schedules, which contain mainly organic compounds
with a wide variety of chemical and physical prop-
erties: neutral chemicals, acids, bases, volatiles and
non-volatiles, with phosphorus, sulphur, fluorine
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and/or chlorine heteroatoms frequently being part of 2.2. Gas chromatography

the molecule. Since the CWC entered into force,
many efforts have been made to develop and im-
prove methods for the determination of CWAs and
their precursors or degradation products, since such
analyses may play a key role in the verification of
the treaty as well as the monitoring of CWA destruc-
tion. The most frequently used methods for the
unambiguous identification of CWAs and their pre-
cursor and breakdown products are based on gas
chromatography (GC) in combination with mass
spectrometry (GC—MS) and/or tandem mass spec-
trometry (GC-MS-MS), liquid chromatography
(LC) coupled with MS(—MS), and nuclear magnetic
resonance (NMR) spectrometry [2—5]. For screening
purposes and quantitative determinations, GC, LC
and capillary electrophoresis (CE) with mainly
element-selective detectors are frequently used.

This paper reports on recent developments in the
application of chromatographic, capillary electropho-
retic and mass spectrometric techniques for the
determination of classical CWAs in environmental
samples and neutralization masses, obtained after
destruction of CWAs. This overview is illustrative
for the present state of the art and is not intended to
be exhaustive.

GC is the most widely used chromatographic
method for the determination of volatile compounds
because of its high efficiency, the ease of operation
and the possibilities for selective and sensitive
detection. Nerve agents are rather volatile com-
pounds with sufficient thermal stability and, in
addition, contain a phosphorus atom which makes
GC with flame photometric detection (FPD) or GC
with nitrogen—phosphorus detection (NPD) very
suitable combinations for selective detection and
guantification. These robust techniques have been
available since the 1970s and even though today
often replaced by MS, they still are an important tool
for screening purposes. A comprehensive review on
chromatographic analysis of CWAs was published by
Witkiewicz et al. in 1990 [6]. Next to FPD and NPD,
also flame ionisation detection (FID) and photoioni-
sation detection (PID) have been widely used to
detect nerve agents. More recently, Fourier transform
infrared spectroscopy (FTIR) [7—10] was used for
the identification of nerve agent homologues and
dialkyl methylphosphonates. For screening for the
presence of CWAs, the use of retention Ridlices (

is a suitable tool in GC [11,12]. However, it is
widely accepted that unequivocal identification in
relation to the CWC can only be based on spec-
trometric results and the increased availability of
GC-MS and LC—MS has reduced the use Rif
values as a method for identification significantly.
NeverthelessRI values support GC-MS identifica-

2. Nerve agents

2.1. General

Nerve agents are rather volatile compounds and
analysis by GC-based techniques is an obvious first
choice, with GC-MS(—MS) playing the major role
nowadays. However, in an aqueous environment,
organophosphorus nerve agents readily hydrolyse to
produce characteristic non-toxic compounds contain-
ing a C—P bond which is rare in nature. Relevant
examples are given in Fig. 1. The most important
breakdown products of nerve agents are alkyl
alkylphosphonic acids which are specific for the
original nerve agent. Therefore, detection of this type
of compounds is a very important task for verifica-
tion studies since the corresponding hydrolysis prod-
uct can be used to indicate the presence of the nerve
agent produced or used, which in itself may have
been degraded completely.

tion and allow nerve agents with closely similar

electron impact (El) mass spectra to be distin-
guished. The largest collectiéth values of CWA-

related chemicals is compiled in the Central OPCW

Analytical Database [13].

Recent papers describe the use of GC—NPD and
GC-FPD (P-mode) to test and optimise extraction
methods for nerve agents and related compounds.
Sarin, tabun (etthyN-dimethyl phosphor-
amidocyanidate), soman (pinacolyl methylphos-
phonofluoridate) and VX were extracted from natural
waters by means of solid-phase microextraction
(SPME), which combines sampling, extraction, con-

centration and introduction into a single step, and
quantified by GC-NPD and GC-MS [14]; this
resulted in excellent limits of detection (LODs) of
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0.05-1 ng/ml. Supercritical fluid extraction (SFE)
followed by GC—FPD or GC-MS [15] was found to
have some advantages over the more classical liquid
solvent ultrasonication extraction [16] for nerve
agents in alkyd-painted plates: SFE gave ca. 10%
higher recoveries, was less time-consuming and used
less organic solvent. The use of solid-phase ex-
traction (SPE) followed by large-volume-injection
(200 pl) GC—NPD has been studied for the sensitive
determination of intact nerve agents such as sarin,
soman, tabun, DFP (diisopropyl phosphorofluoridate)
and VX in aqueous samples [17]. LODs at pg/ml
levels could be achieved for all compounds using
XAD-4 as sorbent anch-pentane—methanol (95:5,
v/v) as extraction solvent.

In order to make the non-volatile degradation
products of nerve agents amenable for GC-based
analysis, several derivatization procedures have been
recommended, e.g. trimethylsilylation [18], methyla-
tion [19], tert.-butyldimethylsilylation [20], penta-
fluorobenzylation [21] and treatment with tri-
methylphenyl ammonium hydroxide [22]. More re-
cently, the alkylphosphonic acids, methylphosphonic
acid (MPA), ethyl methylphosphonic acid (EMPA)

181

PFPD may well become a strong competitor to

GC-FPD/NPD and even GC-atomic emission de-
tection (AED), in particular because other elements

(i.e. arsenic) can also be detected. The applicability
of GC-AED for the determination of CWAs was
studied by Stuff, Creasy and co-workers. They used
GC-AED for the quantification of trimethylsilyl

esters of alkyl methylphosphonic acids in environ-
mental samples and found LODspaf/ il [28].
They also showed that with AED, one can calculate
an approximate empirical formula for unknown VX-
related compounds based on calibration using a
standard solution of VX, which contains C, H, N, O,

P and S [29]. This information, combined with GC—

MS analysis led to the identification of three break-

down products of VX in an extract of a decontamina-
tion experiment, in which ozone treatment was used
to clean a VX-contaminated surface of an aircraft or

vehicle after exposure to the nerve agent. A dis-

advantage of the application of AED for samples
with a high hydrocarbon content, e.g. diesel oil, is

the quenching of the plasma, unless the hydrocarbon
can be vented.

and isopropyl methylphosphonic acid (IMPA) were 2.3. Gas chromatography—mass spectrometry

extracted from 50-ml groundwater samples by SPE
on a quaternary ammonium column, followed by
both elution and derivatization with methanolic
trimethylphenyl ammonium hydroxide. Subsequent
analysis by GC—FPD resulted in LODs of 3-9 ng/
ml [23].

A relatively new approach is the use of pulsed
FPD (PFPD) as GC detection method [24]. The
PFPD can separate the emission of carbon from
those of sulphur and phosphorus in time, which
causes enhanced selectivity and sensitivity. With
PFPD, low detection limits of 180 fg/s (sulphur),
7 fg/s (phosphorus) and 2 pg/s (nitrogen) have been
found. Amirav, who developed PFPD, proposed fast
GC-PFPD to facilitate field analysis of a wide range
of CWAs [25]. Fast GC is based on the use of special
inlet systems with relatively short capillary columns
operated at unusually high carrier gas flow rates
[26,27]. With these systems, volatile organic com-
pounds can be separated in seconds instead of
minutes, with highly phosphorus- or sulphur-selec-
tive detection at LODs of 20-200 ng/fm for air
samples. For the present types of application, GC—

GC-MS and GC-—MS-MS are the most popular
techniques for the determination, and identification,
of nerve agents and their degradation products in
environmental samples and neutralization masses.

GC-MS of nerve agents under El conditions often

results in extensive fragmentation, which may pro-
vide important structural information, while milder
chemical ionisation (Cl), typically using methane,
isobutane or ammonia as reagent gas, is commonly
used to provide molecular mass information.
Recently, Rohrbaugh published two papers dealing
with GC—MS using El and CI for the analysis of a
reaction product, which was obtained after the
destruction of VX with water [30], and a thermally
degraded sample of VX [31], in which VX and 34
degradation products were found. A comparison of
mass spectra obtained with GC—ion trap MS for VX
under El, methane CI and methanol CI conditions,
which is shown in Fig. 2, demonstrates that methanol
Cl gave enhanced protonated molecular ion forma-
tion that could play a significant role in the identifi-
cation of higher-molecular-mass degradation prod-
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derivatization of the more polar, non-volatile hy-
drolysis products of nerve agents, e.g. the alkylphos-
phonic acids, which is sometimes complicated and
time-consuming, and may result in the formation of
artefacts and limited recovery, or even non-detection.
However, although LC—MS is in principle better
suited to deal with these analytes, GC-MS is often
required for their unambiguous identification. In
general, the same derivatization procedures can be
utilized as described above. GC—MS-MS was found
to be a powerful tool for the screening of trimethyl-
silyl (TMS) esters of alkyl (R) methylphosphonic
acids in complex matrices [34]. GC—EI-MS showed
a base peak an/z 153 for all five test compounds
with the structure, (K C)P(O)(OR)(O-Si(CH;) ,
which likely corresponds to the
[(H,C)P(O)(OH)(G=Si(CH,),)]" ion resulting from
the loss of the R group and a methyl group, and a
common ion atm/z 169 (10-50% of base peak)
resulting from the loss of the R group. Collision-
induced dissociation (CID) of the/z 153 precursor
ion leads primarily  to  the structure
[HO=Si(CH,),]"at m/z 75, while CID of them/z
169 fragments leads to ions at/z 153 (base peak)
and m/z 75 (25% of base peak). Next to the same
common ions, methane CI-MS provides fMH] " as

the base peak, which is important for identification

ucts of VX. Furthermore, methanol CI significantly
reduced fragmentation, which is favourable for sensi-
tive detection. In addition, the use of methanol as a
Cl reagent is advantageous for field analysis by
being less expensive, easier to transport and safer to
use than traditional gaseous reagents, which require
the use of cylinders. Stuff et al. validated a GC-MS
method for the trace-level quantification of sarin in
order to monitor the effectiveness of sarin destruc-
tion with ethanolamine [32]. Automated thermal
desorption (ATD) was proposed by Carrick et al.
instead of solvent desorption for the semi-quantita-
tive GC-MS analysis of vapours containing a wide
range of CWAs, which were sampled on Tenax TA
[33]. The advantage of ATD over solvent desorption
is that the whole sample is analysed, which provides
increased sensitivity (LODs, 50 ng on tube), less
sample preparation and the absence of interfering
solvent peaks. However, the disadvantage is that,
once analysed, no sample is left for re-analysis.

A drawback of GC-MS is the need for chemical

purposes. Monitoring of these specific fragmenta-
tions offers an elegant screening method for nearly
all members of this compound class. However,
derivatization is still required and LC- and CE-based
techniques may therefore be considered as at leas
equally suitable screening tools.
Kataoka and co-workers studied the aqueous
extraction of alkylphosphonic acids from various soil
types, seawater and beverages, followertl- by
butyldimethylsilylation (TBDMS) and GC-MS [35—
37]. They observed severe problems caused by low
extraction recoveries and, also, low derivatization
recoveries. The yields of TBDMS derivatization
were significantly decreased in the presence of
calcium and magnesium ions in the samples, with the
worst yields for the most hydrophilic compound,
MPA. It was concluded that macroporous anion-
exchange-resin pretreatment is an efficient method to
eliminate matrix constituents present in aqueous soil
extracts and sea water, which interfere with TBDMS
derivatization [36], although the derivatization yields
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were only 28—-71% even then (compared with CE [42]), alkyl-bonded silica [43] and, recently, porous

results obtained from the same samples without graphitic carbon (PGC) [44] stationary phases. De-
derivatization). Alkylphosphonic acids were retained tection is of special interest since alkylphosphonic
on the resin and subsequently eluted with K. HCI. acids do not possess chromophores or fluorophores,
The eluate was neutralized with sodium hydrogen which makes UV and fluorescence detection im-
carbonate (pH ca. 7) followed by evaporation to possible. However, the compounds show good ioni-
dryness, derivatization and, finally, injection in the sation and fragmentation in MS and MS—MS de-
GC-MS system. LODs in the selected ion-moni- tection, which will be discussed in the next section.
toring (SIM) mode were~0.2 png/g of soil with a An alternative detection principle is evaporative
moderate within-day repeatability of ca. 20% (RSD; light-scattering detection (ELSD) [44,45], which is
3 pg/g soil, n=5). SPME was studied for the considered a very convenient and universal detector
extraction of nerve agents from water [38], sarin for analytes which are less volatile than the eluent.
from water and air [39] and for the extraction and in The operation principle is based on (i) nebulisation
situ TBDMS derivatization of CWA degradation of the eluent, (ii) evaporation of the eluent and (iii)
products [40], followed by GC-MS. An effective scattering of light by the residual particles ideally
procedure was developed for the determination of constituting the analytes. Fig. 3 shows an LC-ELSD
MPA, EMPA and nPrPA rf-propylphosphonic acid), chromatogram of the separation of alkylphosphonic
as well as TDG (thiodiglycol), which is the pre- acids on a PGC-type Hypercarb S column, which is a
dominant degradation product of sulphur mustard, strong reversed-phase packing material, using gra-
ethyl-2-hydroxyethyl sulphide and benzilic acid, dient elution at 0.2 ml/min. An acetonitrile gradient
which is a degradation product of BZ (3-quinu- was used to elute the most hydrophobic compounds
clidinyl benzilate). A Carboxen SPME fiber was in the mixture. Unfortunately, LODs were not given
exposed to the derivatization reagent for 5 min for this method [44], but wetg/4nl when using
followed by 30 min extraction of acidified (pH 1.5) ion-pair LC—ELSD [45]. Being a universal detector
and salt-saturated aqueous samples. Subsequently, may also be considered a disadvantage since sele
derivatization took place by exposure of the fiber to tivity is required in many real-life applications. From
the reagent for 15 min; then, the fiber was injected that point of view, FPD, which was originally used
into the GC-MS. The LODs were 10—100 ng/ml for for GC, is an ideal device for the detection of
the alkyl methylphosphonic acids. The method was alkylphosphonic acids in the P-selective mode. In the
successfully applied in a proficiency test organized late 1980s, Kientz et al. developed an on-line micro
by the OPCW. However, the present SPME method ) (C—FPD system [43]. Recently, the method was

is not very convenient for quantification since the extended by Hooijschuur et al. to gradient elution
repeatability of ca. 10-35% (RSD, at 1 and 20 pLC-FPD, which allows the separation of both
pg/ml water,n=6) is an indication of conditions lower and higher alkylphosphonic acids in a single
which are difficult to control. Nevertheless, SPME is run without extensive sample treatment [46]. Large-
an ideal method for collecting samples in the field volume injections of LD@esulted in LODs of

and transporting them to the laboratory for analysis. 6—800 ng/ml with acceptable repeatability. Gradient

elution nLC—FPD was successfully applied during
an OPCW proficiency test for the analysis of a water

2.4. Liquid chromatography sample and an aqueous soil extract, which resulted in

the detection of three relevant breakdown products of
LC is a very suitable separation technique for the nerve agents [47].

determination of the polar, non-volatile (alkyl) All LC-based methods described so far can be

alkylphosphonic acids. Over the years, a variety of used for screening, and some of them for quantifica-

LC columns has been tested for their capability to tion, purposes. However, in many cases identification

separate these type of compounds. lon chromatog- of CWAs or their breakdown products is the major

raphy as well as ion-pair LC are often performed on goal of a study. Therefore, LC—MS has a prominent

polymeric (PRP-1 and PRP-X100 [41], and AN300 position in the field of LC-based methods.
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Fig. 3. LC—ELSD chromatogram of alkylphosphonic acids: MPA,;
EPA; MEMPA, (2-methoxyethyl) methylphosphonic acid;
MEEPA, (2-methoxyethyl) ethylphosphonic acid; CPMPA,
cyclopentyl methylphosphonic acid; CMPA, cyclohexyl methyl-
phosphonic acid; CEPA, cyclohexyl ethylphosphonic acid. Col-
umn, 7 um Hypercarb S (1582.1 mm); gradient elution, 0—3
min, 0.1% trifluoroacetic acid in water; 3—18 min, up to 0.1%
trifluoroacetic acid in acetonitrile [44].

2.5. Liquid chromatography—mass spectrometry

The first application of LC—MS, which featured a
thermospray (TSP) interface for the determination of
nerve agent breakdown products, was published in

EWJ. Hooijschuur et al. / J. Chromatogr. A 982 (2002) 177-200

1988 by Wils and Hulst [48] and followed by several
other articles [49-51]. Wils and Hulst [49] demon-
strated the differences in the spectra of VX obtained
with El, ammonia Cl and TSP with an ammonium
acetate buffer. They also showed that TSP mass
spectra depend on the eluent composition. Due to the
soft ionisation, TSP mass spectra are usually very
simple and, consequently, less suitable for identifica-
tion purposes. As a more powerful alternative, CID
of the molecular ions, [M-H]" or [M+NH,]",
with subsequent recording of the product-ion spectra
by MS-MS was presented by Tgrnes [51] as a
TSP-MS—MS method for the identification of alkyl
methylphosphonic acids in aqueous samples. The use
of MS—MS also improved the signal-to-noise ratios
and resulted in LODs of 100 ng/ml in the full-scan
mode. Generally speaking, with MS—-MS, care
should be taken that identification is based on a
sufficient number of ions as well as matching
intensity ratios recorded for reference compounds.
However, LC—MS is continuously being developed
and atmospheric pressure ionisation (API) techniques
such as electrospray ionisation (ESI) and atmos-
pheric pressure chemical ionisation (APCI) dominate
the field today (cf. below). Since APCI and ESI, as
well as TSP, are soft ionisation techniques,f¥]

or [M—H] fragments are predominant in the mass
spectra of alkylphosphonic acids, which makes LC—
MS extremely suitable for rapid screening of, and
preliminary identification in, aqueous samples or
extracts with minimal sample pretreatment, but less
suitable than GC-MS in terms of unambiguous
identification and sensitivity. Therefore, LC-MS is
used as a complementary technique rather than a
substitute to GC-MS.

Borrett and co-workers demonstrated the potential
of ESI-MS-MS in the positive and negative ion
mode for nerve agent breakdown products [52,53].
The positive ion ESI spectrum of MPA was some-
what complicated because of the formation of metal
adducts next to the protonated molecular ion; the
negative ion ESI spectrum was much cleaner and
was dominated by the deprotonated molecular ion.
The latter was also observed by Mercier and co-
workers who replaced ELSD (cf. Section 2.4) by

ESI-MS in the negative ion mode for the analysis of

alkylphosphonic acids [44,45]. Black and Read

published three papers [54-56] on LC-MS-based
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screening procedures for hydrolysis products of 100

CWAs using positive and negative APCl and ESI I
techniques. They applied LC—APCI-MS [54] for the 80
screening of 19 hydrolysis products of nerve agents,
sulphur and nitrogen mustards and BZ in a single
run, using a G /G mixed-mode reversed-phase
column and gradient elution with eluents of 0.05%
TFA in water and acetonitrile. LODs in the positive

SIM mode were in the range o£10-400 ng/ml, 20 ﬁ 1}{

o
o

N
o

10 17
"

Relative intensity

8
14

with intermediate sensitivity for the alkyl methyl- 3 k A L
phosphonic acids (generally decreasing with increas- 0+ : : pA e ;A

ing size of the alkyl groups) and worst sensitivity for Time (min)

the alkylphosphonic acids, viz. MPA and EPA Fig. 4. LC-APCI-MS (negative ion mode) SIM chromatogram of
(ethylphosphonic acid). In the next paper [55], phosphonic and benzilic acids (Oug/ml): 1, MPA; 2, EPA; 8,
improved conditions for the LC—ESI-MS analysis of EMPA; 10, IMPA; 11, EEPA (ethyl ethylphosphonic acid); 14,

hosphonic acids were reported. The most significant 3 BUMPA: 15, iso-BUMPA; 16, n-BuMPA; 17, cyclohexyl
P P P ) g MPA,; 18, benzilic acid; 19, PMPA. Column, jsm Columbus G,

irr_lpr(_)vement of Se_nSitiV?ty was obtained by _Su_b' (150X 2.0 mm); solvents, 0.0M ammonium formate in water (A)
stituting 0.1% formic acid for TFA as the acidic and 0.02M ammonium formate (B); gradient elution, 0-5 min,

modifier which resulted in LODs of<50 ng/ml 5% solvent B; 5—15 min, up to 90% solvent B; 15—-20 min 90%
(<0.25 ng injected). In the third paper [56], the LC solvent B at 0.2 ml/min; SIM.programme, 9—10 min 42ng/,z
" . . 95, 109, 123, 137, 151; 10 min 44 s—20 min/z 95, 151, 177,

Conqmons were modified (G column_ with am- 179 183, 227 [56].
monium formate—water—methanol gradient elution)
which allowed positive- and negative-mode APCI
and ESI. APCI was generally found to be more
robust than ESI, probably due to variable adduct ion
formation in the case of ESI, which depended on the 1004 17
sample composition and the experimental conditions.
Fig. 4 shows an LC—APCI-MS selected ion chro-
matogram of a standard solution ofO-alkyl) 80 3
alkylphosphonic acids and benzilic acid using nega- E i T o
tive-mode ionisation, which provided optimum sen-
sitivity and selectivity for most of the acidic analytes
with LODs of 10-100 ng/ml. In addition, in the
negative ion mode, phosphonic acids give intense
[M—H]  ions whereas dialkyl alkylphosphonates
give no significant negative ions, which allows a
ready distinction of phosphonic acids and isomeric
phosphonates in flow injection analysis (FIA)—APCI-
MS. 2 3,

D’Agostino and co-workers showed the benefits of M V\jw
wLC—ESI-MS of aqueous samples containing intact . ]
nerve agents [57], and intact nerve agents and their 0 5 10 15 20 25 ‘
degradation products [58,59] in a single run. Fig. 5 fime (min)
illustrates a typ|ca| wLC—-ESI-MS chromatogram Fig. 5. pLC—ESI-MS total ion current (100-600 u) chromato-
obtained for a degraded VX sample that had been 9ram of a degraded VX sample. Columnpdn Zorbax G, SB -
stored in a glass container for about 15 years and (150x0.32 mm) fuseq-glllca; solvent§, 0.1% trlﬂ_uoroaf:etlc am_d in

. ) . . water (A) and acetonitrile—water (95:5, v/v) (B); gradient elution,
which was dissolved in water to 1 mg/ml prior t0 1 to 759% solvent B over 30 min at5l/min. Identified peaks are
analysis [58]. The molecular masses of 38 com- assigned in Table 1 [58].

26,27,28

Relative intensity
1
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Table 1
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Compounds identified in degraded VX sample (peak no. corresponds with Fig. 5)

Peak no. Compound name
2 EMPA
3 Diisopropylamine
9 Bis[2-(diisopropylamino)ethyl] sulphide
10 Diethyl dimethylpyrophosphonate
11 Bis[2-(diisopropylamino)ethyl] disulphide
12 1,8-Bis(diisopropylamino)-3,6-dithiaoctane
17 O-Ethyl S[5-(diisopropylamino)-3-thiapentyl] methylphosphonothiolate
18 1,9-Bis(diisopropylamino)-3,4,7-trithianonane
27 O-Ethyl S[(8,9-diisopropylamino)-3,6-dithiaoctyl] methylphosphonothiolate
28 1,12-Bis(diisopropylamino)-3,6,7,10-tetrathiadodecane
33 N,N’-Dicyclohexylurea
36 N,N’-Dicyclohexylthiourea

pounds were determined, with 23 compounds (cf.
Table 1) being identified, or tentatively identified,
after interpretation of the ESI-MS data obtained with
a rather high cone voltage of 100 V, which promoted
fragmentation. Next to VX-related compounds such
as EMPA (peak no. 2) and-ethyl S[5-(diiso-
propylamino)-3-thiapentyl] methylphosphonothiolate
(peak no. 17), also several ureas (peak nos. 33 and
36), compounds originating from VX stabilizers,
were detected. A full-scan (50-500 u) LOD of 5 ng
(1 pg/ml), based on the acquisition of an interpret-

ESI-MS is to be preferred specifically when hy-

drolysis products have to be determined, which is

often true. An additional example was presented
recentyC—ESI-MS (TOF instrument) was used

for the analysis of a snow sample that was acciden-

tally contaminated with sarin during the destruction

of chemical munitions [59]. Fig. 6 shows the full-
scan spectra acquired for (b) sarin and its hydrolysis
products, (a) IMPA, (c) diisopropyl methylphospho-
nate and (d) triisopropyl phosphate in the snow
sample. In addition, 10 related compounds were

able mass spectrum, was estimated. The same group
also developed a procedure based on aqueous ul-
trasonic extraction combined witluLC—ESI-MS

detected, which all exhibit molecular ions that could
be used to confirm the molecular mass. A rather high
cone voltage of up to 70 V, which promotes frag-

using a time-of-flight (TOF) instrument [60] for the

determination of sarin, soman and their hydrolysis
products, IMPA and PMPA, in contaminated soil.
They compared it with an existing GC—MS-based
method using dichloromethane extraction [61]. The
methods were evaluated for three different soil types,
red clay, tan sandy clay and brown sandy clay loam,
at the 10pg/g level. This is well below typical

mentation, was used to enhance the formation of
important product ions which were used for identifi-
cation.

Katagi et al. [62] showed that LC with continuous-
flow frit fast atom bombardment (CF-FAB)-MS(—
MS), which is generally regarded as an obsolete
technique nowadays, is a sensitive analytical method

for the determination of alkylphosphonic acids after

battlefield contamination levels which are estimated p-bromophenacyl derivatization. The method in-

to be in the 100-100Qug/g range, based on a

contamination density of 1-10 g/m (soil density

about 1 g/cmi and a 1-cm sampling depth). As
expected, the ultrasonic/LC-based method showed
significantly better recoveries of the hydrolysis prod-

ucts than the dichloromethane/GC-MS procedure
(GC-FID was used for recovery experiments). On
the other hand, the recoveries of sarin and soman
were comparable for both methods. This example
clearly illustrates that aqueous extraction and LC—

volves enrichment of the derivatives on a trapping

column, followed by backflushing of the analytes to
a Capcell PAK UG C separation column with
Mb ammonium acetate—acetonitrile (55:45, v/v,
containing 0.1% glycerol) as eluent. Contrary to
what the authors claim, it is not a very rapid method
since it requires—next to derivatization—evapora-
tion of 1-ml water samples to dryness, which is
rather time-consuming. However, the method offers
excellent full-scan product ion spectra+df][M
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Fig. 6. ESI-MS—MS mass spectra of (a) IMPA, (b) sarin, (c) diisopropyl methylphosphonate and (d) triisopropyl phosphate, obtained during
LC—-MS of a contaminated melted snow sample which was diluted 1:10 with distilled water. See Fig. 5 for experimental details [59].

precursor ions in FIA (screening) as well as LC pounds, including MPA  an8[2-(diiso-
(confirmation) with LODs of 1-5 ng/ml and 1-20 propylamino)ethyl]  methylphosphonothioic  acid
ng/ml in river water, respectively. (DAEMPTA), which is a toxic minor hydrolysis
Creasy studied LC—APCI-MS with post-column, product of VX, in order to increase sensitivity [63].
in-source derivatization with trimethylphenylam- This procedure may be advantageous for LC—MS in

monium hydroxide of several CWA-related com- some cases; however, significant disadvantages were
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observed like ion suppression, interfering peaks in

the mass spectra and source contamination caused by

the reagent.

2.6. Capillary electrophoresis

In the past decade, CE has generated considerable

interest because relatively simple and inexpensive
instrumentation can be used to create fast and highly
efficient separations. Indirect UV is the preferred
detection mode for CE analysis of alkylphosphonic
acids, which do not contain chromophoric groups
[64-72]. Pianetti et al. were the first to study CE—
indirect UV for the determination of the hydrolysis
products of nerve agents [64]. The separation buffer
was a 100 riv sodium borate solution containing 10
mM phenylphosphonic acid as a suitable UV-absorb-
ing background electrolyte, and adjusted to pH 6.0.
At this pH the electroosmotic flow (EOF) was high
enough to allow the migration of the mainly mono-
ionised alkylphosphonic acids to the cathode. The
migration order was inversely related to the number
of CH, groups and the total analysis time was 9 min.
LODs of ca. 2pg/ml and an acceptable linearity
were obtained, but no real-life samples were ana-

lysed. Several groups used a reversed EOF achieved

by the addition of an “electroosmotic flow modifier”
to the background electrolyte [65—73]. In this co-

environmental samples, clean-up over ion-exchange
cartridges is necessary.
A highly sensitive CE—indirect UV method was

proposed by Melanson et al. [69] who used the
equation for LODs in indirect detection [74]:

D TR' DR (1)

wirés the concentration of the prob& the
transfer ratio (number of probe molecules displaced
by one analyte molecule) and DR the dynamic
reserve (ratio of background absorbance to noise).
The optimum probe was again phenylphosphonic
acid, but the optimum concentration w4 &asm
against 1Mnn earlier studies [64,70—72], which
caused a 10-fold reduc@ignanfd corresponding-
ly improved the sensitivity. Glutamic acid was used
as buffering agent at its isoelectric point (pH 3.22).
With zero net charge, an ampholite at its isoelectric
point is an ideal buffering compound for indirect
detection since it will not cause displacement of the
probe and, thus, willlkebmh, and does not add
substantially to the conductivity. Coco(amidop-
ropyl)ammoniumdimethylsulphobetaineM(l an
zwitterionic surfactant, was added to suppress the
EOF with a separation voltage2®fkV. The
LODs of MPA were ca. 200 and 2 ng/ml after

hydrodynamic and electrokinetic injection, respec-

tively, with excellent migration time (RSD, 0.2%;

electroosmotic mode, the EOF is in the same direc- n=30), and peak area (RSE:10%) repeatability.

tion as the electrophoretic mobility and run times
were generally less than 5 min. Higher separation
efficiencies were achieved, but the LODs did not
significantly improve. Nassar et al., who used the
cationic surfactant, didodecyldimethylammonium hy-
droxide, to reverse the EOF [70-72], validated a
method for the quantification of IMPA and PMPA in

reaction masses [71]. Neutralization of sarin and

soman was done with agqueous monoethanolamine,

which resulted in the formation of mono-
ethanolamine adducts next to the test analytes. After
dilution with water, IMPA and PMPA were quan-
tified in the linear range of 0.5-10Q.g/ml with
acceptable accuracy (86—99%) and precision (0.7—
2.9%,n=25), and sufficient selectivity and with run
times of less than 3 min. In another paper [72]
electrokinetic injection was found to effect up to
100-fold improved LODs. For optimum results with

Unfortunately, no real-life applications were shown
to prove the practicality of the approach. The same
group presented indirect laser-induced fluorescence
(LIF) detection for CE for the sensitive determi-
nation of alkylphosphonic acids [75]. MPA, EMPA,
IMPA and PMPA were detected within 2 min using
5@M tetrakis(4-sulphophenyl)porphine as the
probe. The LODs were 10 ng/ml for all compounds
after hydrodynamic injection, which is 10-fold better

than with the most sensitive indirect UV methods

using the same injection mode [69,70].
To eliminate the problem of the non-selectivity of

indirect UV or fluorescence detection, Robins and

Wright used borate esterification of phosphonic acids

and direct UV detection [76]. LODs in the order of

nanograms were reported but no real-life samples
were analysed. Conductivity detection was also
proposed as an alternative for indirect UV detection
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[70,73]. However, compared with indirect UV de-
tection, sensitivity, efficiency and selectivity were all
rather similar. Another approach for direct detection
is to use a P-selective FPD coupled on-line with CE
[47,77,78]. The same interface principle as originally
used fornLC—FPD (cf. above) proved to be suitable
also for CE—-FPD. The CE system was ground via a
make-up liquid, which was typically aqueous 1%
formic acid, while the make-up flow also induced the
necessary constant flow at the end of the CE
capillary (ca. 10ul/min) directed to the interface.

The pressure was counterbalanced at the inlet of the
capillary to prevent pressure-driven band broadening.

If a combination of large-volume injection followed
by electrophoretic matrix removal and sample stack-
ing was used, alkylphosphonic acids could be de-
termined extremely selectively at the lowg/ml
level in water, agqueous extracts of soil and organic
liquids. As an example, Fig. 7 shows CE-FPD
electropherograms obtained after injection of (A) a
test solution of alkylphosphonic acids, (B) a spiked
water sample of unknown origin, after removal of
cations by pressing the sample through an SCX
column and (C) the corresponding blank. Two

EMPTA

nBPA
nPrPA
PhPA
MPA

o
=
o
=
o

EPA

FPD response (mV)

12 16

Time (min)

Fig. 7. CE-FPD (P-mode) electropherograms of (A) 12.3-nl
injection of a reference solution (50-150g/ml); (B) 300-nl
injection of suspected water sample; 1, IPrEPA; 2, EPA; (C)
300-nl injection of a blank. Separation buffer, 50m@ammonium
acetate (pH 9.0); voltaget 30 kV; make-up, 0.5% formic acid.
Matrix removal of (B) and (C),—10 kV for 3.0 min [47].
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distinct peaks, which were unambiguously identified
by MS- and NMR-based techniques as (1) isopropyl
ethylphosphonic acid (iPrEPA) and (2) EPA, showed
up in the water but were absent from the blank.
Recently, Jiang and Lucy proposed to use micellar
electrokinetic chromatography (MEKC) with direct
LIF detection for the determination of alkylphos-
phonic acids [79]. MPA, EPA a#RfPA were
derivatized with panacyl bromide inNgdwydi-
methylformamide, mixed with A0ON&aCl dilu-
tion buffer to enhance high-salt stacking, and ana-
lysed using aMbGadium cholate, 40% (v/v)
acetonitrile and NBOborate run buffer. LODs
were ca. 15 ng/ml.
The above CE procedures all allow rapid tentative
identification without extensive sample preparation.
However, CE—FPD provides additional selective (P)
information on the presence of degradation products
and precursors of nerve agents. The tentative identifi-
cation, in its turn, can be employed to guide the
method of sample pretreatment for GC-MS and
NMR analysis, which remain important tools for
identification purposes. On the other hand, identifica-
tion of alkylphosphonic acids and their mono-esters
can easily be performed by MS(-MS)-based de-
tection as described above. Rather surprisingly, so
far only two groups studied CE-ESI-MS-MS of
nerve agent hydrolysis products [44,80,81]. Kos-
tiainen et al. used CE—ESI-MS in the negative ion
mode for a mixture of PMPA, IMPA, EMPA,
EMPTA (ethyl methylthiophosphonic acid) and
MPA, with a 20 nM ammonium acetate (pH 9.0)
buffer and a Sul/min make-up flow of methanol
[80]. All spectra showed a very abundant fMH]
ion and little fragmentation at a moderate nozzle/
skimmer voltage difference of 55 V. The LODs were
5 wg/ml when using 5.7 nl injection volumes.
Mercier et al. proposed a 5Ivhammonium sorbate
(pH 6.5) run buffer which allows simultaneous
indirect UV and MS detection in the negative ion
mode which results in LODs of pg/ml (single MS)
and 0.1pg/ml (MS—-MS) [81]. Sorbic acid, which is
considered a non-volatile compound, could be used
because a p.l/min make-up flow of pentanol caused
sufficient dilution of the ca. 10 nl/min flow in the
CE capillary and the molecular ion of sorbic acid,
[M—H] at m/z 111, did not interfere with any of
the phosphonic acids studied, which were mainly



190

producing the [M—H]  molecular ions. CE-UV-
MS(-MS) was applied to identify alkylphosphonic

acids contained in a spiked tap water sample pro-

vided during an OPCW proficiency test. FIA mass

spectra of the sample and corresponding blank water

sample showed two possibly CWA-related com-
pounds having signals an/z 123 and m/z 207.
Subsequent CE-UV-MS in the negative ion mode
yielded two peaks in the UV and MS (SINh/z 123
andm/z 207) traces. Next, MS—MS was undertaken
to identify both compounds. At a collision energy of
25 eV, them/z 207 precursor ion gave a peakmtz

95, which is a characteristic product ion of alkyl
methylphosphonic acids. This compound was iden-
tified to be 2-ethylhexyl methylphosphonic acid.
MS—MS of them/z 123 precursor ion gave a peak at
m/z 79, which is characteristic of [PO] . The 44 u
difference corresponds with the loss of a, G H
group. This compound was identified as iso-
propylphosphonic acid.

3. Mustard agents
3.1. General

The group of mustard agents includes sulphur
mustards, viz. bis(2-chloroethyl)sulphide (sulphur
mustard or HD), bis(2-chloroethylthio)ethane (ses-
quimustard or Q) and bis[(2-chloroethylthio)ethyl]
ether (T), as well as nitrogen mustards, viz. bis(2-
chloroethyl)ethylamine (HN-1), bis(2-chloroethyl)-
methylamine  (HN-2) and tris(2-chloroethyl)-
amine (HN-3). Fig. 1 shows relevant examples of
hydrolysis pathways of two mustard agents. The
most important breakdown product of sulphur mus-
tard is the polar, moderately volatile TDG, which is
therefore an important target compound in verifica-
tion studies, next to a large number of other less
volatile breakdown products of other vesicants and
impurities in munition-grade mustard formulations,
which typically contain only 50—-80% mustard with
most of the remaining content being other (longer-

chain) sulphur vesicants that would decompose to

other products [82].
3.2. Gas chromatography

GC is the most widely used method for the
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determination of mustards because of their volatility
and the possibilities for selective and sensitive
detection. The main GC methods, which were de-
veloped in the 1970s and 1980s and can be found in
a review by Witkiewicz et al. [6], are still important
today for selective screening as well as quantifica-
tion. Sulphur mustard can selectively be detected by
FPD, but the sulphur-selective detector response is
not linear and suffers from quenching by co-eluting
hydrocarbons. An alternative would be to use sul-
phur chemiluminescence detection (SCD), which
generally is one order more sensitive than FPD and
provides a linear response with less quenching [83].
However, so far no paper has been published in
connection with CWAs. Mustard agents and their
degradation products can also be determined by GC—
AED [29,84]. Mazurek and co-workers used GC-—
AED to identify yperite (sulphur mustard) residues in
an yperite block recovered from the Baltic Sea. The
C, S and CI element chromatograms of one sample
are shown in Fig. 8; about 50 compounds were
detected, including sulphur mustard (peak 17 in Fig.
8B). AED detection enabled the calculation of
approximate empirical formulae for 30 unknown
mustard-related compounds based on calibration
using a standard solution of sulphur mustard, which
contains C, H, S, and Cl. Carbon was chosen as the
reference element because the C-channel sensitivity
makes determination reliable. The number of atoms
of the other elements was calculated from:

A

Ci
(C/E) = E RRF¢ /e (2)

where C/E; is the ratio (no.C-atoms/no.E-atoms)
for compoundi; Ac, and Ag, are the peak areas
recorded in the C and E chromatograms, respective-
ly, &RigF.,c is the C/E ratio response factor
calculated from the reference standard. For the
majority of the compounds the calculated molecular
formulae were confirmed after identification by GC—
MS. An interesting observation was the absence of
TDG, which is the final hydrolysis product of
sulphur mustard. Presumably, it was leached by the
seawater. However, TDG may have been lost in the
GC trace, because it is notorious for severe peak
tailing and peak broadening (see below).
Conventional GC-FPD is useful for selective
screening [85], quantification [86] and testing of new
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Fig. 8. Element chromatograms of (a) carbon, (b) sulphur and (c) chlorine, obtained by GC—AED of a sample from an yperite block. (A)
First part of the chromatograms, split ratio 20:1; (B) second part of the chromatograms, split ratio 60:1. Column, HP-5 fused-silica (30
mx0.32 mm;d,, 0.25 um) coated with 95% methyl- and 5% phenyl-polysiloxane; carrier gas, He at 2 ml/min; injection volupde, 1
Temperature programme, 40 (3 min) at 10°C/min to 280°C (30 min hold) [84].

used for the production of mustard. The authors
applied pressurized liquid extraction (PLE) to rapid-

ly extract the analytes using 10—30 ml of acetonitrile
at elevated temperaturé@)@hd pressure (1500

sample treatment procedures [86,87]. To quote an
example, Tomkins et al. [86] used GC—FPD to study
the extraction and degradation of sulphur mustard
and by-products in soil and concrete from a facility
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p.s.i.; 1 p.s.i=6894.76 Pa). The LODs were5
rg/g soil or concrete, while the recovery typically
exceeded 95% for the test compounds, which in-
cluded 1,4-thioxane, 1,4-dithiane and TDG. The
latter had to be derivatized to itert.-butyldimethyl-
silyl derivative to achieve reliable GC performance
with acceptable sensitivity. Therefore, the total anal-
ysis time for TDG was typically 3 h per sample and
1 h per sample for the other compounds. In another
paper, which presents comparable results, the time-
consuming derivatization of TDG was omitted [87].
Methanol-water (9:1) was found to be the best
solvent for the extraction of TDG from three differ-
ent types of soil. PLE provided improved recoveries
compared with manual extraction.

A GC-NPD method was validated for the de-
tection and quantification of the nitrogen mustards,
HN-1 and HN-3, in air [88]. Headspace techniques
using Tenax sorbent and thermal desorption and SPE
using G extraction disks and elution by ethyl acetate
were compared. Both methods met the preset re-
quirements for short-term measurements. The SPE
method, which was also successfully used for longer-
term measurements, has the advantage of the possi-
bility of replicate analysis. In addition, SPE is not
affected by changes in humidity which induced
hydrolysis of the compounds on the Tenax tube.
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obtained from a Kurdish village in the northern part

of Iraq near the borders with Turkey and Iran and
consisted of soil, bomb casing and sheep wool.
GC-MS using headspace analysis, solvent extraction

and thermal desorption methods successfully con-

firmed the presence of sulphur mustard and 21
related compounds.
More recently, a validated GC—MS method was
reported for the trace-level quantification of mustard
in order to monitor the effectiveness of mustard
destruction with ethanolamine [32]. For mustard, 0.5
g KCl was added to 1.5 ml of the reaction mass, the
mixture was vortexed, twice extracted with 1 ml
hexane and, again, vortexedulTeicdhe hexane
extract were injected (splitless) which resulted in an
LOD of 30 ng/g in the SIM madé& (109, 111,
158 and 160). ATD—GC-MS, which was described
above, was tested for its use to determine sulphur
mustard in air during an authentic CWA sampling
and analysis trial [33]. The scenario simulated bomb
craters caused by exploding sulphur mustard muni-
tions. Pumped air samples were led (15 min at 1
I/min) through Tenax TA adsorbent tubes at a height
of 0.1 m and a distance of 5 m downwind of the
crater, which was contaminated with sulphur mus-
tard. The tubes were sealed and taken to the labora-
tory. Sulphur mustard was positively identified by

ATD-GC-full-scan MS (40-550 u).

3.3. Gas chromatography—mass spectrometry

moderate volatility,

While conventional GC detectors can be used to
detect and quantify mustards, the use of MS(—MS)
with El or CI is indispensable for unambiguous
identification. The use of these techniques for the
determination of sulphur mustard and related com-
pounds in soil [82] and aqueous samples [89] was
introduced in the 1980s. In 1990-1995, several GC—
MS applications for mustard and related compounds
were reported, boosted by the use of mustard in the
Iran—Iraq conflict (1980-1988). Wils et al. [90] used
GC-MS to analyse mustard and related vesicants in
rubber and paint samples with diesel fuel and
aromatic white spirit to simulate a realistic back-
ground. The vesicants were isolated by extraction
with dichloromethane or by dynamic headspace
analysis at elevated temperature. Samples associated
with a CWA incident involving sulphur mustard were
studied by Black et al. [91]. The samples were

Despite the high solubility of TDG in water and its
numerous GC-MS methods
have been developed for the identification and
quantification of this compound [89,92]. A nice
example demonstrating the difficulty of extracting
TDG from (ground)water samples followed by GC—
MS was published recently [93]. Liquid—liquid ex-
traction by desalting into ethyl acetate and dichloro-
methane was not successful. SPE using a tandem of
15 C , to remove non-volatile interferences, and Amer-
sorb 572, a carbonaceous sorbent which adsorbs
TDG, followed by elution of the latter sorbent with
dichloromethane and subsequent evaporation to dry-
ness and derivatization with MTBSTFA was more
attractive. The characteristic ions included the mo-
lecular ion"[M] +[BH,]" and the base peak at
—-§CH,),C]". The average recovery was 23%,
which illustrates the extraction problems. However,
the recovery was consistent and reproducible, with
an LOD of ca. 10 ng/ml. Alternatively, SPME using
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a Carboxen fiber followed by in situ TBDMS
derivatization (cf. Section 2.3), was used for GC—
MS of TDG [40]; this gave an indifferent LOD of
200 ng/ml in deionised water. However, it should be
noted that several attempts to reproduce this pro-
cedure in our laboratory were unsuccessful.

3.4. Liquid chromatography

The degradation products of sulphur mustards
such as TDG, TDG sulphone and TDG sulphoxide,
are rather polar, water-soluble compounds. Liquid
separation technique-based analytical methods are
therefore the first choice for the determination of
such compounds. However, detection is rather
problematic since these compounds do not contain
suitable chromophores or fluorophores. LC—MS is
the most straightforward approach and will be de-
scribed in the next section. LC with electrochemical
detection has been used for the direct detection of
polar degradation and biodegradation products of
sulphur mustard [94] and TDG in river water [95].
Recently, uLC—FPD (S-mode) using large-volume

Response (mV)

> w

20

0 30

Time (min)
Fig. 9. nLC chromatograms of an aqueous extract of autdg
spiked soil sample. (a) Soil sample extract; UV, 200 nm; (b) soil
sample extract; FPD; (c) soil sample extract with addition of
0.15% of 3-pentanol and 0.5% of 2-methyl-3-pentanol; FPD; (d)
blank soil sample extract with addition of 0.15% of 3-pentanol and
0.5% of 2-methyl-3-pentanol; FPD. Peak designation: 1, bis(2-
hydroxyethylthio)methane; 2, bis(2-hydroxyethylthio)ethane; 3,
bis(2-hydroxyethylthio)propane; 4, bis(2-hydroxyethylthio)butane.
Column, 5um LiChrosorb RP-18 (1580.32 mm) fused-silica;
injection volume, 20ul; eluent, 10 nM acetate buffer pH 4.0—
methanol (70:30, v/v) at @l/min [97].
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injections and peak compression by displacement
with lower alcohols has successfully been used for
the selective determination of TDG [96] and bis(2-
hydroxyethylthio)alkanes, which are hydrolysis prod-
ucts of sulphur mustard homologues [97], in aqueous
samples. Fig. 9 showslLiieUV chromatogram
of an aqueous extract of a soil sample (trace a) and
the correspondingeLC—FPD chromatograms, with-
out and with addition of displacers (traces b and c,
respectively), atldCa-FPD chromatogram of the
corresponding blank soil samples after addition of
the displacers (trace d). The combined effect of peak
compression and large-volume injection resulted in
LODs of abowtg¥g for all compounds. Gradient
eluidilC—FPD in the S-mode (cf. Section 2.4)
was successfully applied for the analysis of an
agueous soil extract [47]. One distinct peak was
observed, which was identified by LC-MS-MS,
GC—-EI-MS of the TMS derivative'and H-NMR as
1,5-bis(2-hydroxyethylthio)pentane, a hydrolysis
product of the mustard analogue, 1,5-bis(2-chloro-
ethylthio)pentane.

3.5. Liquid chromatography—mass spectrometry

LC-MS is an important tool for the determination,
and identification, of mustard decomposition prod-
ucts. ESI-MS is frequently used, but it should be
noted that mustard itself does not ionise during
ESI-MS; therefore combined determination of mus-
tard and its breakdown products is not possible by
LC—ESI-MS. Thermospray [50,98], APCI [54] and
ESI [53] interfaces have all been used to facilitate
the introduction of mustard breakdown products into
a mass spectrometer. The screening procedure re-
ported by Read and Black and described in Section
2.5, was used to determine TDG, TDG sulphoxide,
TDG sulphone and ethanolamine hydrolysis products
of nitrogen mustard in the positive-ion ESI mode
[54]. The ions monitored weren/z 105 ([M+H —
H,0]") andm/z 123 ([M+H] ") for TDG, m/z 139
(IM+H]") for TDG sulphoxide, m/z 155 ([M+
H] ") andm/z 172 ([M+NH,] ") for TDG sulphone,
m/z 120 for N-methyldiethanolaminem/z 134 for
N-ethyldiethanolaminem/z 150 for triethanolamine,
and, finally, m/z 146 for N,N-(diiso-
propyl)aminoethanol. The LODs were0.01 ug/ml
for all compounds. During several OPCW
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proficiency tests, tentative identification was success-
fully obtained by this method for TDG and TDG
sulphoxide in aqueous soil extracts. D’Agostino et al.
used wLC—ESI-MS for the characterization of the
principal products obtained after hydrolysis of HDQ
and HDT munitions-grade mustard formulations,
which predominately contain mustard (HD) and
sesquimustard (Q), and mustard and bis[(2-chloro-
ethylthio)ethyl] ether (T), respectively [99]. TDG
and 10 related longer-chain diol, partially hydro-
lysed, and ether/thioether macrocyclic compounds
were detected and identified following hydrolysis of
the samples at an LOD level of ca. 2 ng/ml. Full-
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the direct detection of sulphonium ions formed

during storage and hydrolysis of mustard [100]. Six
synthesized mustard-related cyclic and open-chain
sulphonium ions were readily detected at a con-
centration of 0.0IM with little fragmentation being
observed. A heel sample dissolved in methanol was
analysed by LC—ESI-MS; the mass spectra for the
sample and a reference standard of the 1-(2-chloro-
ethyl)-1,4-dithianium ion were similar, with the base
peak atm/z 183 and the corresponding chlorine
isotope atm/z 185. Conformation was obtained by
MS—MS of them/z 183 precursor ion, as is shown in
Fig. 10. GC-MS of the heel sample revealed no

scan mass spectra were recorded with a samplingsulphonium ions in the chromatogram because these
cone voltage that promoted fragmentation and re- compounds undergo thermal degradation to neutral
sulted in both molecular-mass as well as product-ion species. Therefore it is believed that conventional
information. The detected higher-mass diols were not GC—MS does not give a true picture of the com-

observed during a prior GC-MS study [92], under-
scoring the importance of LC-based techniques.
wLC—ESI-MS results were also reported for de-
composition products of sulphur mustards using
large-volume injection and peak compression
[96,97]. Next to TDG, which showed the same mass
spectra as reported by other workers [53,54,99], also
mass spectra of longer-chain hydrolysis products,
bis(2-hydroxyethylthio)alkanes and their oxidation
products, were presented. The spectrum of bis(2-
hydroxyethylthio)ethane, an important hydrolysis
product of sesquimustard, showed molecular ions at
m/z 205 ([M+Na]") and 183 ([M+H]"), and
fragment ions atm/z 165 (M+H—-H,0]"), 137
(M+H-C,H,OH]") and 105 ([M+H-
HSC,H,OH]", base peak), which is in agreement
with earlier results [99]. The spectra of the longer-
chain compounds showed corresponding ions. An
interesting observation was the oxidation of these
compounds in the presence of rather high concen-
trations of alcohols, added to obtain peak compres-
sion. This resulted in the formation of sulphoxides,
which were identified by ESI-MS and ESI-MS—-MS.
A different type of stable degradation products of
mustard are sulphonium ions, which are formed via
several intramolecular substitution reactions. These
compounds, such as the 1-(2-chloroethyl)-1,4-
dithianium ion, are formed in stored liquid mustard,
precipitate from the solution and settle on the bottom
of storage containers, which is often referred to as
“heel”. ESI-MS has successfully been applied for

position of such samples but, on the other hand,
LC-MS may also be problematic if it relies on

partial extraction of the sample, which is biased
towards small oligomers. LC-ESI-MS was also used
successfully to monitor the formation and reaction of
sulphonium ions during mustard hydrolysis in TDG—
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Fig. 10. ESI-MS—MS mass spectra oi/z 183 precursor ion of
mustard heel (upper trace) and a 0.M1 standard solution of
1-(2-chloroethyl)-1,4-dithianium ion (lower trace) [100].
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water mixtures, and may therefore play an important
role for monitoring mustard destruction.

The analysis of alkanolamines, which are break-
down products of nitrogen mustards, is rather com-
plicated because they are moderately volatile, de-
compose at elevated temperatures and are highly
polar. lon-exchange LC—MS(—MS) was presented as
a suitable approach for the determination of some
alkanolamines, including methyldiethanolamine
(MDEA) and triethanolamine (TEA) which are
breakdown products of HN-2 and HN-3, respective-
ly, in wetland vegetation exposed to sour-gas con-
taminated groundwater [101]. All compounds were
detected and identified based on (i) retention time,
(il) nominal mass of the [M] ion in single MS and
(iii) the [M —H,O]" ion in the MS—MS spectra of
the [M]" precursor ion, at an LOD of ca. 20 ng/g.

3.6. Capillary electrophoresis

The determination of mustard and related com-
pounds by CE is not really straightforward since the
analytes are generally not charged. However,
Cheicante et al. [102,103] used MEKC-UV (200
nm) for the separation of sulphur mustard-related
compounds such as TDG, TDG sulphoxide, 1,4-
dithiane and 1,4-thioxane, and ethyl methylphos-
phonothioic acid, a breakdown product of VX, in
standard solutions. Sodium dodecylsulphate was
used as surfactant above its critical micelle con-
centration. Separation was achieved within 10 min,
and LODs were 1-1Qug/ml. Since the detection
wavelength of 200 nm is not selective at all, one may
expect severe interferences if real-life samples are
subjected to analysis.

4. Arsenic-containing agents
4.1. General

A number of arsenic-containing agents have been
produced for use as CWAs. Chlorovinylarsines (lewi-
sites) are complex mixtures of several compounds,
which all occur axis andtrans isomers. Lewisite-1
(2-chlorovinylarsinous dichloride, L-1) is a vesicant
agent: it reacts with the active sites of certain
enzymes. Lewisite-2  [bis(2-chlorovinyl)arsinous

chloride, L-2] and lewisite-3 [tris(2-chloro-
vinyl)arsine, L-3] are also toxic but less so than
lewisite-1. Fig. 1 shows the breakdown route of
lewisite-1, which hydrolyses rapidly to 2-chlorovinyl
arsinous acid (CVAA), which in turn slowly degrades
to lewisite oxide (CVAO) and, next, to a polymerised
form of CVAO. Next to lewisites, phenylarsenic
compounds have been produced as CWAs:
diphenylarsine chloride (Clark-1), diphenylarsine
cyanide (Clark-1l) and phenarsazine chloride (Adam-
site) are among the most important compounds.

4.2. Gas chromatography and gas
chromatography—mass spectrometry

Because lewisite-1 readily hydrolyses in the pres-
ence of traces of water and its degradation products
CVAA and CVAO are non-volatile, derivatization
prior to GC is necessary for analysis at a low level
(<10 ng per injection). A variety of derivatization
agents, with most of them containing sulphur, have
been proposed including alkyl thiols, thioglycolic
acid alkyl ethers [104] and alky! dithiols [105]. Fig.
11 shows the GC-EI-MS mass spectrum of lewisite-
1, obtained after treatment of the organic liquid
sample with 2,3-dimercaptotoluene (DMT): this
treatment readily converts lewisite-1 into its lewi-
site—dimercaptotoluene adduct (see insert), a deriva-
tive which is amenable to GC [85]. The spectrum
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Fig. 11. GC-EI-MS mass spectrum of lewisite-1-DMT in an
organic liquid sample. Fused silica capillary column (5&Mh32
mm, d, 0.25 um) coated with CPSII8CB; carrier gas, He at 1.5
ml/min. lon source temperature, 180; electron energy, 70 €V;
mass rangen/z 20-500; cycle time, 1 s. Temperature programme:
120°C (5 min) at 6°C/min to 270°C (5 min hold) [85].



196

shows the molecular ion signals @z 290 and 292
(in the 3:1°° CI" Cl isotope ratio) and the base peak
at m/z 229 due to [M-CH=CHCI]". The positive-
ion isobutane GC-CI-MS mass spectrum displayed
the corresponding [M-H] * signals atm/z 291 and
293, while the derivative also showed up in a GC—
FPD (S-mode) chromatogram. Szostek and Aldstadt
developed a rather rapid and convenient SPME-GC—
MS method for the determination of CVAA, which
can be derivatized by small alkyl dithiols such as
1,2-ethanedithiol (EDT) and 1,3-propanedithiol
(PDT), into volatile and stable compounds [106].
After derivatization in acidic solution, the poly(di-
methylsiloxane) SPME fiber was immersed for 10
min to reach the steady state. After 5 min desorption
at 250°C, GC-MS was performed. The mass spectra
of CVAA-EDT and CVAA-PDT showed intense
molecular ions atm/z 228 and 242, respectively,
while loss of the chlorovinyl group resulted in ions at
m/z 167 (CVAA—EDT) and 181 (CVAA-PDT). The
LOD was 1 ng/ml, a more than 100-fold improve-
ment compared with conventional solvent extraction
methods.

Tomkins et al. modified the above procedure to
enable the quantification of CVAO in soil [107].
CVAO—actually the sum of CVAA, CVAO and
extractable polymerised CVAO in a given sample—
was extracted and simultaneously derivatized from
2 g of neutral or basic soil using 10 ml 0.66% (w/v)
ascorbic acid containing 10@ul/l of PDT. The
CVAO-PDT derivative was sampled for 20 min by
SPME, desorbed and determined by GC—-FPD (S-
mode) or GC-MS. LODs were 0.1-0)5g/g soll,
with recoveries of, typically, 60%. As an alternative,
simultaneous extraction and derivatization of CVAA
with EDT from soil by SFE and PLE was studied
and compared with ultrasonic extraction—derivatiza-
tion [108]. SFE gave the highest recovery with an
LOD of 0.2 pg/g soil (GC-FID was used for
quantification), was the fastest extraction method and
had the lowest solvent consumption. For all three
methods, the extraction recovery decreased signifi-
cantly upon ageing of the contaminated soil.

Next to lewisite-2 and lewisite-3 [104], other
arsenic compounds developed as CWAs, e.g. Clark-I
and Clark-ll, were analysed by GC with electron-
capture detection (ECD) without prior derivatization,
or after derivatization with alkyl thiols and dithiols
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[109-111]. GC-AED is also suitable for the de-
tection of arsenic-containing agents, viz. by using the
arsenic and chlorine channels. A greyish sludge from

a ton container used to store CWAs was analysed by

GC-AED after extraction with hexane—chloroform
(1:1, v/v) and subsequent derivatization with PDT
[29]. Several compounds showing both arsenic and
chlorine peaks were detected and, finally, lewisite-1,

three isomers of lewisite-3 and two isomers of a
dimeric form of lewisite-3 were identified by GC—
MS. GC-AED analysis of the yperite block as
described above, revealed one compound in the As-

trace with the same retention time as Clark-I; its
identity was confirmed by GC-MS [84]. Similar
high selectivity can be obtained by GC—PFPD in the
arsenic-selective mode, which may become an inter-

esting alternative detection device for these types of

CWAs [112].

4.3. Liquid chromatography and liquid
chromatography—mass spectrometry

LC-MS of lewisites and their degradation prod-
ucts as an alternative to GC—MS has some problems
since the ionisation efficiency of these compounds in
ESI or APCI is very low. Therefore only a few
LC-MS papers dealing with lewisite-related com-
pounds were published in the literature. When using
negative-ion APCI, at high analyte concentrations,
arsenic(lll) oxide gave ions at/z 107 and 123;
however, sensitivity was poor. Both negative-ion
APCI and ESI also gave ions atn/z 305
([As;06] ), 321 ([As;0,] ), 412 ([As, Q] ) and,
possibly, larger clusters but, again, only at high
concentrations. To improve the sensitivity, post-col-
umn in-source derivatization with 2-mercap-
topyridine was used prior to LC—APCI-MS of CVAA
and arsenic(lll) oxide [63]. CVAA predominantly
reacts with one 2-mercaptopyridinium ion ([Cl—
CH=CH-As-$C,H,N]"), giving a mass spectrum
with molecular ions, [M+H] ", at m/z 246 and 248

(with corr&ct °Cl/ Cl isotope ratios). Under some
conditions, a double derivative of CVAA was ob-
served showing am]Mion at m/z 357.
LC—inductively coupled plasma MS enables the
sensitive detection (L&Dsl ng/ml) of lewisite
degradation products in environmental samples as



EWJ. Hooijschuur et al. / J. Chromatogr. A 982 (2002) 177-200 197

As(lll) or As(V), but does not provide information
for identification purposes [113]. Phenylarsine com-
pounds, e.g. triphenylarsine compounds and Adam-
site which could not be detected by GC—ECD (cf.
above), were successfully analysed by LC with diode
array UV detection and gradient elution on 8C and
a CN column [109]. The LODs were in the range of
0.25-7.5 pg/ml. The distinction between As(lIl)
and As(V) compounds such as triphenylarsine and
triphenylarsine oxide or phenylarsine oxide and
phenylarsonic acid, was only possible by means of
LC. However, there also were some problems. Clark-
I and Clark-1l reacted rapidly with water in the
eluent to form diphenylarsine hydroxide and gave
only one peak. Furthermore, some compounds eluted
near the dead time on both columns (phenylarsonic
acid), showed irreproducible retention (triphenylar-
sine oxide on the ¢ column) or coeluted (Adamsite
and diphenyl hydroxide on the CN column). There-
fore, the choice of separation method depends on the
analytical problem that has to be solved.

compound because it was extracted under equilib-

rium conditions with a high recovery and with
satisfactory RSDs of about 10%. The full-scan LOD
was 1 ng/ml in deionised water.
Irritants such as tear gases and riot control agents,
which cause incapacitating effects like irritation of
the eyes and skin, respiratory difficulties and vomit-

ing, are rather volatile agents. They are preferably

analysed by GC-MS [33,116-118]. D’Agostino and
Provost studied GC—EI-MS—-MS for the identifica-
tion of the irritamtshlorobenzylidenemalonitrile

(CS), 2-chloroacetophenone (CN), dibenzoxazepine

(CR) and 1-methoxycycloheptatriene (CH) [119].

The selectivity of the method was evaluated by the
identification of CH in diesel exhaust, which is a
complex sample containing an abundance of hydro-

carbons. CH was completely masked by interfering

peaks in the GC-MS total ion current chromatogram

and could not be detected at a spiking level of
5 ng/ml in a concentrated dichloromethane Soxhlet

extract of the sampled charcoal cartridge. Multiple-

reaction monitoring in GC—MS—-MS of tha/z 122

(M")-m/z 107 ([M—CH,]")-m/z 92 (M-

CH,O]") transitions resulted in an, expected, in-

crease of selectivity and an LOD of Ol&g/ml for
this sample.

5. Miscellaneous agents

In addition to the main classes of compounds
described above, a number of other compounds has
been developed and produced for use as CWA. The
incapacitant BZ (3-quinuclidinyl benzilate) can be 6. Conclusions

determined as the intact molecule by GC-MS, but
better results are obtained after derivatization of the
hydroxyl group [114]. BZ was also detected at the
10-pg/ml level in a spiked soil sample by LC-—
APCI-MS [115]. The mass spectrum showed a
distinct molecular ion peak, [MH]", at m/z 338
with almost no fragmentation. The main degradation
products of BZ, benzilic acid and 3-quinuclidinol,
were included in the LC—-APCI-MS screening pro-
cedure of Black and Read described above [54,56].
Optimum results for these analytes were obtained by
negative- and positive-ion APCI, respectively, with
LODs of <0.01pg/ml in both instances in SIM, the
monitoring ions beingm/z 128 ([M+H]") for 3-
quinuclidinol, andm/z 227 [M—H]  and 183 [M—
CO,H]  for benzilic acid. Alternatively, SPME
followed by in situ TBDMS derivatization (cf.
Section 2.3), was used prior to GC-MS of benzilic
acid [40]. The procedure was most successful for this

The trace-level analysis of CWAs and their main
degradation products and precursors receives much

attention in the current literature. This attention is

triggered by repeated reports on the actual or alleged

use of CWAs, either in military operations or terror-

ist attacks. In addition, the emission of CWAs into

the environment due to spillages or other accidents at
storage facilities, causes much concern today. Fur-

thermore, the activities started after the CWC entered
into force in 1997, to destroy stocks of CWAs have
boosted research in analytical methodology. Since

CWAs and the degradation products have widely
different characteristics as regards, e.g. volatility and
polarity, frequently do not contain chromophoric

groups and, in addition, have to be detected and

identified in a great variety of samples, many differ-

ent sample treatment and analytical separation and
detection procedures are required. Moreover, de-
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