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For the first time, the use of a traditional ionization source
for ion mobility spectrometry (radioactive nickel (63Ni) g
emission ionization) and three alternative ionization sources
(electrospray ionization (ESI), secondary electrospray
ionization (SESI), and electrical discharge (corona) ioniza-
tion (CI)) were employed with an atmospheric pressure
ion mobility orthogonal reflector time-of-flight mass spec-
trometer (IM(tof)MS) to detect chemical warfare agent
(CWA) simulants from both aqueous- and gas-phase
samples. For liquid-phase samples, ESI was used as the
sample introduction and ionization method. For the
secondary ionization (SESI, Cl, and traditional 63Ni
ionization) of vapor-phase samples, two modes of sample
volatilization (heated capillary and thermal desorption
chamber) were investigated. Simulant reference materials,
which closely mimic the characteristic chemical structures
of CWA as defined and described by Schedule 1, 2, or 3
of the Chemical Warfare Convention treaty verification,
were used in this study. A mixture of four G/V-type nerve
simulants (dimethyl methylphosphonate, pinacolyl me-
thylphosphonate, diethyl phosphoramidate, and 2-(butyl-
amino)ethanethiol) and one S-type vesicant simulant (2-
chloroethyl ethyl sulfide) were found in each case (sample
ionization and introduction methods) to be clearly re-
solved using the IM(tof)MS method. In many cases,
reduced mobility constants (K,) were determined for the
first time. lon mobility drift times, flight times, relative
signal intensities, and fragmentation product signatures
for each of the CWA simulants are reported for each of
the methods investigated.

Research and development of novel analytical methods and
instrumentation have been an important focus point of chemical
warfare agents (CWA) since their introduction and throughout
their ongoing development. Moreover, since the international
implementation of the Chemical Weapons Convention (CWC)
treaty, which banned the development, production, acquisition,
retention, and direct or indirect transfer of chemical weapons, the
focus in recent years has shifted not only to the mandated
destruction of all chemical weapons held in reserve but also to
that of homeland security issues.! Complicating the issue, CWA

*To whom correspondence should be addressed. Tel: (509) 335-5648.
Fax: (509) 335-8867. E-mail: hhhill@wsu.edu.
T Present address: GE lon Track, 205 Lowell St., Wilmington, MA 01887.

6068 Analytical Chemistry, Vol. 75, No. 22, November 15, 2003

and weapons containing CWA (bombs, rockets, projectiles, mines)
are being transported to disposal facilities employing various
methods of destruction (typically incineration methods).2 However,
since the transportation of these CWA:-related materials poses
elevated risks of accidental exposure, especially in densely
populated areas, it is imperative to ensure that the integrity of
aqueous and gaseous resources relied upon by these civilian
populations® is not contaminated. Therefore, not only to comply
with the mandates established by the CWC treaty but also to
ensure domestic safety, this paper discusses a novel method for
the detection of CWA which significantly increases qualitative
capacity and decreases the potential for false positive responses.

Chemical warfare agents have been classified historically as
nerve, vesicant, or blood-borne agents. Under environmental
conditions, CWA are considered extremely reactive and possess
varying degrees of environmental lifetimes depending upon their
method of dissemination.* The nerve agents—Sarin (GB), Soman
(GD), Tabun (GA), and VX—all disrupt neurological regulation
within biological systems through the inhibition of acetyl cho-
linesterase.> The vesicant agents (also known as bifunction
alkylating agents) sulfur mustard gas (HD), lewisite (L), nitrogen
mustard gas (HN), and phosgene-oxime (CX) are the agents
typically responsible for blistering action.® Blood-borne agents—
such as prussic acid (AC) or cyanogen chloride (CK)—prevent
tissue utilization of oxygen by inhibition of cytochrome oxidase.’
Environment neutralization of these CWA typically involves the
degradation of the parent compound to yield various hydrolysis
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products.t~1° The G-type nerve agents—which include GB, GD,
and GA—rapidly hydrolyze to form various alkylphosphonic
acids.! V-type or VX nerve agents degrade to form alkylphos-
phonic acids, phosphonothioic acids, and various alkylaminoet-
hanol compounds.t? The common sulfur- and arsenic-containing
vesicants HD and L typically degrade to produce various thiodig-
lycols and vinylarsonous products, respectively.’® Blood-borne
agents such as AC initially hydrolyze to formamide and subse-
quently to ammonium formate; while CK readily hydrolyzes to
hydrogen chloride and unstable cyanic acid. The cyanic acid
further decomposes to carbon dioxide and ammonia.!4

CWA hydrolysis products have been found to exhibit a higher
degree of stability and persistence in the environment than their
corresponding parent agents.® Direct detection of these CWA
hydrolysis products has provided a convenient and indirect
detection method for the presence or past presence of CWA.
Hydrolysis products of CWA are typically polar and nonvolatile
in character, readily dissolving in agueous environments. A host
of analytical techniques in an assortment of forms—liquid chro-
matography (LC),!® gas chromatography (GC),6 ion chromatog-
raphy,'” capillary zone electrophoresis,’® mass spectrometry
(MS),'8 and ion mobility spectrometry (IMS)*—have been em-
ployed for the analysis of CWA with varying degrees of success.
For example, separation schemes employing aqueous mobile
phases such as high-performance liquid chromatography (HPLC)
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are well suited for the nonvolatile polar nature of CWA hydrolysis
product separation. However, analyte detection using traditional
HPLC detectors such as UV/fluorescence absorption/emission
is difficult as most CWA hydrolysis products lack prominent
chromophores. For this reason, analysis of CWA hydrolysis
products using HPLC has historically required chemical modifica-
tion to enable these compounds to be detected by fluorescence
spectroscopy.’® Chemical modification of this kind requires
extensive sample preparation and is comparatively expensive and
time-consuming.

Hyphenated instrumentation has shown to be particularly
advantageous in combining the complementary strengths of
individual analytical methods for the detection of CWA and related
products. Traditionally, the use of LC—MS for “nonvolatile” CWA
samples combines both dependable sample separation (via LC)
and adequate detection limits with unambiguous peak detection
(via MS). This technique is, however, limited temporally by the
comparatively slow mode of LC separation.?? For the analysis of
“volatile” CWA, the use of various forms of GC/MS has provided
an alternative approach to complement that of the liquid hyphen-
ated systems; however, even GC/MS types of techniques still
require minutes of analysis time.? It should also be noted that
various analysis methods using pyrolysis as a sample introduction
technique have been employed in tandem with both mass
spectrometry and ion mobility spectrometry; however, much of
this work has been focused on the detection of biological warfare
agents with a reduced emphasis on chemical warfare agents and
their hydrolysis products.?2 The recent development of an elec-
trospray ionization atmospheric pressure ion mobility spectrom-
eter interfaced to a orthogonal reflector time-of-flight mass
spectrometer (ESI-AP-IMS-TOFMS) has demonstrated rapid (<1
min) and sensitive (<100 ppb for most compounds tested)
analytical identification and quantification of aqueous degradation
products of Schedule 1, 2, or 3 toxic chemicals for the CWC treaty
verification.?? These Schedules outline a list of prohibited and
monitored chemicals for the purposes of implementing the CWC.
The development of the AP-IMS?* with resolving powers similar
to or better than that of typical HPLC separations has facilitated
ESI-AP-IMS-TOFMS to eliminate traditional chromatographic
separations all together and rely solely upon the rapid (millisecond
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Table 1. Active CWA and Some of Their Corresponding
Simulants

Active CWA Simulated CWA
Sarin (GB) Dimethyl methylphosphonate (DMMP)
o] o
CHaO_ll’—O{ CHy——P——0CH;
F OCH3
Soman (GD) Pinacolyl methylphosphonate (PMP)

o
|
CH;——P—o0

F OH

Tabun (GA)
o

/

CH;0——P—N

\

CN NH,

Diethyl phosphoramidate (DEPA)
o)

C,Hs0——P——0CHs5

VX 2-(Butylamino) ethanethiol (BAET)
.Y |
czHﬁo—ﬂ—s/\/ NW/ w7 N\
b
Sulfur Mustard (HD) 2-Chloroethyl ethylsulfide (CEES)

™S NS~

time scale) separation capabilities of the high-resolution AP-IMS
before mass spectrometric analysis.

Although rapid detection of CWA hydrolysis products has been
demonstrated with ESI-AP-IMS-TOFMS from aqueous environ-
ments, vapor detection of active CWA have not been investigated
with the AP-IMS-TOFMS instrument. Unfortunately analysis of
real CWA, having an elevated level of toxicity, requires facilities
that are commonly outside the scope of a collegiate setting.
Therefore, less toxic structural analogues that directly mimic or
imitate the actual CWA themselves were used to evaluate
instrumental response. The least toxic compounds, with structural
and chemical characteristics of some common CWA, are shown
in Table 1. Four of these simulants—dimethyl methylphosphonate
(DMMP), pinacolyl methylphosphonate (PMP), diethyl phospho-
ramidate (DEPA), and 2-(butylamino) ethanethiol (BAET)—are
used in the current study as nerve-related simulants for GB, GD,
GA, and VX, respectively. DMMP was chosen for use because of
the presence of a P—O—C bond that is typically found in both
GB and GD. Whereas, the structure of PMP is identical to that of
GD, except for the fluorine atom of the GD, which is substituted
by an OH group. DEPA contains a P—N bond found in GA.
Likewise, BAET possesses both C—S and C—N bonds that imitate
the radical of VX attached to the phosphorus atom. One of these
simulants—2-chloroethyl ethyl sulfide (CEES)—was used as a
vesicant-related simulant for HD, which is structurally identical
to that of CEES with the exception of a missing chloride atom.

This study explores the feasibility of using an atmospheric
pressure ion mobility spectrometer interfaced to an orthogonal
reflector time-of-flight mass spectrometer (IM(tof)MS) for the
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rapid detection of CWA simulants from both aqueous- and
gaseous-phase sample matrixes. Several novel modes of ionization
and sample introduction for the detection of CWA simulants were
investigated, including the following: (1) electrospray ionization
(ESI) introduction, (2) secondary electrospray ionization (SESI)
with thermal capillary introduction, (3) secondary electrical
discharge (corona) ionization (CI) with thermal capillary introduc-
tion, (4) secondary radioactive nickel (®3Ni) 8 emission ionization
with thermal capillary introduction, and (5) secondary Ni
ionization with thermal desorption capillary introduction.

EXPERIMENTAL SECTION
Chemicals and Solvents. The six CWA simulants (97%

DMMP, 97% PMP, 98% DEPA, 97% BAET, and 98% CEES) used
in this study were obtained from Sigma Aldrich Chemical Co. (St.
Louis, MO) and were used without further purification. These
compounds were used to make up analytical reference solutions
to simulate Schedule 1, 2, or 3 toxic chemicals or their precursors
as stated in the CWC verification and related annex.! Stock
solutions for these CWA simulants were prepared in ES ionization
solvent (47.5% water, 47.5% methanol, 5% acetic acid) at concentra-
tions of 1000 ug/mL. Further dilutions of these stock solutions
to 10 ug/mL mixtures depended upon the experiment. HPLC
grade solvents (water, methanol, acetic acid) were purchased from
J. T. Baker (Phillipsburgh, NJ).

Instrumentation. The IM(tof)MS instrument used in this
study was constructed at Washington State University where the
fundamental components (¢3Ni ionization source, ESI source, CI
source, AP-IMS drift tube, pressure interface, TOF m/z analyzer,
data acquisition system) and modes of operation have been
previously described in considerable detail.?2%* Thus, only ad-
ditional components (thermal capillary introduction, thermal
desorption capillary introduction, ceramic sample inlet ring) used
in this study are described here.

In the IM(tof)MS schematic shown in Figure 1, a KD Scientific
(New Hope, PA) 210 syringe pump (that maintained a solution
flow rate of 5 uL/min for each 1-min run) was used in conjunction
with a heated (200 °C) capillary (150-um outer diameter (0.d.)
and 75-um inner diameter (i.d.)) to introduce dissolved CWA
simulants into a ceramic sample inlet on the AP-IMS. The ceramic
sample inlet was constructed such that the fused-silica capillary
carrying the neutral sample of interest was transported directly
into the desolvation region of the AP-IMS tube (ceramic sample
inlet ring was placed 5 cm from the front of the AP-IMS target
screen).

Once in the desolvation region, neutral CWA simulants were
swept along via a countercurrent flow of preheated nitrogen drift
gas toward the target screen of the AP-IMS. Here secondary (ES,
8N, or corona) ionization of the neutral CWA simulants occurred.
lonized CWA simulants then drifted under a weak uniform electric
field (472 V/cm) through the two regions (desolvation (8.0 cm in
length) and drift (18.0 cm in length)) of the AP-IMS tube
(maintained at a temperature of 200 °C) toward the TOFMS. CWA
simulant ions that exit the AP-IMS drift tube (696 Torr) needed
to traverse a pressure interface (1.5 Torr) before they were
transported through a series of lenses into the TOFMS (4 x 1076
Torr) for analysis.

Similarly, the use of a thermal desorption chamber to generate
gas-phase CWA simulant neutrals was also explored and the
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Figure 1. Schematic diagram of the IM(tof)MS fitted with a liquid-phase ESI source. Vapor samples were introduced either directly through
a heated capillary or after thermal desorption. The heated capillaries were fitted to the IM(tof)MS via a ceramic inlet ring in the desolvation

region of the AP-IMS tube.

chamber fitted to a heated capillary to introduce these gaseous
analytes into the ceramic sample inlet of the AP-IMS. As shown
in Figure 1, the thermal desorption chamber was constructed of
a 4-cm-long by 2.5-cm-diameter copper tube that could be rapidly
heated to 200 °C in less than 1 min. CWA simulant sample
volumes of roughly 5 uL were placed onto a Teflon membrane
(typically used in commercial IMS systems) that could then be
inserted into the thermal desorption chamber for volatilization.
Dry nitrogen gas carried the volatilized samples from the thermal
desorption chamber to the desolvation region of the AP-IMS tube.

Acquisition of data for this experimental sequence consisted
of a timing mechanism that was composed of a real-time two-
dimensional matrix of simultaneous mobility drift and mass flight
times. lons were typically gated for 0.20 ms into the drift region
at a frequency of 20 Hz. This allowed for a maximum of 50 ms for
the AP-IMS mobility data to be acquired. The TOFMS extraction
frequency was set to 50 kHz, which provided a mass spectrum
that consisted of ions with flight times up to 20 us. Therefore,
within each 50-ms mobility time window there were effectively
2500 TOF extractions.

The AP-IMS ion gate, TOFMS extractor, and TOFMS time-
to-digital converter were all triggered by a personal computer-
based timing controller. Synchronization of this electronic hard-
ware was facilitated by the use of a dual Pentium Il workstation
running lonwerks? two-dimensional acquisition software. Experi-
mental data acquisitions were run in triplicate for a typical run
time of 1 min to provide adequate ion statistics. Once acquired,
spectral compilations of data were then exported into Research
Systems Noesys 2.4 Transform?” software for processing.

Calculations. For this discussion, the term drift time, tg, of
an ion in the AP-IMS drift tube is defined as the time required

(25) Steiner, W. E.; Clowers, B. H.; Fuhrerk, K.; Gonin, M.; Matz, L. M.; Siems,
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for ions to travel through the length of the drift cell space, L (in
cm) as given by

ty = L2/KV )

where the mobility of the ions, K (in cm?/V-s), is inversely related
to the potential drop, V (in V), they experience across the drift
region. To correct for varying environmental and experimental
conditions, it is practical to report ion drift times in terms of
reduced mobility constants (K,),%* which are defined by

R e

where L is the drift region length (18.0 cm), V is the drift voltage
(8510 V), T is the effective temperature in the drift region (200
°C), and P the pressure (~696 Torr). The term flight time, t;, in
the simplest sense of terms refers to the time required for ions
of mass, m, to traverse the length, I, from the high-voltage
extractor through the reflectron to the microchannel detection
plates in the TOFMS flight chamber as shown by

t, = (m/2eV)4 (3)

This is only approximate because flight times are sensitive to initial
conditions of kinetic energies and spatial distributions.

RESULTS AND DISCUSSION
Two modes of operation were possible with the IM(tof)MS

instrument: A liquid-phase mode and a vapor-phase mode. In the
liquid-phase mode, aqueous samples could be introduced directly
into the IM(tof)MS by electrospray ionization. In the vapor-phase
mode, gaseous samples could be introduced into the IM(tof)MS
either by direct thermal capillary introduction or by thermal
desorption capillary introduction from a filter where they have
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Table 2. CWA Simulant Values Investigated in This Study: lons, Masses, K, Values, and Relative Signal Intensities

secondary thermal

secondary thermal capillary desorption intensity®

simulated ions (M+N)"/ mass (Da)/ ESI % intensity® (RSD)° (RSD)¢
CWA Ko (lit. Ko)2 rel abund® Cl 63N B3N
DMMP (M+H)*/125/1.32 (1.30) 100.0 182.4 (5.52) 131.8 (2.57) 105.6 (3.85) 59.5 (4.46)
PMP (M+Na)*/203/1.26 (1.27) 21.0 29.4 (3.38) 19.6 (2.94) 12.2 (3.85) 5.4 (5.38)
(M+H—CgH12)*/97/1.73
100.0 53.2 (3.47) 38.9 (2.86) 26.4 (3.39) 12.8 (4.85)
DEPA (M+H)*/154/1.14 100.0 164.2 (4.39) 115.1 (3.70) 82.4 (3.94) 442 (4.72)
(M+H—-C;H4)"/126/1.14
(M+H—C4Hg)*/98/1.14
14.0 47.8 (3.24) 41.6 (3.03) 29.7 (3.68) 13.2 (4.35)
6.0 34.6 (3.64) 34.0 (4.38) 21.6 (3.96) 8.3 (3.82)
BAET (M+H)*/134/1.61 100.0 78.8 (3.58) 62.3 (2.94) 34.6 (3.26) 19.2 (3.98)
(M+2H—C,HsS)*/74/1.61
34.0 37.0 (3.27) 29.7 (3.13) 16.3 (3.52) 7.8 (3.87)
CEES (M+H,0-Cl)*/107/1.87 61.0 36.4 (3.37) 26.9 (2.45) 15.3 (3.41) 7.1 (4.26)
(M-Cl)*/89/2.04
(M—C;H4CI)*/61/2.04
100.0 62.1 (3.25) 51.2 (3.01) 26.6 (3.42) 13.5 (3.69)
28.0 27.8 (4.39) 20.8 (3.57) 11.2 (4.04) 5.9 (4.69)

a Traditionally used ESI literature K, values.!® P Normalized to the base peak intensity. ¢ Arbitrary signal intensity. ¢ Percent relative standard

deviation (RSD) for three experimental runs.

been trapped or deposited. All ions obtained in this study—with
corresponding masses, relative signal intensities, and reduced
mobility constants (K,) for both the nerve and vesicant CWA
simulant reference materials—are reported in Table 2 for each of
the ionization methods employed with these modes of operation.

Liquid-Phase Mode. A mixture ofstandard reference solu-
tions for each of the CWA simulants was prepared and electro-
sprayed into the IM(tof)MS instrument. Figure 2 shows the two-
dimensional (2-D) separation of a rapid acquisition (<1 min) of a
solution (10 ppm) containing all five CWA simulants. The CWA
simulants were identified as (1) the loss of a chloride from
2-chloroethyl ethyl sulfide to form (M-CI)*, (1a) the fragmented
loss of a neutral ethylene group from (M — CI)* to form (M —
C,H4CI)T, and (1b) the addition of a water to (M — CI)* to form
(M+H,0—-CI)*; (2) the hydrolysis product of pinacolyl meth-
ylphosphonate (M + H — C¢Hy,)*, (2a) pinacolyl methylphos-
phonate (M + Na)*; (3) 2-(butylamino)ethanethiol (M + H)*, (3a)
the loss of a fragmented neutral ethylenethiol group from
2-(butylamino)ethanethiol to form (M + 2H — C,HsS)*; (4)
dimethyl methylphosphonate (M + H)*; (5) diethyl phosphora-
midate (M + H)*, (5a) the first hydrolysis fragment product of
diethyl phosphoramidate (M + H — C,H,)*, (5b) the second
hydrolysis fragment product of diethyl phosphoramidate (M +
H — C4Hg)™, where the overall 2-D mobility/mass IM(tof)MS data
for all of the CWA simulants were acquired at once. This allowed
for the direct determination of ions, mobility drift, and mass flight
times produced from a single experimental run.

Although the rapid detection of these CWA simulants was
achieved in a single ion mobility spectrum, further examination
of Figure 2 showed that not only were many peaks present for a
given CWA simulant, but some were considerably more intense.
Analysis of both the AP-IMS mobility and TOFMS spectrums for
these peaks showed that, for a given CWA simulant, a dominant
peak could be assigned to possibly have one or more less
prominent fragmentation products associated with it at varying
peak intensities. For example, at a mobility drift time of 17.66 ms,
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Figure 2. ESI of a 10 ppm liquid-phase mixture containing all five
CWA simulants shown as a 2-D spectrum of mobility drift times and
mass-to-charge ratios. lons from the CWA simulants were identified
as (1) the loss of a chloride from 2-chloroethyl ethyl sulfide to form
(M — CI)*, (1a) the loss of a neutral ethylene group from (M — CI)*
to form (M — C,H4CI)*, and (1b) the addition of a water to (M — CI)*™
to form (M + HO — CI)*, (2) the hydrolysis product of pinacolyl
methylphosphonate (M + H — CgHi2)™, (2a) pinacolyl methylphos-
phonate (M + Na)™, (3) 2-(butylamino)ethanethiol (M + H)*, (3a) the
loss of a neutral ethylenethiol group from 2-(butylamino)ethanethiol
to form (M + 2H — C;HsS)*, (4) dimethyl methylphosphonate (M +
H)*, (5) diethyl phosphoramidate (M + H)*, (5a) the first hydrolysis
product of diethyl phosphoramidate (M + H — C,H4)™, and (5b) the
second hydrolysis product of diethyl phosphoramidate (M + H —
C4Hg)+.

the 154.0-Da DEPA parent ion, 5, was observed to be clearly
resolved from two fragment peaks 5a and 5b having m/z values
of 126.0 and 98.0, respectively. Peak 5a fragment had a relative
peak intensity abundance of 14.0% (as outlined in Table 2), when
compared to the intensity of the base peak of the parent ion, and
physically corresponded to the loss of a neutral ethylene group.
Peak 5b fragment had exhibited even less of a peak intensity of
6.0% corresponding to the loss of two ethylene groups. Another



example of this type of fragmentation was the 12.50-ms 134.0-Da
BAET parent ion, 3, having a fragment peak, 3a, with a intensity
of 34.0% of the parent ion peak, corresponding to the loss of an
ethylene thiol group.

Every peak, except 1b and 2a, shown in Figure 2 was either a
parent ion that did not undergo collision-induced dissociation
(CID) or a daughter fragment ion that was linked to its parent
precursor ion by identical mobility drift times. Because ions 1b
and 2a appeared at mobilities different from their parent ions, they
were formed during the ESI process rather than at the interface
by the CID process. In general, adduct ions were formed in the
ESI process while fragmentation ions were formed by the CID
process. These data effectively illustrated the use of IM(tof)MS
as a method for simultaneous structural analysis of CWA simulant
mixtures. Without AP-IMS separation of the parent ions, the mass
spectrum of the parent and daughter would be complex and
difficult to interpret. In addition, the comparison of the experi-
mentally determined reduced mobility constant (K,) values to
some of those found in the literature, as shown in Table 2, further
validated the use of the IM(tof)MS instrument for the accurate
identification of CWA simulants.?®

Vapor-Phase Mode. To date, the only method for introducing
samples into an IM(tof)MS instrument has been by ESI of aqueous
samples. In these experiments, vapor-phase samples were
introduced—via direct thermal capillary orthermal desorption
capillary introduction—into the IM(tof)MS between the ionization
region and the AP-IMS ion gate, as shown in Figure 1. The
ionization sources used for these experiments were based on
secondary gas-phase chemical ionization:*® (1) traditional ®Ni
ionization source commonly used with IMS, (2) electrical dis-
charge (corona) ionization source, which was often used to replace
the radioactive type of sources, and (3) the use of a unique
ionization source first developed by our laboratory based on the
concept of secondary electrospray ionization.

A. Secondary lonization of CWA Simulants (Thermal
Capillary Introduction). In these experiments, the three second-
ary ionization sources—SESI, Cl, and traditional ¢Ni ionization—
were used to ionize neutral vapor-phase CWA simulants in the
IM(tof)MS. Figure 3, shows a rapid (<1 min) acquisition of a 10
ppm mixture of DEPA and BAET. These CWA simulants are
shown by a combination of both the extracted (taken from the
original 2-D spectrum) mobility and mass spectrums. lons from
these CWA simulants were identified as (3) 2-(butylamino)-
ethanethiol (M + H)*, (3a) the loss of a neutral ethylenethiol
group from 2-(butylamino)ethanethiol to form (M + 2H —
C,HsS)™, (5) diethyl phosphoramidate (M + H)*, (5a) the first
hydrolysis product of diethyl phosphoramidate (M + H — C,H,)*,
and (5b) the second hydrolysis product of diethyl phosphor-
amidate (M + H — C4Hg)™, where the overall extracted mobility/
mass IM(tof)MS data for both DEPA and BAET simulants were
acquired at once. This made it possible to clearly determine the
arbitrary signal intensities, mobility drift times, and mass flight
times for each of the ions produced, thus allowing the direct
comparison between these values with the three types—SESI, Cl,
and traditional %3Ni ionization—of ionization sources.

When determining the applicability of using alternative sources
to monitor the presence of CWA simulants it was found that the
ion products were the same regardless of what ionization source

(ESI, SESI, Cl, traditional %Ni ionization) or sample delivery
method (i.e., capillary ESI introduction or thermal capillary
introduction) was employed. Both mobility drift times and mass
flight times matched the values shown in Table 2 for ESI. For
example, in Figure 3, the mobility/mass time of 17.66 ms/154.0
DA for the DEPA parent ion, 5, was observed to be clearly resolved
from two corresponding fragmentation peaks (5a and 5b at m/z
ratios of 126.0 and 98.0, respectively) for all three secondary
ionization sources (SESI, Cl, traditional ®Ni ionization). Even
though the rapid detection of these CWA simulants was achieved
in a single ion mobility and mass spectrum, it was still essential
not to overlook the importance of the combined 2-D mobility/
mass spectrum mode of the IM(tof)MS analysis and the additional
separation power it provided for the resolution of these mixtures.
Examination of Figure 3 illustrated the importance of the com-
bined 2-D mobhility/mass spectrum mode by plainly showing that
the mobility spectrum alone was able to clearly resolve the two
parent CWA simulant ions—5 (DEPA) and 3 (BAET)—from each
other; however, it was not able to differentiate their respective
fragmentation products 5a, 5b, and 3a.

The absolute intensities of the CWA simulants fluctuated
depending upon what ionization source was used, but the relative
intensities with respect to the base peak were same for each
ionization source. For example, the relative peak intensities of the
fragmentation products to the parent ions for DEPA and BAET
in Figure 3 were similar (0.79 4+ 0.036) for all three ionization
methods (SESI, ClI, traditional %Ni ionization). However, the
overall ion product signal intensity of DEPA and BAET with
respect to each secondary ionization mode changed markedly
from SESI to Cl to traditional Ni ionization. Here SESI exhibited
the greatest overall signal intensity of 176.4 for DEPA and 144.6
for BAET, followed by CI with a signal intensity of 114.3 for DEPA
and 85.2 for BAET, and with the traditional ®Ni ionization coming
in at the lowest with 84.5 for DEPA and 67.0 for BAET. Again, it
is important to note that all experimental conditions were exactly
the same for each ionization source. Moreover, the reference
DEPA and BAET CWA simulant solutions were run in triplicate
and repeated on three separated occasions producing values within
a 95% confidence level experimentally.

B. Secondary lonization of CWA Simulants (Thermal
Desorption Capillary Introduction). The thermal desorption
chamber, as shown in Figure 1, was used to volatize a mixture of
CWA simulants from a Teflon membrane. A 5-uL sample of the
10 ppm standard simulant solution was pipeted onto the Teflon
membrane, leaving 50 ng of each simulant on the Teflon
membrane after evaporation of the solvent. Under these experi-
mental conditions, a dry nitrogen gas flow carried the volatilized
samples from the Teflon membrane to the AP-IMS for ionization
via a heated fused-silica capillary tube. The use of traditional 53Ni
ionization to ionize the neutral gas-phase CWA simulants was
employed, even though—as shown by the results above—this
source showed the lowest signal intensity of the three sources
tested. The reason for implementation of the 6Ni source for this
part of the study was in part due to its widespread use in common
commercial ion mobility instruments. Although ®Ni traditionally
has been found to produce a lower ionization current (leading to
a lower relative ion intensity) than other available sources (such
as ESI, Cl, APCI, etc.),’® instrument manufacturers prefer the
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Figure 3. Secondary ionization (SESI, Cl, traditional 63Ni ionization) of a 10 ppm vapor-phase mixture of DEPA and BAET CWA simulants
shown as both mass and mobility spectrums. lons from these CWA simulants were identified as (3) 2-(butylamino)ethanethiol (M + H)*, (3a)
the loss of a neutral ethylenethiol group from 2-(butylamino)ethanethiol to form (M +2 H — C,HsS)™, (5) diethyl phosphoramidate (M + H)*, (5a)
the first hydrolysis product of diethyl phosphoramidate (M + H — C;H4)™, and (5b) the second hydrolysis product of diethyl phosphoramidate (M

+ H — C4Hg)*.

radioactive source because it does not require an external power
supply, has no electronic parts, needs minimal to no maintenance,
and provides a reproducible ion current.

Inspection of Figure 4 shows the rapid (<1 min) acquisition
of a DEPA and BAET CWA simulant mixture volatilized by
thermal desorption in both the 2-D spectrum mode and the
extracted mobility and mass modes. lons from these CWA
simulants were identified as (3) 2-(butylamino)ethanethiol (M +
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H)*, (3a) the loss of a neutral ethylenethiol group from 2-(butyl-
amino)ethanethiol to form (M + 2H — C,HsS)*, (5) diethyl
phosphoramidate (M + H)*, (5a) the first hydrolysis product of
diethyl phosphoramidate (M + H — C;H,)*, and (5b) the second
hydrolysis product of diethyl phosphoramidate (M + H — C4Hg)™,
where the overall 2-D spectrum and extracted mobility/mass IM-
(tof)MS data for both DEPA and BAET simulants were acquired
at once, permitting the simultaneous determination of mobility
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Figure 4. Traditional secondary ®3Ni ionization of a 10 ppm vapor-phase mixture of DEPA and BAET CWA simulants volatilized by thermal
desorption shown by both the 2-D mobility mass spectrum and extracted mobility mass spectrums. lons from these CWA simulants were identified
as (3) 2-(butylamino)ethanethiol ( M + H)*, (3a) the loss of a neutral ethylenethiol group from 2-(butylamino)ethanethiol to form (M + 2H —
C,HsS)™, (5) diethyl phosphoramidate (M + H)™, (5a) the first hydrolysis product of diethyl phosphoramidate (M + H — CyH,4)™, and (5b) the

second hydrolysis product of diethyl phosphoramidate (M + H — C4Hg)™.

drift times, flight times, relative signal intensities, and fragmenta-
tion product signatures for each of the CWA simulants analyzed.
It is important to note that the 2-D spectrum of this instrumental
mode of IM(tof)MS does provide peak intensities and is shown
as extracted mobility and mass spectrums for clarity to the reader.
Furthermore, the presence of what appears to be mobility tailing
of the DEPA and to a lesser degree BAET was due to AP-IMS
ion gate leakage. The voltage of the gate was set to close to the
ion cut off threshold.

With further evaluation of Figure 4, the ions for DEPA and
BAET CWA simulants were again found to have mobility drift and
mass flight times identical to those found in both the liquid-
(employing ESI ionization) and vapor-phase (utilizing SESI, Cl,
and traditional ®Ni ionizations via thermal capillary introduction)
studies. However, the arbitrary ion intensities of both DEPA and
BAET did fluctuate markedly when compared to the results obtain
in Figure 3. Overall, arbitrary signal intensities of 35.1 for DEPA

and 16.8 for BAET were considerably lower than those observed
for traditional ®Ni ionization utilizing thermal capillary introduction
(84.5 DEPA and 67.0 BAET). The reason for this was thought to
be directly related to the incomplete transport of the sample from
the thermal desorption chamber to that of the AP-IMS tube for a
give amount of sample per unit of time. For a sampling time of 1
min, as was the case for all experimental runs, there would be a
higher quantity of DEPA and BAET that produced a signal with
thermal capillary introduction, as shown in Figure 3, than there
would be if all of the 5-uL sample was not transported via the
setup used with thermal desorption capillary introduction. It is
important to reiterate that it was the overall relative intensities
that fluctuated and not the respective ratios of the fragmentation
products to their parent DEPA and BAET ion base peak intensi-
ties. This phenomenon indicated that the amount of sample
available to the source for ionization was the most influential factor
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governing ion signal and not the efficiency of the ionization source
itself.

CONCLUSIONS
The employment of IM(tof)MS has shown the capacity to be

used for both liquid- and vapor-phase samples with a variety of
ionization sources. Aqueous samples can be introduced directly
into the IM(tof)MS by ESI. Vapor-phase samples can be intro-
duced into the IM(tof)MS via a heated capillary transfer line or
by thermal desorption from a Teflon membrane where semivolatile
compounds have been trapped or deposited. Although the %Ni
ionization source is currently the ionization source of choice for
most commercial IMS instruments, both SESI and CI appear to
provide a higher level of sensitivity for CWA simulants. The main
advantage of IM(tof)MS as a whole over IMS or MS is that it
provides a rapid two-dimensional data acquisition spectrum that
couples the use of CID patterns that can be used to facilitate the
identity of a given chemical agent and reduced the number of
false positive responses. In addition to an added dimension of
separation, interfacing an IMS to a MS reduces chemical noise
and helps keep the high vacuum of the MS clean. As demonstrated
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in this study, IM(tof)MS has the capability to rapidly detect both
aqueous- and gaseous-phase CWA stimulant reference solutions
used for simulating the detection of Schedule 1, 2, or 3 toxic
chemicals or their precursors as stated by the CWC treaty
verification annex. While these studies were limited to chemical
warfare simulants, the analytical principles demonstrated in this
study are expected to be applicable to a wide range of compounds,
including the active chemical agents, explosives, environmental
toxins, toxic industrial compounds, and drugs of abuse.
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