
y COREView metad

er Connector 
Mass Spectral Behavior of the Hydrolysis
Products of Sesqui- and Oxy-Mustard Type
Chemical Warfare Agents in Atmospheric
Pressure Chemical Ionization

Sharon W. Lemire, Doris H. Ash, Rudolph C. Johnson, and John R. Barr
Division of Laboratory Sciences, National Center for Environmental Health, Centers for Disease Control and
Prevention, Atlanta, Georgia, USA

Bis(2-hydroxyethylthio)alkanes and bis(2-hydroxyethylthioalkyl)ethers are important biolog-
ical and environmental degradation products of sulfur mustard analogs known as sesqui- and
oxy-mustards. We used atmospheric pressure chemical ionization mass spectrometry (APCI
MS) to acquire characteristic spectra of these compounds in positive and negative ionization
modes. Positive APCI mass spectra exhibited [M � H]�; negative APCI MS generated [M �
O2]�, [M – H]�, and [M – 3H]�; and both positive and negative APCI mass spectra contained
fragment ions due to in-source collision-induced dissociation. Product ion scans confirmed the
origin of fragment ions observed in single-stage MS. Although the spectra of these compounds
were very similar, positive and negative APCI mass spectra of the oxy-mustard hydrolysis
product, bis(2-hydroxyethylthiomethyl)ether, differed from the spectra of the other com-
pounds in a manner that suggested a rearrangement to the sesqui-mustard hydrolysis product,
bis(2-hydroxyethylthio)methane. We evaluated the [M � O2]� adduct ion for quantification
via liquid chromatography-MS/MS in the multiple-reaction monitoring (MRM) mode by
constructing calibration curves from three precursor/product ion transitions for all the
analytes. Analytical figures of merit generated from the calibration curves indicated the
stability and suitability of these transitions for quantification at concentrations in the low
ng/mL range. Thus, we are the first to propose a quantitative method predicated on the
measurement of product ions generated from the superoxide adduct anion of the sesqui-and
oxy-mustard hydrolysis products. (J Am Soc Mass Spectrom 2007, 18, 1364–1374) © 2007
American Society for Mass Spectrometry
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Sulfur mustards are potent vesicants with a history
of use in armed conflicts as chemical warfare
agents (CWA) [1, 2]. Besides the commonly known

bis(2-chloroethyl)sulfide (HD), five sesqui- and two
oxy-mustard analogs are included on the Chemical
Weapons Convention (CWC) Schedule of Chemicals
[3]. These mustard analogs were first synthesized in
1921 [4] and may be found as impurities in munitions-
grade mustard formulations along with other longer
chain mustards and sulfur contaminants [5, 6]. More
specifically, the sesqui-mustard 1,2-bis(2-chloroethyl-
thio)ethane (Agent Q) and the oxy-mustard bis(2-chlo-
roethylthioethyl)ether (Agent T) are major components
in the weapons-grade munitions designated HQ and
HT, respectively [7]. As vesicants, these compounds are
two to five times more potent than HD [8] with esti-
mated human LC50-time relationships for inhalation
exposure of 300 mg-min/m3 (Agent Q) and 400 mg-
min/m3 (Agent T) [9] compared with 1500 mg-min/m3
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(HD) [10]. Thus, although the biological effects of
exposure to HQ and HT are similar to those observed
for HD, the presence of Agent Q or T increases the
activity of these mixtures [10]. Sesqui- and oxy-
mustards are a public health concern because of the risk
of exposure to personnel involved in the destruction of
chemical weapon stockpiles or to victims of a terrorist
or military attack involving these agents.

The biological fate of HD has been extensively stud-
ied [11–15] and three metabolic pathways: glutathione
conjugation followed by �-lyase metabolism, hydroly-
sis, and direct oxidation at the sulfur atom, have been
elucidated and are believed to be responsible for the
HD metabolites excreted in urine [13]. Likewise, envi-
ronmental degradation of HD has been well character-
ized [5, 16] and occurs primarily through hydrolysis to
form thiodiglycol (TDG) and oxidation to form sulfox-
ides and sulfones [17]. Although the fate of sesqui- and
oxy-mustards has not been as extensively studied [5,
10], these mustards are assumed to follow biological
[10] and environmental pathways similar to those of
HD [17, 18]. For example, D’Agostino and Provost

identified several hydrolysis products in hydrolyzed
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samples of HQ and HT [18] that included diols analo-
gous to TDG; and recently, St. Quintin et al. confirmed
the hydrolysis of sesqui-mustard analogs to their re-
spective diols using nuclear magnetic resonance spec-
troscopy [19]. Thus biological and environmental deg-
radation products of HD and the analogous sesqui- and
oxy-mustards include their corresponding diols TDG,
bis(2-hydroxyethylthio)alkanes (BHETAs) and bis(2-hy-
droxyethylthioalkyl)ethers (BHETAEs), respectively.

Until relatively recently, analyses of sulfur mustards
and their degradation products were performed by gas
chromatography (GC) coupled to various detectors,
such as flame-ionization [20] and mass spectrometry[7,
18, 21–23]. However, because mustard degradation
products are more polar and less volatile than the
parent CWA, analysis by GC often necessitated time-
consuming derivatization procedures that could possi-
bly increase the complexity of the sample matrix and
split the analyte signal among multiple reaction prod-
ucts. High-performance liquid chromatography-mass
spectrometry (HPLC-MS) is more suited to the direct
analysis of polar, nonvolatile compounds and reports
on the analysis of sulfur mustard degradation products
by this method occur in the recent literature for various
ionization sources. Thermospray ionization coupled to
HPLC was used in positive and negative ionization
modes and revealed a tendency of the HD metabolites
TDG, TDG sulfoxide (TDGSOX), and TDG sulfone
(TDGSON) to form dimers at high relative abundance
[24]. Not surprisingly, electrospray ionization (ESI) has
been extensively evaluated as a source of ionization for
sulfur mustard degradation products [6, 25–29]. Posi-
tive ESI MS at two cone voltages selected to maximize
molecular ion information and to provide fragmenta-
tion data resulted in low to moderately abundant [M �
H]� and [M � Na]� and a base peak due to [M � H –
H2O]� for TDG and TDGSON, [M � Na]� was the base
peak for TDGSOX [25]. Smith and Shih compared the
positive ion mass spectra of HD degradation products
from three different HPLC-MS interfaces: particle beam
electron impact ionization (PBI), ESI and atmospheric
pressure chemical ionization (APCI) [27]. Under the
conditions used for these studies, Smith et al. reported
PBI spectra similar to that obtained from GC-MS via
electron impact ionization in that the spectra lacked a
molecular ion, but contained abundant library-
searchable fragment ions; ESI and APCI resulted in [M
� H – H2O]� as the base peak for TDG, but no APCI
conditions could be found that would produce [M �
H]� [27]. Other work in HPLC-APCI MS by Black and
Read [30, 31] resulted in the development of rapid
screening methods for the analysis of degradation prod-
ucts of CWA, including those of HD. For TDG, these
researchers reported positive full scan mass spectra
consisting of a low intensity protonated molecular ion
and a base peak due to [M � H – H2O]�, and product
ion spectra of [M � H – H2O]� consisting of additional
product ions. The initial method was used to identify

HD degradation products in soil samples collected from
bomb craters in Iraq and in spiked water and soil
samples [30].

The aforementioned reports focused on TDG,
TDGSOX, and TDGSON, but D’Agostino et al. were the
first to investigate sesqui- and oxy-mustard degrada-
tion products by HPLC-ESI MS [6, 26, 28]. These re-
searchers developed a method to acquire positive ESI
mass spectra of the hydrolysis products of Agents Q
and T that were rich in both molecular and product ion
information by selecting conditions that promoted in-
source collision induced dissociation (CID). The result-
ant capillary HPLC-ESI MS method was then used to
identify these compounds in aqueous samples collected
from a former mustard destruction site [6]. Recently,
these researchers identified the same compounds in soil
extracts from a former mustard storage site using
high-resolution mass spectra acquired on a quadru-
pole/time-of-flight mass spectrometer [26, 28]. Most
recently, Tak et al. reported ESI MSn mass spectra
acquired in an ion trap for all five of the sesqui-
mustards listed on the CWC Schedule [29].

Most of the aforementioned methods produced
acceptable results for the analysis of environmental
samples at concentrations above 1 � g/mL [6, 25–29].
However, for biomonitoring purposes, a selective and
sensitive analytical method for the identification and
quantification of sesqui- and oxy-mustard hydrolysis
products at ultra trace levels (low ng/mL) in biolog-
ical matrices is needed. Towards this goal, our report
focuses on the mass spectral behavior of the total
hydrolysis products of these mustard analogs in
APCI MS. APCI offers certain advantages over ESI,
such as a lower susceptibility to chemical interfer-
ences [32] and ion suppression, better sensitivity due
to ionization efficiencies (approaching 100% for some
compounds) [32], ruggedness[31, 32], and reliability
[32]. APCI is also more suitable to typical chromato-
graphic flow rates and, thus, is capable of providing
increased sensitivity without the complications of
capillary HPLC. Additionally, negative ion mode
provides selective detection of analytes that form
anions [31] and often results in lower background for
biological samples [33]. To our knowledge, HD deg-
radation products are the only sulfur mustard degra-
dation products to have been analyzed by APCI MS
[27, 30, 31]. Positive ion APCI MS was used to
identify TDG in environmental samples and a detec-
tion limit of � 10 ng/mL was reported [30, 31]. No
reports on the APCI MS analysis of the hydrolysis
products of the sesqui- or oxy-mustard analogs listed
in the CWC Schedule were found in the literature. We
examined the mass spectral characteristics of the total
hydrolysis products of five sesqui- and two oxy-
mustards under positive and negative APCI condi-
tions and evaluated the gas-phase chemistry ob-
served in the source for use in a selective, sensitive

and rugged quantitative analytical method.
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Experimental

Materials

The sesqui-mustard hydrolysis products, bis(2-hy-
droxyethylthio)alkanes (1-5), and the oxy-mustard hy-
drolysis products, bis(2-hydroxyethylthioalkyl)ethers
(6, 7) were custom synthesized (Battelle Memorial In-
stitute, Columbus, OH and Cambridge Isotope Labora-
tories, Inc., Andover, MA) and are shown in Scheme 1
with their abbreviations. Single-analyte stock solutions
were dissolved in acetonitrile then diluted in water to
working concentrations of 8, 80, 800, 2000, and 8000 nM
(1.6, 16, 160, 400, and 1600 ng/mL for BHETPr) for use
in positive and negative ion experiments. All solvents
were HPLC grade and were used without further
purification.

Mass Spectral Analyses

APCI MS experiments were performed on an API 4000
triple quadrupole mass spectrometer (Applied Biosys-
tems, Foster City, CA). The APCI source conditions
were as follows: nebulizer current �5�A and decluster-
ing potential �23 V, for positive/negative ionization
modes, respectively; temperature 200 °C; and nebulizer
and curtain gas pressures at 70 and 12 psi, respectively.
The first quadrupole was operated at unit resolution
and scanned at 1 s/scan over a mass range of m/z 50 to
460. Negative APCI tandem mass spectrometry (MS/
MS) experiments were performed at collision energies
of �10 to �12 eV with the collision gas (nitrogen) set at
six arbitrary units for an average pressure reading of 2.9
� 0.1 � 10�5 torr on the vacuum gauge. The third
quadrupole was operated at unit resolution and
scanned at 1 s/scan over a mass range of m/z 70 to 325.
Full scan mass spectra of individual aqueous standards
were acquired by infusion into the mass spectrometer at
a rate of 200 �L/min using a syringe pump (Harvard
Apparatus, Holliston, MA).

Calibration curve standards were analyzed via LC-
MS/MS using an Agilent 1100 liquid chromatographic
system consisting of a binary pump, autosampler, col-
umn heater, and vacuum degasser (Agilent Technolo-
gies, Wilmington, DE) interfaced to an API 4000 mass
spectrometer. Individual calibrators were eluted from a
Luna C18 (2) 100 � 2.1 mm, 5 �m column (Phenome-
nex, Torrance, CA) with 60::40 water::methanol (water
contained 10% methanol to reduce bacterial growth) at
200 �L/min to obtain calibration curve data. Ten mi-
croliters of each calibrator (8, 80, 800, 2000, and 8000

Scheme 1
nM) were injected in duplicate and measured via neg-
ative APCI multiple-reaction monitoring (MRM). Neg-
ative APCI MRM data were collected for three precur-
sor/product ion transitions and provided data for
construction of three five-point calibration curves for
each analyte. Data generated from the calibration
curves were used to assess the suitability of negative
APCI MS/MS for biomonitoring purposes and to iden-
tify potential quantification and confirmation ions. A
preliminary gradient separation was achieved with
water plus 10% methanol (A) and methanol (B) as the
mobile phase. The gradient was started at 0% B and was
ramped to 25% B in 1 min, to 55% B from 1 to 3 min and
to 90% B from 3 to 5 min with a 10 min hold at 90% B
for column cleaning. The mobile phase was returned to
0% B for a 3 min equilibration before the next 10-�L
injection. The flow rate was 400 �L/min and the
column temperature was 45 °C.

Results and Discussion

Unambiguous identification and quantification of low-
mass compounds, such as the sesqui- and oxy-mustard
hydrolysis products (MW � 250 Da), at the ultra-trace
level in complex biological matrices, usually require
multiple separation steps that include sample prepara-
tion via solid-phase extraction, HPLC, and multi-stage
MS. Previous methods relied on in-source CID [6] for
production of the structurally significant fragment ions
needed for reliable identification of the analytes. Al-
though this approach may be sufficient for environmen-
tal samples, it is insufficient for complex biological
matrices that often retain low-mass interferences even
after multiple separation steps. To reduce the chemical
noise and effectively discriminate between the analytes
of interest and low-mass interferences, it is desirable to
use multi-stage MS, at a minimum of MS2 [34]. Ideally,
MS/MS allows measurement via MRM of a quantita-
tive transition and at least one confirmation transition
[34], thus improving selectivity as well as sensitivity.
Early experiments with ESI in our laboratory failed to
produce abundant molecular ions suitable for quantifi-
cation and confirmation by MRM. These results were
not unexpected because alcohols do not normally pro-
tonate or deprotonate extensively during the ESI or
APCI process [35]. Studies with oxygen have shown
that the superoxide anions (O2

�·) produced in APCI
associate with compounds containing acidic hydrogen
atoms through hydrogen bonding to produce [M �
O2]� as the major reaction product [36, 37]. Therefore,
aliphatic alcohols, such as BHETAs and BHETAEs,
typically exhibit [M � O2]� in negative chemical ion-
ization[36, 38]. Superoxide anions are readily produced
when oxygen is present in the carrier gas at levels as
low as 1 ppm [39 – 42].

Negative APCI Mass Spectra

Bis(2-hydroxyethylthio)alkanes. Negative APCI full scan

mass spectra of the BHETAs (Table 1) exhibited the
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superoxide adduct, [M � O2]�, the deprotonated mo-
lecular ions, [M – H]� and [M – 3H]�, and fragment
ions produced by in-source CID. Under the experimen-
tal conditions used here, [M � O2]� was the base peak
with abundances consistent with those reported by
Hunt et al. for aliphatic alcohols [36]. However, as the
source temperature was increased above 200 °C, the
intensities of [M � O2]� and [M – H]� decreased and
the intensities of lower mass fragment ions increased.
The origin of the fragment ions produced by in-source

Figure 1. Product ion spectrum of [M � O ]� o

Table 1. Ions observed in negative APCI full scan mass spectra
(BHETAs) and bis(2-hydroxyethylthioalkyl)ethers (BHETAEs) at

Compound MW
MS ions (% relative intensity)

base peaka
Prec

io

BHETAs

BHETM 168 200(100), 167(7), 165(3), 123(21),
121(19), 105(23), 77(48)

2

1
BHETE 182 214(100), 181(11), 179(11), 137(8),

135(8), 77(56)
2

1
BHETPr 196 228(100), 195(12), 193(11),

151(13), 149(8), 77(43)
2

1
BHETB 210 242(100), 209(13), 207(9), 165(8),

163(11), 77(47)
2

2
BHETPn 224 256(100), 223(31), 221(13),

179(12), 177(13), 77(48)
2

2
BHETAEs

BHETME 198 230(100), 200(20), 197(13),
123(24), 121(32), 105(36),
77(94)

2

2
1

BHETEE 226 258(100), 225(27), 223(14), 181(9),
179(7), 121(19), 77(61), 75(30)

2

2

aBold indicates base peak.
bBold and italic indicate precursor/product ion transitions measured vi
2

mass 196) obtained with the collision energy at �10 e
CID was confirmed by product ion scans of [M � O2]�,
[M – H]� and [M – 3H]�. These fragments (shown in
Figure 1 for BHETPr) may be attributed to the elimina-
tion of small neutral molecules such as [M � O2 –
HO2]� that results in [M – H]�. [M – H – C2H4O]� and
[M – H –S (CH2)nC2H4O]� may account for [M –
45]�and a common ion at m/z 77, respectively, where
“n” equals the number of methylene groups between
the sulfur atoms. In addition, a neutral loss of H2 from
[M – H]� could result in [M – 3H]�. Consequently, [M

2-hydroxyethylthio)propane (BHETPr, nominal

tandem mass spectra of bis(2-hydroxyethylthio)alkanes
e temperature 200 °C

r
Product ionsb (% relative intensity)

Collision
energy (eV)

200(100), 167(28), 149(2), 123(70), 77(2)
167(57), 149(100), 123(9), 105(15), 77(3)

-9

214(100), 181(36), 137(45), 77(19)
181(4), 137(1), 77(100)

-10

228(100), 195(17), 151(25), 77(3)
195(9), 77(100)

-10

242(100), 209(22), 165(19), 77(1)
209(91), 165(2), 77(100)

-10

256(100), 223(62), 179(32), 77(1)
223(100), 179(7), 77(75)

-12

230(100), 197(54), 179(3), 153(36), 123(13),
77(1)

200(100), 167(42), 149(5), 123(98), 77(3)
197(98), 179(100), 153(14), 135(33),

123(30), 105(17), 77(13)

-10

258(99), 225(100), 181(38), 121(62)

225(5), 121(100), 103(16), 77(1)
-12

ltiple-reaction monitoring for construction of calibration curves.
f bis(
and
sourc

urso
ns

00

67
14

81
28

95
42

09
56

23

30

00
97

58

25
V and collision gas (nitrogen) at 2.9 � 10�5 torr.
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– 3H – C2H4O]� could account for [M – 47]� present in
the MS and MS/MS spectra of [M – 3H]� and [M – 3H
– S(CH2)nC2H4O]� may account for m/z 75 observed in
the MS/MS spectra (not shown in Table 1). Product ion
scans also showed additional ions at m/z 149 and m/z
105 for BHETM that appear to be due to [M – H – H2O]�

and [M – H – H2O – C2H4O]�. The ion at m/z 105 was
present in both the in-source CID and product ion
spectra, however, analogous product ions were present
only at very low abundances for the other BHETAs.
Although these fragment ions may be rationalized in
terms of eliminations of small neutral molecules, the
resulting anion structures are unknown for molecules
with this many heteroatoms.

Bis(2-hydroxyethylthioalkyl)ethers. The oxy-mustard hy-
drolysis products, BHETAEs exhibited negative APCI
mass spectra (Table 1) that consisted of the base peak at
[M � O2]�, [M – H]�, and additional ions due to
in-source CID. In the case of BHETEE, the in-source CID
spectrum was similar to that of the analogous sesqui-
mustard hydrolysis product, BHETE, except that addi-
tional ions were observed in both the in-source CID and
product ion mass spectra of BHETEE (Figure 2). One
additional ion at m/z 121 is analogous to m/z 77 for the
BHETAs and likewise was attributed to a neutral loss of
[M – H – SC2H4OC2H4]�. This ion was present in the
in-source CID mass spectrum of BHETEE and was
confirmed by MS/MS of [M � O2]� and [M – H]�. An
ion at m/z 103 was only exhibited in product ion scans
and may be attributed to loss of water from m/z 121. A
common ion at m/z 77 was also observed for the

Figure 2. Product ion spectrum of [M � O
nominal mass 226) obtained with the collision en
10�5 torr.
BHETAEs and may be accounted for by [M – H –
OC2H4SC2H4OC2H4]�. These results are consistent with
the fragmentation patterns of the related BHETAs while
accounting for the additional (CH2)nO(CH2)n moiety of
the BHETAEs. As in the case of BHETAs, the fragment
ions may be accounted for by the loss of small neutral
molecules, but the resulting anion structures are
unknown.

In addition to [BHETME � O2]� at m/z 230, the
negative ion mass spectrum of BHETME exhibited an
ion at m/z 200 as well as other ions of the same m/z as
those present in the mass spectrum of the analogous
sesqui-mustard hydrolysis product BHETM (Table 1).
Furthermore, MS/MS of m/z 200 resulted in the same
product ions with similar relative intensities as those
observed in the MS/MS spectrum of [BHETM � O2]�

(Figure 3). In contrast, the product ion mass spectra of
m/z 230 and m/z 197 from BHETME exhibited ions
analogous to the product ions observed for m/z 200 and
m/z 167 from BHETM as well as product ions at the
same m/z as those from BHETM. BHETME product ions
at m/z 179, m/z 153 and m/z 135 may be accounted for by
[M – H – H2O]�, [M – H – C2H4O]� and [M – H – H2O
– C2H4O]�, respectively. These results suggest that m/z
200 may be attributed to [BHETM � O2]� derived from
BHETME. GC-MS data for BHETME acquired during
purity assessment of the synthesized compounds at
Battelle, led Battelle scientists to suggest that the mole-
cule may undergo a thermally activated intra-molecular
rearrangement with the elimination of formaldehyde
(30 Da) to form BHETM (Scheme 2) (George Emmett,
Battelle, business communication). Our observations

f bis(2-hydroxyethylthioethyl)ether (BHETEE,
at �12 eV and collision gas (nitrogen) at 2.9 �
2]� o
ergy
appear to support this suggested rearrangement.
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Positive APCI Mass Spectra

Bis(2-hydroxyethylthio)alkanes. Positive APCI full scan
mass spectra of the BHETAs (Table 2) consisted of the
protonated, [M � H]�, molecular ion and fragment ions
produced by in-source CID. Product ion mass spectra of
[M � H]� exhibited the same fragment ions as in-source
CID, thus confirming their origin. Fragments were
attributed to neutral losses such as [M � H – H2O]�, [M
� H – H2O – C2H4]� and [M � H – H2O – SC2H4]�.
Under the experimental conditions used, the base peak
for the shorter chain compounds BHETM and BHETE
was [M � H]�; and the base peak for the longer chain
compounds BHETPr, BHETB, and BHETPn was the
fragment ion [M � H – H2O – C2H4]�. Product ion scans
of [M � H – H2O – C2H4]� from BHETPr, BHETB and
BHETPn resulted in additional product ions that may
be accounted for by further neutral losses of C2H4O and
H2S. APCI MS and MS/MS spectra agree with MSn

Figure 3. Comparison of the relative intensitie
originating from negative APCI of bis(2-hydrox
ethylthiomethyl)ether (BHETME) as evidence of

Scheme 2. Proposed rearrangement of bis(2-hydroxyethylthiom-
ethyl)ether (BHETME) to bis(2-hydroxyethylthio)methane
(BHETM) through loss of formaldehyde (George Emmett, Battelle,

business communication).
spectra and fragmentation routes suggested by Tak et
al. [29].

Bis(2-hydroxyethylthioalkyl)ethers. Oxy-mustard hydro-
lysis product BHETEE exhibited a positive APCI mass
spectrum (Table 2) similar to that of the analogous
sesqui-mustard hydrolysis product BHETE. However,
for BHETEE, [M � H – H2O]� was the base peak. Both
in-source CID and product ion mass spectra of BHETEE
resulted in an additional ion at m/z 105 that may be
accounted for by [M � H – H2O – SC2H4OC2H4]�. As in
negative ion APCI, these results are consistent with the
fragmentation patterns of the related BHETAs while
accounting for the additional (CH2)nO(CH2)n moiety of
the BHETAEs.

The positive APCI mass spectrum (Table 2) of the
oxy-mustard hydrolysis product BHETME differed
from that of the other oxy- and sesqui-mustard hydro-
lysis products. Instead of the expected [M � H]� at m/z
199, BHETME exhibited a low intensity ion at m/z 181
due to [M � H – H2O]�. Lower mass ions were also
observed that exhibited the same m/z and similar rela-
tive intensities as ions observed in the mass spectrum of
the analogous sesqui-mustard hydrolysis product
BHETM. A product ion scan of the base peak of
BHETME at m/z 169 resulted in a spectrum similar to
that of m/z 169 from BHETM both in the product ions
observed and their relative intensities (Figure 4). These
results suggest that m/z 169 may be due to [M � H]� of
BHETM, accordingly, the ion at m/z 169 and the product
ions at m/z 151, m/z 123 and m/z 91 were assigned to [M
� H]� of BHETM derived from BHETME. This evi-
dence further suggests that BHETME may undergo an
intra-molecular rearrangement with the elimination of
formaldehyde to form BHETM as discussed under the

e product ions of the precursor ions at m/z 200
lthio)methane (BHETM) and of bis(2-hydroxy-

rangement.
s of th
yethy
negative ion results for BHETME.
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Evaluation of Superoxide Adduct for Quantitative
Analysis
Superoxide addition complexes formed through nu-
cleophilic attack by O2

�· are stable [37] and effectively
increase the molecular mass in a manner similar to
post-column derivatization. This mass shift could move
the analytes away from potential isobaric matrix inter-
ferences without the use of additional reagents that
could compete with the analytes for ionization. Solely
for the purpose of determining whether the superoxide
adduct would be stable and would provide a linear
calibration curve over our typical calibration range, we
acquired data over two days for five calibrants (8 nM,
80 nM, 800 nM, 2000 nM, and 8000 nM). Three ion

Figure 4. Comparison of the relative intensitie
originating from positive APCI of bis(2-hydrox

Table 2. Ions observed in positive APCI full scan mass spectra
(BHETAs) and bis(2-hydroxyethylthioalkyl)ethers (BHETAEs) at

Compound MW
MS Ions (Mean %relative

intensity) base peaka

BHETAs

BHETM 168 169(100), 151(33), 123(37), 91(18)
BHETE 182 183(100), 165(33), 137(15),

105(38)
BHETPr 196 197(50), 179(3), 151(100)

BHETB
@ 300 °C

210 211(28), 193(12), 165(100),
133(46)

BHETPn 224 225(30), 207(72), 179(100),
147(21)

BHETAEs

BHETME 198 181(18), 169(100), 151(38),
123(79), 91(21)

BHETEE
@ 300 °C

226 227(64), 209(100), 181(7), 149(9),
105(84)

aBold indicates base peak.
ethylthiomethyl)ether (BHETME) as evidence of rear
transitions of the precursor ion [M � O2]� that pro-
duced the highest masses and greatest relative abun-
dances were selected and measured via MRM. For
BHETAs and BHETME, the ions monitored were [M �
O2]�, [M � O2 – 33]�, and [M � O2 – 77]�; but for
BHETEE, the third product ion selected was [M � O2 –
137]� (Table 1). Calibration curves of observed peak
height versus expected concentration were constructed
from duplicate data points at each concentration level.
Separate calibration curves were produced from each of
the three transitions monitored on each day, resulting in
a total of six calibration curves per analyte. For all
analytes, linear regression analysis with 1/x weighting
produced linear (r2 � 0.9946) calibration curves for all

e product ions of the precursor ions at m/z 169
lthio)methane (BHETM) and of bis(2-hydroxy-

andem mass spectra of bis(2-hydroxyethylthio)alkanes
e temperature 200° C unless otherwise noted

cursor
ons

Product ions (%relative
intensity)

Collision
energy (eV)

169 169(10), 151(10), 123(3), 91(100) 9
183 183(3), 165(10), 137(22), 105(100) 10

197
151

197(1), 179(�1), 151(100), 119(3)
151(100), 107(7), 73(�1)

11

211
165

211(10), 193(2), 165(100), 133(25)
165(100), 121(22), 87(9)

10
15

225
179
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179(100), 135(1), 101(42)

12

181
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181(91), 91(100)
169(12), 151(11), 123(4), 91(100)
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209

227(5), 209(68), 181(20), 105(100)
209(100), 181(48), 149(2)
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transitions over at least two orders of magnitude (from
80 to 8000 nM) with relative standard errors of the
estimate (RSEE) of �10%. For BHETEE, the linear range
(RSEE � 15%) was extended to three orders of magni-
tude (from 8 to 8000 nM). The lowest calibrant (8 nM)
was not included in the calibration curves for the other
analytes because signals were less than three times the
signal-to-noise.

Analytical figures of merit for each calibrant were
estimated for each transition from the calibration curve
data. Accuracy of the calibrants was evaluated in terms
of the percentage of the mean calculated concentration
for four injections (n � 4) divided by the expected
concentration. Likewise, run-to-run precision of the
calibrants was evaluated by calculating the relative
standard deviation (RSD) of the calculated concentra-
tions (n � 4). Calibrants at 80, 800, 2000, and 8000 nM
(�15 to 1500 ng/mL) for all analytes, and at 8 nM (1.8
ng/mL) for BHETEE only were found to have individ-
ual accuracies between 89% and 113% and individual
run-to-run precision �15% RSD for all transitions. For
quantitative analysis at ultra-trace levels, these accura-
cies and precisions are considered acceptable [43]. Fig-
ures of merit were roughly estimated from a few
experiments rather than rigorously determined because
our only intent was to assess the feasibility of develop-
ing a quantitative mass spectrometry method predi-
cated on the superoxide adduct rather than to perform
a complete validation. Limitations of this report there-
fore include the low number of quantitative experi-
ments performed, the lack of internal standards and the
number and distribution of calibrants across a wide
dynamic range. Despite these limitations, all analytes
exhibited linear calibration curves and acceptable over-
all figures of merit for the 80, 800, 2000, and 8000 nM
(�15 to 1500 ng/mL) standard levels as calculated from
four-point calibration curves. Additionally, BHETEE
exhibited acceptable figures of merit for the 8 nM
standard level as calculated from linear five-point cali-
bration curves, thus extending the dynamic range to
three orders of magnitude for this analyte. Thus indi-
vidual figures of merit indicated the potential for a
quantification ion and two confirmation ions per ana-
lyte for concentrations at least as low as 80 nM (13 to 18
ng/mL) and 8 nM (1.8 ng/mL) for BHETEE. This result
illustrates the exceptional response of BHETEE com-
pared with the other analytes. For the purposes of this
report, the instrument limit of detection (LOD) and
limit of quantitation (LOQ) were calculated as 3S0 and
10S0, respectively, where S0 is “the value of the standard
deviation as the concentration approaches zero” [43]. S0

was estimated at 95% CL as the y-intercept of the linear
regression of the estimated standard deviations of three
calibrators versus their expected concentrations [43].
LODs based on S0 estimated from this method agree
with the experimental results in that the calculated
LODs are between the lowest calibrator that was accu-
rately measured and the lowest calibrator analyzed, but

not detected. For brevity, the data presented in Table 3
represents figures of merit for observations derived
from the product of four analyses and three precursor/
product ion transitions. BHETM and BHETEE, at their
lowest concentrations, show 11 rather than 12 observa-
tions because no peak was detected for one of the
transitions.

Individual standards were injected for the calibra-
tion curve data and chromatographed separately under
isocratic conditions. After the evaluation of the calibra-
tion curve data, a preliminary gradient elution was
developed on the same column. High aqueous content
in the initial mobile phase was necessary to sufficiently
retain the lower molecular weight analytes. Formic acid
could not be used in the mobile phase to improve peak
shape, because formic acid interfered with formation of
[M � O2]�. The slower gradient from 1 to 3 min was
necessary to adequately separate the BHETAEs from
BHETE and BHETPr so that competition for ionization
from closely eluting compounds would be minimized.
Figure 5 shows the extracted ion chromatograms of the
lowest intensity precursor/product ion pair at the low-
est concentration level (8 nM for BHETEE; 80 nM for all
other analytes) for each analyte. With the preliminary
gradient, the sesqui-mustard metabolites are well re-
solved (Rs � 2.5) from each other and the oxy-mustard
metabolites are baseline resolved (Rs � 1.5) from each
other. However, the oxy-mustard metabolites elute be-
tween BHETE and BHETPr, so that the resolution
between BHETE and BHETME is baseline (Rs � 1.6)
and the resolution between BHETEE and BHETPr is less
than baseline (Rs � 1.2). Further adjustment of the
gradient and other chromatographic parameters may be
necessary to adjust for matrix interferences in urine or
environmental samples.

Conclusions

Bis(2-hydroxyethylthio)alkanes (BHETAs) and bis(2-
hydroxyethylthioalkyl)ethers (BHETAEs) are impor-
tant environmental and biological markers of sesqui-
and oxy-mustard vesicants that are listed on the
Chemical Warfare Convention Schedule of Chemi-
cals. Although other researchers [6, 26, 28, 29] have
been able to quantify these compounds in positive
ESI MS to 1 �g/mL, early experiments in our labora-
tory using standard materials in this concentration
range resulted in [M � Na]� and [M � K]� ions of
greater relative abundances than [M � H]�. Such
adduct formation is generally observed more often in
ESI than in APCI, with alkali metal ions exhibiting a
strong affinity for oxygenated centers such as those in
alcohol groups [34]. Adduct formation is generally
undesirable because it reduces sensitivity by splitting
the analyte signal among multiple species and ad-
ducts are less amenable to MS/MS [27], often result-
ing in product ion spectra consisting mostly of the
adducted ion (i.e., Na� or K�). Because insufficient
fragmentation and poor reproducibility limit the use

of alkali metal adducts for quantitative purposes [34],
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we examined the more favorable ionization technique
of APCI in an effort to quantitate these compounds in
the low ng/mL range needed for biomonitoring
purposes. In the course of examining the ionization
characteristics of BHETAs and BHETAEs in positive
and negative APCI, the superoxide anion was ob-
served in negative ion APCI MS. We have shown that
this characteristic superoxide adduct ion, [M � O2]�,
is abundant and amenable to MS/MS, and that prod-
uct ion scans of [M � O2]� exhibit a sufficient number
of high-mass, high-intensity precursor/product ion
transitions for analysis by MRM. We have demon-
strated the stability and utility of the superoxide
anion for specific identification and quantification of
these compounds by establishing acceptable analyti-
cal figures of merit for three transitions. These char-
acteristics support quantification and render APCI
MS suitable for the development of a biomonitoring
method that will exploit the advantages of MS/MS.
The superoxide adduct ions are promising candidates
for the quantification of these analytes from the low

Table 3. Figures of merit for bis(2-hydroxyethylthio)alkanes (BH
standard levels. The results shown were averaged over three ion

Compound
No. of

observations

Expected
concentration

Measure
ng/mL [nM]

BHETM 11 13 [80]
12 130 [800]
12 325 [2000]
12 1300 [8000]

BHETE 12 15 [80]
12 150 [800]
12 375 [2000]
12 1500 [8000]

BHETPr 12 16 [80]
12 160 [800]
12 400 [2000]
12 1600 [8000]

BHETB 12 17 [80]
12 170 [800]
12 425 [2000]
12 1700 [8000]

BHETPn 12 18 [80]
12 180 [800]
12 450 [2000]
12 1800 [8000]

BHETME 12 16 [80]
12 160 [800]
12 400 [2000]
12 1600 [8000]

BHETEE 11 1.8 [8]
12 18 [80]
12 180 [800]
12 450 [2000]
12 1800 [8000]

aSee Table 1 for precursor/product ion transitions (in bold and italics) 
bRSD: relative standard deviation.
cRSEE: relative standard error of the estimate.
dLOD: calculated limit of detection.
ng/mL to 1800 ng/mL range and provide a quanti-
tation ion and at least one confirmation ion with
instrument detection limits between 2 and 16 ng/mL,
depending on the analyte. To our knowledge, we are
the first to propose a quantitative mass spectrometry
method predicated on the superoxide adduct anion
and, thus, the first to suggest APCI MS as a viable
alternative to ESI MS for the quantification of sesqui-
and oxy-mustard hydrolysis products.

Future work will address the development of an
HPLC isotope dilution negative APCI MS/MS method
based on superoxide adduct ions for the identification
and quantification of BHETAs and BHETAEs in urine.
The rearrangement of BHETME to BHETM should not
present any difficulty provided the compounds are
stable throughout the sample preparation procedure. A
sample concentration step should prevent extraction
losses from adversely affecting detection limits, and
isotope-dilution will further compensate for extrac-
tion losses and the inherent variability in ionization
efficiencies. Additionally, the use of appropriately
distributed calibrants and labeled internal standards

s) and bis(2-hydroxyethylthioalkyl)ethers (BHETAEs) at given
itionsa measured from duplicate injections on each of 2 days

ncentration,
L RSDb % Accuracy % RSEEc

LODd

ng/mL

4 6.8 111 4.4 10
9 7.4 92
5 3.1 97
9 2.6 101
5 5.0 100 2.8 8
3 4.2 102
5 3.8 97
6 1.5 101
7 10.7 109 3.2 10
7 13 92
2 2.9 98
0 1.8 101
7 4.0 97 3.6 7
0 3.9 106
0 3.1 96
6 2.0 100
9 5 105 5.6 9
2 6.5 96
5 9.4 99
1 3.3 101
5 9.0 96 4.1 14
8 6.8 99
6 4.6 106
6 1.7 99
1.9 7.5 108 8.1 4
6 7.9 91
0 6.9 100
5 4.5 101
6 5.5 100
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ETA
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1
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1
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should reduce the influence of higher calibrants on
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the calibration curves and improve the reported
figures of merit.
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