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Abstract

Daughter spectra were obtained for the molecular and principal electron impact fragmentation ions of four
irritants, 1-methoxycycloheptatriene, 2-chloroacetophenone, o-chlorobenzylidenemalononitrile and dibenz[b, f]-
1,4-oxazepin, during capillary column GC-MS/MS analysis. The use of standardized collisional activated
dissociation cell conditions resulted in the acquisition of daughter spectra suitable for identification and data-base
generation purposes. Daughter operation detection limits of 100 pg (S/N >10:1), for the highest molecular mass
irritant, dibenz[b, f]-1,4-oxazepin, were obtained. This level of sensitivity was approximately the same as that
routinely obtained for chemical warfare agents during capillary column GC-MS analysis under electron impact
ionization conditions. The specificity of GC~MS/MS was demonstrated by spiking a complex diesel exhaust

extract, with 1-methoxycycloheptatriene.

1. Introduction

Chemical warfare agents can be classified into
two general categories, those that exert a lethal
effect and those that act in an incapacitating
manner. Lethal chemical warfare agents include
nerve agents such as sarin, soman and tabun,
while Incapacitating agents include irritants (tear
gases or riot control agents). Acute exposure to
irritants causes a number of incapacitating effects
including burning or irritation of the skin and
eyes, coughing, nausea and vomiting. The in-
capacitating nature of these chemicals has led to
the development of dispersal devices for their
use in riot control situations, during military
training exercises and to a lesser extent as
chemical weapons on the battlefield [1]. The
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most commonly employed irritants are o-chloro-
benzylidenemalononitrile, often referred to as
tear gas, and 2-chloroacetophenone.
Dibenz[b,f]-1,4-oxazepin has been used less
frequently and 1-methoxycycloheptatriene was
evaluated as a possible military training agent.
The text of the 1994 “Convention on the
Prohibition of the Development, Production,
Stockpiling and Use of Chemical Weapons and
their Destruction” states in Article 1 that: “Each
state party undertakes not to use riot control
agents as a method of warfare”. United Nations
peacekeeping forces could encounter use of
irritants during active duty in regions of the
world where there is a threat of chemical warfare
agent use. Intelligence gathering, through the
collection of contaminated samples, and sub-
sequent analysis of the samples would enable
identification of the suspect chemical and con-
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firm use of a controlled chemical for warfare
purposes. The results of such analyses would
likely contribute to the development of appro-
priate strategic and political positions.

Gas chromatographic (GC) methods, includ-
ing methods based on GC retention indices [2—
7], have been used for the detection of irritants
in suspect samples. These methods and others
involving the use of chromatographic techniques
for the detection of irritants and other chemical
warfare agents have recently been reviewed [8].
In cases where positive identification is required,
most laboratories analyse suspect extracts by
GC-MS, as this technique offers the greatest
sensitivity and certainty for chemical warfare
agent identification. Electron impact (EI) ioniza-
tion has been used frequently for irritant identifi-
cation and the EI data for the common irritants,
2-chloroacetophenone, o-chlorobenzylidenemal-
ononitrile and dibenz[b, f]-1,4-0xazepin [9-14],
and related benzylidenemalononitriles [12,15]
have been reported.

However under an allegations of use scenario,
collected samples would typically be environ-
mental samples such as soil, water and air, or
man-made materials such as paint, concrete, and
munitions or munition fragments from the scene
of an attack. In many cases the samples taken
may have been exposed to rain, heat, sunlight or
wind, for days or weeks and much of the original
chemical warfare agent may have evaporated or
undergone degradation (e.g., hydrolysis of o-
chlorobenzylidenemalononitrile). This “weather-
ing” process makes identification of the chemical
warfare agent that much more difficult. The
levels of contamination could be extremely low
in these cases and require sophisticated methods
for the detection and identification of these
compounds in the presence of naturally occur-
ring chemical interferences. Similar difficult ana-
lytical situations could also be envisioned during
the analysis of forensic samples for irritants.

GC-MS, while generally accepted as the tech-
nique of choice for the confirmation of irritants,
has limitations in the presence of high levels of
chemical interferences. Tandem mass spec-
trometry offers considerable advantages over
traditional mass spectrometry under this

scenario, as it is a more specific and sensitive
technique for the identification and confirmation
of chemical warfare agents and related com-
pounds [16-21] in complex environmental sam-
ples [17-19]. Daughter spectra of lethal chemical
warfare agents have been published in these
papers, but they do not include tandem mass
spectrometric data for common irritants.

GC-MS/MS characterization of irritants was
investigated, since this technique may enable
selective identification of these compounds in
complex samples. This report summarizes the
daughter spectra obtained for the irritants, 1-
methoxycycloheptatriene,  2-chloroacetophen-
one, o-chlorobenzylidenemalononitrile and di-
benz[b,f]-1,4-oxazepin, during GC-MS/MS
analysis of these compounds and illustrates the
utility of GC-MS/MS for the specific identifica-
tion of 1-methoxycycloheptatriene in the pres-
ence of numerous interfering hydrocarbons col-
lected in a diesel exhaust environment.

2. Experimental
2.1. Samples

Four irritants, 1-methoxycycloheptatriene, 2-
chloroacetophenone, o-chlorobenzylidenemalo-
nonitrile and dibenz(b, f]-1,4-oxazepin were pro-
vided by the DRES Organic Chemistry Labora-
tory. Standard solutions containing the irritants
were prepared at the 10 and 0.2 ng/ul level in
dichloromethane for use during capillary column
GC-MS/MS analyses.

Air from a diesel exhaust environment was
sampled through a R51A charcoal chemical
cartridge (American Optical Corp., Southbridge,
MA, USA) for 2 h at a rate of 20 I/min. The
charcoal (50 g) was Soxhlet extracted overnight
with dichloromethane (250 ml) and concentrated
by nitrogen blowdown to 10 ml. 1-Methoxy-
cycloheptatriene was spiked into a portion of the
extract at the 0.5 ng/ul level to evaluate the
detection of an irritant in a complex environmen-
tal matrix, similar to what would be expected
during battlefield sampling in the presence of
diesel powered vehicles.
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2.2. Instrumental

Capillary column GC-MS/MS analyses were
performed with either a VG AUTOSPEC-Q or
VG-70SQ hybrid tandem mass spectrometer,
each of which was equipped with a Hewlett
Packard Model 5890 gas chromatograph. Either
a 15 mx0.32 mm ID DB-1701 or DB-5 J&W
capillary column (0.25 um film thickness) was
used for GC-MS/MS analyses with the following
temperature program: 40°C (2 min hold), 10°C/
min to 280°C (5 min hold). GC injections were
cool on-column using an injector of our own
design [2] with the AUTOSPEC-Q instrument
and were splitless with the VG-70SQ instrument.

EI-MS operating conditions were similar for
both mass spectrometers: source pressure, 3-
107° Torr (1 Torr=1.3-10*> Pa); source tem-
perature, 200°C; electron energy, 70 €V, electron
emission, 100 or 200 wA and accelerating volt-
age, 8 kV. CAD (collisional activated dissocia-
tion) cell conditions [CAD cell argon pressure of
8-9-10"7 Torr and an energy of 25 eV (labora-
tory scale)], based on the best compromise
between sensitivity and spectral content were
used for all daughter analyses [20,21]. This argon
pressure reduced the intensity of the per-
fluorokerosene ion at m/z 219 to 50% of its
intensity with residual air in the CAD cell. A
typical daughter spectra for m/z 219 at 30 eV
(with no detectable signal below 12 eV) under
this CAD cell condition follows:

Argon (50% reduction): m/z 219:m/z 131:
m/z 69=1:0.25:0.15

Daughter spectra were obtained under these
CAD cell conditions for the molecular and
principal EI fragmentation ions for each of the
four irritants during capillary column GC-MS/
MS analysis with the AUTOSPEC-Q instrument.
The quadrupole was operated at unit resolution
and scanned from 250 to 50 u at 0.7 s/scan and,
the sector resolution was set at 1000 (10% valley
definition). Daughter spectra for all four irritants
were obtained during each chromatographic
analysis (DB-1701 column) by monitoring for
1-methoxycycloheptatriene from 1:00 to 6:00
min, 2-chloroacetophenone from 6:00 to 12:00

min, o-chlorobenzylidenemalononitrile  from
12:00 to 14:00 min and dibenz[b, f]-1,4-oxazepin
from 14:00 and 17:00 min.

Similar GC-MS/MS conditions were em-
ployed with the VG-70SQ during multiple reac-
tion ion monitoring analyses of the diesel
exhaust extract and 1-methoxycycloheptatriene
spiked diesel exhaust extract. Both the m/z 122
to 107 and m/z 122 to 92 processes were alter-
nately monitored for 80 ms (20 ms delay) to
provide data from three characteristic 1-methox-
ycycloheptatriene ions, during chromatographic
analyses. '

A sector resolution of 10000 (10% valley
definition) was employed during high resolution
GC-MS analyses with the AUTOSPEC-Q in-
strument.

3. Results and discussion

Fig. 1 illustrates typical capillary column GC-
MS/MS chromatograms obtained during the
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Fig. 1. Capillary column GC-MS/MS chromatograms for
daughters of (a) m/z 122 [M" for 1-methoxycycloheptat-
riene. (1)}, (b) m/z 154 [M™ for 2-chloroacetophenone, (2)],
(c) m/z 188 [M™ for o-chlorobenzylidenemalononitrile,
(3)] and (d) m/z 195 [M"™ for dibenz[b,f]-1,4-0xazepin,
(4)]. [Time scale in minutes, DB-1701 column]
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analysis of a 10-ng standard containing the four
irritants, 1-methoxycycloheptatriene, 2-chloro-
acetophenone, o-chlorobenzylidenemalononitrile
and dibenz[b,f]-1,4-oxazepin with the DB-1701
column. Daughter spectra for the molecular ions
obtained during this analysis are illustrated in
Figs. 2a, 3a, 4a and Sa. The reproducibility of
the daughter spectra obtained were found to be
similar to that obtained for phosphate esters,
with the standard deviation of the daughter ion
relative intensities being approximately 30%
f21}.

Typical sensitivity of daughter detection was
evaluated by monitoring the molecular ion (m/z
195, EI relative intensity: 100%) of the highest
molecular mass irritant, dibenz[b,f]-1,4-0x-
azepin (Fig. 6). An interpretable daughter spec-
trum (inset in Fig. 6) was obtained for 100 pg of
dibenz[b, f]-1,4-oxazepin  (S/N>10:1).  This
spectrum contains two characteristic ions, and
while this may be satisfactory for the detection of
this compound for some applications, it should
be noted that confirmation under MS/MS con-
ditions requires the acquisition of a minimum of
three characteristic ions. To achieve this level of
certainty, acquisition of an additional daughter
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Fig. 2. Daughter spectra of (a) m/z 122, (b) m/z 107 and (c)
m/z 91 for 1-methoxycycloheptatriene.
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Fig. 3. Daughter spectra of (a) m/z 154, (b) m/z 105 and (c)
m/z 77 for 2-chloroacetophenone.
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Fig. 4. Daughter spectra of (a) m/z 188, (b) m/z 161 and (c)
m/z 153 for o-chlorobenzylidenemalononitrile.
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Fig. 5. Daughter spectra of (a) m/z 195, (b) m/z 167 and (¢)
m/z 139 for dibenz[b, f]-1,4-oxazepin.
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Fig. 6. Capillary column GC-MS/MS chromatogram for
daughters of (a) m/z 195 (M" for 100 pg of dibenz[b, f]-1,4-
oxazepin, [4]). Daughter spectrum obtained for 100 pg of
dibenz[b,f]-1,4-0xazepin inset on Figure. [Time scale in
minutes, DB-1701 column]

spectrum for another parent ion (e.g., m/z 167
or m/z 139) would be required.

Daughter sensitivity depends directly on the
relative abundance of the parent ion, as these
compounds have similar EI detection limits. As a
result, sensitivities would be similar for most of
the irritant ions monitored during daughter
study, with the exception of the molecular ion of
2-chloroacetophenone due to its very low EI
relative intensity (1.8%).

In general, an interpretable full scanning EI
mass spectrum may be acquired for 100 pg to 500
pg of chemical warfare agent, depending on the
compound, during capillary column GC-MS
analysis. Similar sensitivity has been observed
during daughter study and the following has
been noted. If an interpretable full scanning EI
mass spectrum can be acquired, then the analyst
can expect to acquire an interpretable daughter
spectra for the compound at the same level,
provided the parent ion has an EI relative
abundance above 25%.

Table 1 lists the EI ions monitored during the
acquisition of daughter spectra, their relative
intensity and the elemental composition of each
ion, as confirmed during high-resolution GC-MS
analysis. Figs. 2 to 5 illustrate typical daughter
spectra for the molecular and principal EI frag-
mentation ions of 1-methoxycycloheptatriene, 2-
chloroacetophenone, o-chlorobenzylidenemalo-
nonitrile and dibenz[b,f]-1,4-0xazepin, respec-
tively.

1-Methoxycycloheptatriene exhibits a molecu-
lar ion at m/z 122 and two higher mass frag-
mentation ions at m/z 107 and m/z 91 during
EI-MS operation. The molecular ion at m/z 122
fragments in the CAD cell to form daughter ions
at m/z 107, m/z 92, m/z 79 and m/z 77, due to
[M—-CH,]" and [M-CH,0]", [M—CH, -
CO]™ and [M-—CH,—-CH,O0]", respectively
(Fig. 2a). The EI fragmentation ion at m/z 107,
[M — CH,]", produced daughters at m/z 79 and
m/z 77 due to neutral loss CO and CH,O,
respectively (Fig. 2b). Only one daughter at m/z
65, due to neutral loss of C,H, was observed in
the daughter spectrum of m/z 91 (Fig. 2¢).

The EI mass spectrum of 2-chloroacetophe-
none contains a weak molecular ion (refer to
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Table 1
lons monitored during GC-MS/MS study

Irritant® EI mass EI mass Error % R.1S Composition
measured” calculated (mmu)
a) CH 122.0722 122.0732 -1.0 100 C,H,,0
107.0501 107.0497 +0.4 55 C,H,0
91.0536 91.0548 -1.2 70 C,H,
b) CN 154.0198 154.0185 +1.3 1.8 C,H,00l
105.0324 105.0340 - 1.6 100 C,H.0
77.0343 77.0391 —4.8 54 C,H;
¢) CS 188.0132 188.0141 -0.9 54 C,,H.N,Cl
161.0033 161.0032 +0.1 17 C,H,NCI
153.0457 153.0453 +0.4 100 C,,H.N,
d) CR 195.0709 195.0684 +25 100 C,;H,NO
167.0730 167.0735 -0.5 52 C,,H,N
139.0540 139.0548 -0.8 25 C,H

1 7

* CH = 1-methoxycycloheptatriene; CN = 2-chloroacetophenone; CS = o-chlorobenzylidenemalononitrile; CR = dibenz[b, f]-1,4-

oxazepin

" Obtained during GC-MS analysis at 10 000 resolution (10% valley definition).

 %Relative intensity.

Table 1) and two higher mass EI fragmentation
ions at m/z 105 and m/z 77. Daughters at m/z
105 and m/z 77, due to [M — CH,CI]" and [M —
CH,Cl - COJ", respectively, were observed dur-
ing GC-MS/MS analysis of the molecular ion at
m/z 154 (Fig. 3a). The EI fragmentation ion at
m/z 105 produced a single daughter ion at m/z
77 due to neutral loss of CO (Fig. 3b) and this
ion did not produce any significant daughter ions
(Fig. 3c).

o-Chlorobenzylidenemalononitrile, the most
commonly used irritant, contains a molecular ion
and two higher mass EI fragmentation ions at
m/z 161 and m/z 153. Significant daughter ions
due to loss of HCN and Cl, at m/z 161 and m/z
153, respectively, were observed in the daughter
spectrum of the o-chlorobenzylidenemalononi-
trile molecular ion at m/z 188 (Fig. 4a). Daugh-
ter ions at m/z 134 and m/z 126, due to loss of
HCN and Cl, respectively, were detected in the
daughter spectrum of m/z 161, [M— HCN]"
(Fig. 4b). An ion at m/z 126, due to loss of
HCN, was the principal daughter ion in the
spectrum acquired for [M—Cl]" at m/z 153
(Fig. 4c). Several minor daughter ions at m/z

137, m/z 126 and m/z 102, detected in the
acquired  daughter data  for  o-chloro-
benzylidenemalononitrile, were likely due to
C,H,NCIl, C,H,N and C,H,NCl, respectively.

The molecular ion of dibenz[b,f]-1,4-0x-
azepin, at m/z 195, and two higher mass EI
fragmentation ions (m/z 167 and m/z 139) were
investigated during GC-MS/MS operation. An
ion at m/z 167, due to loss of CO, was the
principal daughter in the spectrum acquired for
m/z 195 (Fig. 5a). The daughter spectrum of
m/z 167, due to [M — CO]"", exhibited a signifi-
cant daughter ion at m/z 140 due to neutral loss
of HCN (Fig. 5b). Two daughters at m/z 113 and
m/z 89, likely due [C,H,]" and [C,H,]" were
observed in the daughter spectrum of [C,;H,]"
at m/z 139 (Fig. 5¢).

Fig. 7 illustrates the capillary column GC-MS
chromatogram of the dichloromethane extract of
the collected diesel exhaust sample. This com-
plex extract, containing numerous hydrocarbons
(refer to Table 2), was selected to evaluate the
selectivity of GC-MS/MS, as it is typical of what
one might collect during battlefield sampling in
the presence dicsel powered vehicles. 1-Methox-
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Fig. 7. (a) Capillary column GC-MS total ion-current chromatogram (300 to 40 u) of the diesel exhaust extract (Numbers of
sample components are listed in Table 2). The expanded insert illustrates the expected retention time for 1-methoxycyclohepta-
triene (Each scan number represents about 0.6 s, DB-5 column). Reaction ion monitoring chromatograms for m/z 122 to 107
obtained during analysis of the (b) diesel exhaust extract and (c) the same diesel exhaust extract spiked at the 500 pg level with
1-methoxycycloheptatriene. Reaction ion monitoring chromatograms for m/z 122 to 92 obtained during analysis of the (d) diesel
exhaust extract and (e) the same diesel exhaust extract spiked at the 500 pg level with 1-methoxycycloheptatriene.
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Table 2
Major diesel exhaust extract components

Peak No.” Compound

1 Methyl benzene

2 C,-Substituted benzene
3 nC,-Alkane

45,7 C,-Substituted benzene
6 nC ,-Alkane

8 C,-Substituted benzene
9 nC,,-Alkane

10 nC,-Alkane

11 nC ;-Alkane

12 nC,-Alkane

13 nC . -Alkane

14 nC -Alkane

15 nC,,-Alkane

16 nC ,-Alkane

17 Sulfur (S,)

* Refer to Fig. 7.

ycycloheptatriene, at the apex of the hydrocar-
bon envelope, was selected to illustrate the
specificity of GC-MS/MS as it was completely
masked by chemical interferences and could not
be detected at the 5 ng spiked level during
GC~MS analysis under EI conditions.

Multiple reaction ion monitoring of m/z 122 to
107 and m/z 122 to 92 processes resulted in the
detection of 500 pg of 1-methoxycycloheptat-
riene with a S/N>10:1 in the presence of
numerous interfering hydrocarbons in the diesel
exhaust extract (Fig. 7). A minor interference
was observed for the m/z 122 to 107 process.
This contribution was likely due to loss of CH,
from a C,H,, ion in the diesel exhaust extract.
No interferences were detected for the m/z 122
to 92 process.

4. Conclusions

Daughter spectra were obtained for the molec-
ular and principal electron impact fragmentation
ions of four irritants, 1-methoxycycloheptatriene,
2-chloroacetophenone, o-chlorobenzylidene-
malononitrile and dibenz(b, f]-1,4-oxazepin, dur-
ing capillary column GC-MS/MS analysis. The
use of standardized collisional activated dissocia-

tion cell conditions resulted in the acquisition of
daughter spectra suitable for identification or
data-base generation purposes. Daughter oper-
ation detection limits of 100 pg (S/N > 10:1), for
the highest molecular mass irritant, dibenz[b,f]-
1,4-oxazepin, were obtained. This level of sen-
sitivity was approximately the same as that
routinely obtained for other chemical warfare
agents during capillary column GC-MS analysis
under electron impact ionization conditions. The
specificity of GC-MS/MS was demonstrated by
detection of 1-methoxycycloheptatriene in the
presence of numerous chemical interferences in
the diesel exhaust extract.

Tandem mass spectrometry may be used for
the acquisition of complementary daughter data
for the identification of irritants and other chemi-
cal warfare agents. Use of MS/MS data as well
as traditional MS data would increase the level
of confidence in the identification of irritants in
samples suspected to contain these compounds.
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