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Abstract

Several applications have arisen for the high confidence identification of chemical weapons agents and related compounds
in toxic waste or other complex matrices. Three examples of analysis of agents or byproducts are presented: GA (ethyl
N,N-dimethylphosphoramidocyanidate, or tabun) and synthetic byproducts in an complex organic liquid solution; HD
[bis(2-chloroethyl)sulfide, or mustard gas] in a decontamination solution; and VX (S,2-diisopropylaminoethyl ethyl
methylphosphonothioate) and a toxic hydrolysis product (S,2-diisopropylaminoethyl methylphosphonothioic acid, also
known as EA-2192). Multiple chromatographic methods were used to unequivocally identify low concentrations of agent
with high confidence, including results from gas chromatographic analysis with mass spectral detection (with electron impact
or chemical ionization), infrared detection, atomic emission detection and flame photometric detection, as well as liquid

chromatography—tandem mass spectrometry.
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1. Introduction

The Chemical Weapons Convention [1] (CWC)
and USA laws create several mandates that involve
trace analysis of chemical weapons (CW) agents.
One application is CWC treaty verification. For this
purpose, the detection of trace levels of CW agents is
required in a variety of environmental matrices,
including soil, water or wipes. Agent may also have
to be identified with high confidence in complex
industrial process mixtures, which could potentially
contain chemically related pesticides or other prod-
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ucts. Methods have been published for this purpose
[2]. These methods have been tested in a series of
round robin exercises or inter-laboratory comparison
tests in laboratories of participating nations, spon-
sored by the Provisional Technical Secretariat (PTS)
of the Organization for the Prohibition of Chemical
Weapons, The Hague, Netherlands. Some results of
these exercises have been published by various
laboratories [3—7]. Results from sample analysis of
actual inspections for verification of CW bans have
also been published [8].

Destruction methods are under study for chemical
neutralization of stockpiled and nonstockpiled
chemical weapons [9,10]. These processes use lig-
uid-phase chemical reactions with a decontamination
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reagent, or other processes, to chemically destroy the
agent by converting it to products of lower toxicity
[11-13].

One of the primary requirements for the certifica-
tion of a neutralization process is the demonstration
that CW agents have been completely destroyed in
the reaction mass that is produced. For neutralization
processes, any residual agent must be detected in a
complex liquid reaction mass which includes high
concentrations of reaction products and byproducts.
This matrix can introduce many interferences. In
some cases, detection limits as low as 20 ppb are
desirable, although these regulatory requirements
have not necessarily been established. A low residual
agent concentration is required by state or federal
regulatory agencies to permit the treatment of the
reactor waste products with fewer restrictions on
handling, transportation and treatment.

The liquid samples in decontamination solutions,
in matrices such as caustic water solutions, bleach or
organic liquids, can be difficult to prepare using
conventional methods such as solvent extraction or
solid-phase extraction. Even after preparation, the
solutions contain a variety of compounds that are
related to the CW agents themselves. Weapons-grade
agents have relatively low purity and can contain
many types of byproducts and starting materials that
were generated when the agent was manufactured.
The agents may also have been stored for decades in
steel containers, giving ample time for slow reactions
to produce other compounds. After the mixture is
neutralized, the related compounds may remain in
solution or may react with the decontamination
reagent. The decontamination products of the CW
agents are present at very high concentrations. Thus,
the final decontamination mixture is a very complex
combination of compounds related to the CW agent,
some at high concentrations and many more at trace
levels. To make the mixture even more complex, the
feedstock can sometimes consist of mixtures of
weapons-grade agents.

The analytical techniques for identifying the CW
agents in these solutions must be robust enough to
discriminate between the agent itself and the myriad
of related compounds. In some cases, straightforward
techniques such as gas chromatography with mass
spectral detection are adequate. However, it is neces-
sary to do careful methods development and methods

validation for every method and every matrix that
must be analyzed before the analytical method can
be released for routine sample analysis.

This publication discusses three case studies that
demonstrate the advantages of using multiple chro-
matographic or spectroscopic methods for identifying
targeted CW compounds in complex matrices with a
high degree of confidence. The case studies illustrate
difficult analytical problems that can be associated
with decontamination or other CW agent analysis. A
study of GA led to a requirement for a method for
analysis of trace byproducts in a complex matrix
using gas chromatography (GC)-tandem mass spec-
trometry (MS-MS). Analysis of HD using GC with
atomic emission detection (AED) and MS detection
was used to identify a similar interference and
validate an analytical method. Detection of VX and
an ionic hydrolysis product shows the necessity of
using multiple analytical techniques, including GC
with MS and infrared detection (IRD) and liquid
chromatography (LC)-MS-MS.

2. Experimental

A variety of spectroscopic techniques and instru-
mentation were available for these studies at the
Edgewood Research, Development, and Engineering
Center (ERDEC), Aberdeen Proving Ground-
Edgewood Area, MD, USA. The following instru-
ments were used in this study: Hewlett-Packard 5890
Series I+ gas chromatograph; Hewlett-Packard
1090M high-performance liquid chromatograph;
Hewlett-Packard 5971 or 5972 mass-selective detec-
tor with electron impact ionization (EI) or with
chemical ionization (CI); Hewlett-Packard 5989A
MS Engine with Analytica of Branford atmosphere
pressure chemical ionisation (APCI) source; Fin-
nigan TSQ-7000 tandem mass spectrometer with
APCI source or EI/CI source; Hewlett-Packard dual
flame photometric detection (FPD) system; Bio-Rad
(formerly Hewlett-Packard) 5965B infrared detector;
and Hewlett-Packard 5921A AED system.

A variety of standard compounds were used as
reference materials. Some were purchased commer-
cially, but agent standards were obtained from the
ERDEC Certified Army Standard Analytical Refer-
ence Material (CASARM) program. The com-
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Table 1

Identities and sources of standard materials

Abbreviation Compound name CAS number Source

GA Ethyl N,N-dimethylphosphoramidocyanidate 77-81-6 CASARM
DMPDC N,N,-Dimethylphosphoramidic dichloride 683-85-2 In house, ERDEC
DEDMPA 0,0-diethyl N,N-dimethylphosphoramidate 2404-03-7 In house, ERDEC
TEP Triethylphosphate 78-40-0 Aldrich
EBDMPA O-Ethyl Bis-(N,N-dimethyl) phosphoramidate 2404-65-1 In house, ERDEC
EDMPACI O-Ethyl N,N-dimethyl phosphoramidic chloride 2510-93-2 In house, ERDEC
BDMPAC Bis-(N,N-dimethyl)phosphoramidocyanidate 14445-60-4 In house, ERDEC
vX S,2-Diisopropylaminoethyl ethyl methylphosphonothioate 50782-69-9 CASARM
EA-2192 S,2-diisopropylaminoethyl methylphosphonothioic acid 73207-98-4 CASARM

HD Bis(2-chloroethyl)sulfide 505-60-2 CASARM

pounds, abbreviations, CAS numbers and source of
standards are listed in Table 1.

3. Results and discussion
3.1. GA byproducts

The CW agent GA has been reported to contain a
significant number of impurities [14—17]. This is a
result of the way GA is synthesized [14]. The
impurities can vary from sample to sample depend-
ing on the synthetic or purification methods, so the
presence of these impurities may provide information
about the synthesis of the GA if found in a treaty-
related inspection [18], or they may be present in GA
decontamination solutions. Some of the compounds
are relatively easy to identify using techniques such
as GC-FPD or GC-MS. However, some are chemi-
cally very similar, and a considerable amount of
effort is needed to develop a method for resolving
and identifying all of them. For example, analyzing
two particular impurities required the development of
a GC-MS-MS method. This example illustrates the
range of techniques that may be needed for high
confidence, sensitive identifications of analytes.

The methods development was performed on a
sample provided by the PTS as part of an Inter-
laboratory Comparison Test. Analysis of the sample,
which was in a chlorobenzene solvent matrix, using
phosphorus GC-FPD showed that this sample had
three major peaks and several low-concentration,
phosphorus-containing compounds. Using a HP-5

GC column, peaks for two of the three major
components coeluted, but they could be identified by
GC-MS via comparison to an EI library as GA,
N,N,-dimethylphosphoramidic dichloride (DMPDC)
and O,0-diethyl N,N-dimethylphosphoramidate (DE-
DMPA).

A number of chromatographic and spectroscopic
techniques were used to identify the three major
peaks, as is the usual practice for this type of
exercise [4-7]. The GC conditions were optimized.
Analysis on an HP-5 compared to an HP-1301
column showed that on the HP-5 column, the GA,
DEDMPA and a trace analyte coeluted, so further
analysis was done using a HP-1301 column. The
identifications were confirmed by using GC-CI-MS
to obtain M+H" ion signals. GA and DEDMPA
were identified by GC-IRD from interpretation of IR
peaks and by comparisons to the IR spectra of
standards. DMPDC co-eluted with interference peaks
and the solvent tail, so it was impossible to obtain a
clean IR spectrum of the compound. The elements in
the P-containing compounds were identified by GC~
AED, although the presence of Cl in DMPDC was
difficult to confirm by GC-AED because of
carryover of the huge Cl signal from the chloro-
benzene solvent. The three compounds were also
confirmed by one- and two-dimensional NMR by our
laboratory [19] and others [20]. The chromatographic
and spectroscopic results were compared to standards
for each of the three compounds.

As a result of the comparison of these complemen-
tary techniques, the identifications of the three main
peaks were established with extremely high confi-
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dence, in spite of the significant signals from back-
ground interferences. Quantitation of the compounds
gave concentrations of 50-100 ppm.

Identification of the trace impurities was con-
siderably more difficult. They could not be positively
identified in the sample using GC-MS. Analysis of a
CASARM GA standard with GC-MS with EI and
CI indicated potential identifications as GA synthetic
byproducts. GC-MS-MS with CI was used to
identify the minor peaks in the sample from interpre-
tation of the MS-MS fragmentation spectra in
comparison to the anticipated synthetic byproducts,
and from comparison to the impurity peaks in the
GA standard. Four of the trace analytes in the sample
were assigned as triethylphosphate (TEP), O-ethyl
bis-(N,N-dimethyl) phosphoramidate, O-ethyl N,N-
dimethyl phosphoramidic chloride and bis-(IN,N-di-
methyl)phosphoramidocyanidate.

The conditions that were used for the GC-MS—
MS detection using chemical ionization are as fol-
lows: Hewlett-Packard 5980 Series II+ (GC); Fin-
nigan TSQ-7000 (MS); He carrier gas at a flow-rate
of 1.0 ml/min at 35°C with electronic pressure
programming; GC temperature ramp of 35°C (for 1
min) to 280°C at 15°C/min; GC column, Hewlett-
Packard HP-1301, 30 mx0.25 mm LD., 0.25 pum
film thickness; splitless injection volume of 1 pl
using manual injection; CI gas of methane at 2500
mTorr; collision gas of argon at 2.5 mTorr; with the
Q1 quadrupole fixed at the parent M+H™ mass; and
the Q3 quadrupole either scanned or fixed at a
selected fragment mass for multiple reaction moni-
toring (1 Torr=133.322 Pa).

A full scan MS-MS fragmentation spectrum of

Table 2

each parent ion, using the GA standard and the other
standards that were available, was obtained in order
to find the major fragment peaks. Once the major
MS-MS fragment ions and the retention times for
each of the compounds were identified, a multiple
reaction monitoring (MRM) sequence was set up on
the Finnigan TSQ-7000. This sequence set both the
parent (M+H") ion on the first quadrupole, and
alternated between at least three fragment ions on the
third quadrupole during an appropriate GC retention
time window. This approach does not provide quite
as much confidence for identifications as scan mass
spectra, but it provides reasonably confident identifi-
cations in a complex matrix and is more sensitive for
a scanning quadrupole instrument. The retention
times and MRM ions for the analytes are given in
Table 2. The GA standard, other standards and the
organic liquid sample were analyzed using the same
conditions.

The most difficult of the minor analytes to identify
in the sample by this method was TEP. Examination
of the GC-CI-MS chromatogram indicated that TEP
could be resolved from GA and DEDMPA on an
HP-1301 column, although it still eluted quite near
DEDMPA. Unfortunately, DEDMPA has a molecular
mass of 181 u, giving a "*C isotope peak for the
M+H" ion at 183 u, the same M+H" ion mass as
TEP. In addition, the '3C ion has isotopically labelled
fragment ions at 155 and 127, as does TEP. The GC
retention time showed some peak shifting and
broadening in the complex matrix compared to a
standard, so a retention time match was not com-
pletely conclusive. Since DEDMPA was present in
concentrations of 100—-1000 times higher than TEP

GC retention times, parent ions and fragment ions for analysis of compounds related to GA

Compound abbreviation GC retention time

Parent ion (M+H)" Fragment ions

(min) (miz) (m/z)
GA 8.3 163 135, 126, 117, 108
DMPDC 7.3 162 144, 126, 108
DEDMPA 8.13 182 154, 126, 108
TEP 8.2 183 155, 127, 99
EBDMPA 8.87 181 153, 126, 46
EDMPACI 7.95 172 144, 126, 108
BDMPAC 9.82 162 135, 117, 44
[*CIDEDMPA* 8.13 183 155, 127, 126

* See Section 3.1 for explanation of this analyte.
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in the organic sample, the signal for TEP was
difficult to confirm conclusively, even though TEP
gave the largest signal of the trace analytes.

A reasonable identification for TEP was made by
adding the 126 u fragment ion to the MRM se-
quence. This provided one fragment at 99 u that
arose from TEP but not from [‘3C]DEDMPA, and
one ion at 126 u from [ >C]DEDMPA that was not
present for TEP. Fig. 1 shows the MRM traces for
each fragment ion channel in the top panel, which
clearly show that peaks for the two different com-
pounds are present. A trace for a TEP standard is
shown for comparison in the bottom panel.

This example shows the hierarchy of analytical
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Fig. 1. Multiple reaction monitoring traces for the M+H" parent
ions at 183 u of TEP to the fragment ion channel at 99, 126, 127
and 155 u. Top panel: organic liquid sample which contains both
TEP and ['°C]DEDMPA; bottom panel: TEP standard. The jagged
appearance of the plot is an artifact of the Finnigan software for
MRM plots, so each triangle represents a single data point.

methods that can be used to characterize a sample,
depending on the matrix, the analyte concentration,
and the sensitivity that is required. Some of the
compounds were routinely identified using tech-
niques such as GC-FPD, using GC retention time
matches, or GC-MS, using electron impact mass
spectral library searches. Some of the compounds
coeluted, which could interfere with both of these
methods. Better confidence was obtained by using
GC columns with different phases or thicknesses to
resolve the peaks and by using alternative detectors,
such as AED or IRD. However, some of the analytes
were chemically very similar and were present in
low (<1 pg/ml) concentrations, and additional
effort was needed to develop a GC—-MS-MS method
for identifying them. Finally, the positive identifica-
tion of TEP required additional validation to demon-
strate that the GC—MS-MS method was adequate for
positive identification of TEP in the presence of
DEDMPA. Each of these extra steps required addi-
tional labor and more expensive instrumentation.

Obviously, it would be preferable to use only the
simplest and least expensive analytical technique for
a given application, but in a complex matrix, the
difficulty of the analysis can depend to a critical
degree on accidental interferences and on the re-
quired sensitivity. These factors can greatly affect
the cost of the determinations.

3.2. Interference with HD in a decontamination
solution

Studies are in progress in our laboratory con-
cerning the reactions of CW agents in basic mono-
ethanolamine (MEA) as one type of chemistry for
CW neutralization. As part of the study of HD
(distilled sulfur mustard agent) reactions in MEA, a
method was developed to detect residual HD in the
reaction mass. Care had to be taken to resolve an
interfering compound in the decontamination prod-
ucts that could potentially be mistaken for HD on
both the GC-AED and the GC-MS.

The reaction was performed by the addition of HD
to a 10 times by mass excess of a mixture of 10%
aqueous NaOH and MEA. Analysis of a terminal
sample of the reaction mass using GC-AED was
interpreted to indicate the presence of several ppm of
HD, using detection by the S and Cl emission



258 WR. Creasy et al. / J. Chromatogr. A 774 (1997) 253-263

channels and comparison of the retention time to a
standard solution. Analysis of the same samples by
GC-MS in single ion monitoring (SIM) mode by
two different groups with monitoring of the major
fragment ions of HD at mass 109, 111, 158 and 160
produced a peak in the total ion chromatogram (TIC)
at a corresponding retention time as the GC—-AED.
The peak was still observed from analysis of the
reaction mass several days after the reaction was
completed.

The analyses showed the presence of a significant
peak near the HD retention time which was inter-
preted to be HD, due to the agreement of the GC-
AED and GC-MS results. Of course, the assumption
was made that the product did not contain any other
compound that was similar enough to meet these
criteria, since such a compound had not been re-
ported previously. However, given the high reactivity
of HD in basic MEA, it seemed unlikely that HD
could survive in the reaction mass for an extended
time, so it was clear that reexamination of the
method was needed.

The analytical method was modified to improve
the GC resolution, and the sample was reanalyzed
with the mass spectrometer in scan mode. The
analysis conditions were as follows: Hewlett-Packard
5980 Series II+ (GC); Hewlett-Packard 5921
(AED); Hewlett-Packard 5972 (MS); He carrier gas
with a flow-rate of 35 cm/s with electronic pressure
programming; GC ramp of 50°C (hold for 3 min) to
150°C at 10°C/min, and to 280°C at 70°C/min;
column, Hewlett-Packard HP-5, 30 mX0.25 mm
LD, 0.25 pm film thickness; 1 pl splitless injection;
MS ionization in electron impact ionization mode
with 70 eV electrons; MS scan mode from 20 to 350
u with 1.3 scans/s; MS SIM mode for ions of m/z
109, 111, 158 and 160, with a dwell time of 100
pus/ion; and AED at 181 nm for the S line and 479
nm for the CI line. Sample preparation was done by
adding excess KCl to 10 ml of reaction mass,
followed by extraction of the saturated solution with
2X?2 ml of hexane.

By examining the scanned mass spectra and SIM
ion ratios, it was immediately obvious that an
interference accounted for the apparent presence of
HD. The mass spectra for the suspect peak had a
significant ion at 156 as well as 158. Analysis by
GC—-CI-MS confirmed the molecular mass was 156 u

for two >Cl atoms, with two corresponding *'Cl
isotope peaks at 158 and 160 u, respectively. Reex-
amination of the previous SIM results showed that
the jon ratios did not correspond to HD. Fig. 2 shows
the SIM trace of a unspiked sample and a HD-spiked
sample, including the extracted ion chromatograms
for each SIM ion. Fig. 3 shows a comparison of the
scan mass spectra with EI ionization for the interfer-
ence and HD. Although the interference has a
considerably different scan spectrum, including large
peaks at 121 and 156 u which are not present in the
HD spectrum, the concentration is high enough that
the 158 peak gives a significant signal in SIM mode
compared to the low-concentration (50 ng/ml) HD
spike.

Since the molecular mass of HD is 158, a com-
pound with molecular mass of 156 with an S and two
CI atoms suggests either a vinyl analog of HD or a
cyclic species. Since the linear vinyl compound is
expected to be reactive with MEA, the most likely
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Fig. 2. The SIM trace of a MEA decontamination sample of HD.
Top trace: decontamination solution; bottom trace: the same
solution spiked with HD. The extracted ion chromatograms for
each SIM ion are labeled with the mass.
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Fig. 3. A comparison of the scan mass spectra with EI ionization
for the interference and HD. Top panel: interference tentatively
assigned as dichlorotetrahydrothiophene or an isomer; bottom
panel: library spectrum of HD.

candidate for the interference is a sulfur heterocycle,
dichlorotetrahydrothiophene. Unfortunately, the con-
centration of this compound was too low to obtain an
infrared spectrum to confirm the identification or to
assign an isomer, and no standards have been made.

In order to improve the HD detection method to
avoid misidentifying this interference in routine
analysis, it is essential to specify ion ratios as well as
SIM TIC peaks. For HD, the ratio of 111 to 109 was
0.38, of 158 to 109 was 0.28, and of 160 to 109 was
0.2. The recovery of HD using a hexane extract from
a spiked solution was found to be 73%, and the HD
detection limit was 50 ng/ml.

3.3. Identification of VX and EA-2192
The nerve agent VX can be decontaminated with a

variety of reagents. In some reactions in the presence
of hydroxide, a hydrolysis product of VX can form:

S,2-diisopropylaminoethyl ~ methylphosphonothioic
acid (known as EA-2192 in the ERDEC numbering
system). This hydrolysis product is nearly as toxic as
VX [12].

An important part of the certification of a de-
contamination procedure is the analytical measure-
ments to demonstrate that VX has been destroyed in
the reaction conditions that were used. It may also be
necessary to detect EA-2192. Several methods were
studied for analysis of VX and EA-2192, including
LC-MS-MS and derivatization with GC-MS and
GC-IRD.

Analysis of VX by GC methods is fairly routine.
VX has a tertiary amine group which is protonated at
low pH, but it can be solvent extracted for GC
analysis from aqueous or polar solvents at high pH
with a solvent such as methylene chloride. The
analysis is more difficult in decontamination solu-
tions because of the presence of decontamination
products, but VX can be detected by GC-EI-MS by
careful control of the GC conditions to optimize the
resolution for a particular matrix. The specificity can
be improved by using GC~CI-MS for VX detection.
Chemical ionization with methane provides for the
formation of the M+H" ion at mass 268.2 u, which
has less interference. Additional selectivity can be
obtained with MS—MS. The most abundant fragment
ion of VX is at 128 u, and this fragment ion channel
is sufficient to provide good selectivity and sensitivi-
ty for VX. Operation in single reaction monitoring
(SRM) mode provides good sensitivity and elimi-
nates VX interferences for most matrices.

EA-2192 is more difficult to analyze than VX.
This compound cannot be extracted from polar
solvents and is not volatile, so it cannot be analyzed
directly via GC methods. EA-2192 has the property
of being a zwitterion in aqueous solution, since it has
both a phosphonothioic acid group and a tertiary
amine group. At neutral pH ranges, both of these
groups carry a charge, and one of the groups is
charged at all pH values.

EA-2192 can be analyzed by LC—MS using either
a reversed-phase or a normal-phase (weak anion-
exchange) separation. The use of LC-MS-MS im-
proves the selectivity and sensitivity. Using APCI
ionization, the M+H" ion is formed, which can be
fragmented to a predominant 128 u ion. A detection
limit of 50-100 ppb can typically be achieved in
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standards and some types of decontamination solu-
tions.

Both VX and EA-2192 can be detected in the same
LC-MS-MS run using the reversed-phase separation
method with a gradient [21]. Fig. 4 shows a chro-
matogram for a mixed standard of 100 ng/ml VX
and 1000 ng/ml of EA-2192. The following con-
ditions were used: Hewlett-Packard 1090M (HPLC);
Finnigan TSQ-7000 with APCI source; column,
ODS Hypersil, 100X2.1 mm; flow-rate, 0.4 ml/min;
and injection volume, 10-25 pl. The gradient con-
ditions are: (A=100% aqueous 0.05 M ammonium
acetate, B=acetonitrile), initial, 100% A; 2 min,
100% A; 3 min, 60% A, 40% B; 5 min, 40% A, 60%
B; 15 min, 100% B; 20 min, 100% A (to reinitialize
column). The gradient conditions were optimized for
minimum run times, The mass spectrometer con-
ditions are: APCI heater, 400°C; corona current, 5
pA; capillary temperature, 200°C; MS-MS mode,
multiple reaction monitoring, positive ion detection;
MS-MS ions for VX, 268 u (parent) to 128 u
(fragment); MS-MS ions for EA-2192, 240 u (par-
ent) to 128 u (fragment); confirmation channel for
VX, 268 u (parent) to 167 u (fragment); confirma-
tion channel for EA-2192, 240 u (parent) to 162 u
(fragment); collision energy (COFF), —20 V; scan
time, 0.5 s/scan; collision gas, argon at 2.5 mTorr;

multiplier, 1700 V (or determined by autotune).
Typically, the confirmation ion channels are not
needed, and they decrease the sensitivity of the
method by about a factor of ten. The sample
preparation consisted of mixing the caustic reaction
mass with glacial acetic acid to neutralize the base
(typically 1 part acid to 1 part sample) and diluting
by mass to about 1:5 in aqueous 0.1 M ammonium
acetate buffer to be compatible with the LC mobile
phase. This dilution is necessary since the EA-2192
chromatography is very sensitive to the sample
solvent.

Another approach to the analysis of EA-2192 is to
chemically derivatize the compound so it is volatile
for GC analysis. This capability is particularly
important for the analysis of samples that may be
generated in the field, since most current fieldable
instruments are based on GC analyses. Attempts to
derivatize EA-2192 to form the trimethylsilyl (TMS)
or acetyl derivatives using appropriate derivatizing
reagents have not been successful. TMS derivatives
of alkyl methylphosphonic acids and alkyl methyl-
phosphonothioic acids can be made routinely [22],
but the TMS derivative of EA-2192 has not been
observed.

It is possible to form the methyl derivative of
EA-2192 (the methyl analog of VX) by derivatizing
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Fig. 4. LC-MS—MS chromatogram for a mixed standard of 100 ng/ml VX and 1000 ng/ml of EA-2192. Top panel: MS-MS fragment
channel for VX using 268 to 128 u fragmentation; bottom panel: MS—-MS fragment channel for EA-2192 using the 240 to 128 u

fragmentation.
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with trimethylphenylammonium hydroxide
(TMPAH). This reagent has been reported for the
derivatization of alkyl methylphosphonic acids
[23,24] and other acids [25,26] in hot GC injection
ports. It has been proposed that the TMPAH cation
forms an ion pair with the acid anion in solution, and
the ion pair decomposes in the hot injector port to
form the methyl derivative [23].

The formation of the methyl derivative of EA-
2192 was confirmed with several different detectors,
including GC-MS, GC-FPD and GC-IRD. The
GC-FPD shows a peak for both P and S. Fig. 5
shows the GC—-MS spectra using chemical ionization
comparing VX to the methyl derivative of EA-2192.
As expected, the M+H" ions are observed at 268 u
for VX and at 254 u for the EA-2192 derivative.
Analogous fragmentation to the (M+H—16)" and
the 114 and 128 u peaks is observed.

Fig. 6 shows a comparison of the GC-IRD
spectra of the EA-2192 derivative and VX. These
spectra are very similar except for a shift in the
bands below 1100 cm™'. In the case of VX, the very
strong band at 1040 cm ™' and a second moderately
strong band at 947 cm ™' are indicative of the P-O-
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Fig. 5. GC—MS mass spectra using chemical ionization comparing
VX (top panel) to the methyl derivative of EA-2192 (bottom
panel), made using TMPAH. The M+H" ions are 268 and 254 u,
respectively.

Absorbance
2973
031
A VX 1040
02 1251
047
889
01 727
6
0 4
4000 3000 2000 1000
Wavenumber {cm-1)
Absorbance
B) EA-2192 Deriv.
1045
2072
01
1253
894 729
005 1
8;
01
4000 3000 2000 1000

Wavenumber (cm-1)

Fig. 6. A comparison of the GC~IRD spectra of (A) VX to (B) the
methyl derivative of EA-2192 made using TMPAH. These spectra
are very similar except for a shift in the bands below 1100 cm™'
due to the substitution of a methyl group for the ethyl group in VX
(see Section 3.3). The vapor phase spectra were taken in a light
pipe Fourier transform IR over the range of 600—4000 cm™' at a
rate of 1.5 spectra/s and co-addition of 4 spectra. Resolution is 8
=1
cm” .

ethyl group. The shift in the strongest band to 1045
cm ™' in the derivative and the disappearance of the
947 cm ™' band indicate the substitution of a methyl
group in the derivative for the ethyl group in VX.
These spectra confirm that the methy] derivative of
EA-2192 is being generated by this method.

The use of TMPAH as a methylating agent is an
effective way for derivatizing EA-2192 to form a
volatile product, as demonstrated by the spectral
data. It provides a feasible approach for analyzing
this nonvolatile compound. However, routine sample
analysis using this reagent, particularly for decon-



262 W.R. Creasy et al. / J. Chromatogr. A 774 (1997) 253-263

tamination solutions, will require a considerable
amount of methods characterization. Since TMPAH
produces a derivative in the GC injection port, it is
necessary to determine whether memory effects from
residual nonvolatile analyte are a problem. Optimal
reagent concentrations must be determined to im-
prove sensitivity. In neutralization solutions, interfer-
ences may be a problem. Further work is in progress
to detect EA-2192 in decontamination solutions by
modifying the solid-phase extraction method of
Ternes and Johnsen [23].

4. Conclusions

Several new applications have arisen for high
confidence identification and quantitation of chemi-
cal weapons agents and other related compounds.
Detection of agents is needed for evaluation of the
safety of samples and for regulatory requirements to
insure agent destruction. Analytical methods are
needed for complex matrices such as environmental
samples, industrial process mixtures and decontami-
nation solutions. Examples involving the analyses of
GA and its byproducts in a complex solution, HD
and an interference in a decontamination solution,
and a hydrolysis product of VX were given.

To meet the requirements of methods development
and validation for particular matrices, multiple chro-
matographic methods are important to unequivocally
identify low concentrations of agent with high
confidence. Chromatographic or spectroscopic meth-
ods with various detectors, including GC-MS, GC-
MS-MS, GC-AED, GC-IRD, NMR and LC-MS,
provide independent information to provide higher
confidence and eliminate false positive results.

Analysis of CW agents in various matrices shows
that interference from related compounds can ob-
scure an analyte signal due to coelution, as was
observed for the GA byproducts in the organic liquid
samples, requiring a GC-MS-MS method to com-
pletely characterize the sample. Interferences can
also produce signals that can give false positive
results, as was observed in the HD decontamination
solution, although HD was resolved chromatograph-
ically and could be identified to a detection limit of
50 ng/ml in a decontamination solution by using

GC-MS and GC-AED. Some compounds, such as
EA-2192, can be inherently difficult to detect. EA-
2192 was analyzed using LC-MS-MS methods to
100 ng/ml detection limits, and it was successfully
derivatized using trimethylphenyl ammonium hy-
droxide for GC detection. Each matrix must be
carefully examined for interferences or other compli-
cations in order to develop routine analytical meth-
ods. The cost and effort that is required to develop
the method depends critically on both the nature of
the analyte and the complexity of the matrix.
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