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SUMMARY

The chemical warfare agents sarin, soman and mustard were detected and con-
firmed during full-scanning gas chromatography (GC)-mass spectrometry (MS) at
the nanogram level in spiked extracts of a diesel exhaust environment sampled onto
the charcoal of a Canadian C2 respirator canister. This matrix, typical of what might
be expected under battlefield conditions, was used for the development of a GC-MS—
MS method for the verification of trace levels of sarin, soman and mustard. Chemical
interferences associated with this complex sample were virtually eliminated and low-
picogram GC-MS-MS detection limits were estimated for these chemical warfare
agents in the presence of numerous interfering diesel exhaust and charcoal bed com-
ponents.

INTRODUCTION

Chemical weapons use, although prohibited by the 1925 Geneva Protocol, has
been documented during several armed conflicts, including the Iran/Iraq war!™.
Verification of chemical agent use has often been difficult, due in part to inadequate
battlefield sampling and identification procedures. Capillary column gas chromato-
graphy (GC)—flame ionization detection (FID) may be used for the routine screening
of samples for the presence of chemical warfare agents™°. However, it is generally
agreed that confirmation of the chemical warfare agents or their degradation products
requires identification by mass spectrometry (MS). Electron impact (EI), the
traditional MS method of ionization, has gained wide acceptance for the verification of
chemical warfare agents, as the EI mass spectra of many organophosphorus’!2 and
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sulfur vesicant*3~!”7 chemical warfare agents, their decomposition products and
related compounds have been published. Comparison of acquired mass spectra with
published data, along with supporting chromatographic and/or other spectroscopic
data meets suggested verification requirements’s.

The availability of commercial tandem mass spectrometry (MS—MS) systems
with triple quadrupole or hybrid (e.g., sector/quadrupole) design has provided
researchers with the opportunity to confirm the presence of “target” compounds in
a highly specific manner without the need for extensive sample handling. Tandem mass
spectrometers offer a number of specific scan functions including parent ion, daughter
ion, constant neutral loss and reaction ion monitoring. During reaction ion
monitoring, the method of choice for many trace “target” compound applications, the
first mass analyser is tuned to allow a desired mass (e.g., M**) into the collisional
activated dissociation (CAD) cell while the second mass analyser allows only
characteristic ion(s) derived from fragmentation(s) of the ion selected by the first
analyser to be detected. The two degrees of selectivity offered by the MS-MS
instrument are further enhanced by the use of gas chromatographic sample introduc-
tion.

MS--MS has been reviewed recently!®~22, and methodology has been reported
for selected organophosphorus pesticides?>32> and organophosphorus nerve agent
standards?®. Although MS-MS has been suggested as a possible means of chemical
warfare agent verification in complex environmental samples?®, there have been no
reports of development and application of GC-MS-MS methodology for this
purpose.

A capillary column GC study using FID, EI-MS and MS-MS detection was
initiated with the principal objective being the development and evaluation of these
methods for the detection and confirmation of sarin (isopropyl methylphosphonoe-
fluoridate), soman (pinacolyl methylphosphonofluoridate), and mustard [bis(2-
chloroethyl)sulfide] in a complex airborne matrix. The air sampled during this study
contained the volatile components of diesel exhaust and was very similar in
composition to battlefield air sampled onto charcoal during a recent interlaboratory
analytical exercise?”. Charcoal from exposed C2 Canadian respirator canisters was
solvent extracted and spiked at several levels to allow evaluation of these analytical
methods for the trace detection of the sarin, soman and mustard.

Capillary column GC-FID was of little utility due to the complexity of the
sample extract. Sarin, soman and mustard could be detected and confirmed during
full-scanning GC-MS at nanogram levels in spiked extracts of the diesel exhaust
environment sampled onto the C2 canister charcoal. This airborne matrix, being the
most complex of those sampled, was used in the development of a GC-MS-MS
approach for the identification of sarin, soman and mustard. Chemical interferences
were virtually eliminated and low picogram GC-MS-MS detection limits were
estimated for these chemical warfare agents in the presence of numerous interfering
diesel exhaust components.

EXPERIMENTAL

Standards
Sarin (GB), soman (GD) and mustard (H) were provided by our Organic
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Chemistry Laboratory. Distilled-in-glass dichloromethane was purchased from BDH
(Edmonton, Canada). All samples and standards were stored in PTFE-lined
screw-capped vials at 4°C prior to GC analysis.

Sample collection and handling

Air from a diesel exhaust environment was sampled through a Canadian C2
charcoal canister for 4 h at the typical working respiratory rate of 20 I/min. The
canister charcoal (108 g) was Soxhlet extracted for 6 h with 250 ml of dichloromethane
and concentrated to 10 ml under a gentle stream of nitrogen. Portions of the extract
were then spiked at the 50-ug/ml, 5-ug/ml and 500-ng/ml levels with GB, GD and H.
Extraction efficiencies were evaluated prior to spiking and found to be in the 10-15%
range for GB and GD and 70% for H (based on the extraction of 100 ug of agent
spiked onto 10 g of blank charcoal).

Instrumental

GC injection volumes of 0.4 and 1 ul, equivalentto 2- 10 "*and 5- 10~ % m? of air
sampled on the charcoal of C2 canisters respectively, were used for all GC analyses of
the spiked and unspiked charcoal extracts.

Capillary column GC-FID analyses were performed with a Hewlett-Packard
5890 gas chromatograph equipped with an on-column injector of our own design®.
A 15m x 0.32 mm L.D. J&W DB-5 (0.25 um) capillary column was used for all
analyses with the following temperature programme: 40°C (2 min), then 10°C/min to
280°C (5 min).

Capillary column GC-MS analyses were performed at Defence Research
Establishment Suffield with a VG 70/70E double-focusing mass spectrometer (VG
Analytical, Wythenshawe, U.K.) interfaced to a Varian 3700 gas chromatograph
under chromatographic conditions identical to those employed during GC-FID
analysis. EI-MS operating conditions were as follows: accelerating voltage, 6 kV;
emission, 100 pA; electron energy, 70 eV; source temperature, 200°C; resolution (10%
valley definition), 1000; and scan function, 400 to 35 u at 1 s/decade.

Capillary column GC-MS-MS analyses were performed at the Institute of
Sedimentary and Petroleum Geology with a VG 70/70SQ hybrid tandem mass
spectrometer equipped with a Hewlett-Packard 5890 gas chromatograph. All injec-
tions were on-column at 40 or 50°C using a Hewlett-Packard injector. The
I5m x 0.32 mm I.D. J&W DB-5 capillary column was held at this temperature for
2 min and then programmed at 10°C/min to a maximum of 280°C. EI-MS conditions
were identical to those employed during GC-MS analysis with the exception of source
temperature (250°C) and accelerating voltage (8 kV). The daughter spectrum of m/z
158 for H was obtained under the following conditions: CAD cell, 58 ¢V (laboratory
scale)/air (5 - 10”7 Torr) and, quadrupole scan function, 200 to 40 u at 0.5 s/decade.
Reaction ion monitoring for H was carried out on the m/z 158 to m/z 109 and m/z 158
to m/z 96 transitions with a 80-ms dwell time and a 20-ms delay. GB and GD daughter
spectra were obtained for m/z 99 under similar conditions: CAD cell, 50 eV (laboratory
scale)/air (5 1077 Torr) and, a quadrupole scan function, 200 to 40 u at 0.5 s/decade.
Reaction ion monitoring for GB and GD was carried out on the m/z 99 to m/z 79
transition with a 80-ms dwell time and a 20-ms delay.
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RESULTS AND DISCUSSION

The diesel exhaust environment sampled onto Canadian C2 charcoal canisters
contained primarily hydrocarbon compounds (Table I) and was similar in composi-
tion to the volatile battlefield components extracted from a respirator canister
circulated as part of a recent interlaboratory analytical exercise. Charcoal extracts
used in this study were however further complicated by the presence of silicon-
containing compounds adsorbed onto the charcoal bed of the Canadian C2
respiratory canisters. The development of suitable confirmation methods for chemical
warfare agents adsorbed onto charcoal under realistic conditions would be valuable in
a chemical weapons convention verification role as charcoal mask canisters represent
a possible retrospective sampling device.

TABLE I

MAJOR SAMPLE COMPONENTS IDENTIFIED IN CHARCOAL AIRBORNE SAMPLE EX-
TRACTS

Chromatogram Molecular Compound
peak No. (Figs. I and 2) weight

1 128 n-C, alkane
2 142 n-Cy, alkane
3,58, 11,13 Charcoal impurity
4 156 n-C, alkane
6 170 n-C;, alkane
7 184 n-C,3 alkane
9 198 #n-Cy4 alkane
10 212 n-C,5 alkane
12 226 n-C,¢ alkane
14 240 n-Cy, alkane
15 254 n-C,g alkane

Capillary column GC-FID

The chemical warfare agents GB, GD (two chromatographic components due to
diastereoisomeric pairs) and H were easily detected in a standard solution at the 20-ng
level during GC-FID analysis (Fig. 1a). However, GD and H were not detected by
GC-FID in the presence of the charcoal extract components at the 20-ng level. Only
GB was detected at this level, since it eluted prior to most of the sample extract
components (Fig. 1c¢). Clearly, a more specific chromatographic detector, such as
a flame photometric detector, would be more suitable for sample screening and
tentative identification of these chemical warfare agents2®:2? in the presence of this
matrix (Fig. 1b).

Capiilary column GC-EI-MS

Fig. 2 illustrates capillary column GC-MS chromatograms obtained for the
charcoal extract (Fig. 2a) and chemical warfare agent spikes of this extract at the 20-ng
(Fig. 2b) and 2-ng (Fig. 2c) levels. Recognizable full scanning EI mass spectra were
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Fig. 1. Capillary column GC-FID chromatograms of (a) 20 ng sarin (GB), soman (GD) and mustard (H),
(b) dichloromethane extract of the equivalent of 2- 10~ *m® of air sampled onto the charcoal of a C2 canister
and (c) the previous sample spiked with 20 ng of GB, GD and H. Principal airborne extract sample
components are identified in Table I. Column: [5m x 0.32 mm 1.D. J&W DB-35; temperature programme:
40°C (2 min), 10°C/min to 280°C (5 min).

only possible at the 20-ng level for all the spiked chemical warfare agents due to the
complexity of this airborne extract.

Amounts of 200-500 pg of chemical warfare agent standard were routinely
detected during full scanning operation, but the presence of the diesel exhaust
components severely hampered trace confirmation of the chemical warfare agents.
Selected ion monitoring under EI conditions typically improves sensitivity by about
two orders of magnitude over full scanning so that low-picogram levels may be
verified. However, this technique was not applicable at a resolution of 1-2000 due to
chemical noise. For this reason no detection limits were estimated. Higher-resolution
(e.g., 10 000) selected ion monitoring under capillary column GC-MS conditions,
while not readily achieved on our instrument, may reduce the matrix chemical noise so
that lower levels of the chemical warfare agents may be confirmed during capillary
column GC-EI-MS analysis. This approach to the reduction of chemical noise has
been used for the confirmation of compounds such as dioxins®*°. However, recent
reports of interferences even at high resolution in some sample matrices suggest that an
alternative approach such as MS-MS be considered>°.
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Fig. 2. Capillary column GC-EI-MS chromatograms of (a) dichloromethane extract of the equivalent of
2 10~ *m?® of air sampled onto the charcoal of a C2 canister, and the previous sample spiked at the (b) 20 ng
and (c) 2 ng level with sarin (GB), soman (GD) and mustard (H). Principal airborne extract sample
components are identified in Table I. Column: 15m x 0.32mm LD. J&W DB-5; temperature programme:
40°C (2 min), 10°C/min, 280°C (5 min).

Capillary column GC-MS-MS

Hesso and Kostiainen2® reported the daughter spectra for the pseudo-molecular
ions formed during ammonia chemical ionization of GB, GD, tabun and VX. The
utility of reaction ion monitoring for the detection of chemical warfare agents in
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Fig. 3. (a) Collisional activated dissociation chromatogram obtained for the daughters of m/z 158 during
GC-MS-MS analysis of mustard (H). (b) Daughter spectrum of H. Column: 15m x 0.32 mm L.D., J&W
DB-5; temperature programme: 50°C (2 min), [0°C/min, 280°C (5 min).



GC-MS AND GC-MS-MS OF CHEMICAL WARFARE AGENTS 265

a complex or environmental matrix, while mentioned, was not demonstrated. The
inability of conventional capillary column GC-EI-MS to confirm trace levels of
chemical warfare agents in a real environmental matrix prompted investigation into
application of MS-MS instrumentation for the trace detection of chemical warfare
agents in a complex matrix.

The daughter spectrum of the molecular ion (m/z 158) for H was acquired under
CAD conditions, which, while perhaps not optimal, did provide significant lower mass
ions for use in a reaction ion monitoring experiment. The use of a higher mass ion, such
as the molecular or higher mass fragmentation ion, for the acquisition of daughter
spectra is usually preferred to minimize potential interferences, Daughter ions of m/z
158 at m/z 63, 73, 96, 109 and 123 were observed by scanning the quadrupole after
CAD at 58 eV using air (Fig. 3). Both the m/z 158 to 109 (loss of CH,Cl) and m/z 158 to
96 (loss of C,H;Cl) transitions were considered suitable and monitored during
reaction ion monitoring of H in the diesel exhaust extract. Fig. 4 illustrates the reaction
ion monitoring chromatograms obtained for the m/z 158 to 109 transition for 500 pg of
H, the charcoal extract, and the charcoal extract spiked with 500 pg of H. H was easily
confirmed without any interference in the presence of more than twice as much sample
extract (i.e., 5 - 107* m> of diesel exhaust air) as was used during GC-FID and
GC-EI-MS evaluation. The signal-to-noise ratio for 500 pg of H (greater than 80:1)
was independent of the matrix and virtually identical for both the standard (Fig. 4a)
and spiked extract (Fig. 4c). A conservative method detection limit of 30 pg
(signal-to-noise ratio 5:1) was estimatd for H based on these findings.
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Fig. 4. Reaction ion monitoring chromatogram for m/z 158 to m/z 109 obtained during GC-MS-MS
analysis of (a) 500 pg of mustard (H), (b) dichloromethane extract of the equivalent of 5 - 10~* m? of air
sampled onto the charcoal of a C2 canister and (c) the previous sample spiked with 500 pg of mustard (H).
Column: 15 m x 0.32 mm LD., J&W DB-5; temperature programme: 50°C (2 min), 10°C/min, 280°C
(5 min).
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Fig. 5. (a) Collisional activated dissociation chromatogram for the daughters of m/z 99 during GC-MS-MS
analysis of sarin (GB) and soman (GD). Daughter spectra of GB (b) and chromatographic peaks for GD (¢
and d). Column: 15 m x 0.32 mm IL.D., J&W DB-5; temperature programme: 40°C (2 min), 10°C/min,
280°C (5 min).

Fig. 6. Reaction jon monitoring chromatogram for m/z 99 to m/z 79 obtained during GC-MS-MS analysis
of (a) dichloromethane extract of the equivalent of 5- 10™* m® of air sampled onto the charcoal of a C2
canister and (b) the previous sample spiked with 500 pg of sarin (GB) and soman (GD). Column:
15m x 0.32 mm LD., J&W DB-3; temperature programme: 40°C (2 min), 10°C/min, 280°C (5 min).

Unlike H, molecular ions are not observed for GD or GB following EI
ionization. Both these compounds and other methylphosphonofluoridates do however
form a diagnostic EI fragmentation ion at m/z 99 due to [(CH;YF)P(OH),]*. CAD
(50 eV in the presence of air) of m/z 99 resulted in the detection of a daughter ion at
mjz 79 for both GB and GD (Fig. 5). Reaction ion monitoring of the m/z 99 to 79
transition, due to loss of HF, should be highly specific to methylphosphonofluori-
dates. Both GB and GD were readily detected at 500 pg in the preseance of 5 10™*m?3
of diesel exhaust air (Fig. 6). A minor interference (approx. 3% the height of the GB
peak) was observed at the retention time of GB, while no interferences were detected at
the retention times of the GD peaks. The method detection limit for GB was estimated
to be 70 pg in the presence of this interference and 5 pg in matrices that do not contain
this interference (signal-to-noise ratio 5:1). A GD method detection limit of 60 pg
(signal-to-noise ratio 5:1) was estimated based on these findings.

CONCLUSIONS
The chemical warfare agents sarin, soman and mustard were detected and

confirmed during capillary column GC-EI-MS conditions at nanogram levels in
spiked extracts of diesel exhaust environment sampled onto the charcoal of Canadian
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C2 respiratory canisters. Capillary column GC-FID was of little utility due to the
complexity of the sample extract.

Daughter spectra, obtained during capillary column GC-MS-MS of the
chemical warfare agents, suggested the use of the m/z 158 to 109 or 96 collisional
activated dissociation processes for the detection of H and the m/z 99 to 79 collisional
activated dissociation process for the identification of GB and GD. Reaction ion
monitoring of these collisional activated processes during GC-MS-MS proved to be
the most sensitive of the methods evaluated for the confirmation of the chemical
warfare agents GB, GD and H in the presence of components commonly found in an
airborne battlefield environment. GC-MS-MS detection limits in the 30-70-pg range
were estimated for each of the chemical warfare agents in the presence of sample
component concentrations levels two to three orders of magnitude greater than the
spiked agents. Application of MS-MS for the detection of chemical warfare agents, or
other compounds of chemical defence interest, appears to be an attractive approach
for the verification of ““target” compounds in complex environmental matrices such as
those that may be encountered during airborne sampling of battlefield emissions.
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