Talanta 235 (2021) 122788

Contents lists available at ScienceDirect

Talanta
journal homepage: www.elsevier.com/locate/talanta

Ultrasensitive detection of trace chemical warfare agent-related compounds
by thermal desorption associative ionization time-of-flight
mass spectrometry
Jingyun Huang a, b, Jinian Shu a, b, *, Bo Yang b, **, Yedong Guo b, Zuojian Zhang b, Kui Jiang b,
Zhen Li b
a

State Key Laboratory of Environment Simulation and Pollution Control, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing,
100085, China
b
National Engineering Laboratory for VOCs Pollution Control Material & Technology, University of Chinese Academy of Sciences, Beijing, 100049, China

A R T I C L E I N F O

A B S T R A C T

Keywords:
Chemical warfare agents
Organophosphorus pesticides
Chemical ionization
Excited-state CH2Cl2-induced associative
ionization
Mass spectrometry
Field application

A thermal desorption associative ionization time-of-flight mass spectrometer was developed for ultrasensitive
detection of semi-volatile chemical warfare agents (CWAs). The excited-state CH2Cl2-induced associative ioni
zation method presented a soft ionization characterization and an excellent sensitivity towards CWAs. The
detection sensitivities of the investigated nine CWA-related substances were 2.56 × 105–5.01 × 106 counts ng− 1
in a detection cycle (30 s or 100 s). The corresponding 3σ limits of detection (LODs) were 0.08–3.90 pg.
Compared with the best-documented LODs via the dielectric barrier discharge ionization (DBDI) and secondary
electrospray ionization (SESI), the obtained LODs of the investigated compounds were improved by 2–76 times.
Additionally, the measured sensitivity of 2-Chloroethyl ethyl, a proxy for mustard gas, is 550 counts pptv− 1,
which exceeds the DBDI and SESI’s corresponding values (4.4 counts pptv− 1 and 6.5 counts pptv− 1) nearly by
two orders of magnitude. A field application simulation was conducted by putting a strip of PTFE film
contaminated with the CWA-related agent into the thermal desorption unit. The simulation showed that the
sensitivities of the instrument via swipe surveying could achieve 2.19 × 105 to 5.23 × 106 counts ng− 1. The
experimental results demonstrate that the excited-state CH2Cl2-induced associative ionization is an ultrasensitive
ionization method for CWAs and reveal a prospect for improving the detection of CWA species future.

1. Introduction
Chemical warfare agents (CWAs) are highly hazardous and lethal
compounds. In general, CWAs are organized into several categories ac
cording to the physiological manner in which they affect the human
body [1]. Nerve agents (NAs) and blister agents are the main CWAs for
military equipment [2,3]. NAs, also known as organophosphorus agents,
are high toxic organophosphate compounds. Besides, organophosphorus
pesticides, which share the same vital functional groups with the nerve
agent, are the most widely used pesticides for crop protection [4]. Or
ganophosphates can disrupt chemical communication through the ner
vous system. For these reasons, NAs are considered the most nefarious

synthetic chemical derivatives [5–7]. The most representative NAs are
tabun (GA), sarin (GB), soman (GD), and O-ethyl S-(2-diisopropylami
noethyl) methylphosphonothioate (VX) [8]. Blister agents are a group of
compounds that can cause severe skin, eye, and mucosal irritation.
Mustard gas (HD) is the most typical blister agent and was known as the
“king of poisons” in World War I [9,10]. Compared with other con
ventional weapons, CWAs, toxic and lethal, can poison a large number of
human beings, leading to death or loss of mobility with a short exposure
time. Besides, CWA residues would pollute the ecological environment
due to their higher degrees of stability and persistence in the environ
ment than their corresponding parent agents [11–14]. For homeland
security, health protection, and ecological environment protection, the
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rapid, sensitive, and real-time detection of CWAs and their related
compounds in the environment and public places is the priority [12,15,
16].
Currently, there are many conventional detection techniques already
available to detect CWAs, including spectrophotometric methods [17],
capillary electrophoresis (CE) [18], chromatography [15,19], and
chromatography-mass spectrometry [20–23]. Gas chromatography-mass
spectrometry (GC-MS) is one of the most widely used analytical in
struments. Still, it is not suitable for real-time detection of CWAs due to the
need for a sample preparation step [24]. Terzic al [25]. presented direct
identification and quantitation of CWAs using a GC-MS-based analytical
method, and the limits of detection (LODs) reached 0.8–2.9 ng at a cycle
time of ~22 min. At present, many detection technologies have been used
to rapidly detect the CWA-related compounds, such as mass spectrometry
(MS) [26–28], ion mobility spectrometry (IMS) [3,29], and Raman spec
troscopy [30]. Mass spectrometry is a major method for chemical
composition analysis of substances via the mass-to-charge ratio of ions and
fragment ion pattern. With an appropriate ion source, mass spectrometry
can detect almost any gaseous substance. Petersson et al. [31] and Kas
sebacher et al. [32] presented real-time detection of CWA simulants using
a proton transfer reaction mass spectrometer (PTR-MS), which achieved a
LOD in the ppbv range and sensitivity in tens of cps ppbv− 1. In 2014, Wolf
et al. [33] reported so far the best LODs of CWAs obtained with capillary
dielectric barrier discharge plasma ionization (DBDI) and secondary
electrospray ionization (SESI) to detect CWAs, structurally related com
pounds, and degradation products, and the calculated LODs of both
methods were at low pptv levels. Dhummakupt et al. [34,35] reported the
application of paper spray ionization (PSI) to direct the analysis of aero
solized chemical warfare simulants. By applying low-pressure photoioni
zation, Syage et al. [36] and Sun et al. [37] detected CWA surrogate
compounds on aqueous or vapor samples with LODs of a few pg or pptv.
Associative ionization, a common gas-phase ionization phenomenon
occurring in nature, produces ions through the collision of neutral
molecules (excited or not excited). The process involves the formation of
new bonds [38]. Associative ionization is a typical reaction of flame ion
formation [39]. For example, CH + O → CHO+ + e‒ is a very efficient
ion generation channel during hydrocarbon combustion, which is also
the working principle of a flame ionization detector (FID) [40]. How
ever, this ionization has not been developed into an independent mass
spectrometric ionization technique to directly generate ions because of
the rarity of the available reaction pathway. Excited-state CH2Cl2-in
duced associative ionization is a newly developed ionization method in
recent years [41]. The ionization energy of CH2Cl2 is 11.33 eV, which
indicates that dichloromethane itself cannot be photoionized by the
~10 eV VUV light emitted from a krypton lamp. However, under a
specific circumstance, CH2Cl2 doped into a low-pressure photoioniza
tion ion source was capable of inducing tremendous proton transfer
reactions. Previous studies showed that the method exhibited an
excellent ability to protonate oxygen- or nitrogen-containing organic
compounds [42–45]. Especially for nitroaromatic compounds, ultrahigh
ionization efficiency of associative ionization up to 28 % was observed
[46]. The mechanism of this ionization phenomenon was suggested as
follows [47]:
CH2 Cl2 + hν→CH2 Cl∗2

(1)

CH2 Cl∗2 + H2 O→RC

(2)

RC + A→AH+ + CH2 O + HCl + Cl−

(3)

Because the structures of dimethyl methanephosphonate (DMMP),
diethyl ethanephosphonate (DEEP), diisopropyl methanephosphonate
(DIMP), and diethyl phosphoramidate (DEPA) are similar to G-series
nerve agents, they are commonly used to simulate G-series nerve agents.
Malathion was chosen to simulate V-series nerve agents due to its
comparable structure and physical properties. 2-Chloroethyl ethyl
(CEES) is a proxy for HD. Ethyl hydrogen methylphosphonate (EMPA)
and thiodiglycol (TDG) are the primary hydrolysis products of VX and
HD, respectively. Phoxim (PHX) is structurally related to some suspected
“new” nerve agents [33]. The structures of the intact CWAs and the
corresponding related substances investigated are available in Table S1.
In this study, the associative ionization mass spectra, sensitivities, and
LODs of nine CWA-related substances were investigated. An analysis of
simulated practical applications was also conducted.
2. Experimental section
2.1. Chemicals and gases
In this study, dichloromethane (99.9 %, J&K), DMMP (98 %+,
Adamas), DEEP (99 %+, Maya), DIMP (98 %, 3 A), DEPA (98 %, TCI),
malathion (98 %+, MCE), EMPA (98 %, Sigma), CEES (97 %, Aladdin),
TDG (98 %, TRC), and PHX (99 %, Aladdin) were used. High-purity
nitrogen (>99.999 %) and high-purity air (>99.999 %) were pur
chased from Beijing Haike Yuanchang Gas Co, Ltd. Krypton (5 %, v/v)
with helium as the balance gas was purchased from Beijing Huayuan Gas
Co, Ltd.
2.2. Sample preparation
For obtaining an extensive range of analyte amounts (0.1–10,000
ng), five concentrations of sample solutions (0.1, 1, 10, 100, and 1000
ng μL− 1) with CH2Cl2 as the solvent were prepared. The target sample
solutions were prepared separately. First, pure samples of target com
pounds were diluted to 10, 100, and 1000 ng μL− 1 with CH2Cl2 sepa
rately. Then, 10 and 100 ng μL− 1 solutions were further diluted at a ratio
of 1:100 with CH2Cl2. For each experiment, the total amount of solution
injected into the thermal desorption device was less than 20 μL.
2.3. Excited-state CH2Cl2-induced associative ionization coupled with
time-of-flight mass spectrometry
Fig. 1d shows the schematic diagram of the analytical instrument
used in this experiment. The device mainly consisted of an excited-state
CH2Cl2-induced associative ionization ion source and a laboratory-built
TOFMS, which has been described previously [48]. The associative
ionization ion source was mainly composed of a VUV lamp and a cy
lindrical cavity (6 mm i. d, 30 mm long). The cavity is served as an
associative ionization reaction zone. VUV light was generated via exci
tation of a rare gas (5 % krypton in helium) under ~350 Pa using a
13.56 MHz RF power supply running at 60 W. The lamp provided an
output of ~2 × 1014 photons s− 1 with energies of 10.0 (80 %) and 10.6
(20 %) eV. The pressure of the ionization zone was ~1300 Pa with a flow
rate of 2.9 cm3 s− 1. The ions ejected from the ion source were focused by
a group of electrostatic ion lenses connected to a V-shaped TOFMS with
a flight distance of 460 mm orthogonally. The mass resolution (m/△m)
of the TOFMS was ~300 at m/z 78. For avoiding damage to the ion
detector, two slits were put in the path of ion flight. A slit was placed at
the entrance, and another slit was placed at the exit of the TOF cavity to
physically reduce the signal intensity to 1 ‰ for all measuring events.
The data presented in this manuscript have been normalized using the
normal ion detection efficiency of the mass spectrometer.

where RC represents the reaction complex [H2 O − CH2 Cl+ − Cl− ] and A
represented analytical molecules. In this study, associative ionization
combined with thermal desorption time-of-flight mass spectrometry
(TDAI-TOFMS) was used to obtain the ultrasensitive detection and
quantification of CWA-related compounds.
For security reasons, CWAs are not available for research activity.

2.4. Thermal desorption unit
A schematic diagram of the TDAI-TOFMS is shown in Fig. 1d. The
2
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Fig. 1. Schematic flow diagram of the direct injection experiment (a), simulated field application (b), potential application (c), and schematic diagram of the excitedstate CH2Cl2-induced associative ionization ion source coupled with thermal desorption time-of-flight mass spectrometer (d).

thermal desorption unit consisted of a stainless steel cylinder (24 mm i.
d, 22 mm height) with a volume of approximately 10 mL, a metal
ceramic heater (48 mm diameter, 2 mm thickness), and a temperature
controller. The bottom of the stainless steel cylinder was attached to a
metal ceramic heater, and the top was sealed with a polytetrafluoro
ethylene (PTFE) sealing cover. The gasification temperature has a great
influence on the gasification efficiency, as well as the detection effi
ciency. The maximum working temperature of this thermal desorption
unit was 200 ◦ C. In this study, for DMMP, DEEP, DIMP, and CEES, the
heating temperature was ~70 ◦ C. Due to the low volatility of DEPA,
EMPS, TDG, malathion, and PHX, the heating temperature of the ther
mal desorption unit was ~160 ◦ C. The acquisition time for DMMP,
DEEP, DIMP, CEES, DEPA, and TDG was 30 s, and for other analytes was
100 s. The relative signal intensities of the nine CWA-related compounds
investigated with sampling time are described in the Supporting
Information.
A 60 L chamber was used to generate the carrier gas with a defined
CH2Cl2 concentration, as shown in Fig. 1d. The chamber was an openhead, stainless steel drum covered with a thin Teflon bag. To ensure
adequate mixing, a magnetic stirring fan was placed on the bottom of the
chamber. Two silicone rubber electric heating plates encircled the
calibration chamber to ensure that the inner temperature of the chamber
was maintained at ~30 ◦ C. Compressed carrier gas (high-purity nitrogen
or high-purity air) was introduced into the chamber via a regulator, and
an oil-free pump was used to manipulate the gas in the chamber.

photoionization in the absence of CH2Cl2, 0.3 μL pure liquid DMMP was
injected into the nitrogen-buffered chamber to generate the CH2Cl2 free
DMMP vapor. The CH2Cl2 dopant with concentrations ranging from 58.2
to 6.4 × 104 ppmv was prepared by injection afterward, with a specific
volume of DMMP calculated according to the chamber’s volume. The
acquisition time for each mass spectrum was 30 s.
To observe the influence of humidity on the detection efficiency,
relative humidities (RHs) of 20 %, 40 %, 60 %, 80 %, and 100 % were
prepared by injecting double distilled water (ddH2O) into the chamber,
which was monitored with a dewpoint monitor (Vaisala humicap,
HMM100). The concentration of CH2Cl2 in the chamber used in this
study was 5.2 × 104 ppmv.
3. Results and discussion
3.1. Influence of carrier gases
To investigate the influence of carrier gases on the detection effi
ciency of the excited-state CH2Cl2-induced associative ionization, the
mass spectra of DMMP, DEEP, DIMP, and CEES in the carrier gas of highpurity nitrogen and high-purity air were acquired, and the detailed in
formation is included in the Supporting Information. As shown in Fig. 2,
the signal intensities of protonated analytes in high-pure air are 75–89 %
compared with those in high-pure nitrogen. Previous studies have
speculated that the reaction is initiated by the photoexcitation of CH2Cl2
[47]. The oxygen in high-purity air would absorb a part of VUV light
leading to a reduction of the concentration of excited-state CH2Cl2 in the
photoionizer, which results in the decrease of ionization efficiencies for
analytes. Therefore, high-purity nitrogen was used as the carrier gas in
this study.

2.5. Signal enhancement observation and humidity influence observation
The signal enhancement by doping CH2Cl2 was observed using
DMMP as the representative analyte. To observe the VUV
3
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the formation of fragment ions. For the mass spectra of the G-series
nerve agents, the major accompanying mass peaks are the fragment ions
(M-CnH2n)H+, except for DMMP. The ions (M-CnH2n+1O)+ were
observed in the mass spectra of DMMP and malathion. For malathion,
dissociation of the S–C bond was observed, leaving a characteristic
fragment ion of (M-C2H6O2PS2)+ at m/z 173, which can be expected in
the corresponding V-series nerve agent because they all contain S–C
bonds. For CEES, a proxy for HD, the mass peaks at m/z 125 (for the 35Cl
isotope) and 127 (for the 37Cl isotope) are protonated MH+ molecular
ions, and mass peaks at m/z 63 and 65 were observed as the major
fragment ions ascribed to (M-C2H5S)+, and m/z 89 was assigned to (M −
Cl)+. For TDG, a direct hydrolysis product of HD, dehydration of the
protonated TDG ion (M − H2O)H+ and protonated water-TDG cluster M
(H2O)H+, were found.
The experimental results show that protonated molecular ion peaks
are the dominant mass peaks for all investigated compounds. The frag
mentation observed in the associative ionization mass spectrum was far
less than that in the electron impact ionization mass spectra. The frag
ment ion mass peaks of associative ionization are characteristic of the
molecular structure of the compounds, which could be used as markers
for chemical identification. The mass spectra of all CWAs-related com
pounds investigated, as well as the key characteristic ions and their
assignments, are available in the Supporting Information.

Fig. 2. Relative signal intensities of DMMP, DEEP, DIMP, and CEES in the
carrier gas of high-purity nitrogen and high-purity air, respectively.

3.2. Signal enhancement measurement
Doping CH2Cl2 during the low-pressure VUV photoionization process
showed an extremely efficient signal enhancement for CWAs. Fig. 3
exhibits the enhanced signal intensities of DMMP with increasing
CH2Cl2 doping. The x-axis of Fig. 3 shows the CH2Cl2 concentration in
the carrier gas. The datum point at x = 0 shown in Fig. 3 corresponds to
the VUV photoionization in the absence of CH2Cl2. Doping CH2Cl2
enhanced the signal intensities of DMMP by more than two orders of
magnitude compared to conventional VUV photoionization. This phe
nomenon is consistent with our previous observation of oxygenated
organic compounds [41,42,44]. Due to the large surface area of the
chamber’s inner wall, the most DMMP injected was adsorbed on the wall
of the chamber. The experimental results show that with an equal
injected amount of DMMP per volume, sampling from the chamber
generated an absolute signal intensity with one order of magnitude
lower than sampling from the desorption unit.

3.4. Sensitivities and LODs
The sensitivity calibration curves of the nine CWA-related com
pounds were acquired and shown in Fig. 5. For each compound, three
parallel experiments were conducted. The error bar represents the de
viation of triplicate measurements. The linear fitting results of the data,
the detection sensitivities, LODs, and limits of quantification (LOQs) are
summarized in Table 1. For all calibrations, 11 to 16 points covering a
concentration range of 2–3 orders of magnitude and three replicates
were measured. The linear relationships were obtained with correlation
coefficients (R2) ranging from 0.9942 to 0.9990 within the calibration
range. The detection sensitivities were equal to the slopes of the fitted
lines, which ranged from (2.56 ± 0.02) × 105 to (5.01 ± 0.09) × 106
counts ng− 1 in a detection cycle. The calculated LODs for the compounds
were calculated using the equation LOD = 3σ/sensitivity, and the
calculated LOQs can be calculated using the equation LOQ = 10σ/
sensitivity. The standard deviation of the noise (σ) value in the no-signal
region was measured to be 141 counts with a 30 s acquisition time and
333 counts with a 100 s acquisition time. The theoretical LODs and LOQs
of the CWA-relevant compounds investigated were calculated to be 0.08
± 0.00–3.90 ± 0.05 pg and 0.28 ± 0.01–13.00 ± 0.14 pg. For all sub
stances, the LODs and LOQs were in the low pg range, equal to a few ng
m− 3 or hundreds of ppqv, under laboratory conditions, which showed
the unique sensitivity of this method.
At present, there are only a few methods for rapid and sensitive
detection of CWAs and CWA-related compounds. GC-MS is a standard
method for the analysis of CWAs and CWA-related compounds. Intact
CWAs of GB, VX, and HD detection with GC-MS analysis in air/vapor
samples achieving LODs of 0.8 ng, 2.9 ng, and 0.9 ng, respectively [25].
In recent years ambient MS has been exploited for sensitive detection of
CWAs on-situ without sample preparation steps. By applying
low-temperature plasma mass spectrometry, the LODs of DMMP and
CEES achieved 5 pg and 5 ng, respectively [49]. The research of Ahmed
et al. [50] and Wolf et al. [33] showed that DBDI and SESI possess
excellent sensitivity to CWA-related compounds. For example, DMMP is
the most commonly used structural analogs of NAs, the LODs of which
achieved 0.41 pg for DBDI [50] and 1.1 pptv for SESI [33]. 2-Chlor
oethyl ethyl, a proxy for HD also known as “half mustard”, and the
LOD was ~60 pptv [33]. Overall, the sensitivity of HD-related com
pounds is much lower than NAs-related compounds. Table 2 lists the
better results obtained with DBDI or SESI reported by Wolf et al. [33]
and Ahmed et al. [50]. Compared with these results, the obtained LODs

3.3. Mass spectra of CWA-related compounds
Fig. 4 shows the excited-state CH2Cl2-induced associative ionization
mass spectra of 60 ng DMMP, 60 ng DEEP, 150 ng DIMP, 300 ng DEPA,
80 ng CEES, and 200 ng EMPA. Protonated molecular ion peaks were
observed for all investigated compounds. The associative ionization is an
exothermic reaction, and the excess reaction enthalpies usually lead to

Fig. 3. Signal intensities of DMMP vapor as a function of the CH2Cl2 concen
tration in the carrier gas.
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Fig. 4. Excited-state CH2Cl2-induced associative ionization mass spectra of 60 ng DMMP (a), 60 ng DEEP (b), 150 ng DIMP (c), 300 ng DEPA (d), 80 ng CEES (e), and
200 ng EMPA (f) in the carrier gas of high-pure nitrogen with 5.2 × 104 ppmv CH2Cl2.

of the investigated compounds in this study were improved by 2–76
times (See Table 2). Additionally, 2-Chloroethyl ethyl, the sensitivity
obtained in this experiment is 550 counts pptv− 1, which is much higher
than the sensitivities 4.4 counts pptv− 1 (DBDI) and 6.5 counts pptv− 1
(SESI).
3.5. Influence of humidity on the detection efficiency
To evaluate the influence of humidity on the signal intensities, the
relative signal intensities of the analytes as a function of RH were
measured, as shown in Fig. 6a-b. An interesting phenomenon is that the
relative signal intensity has a significant correlation with the polariz
ability of the analyte under high relative humidity in the carrier gas. The
polarizability of DMMP, EMPA, and TDG are relatively low compared
with DIMP, DEPA, DEEP, PHX, and malathion, and the relative signal
intensities of DMMP, EMPA, and TDG decreased with increasing RH and
gradually reached approximately 0.70, 0.50, and 0.60 as the RH
approached saturation. As the RH was varied, the relative signal in
tensities of DIMP, DEPA, DEEP, PHX, and malathion fluctuated in the
range of 0.85–1.15. However, the RH had a dramatic influence on CEES,
whose relative signal intensities decreased to 0.05 at 100 % RH. One
possible reason is that CEES would hydrolyze when the RH is high. The
relationship between polarizabilities and the relative signal intensities
are available in the Supporting Information. The experimental results
reveal that this method is suited for the direct detection and quantifi
cation of nerve agents. Since humidity has a distinct effect on the
detection efficiency of the compounds with low polarizabilities, a

Fig. 5. The sensitivity calibration curves of the nine CWA-related compounds
investigated.
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Table 1
The sensitivities and LODs of CWA-related compounds measured by TDAI-TOFMS.
Compounds

Calibration range (ng)

DMMP
DEEP
DIMP
CEES
DEPA
TDG
EMPA
PHX
Malathion

0.5–70
0.5–150
0.5–300
0.1–50
2–300
2–400
150–1500
100–3500
10–4500

Sensitivities (counts ng− 1)

Number of calibration points
12
14
16
16
14
14
11
14
15

(5.01 ±
(1.41 ±
(9.69 ±
(1.14 ±
(1.26 ±
(1.22 ±
(8.04 ±
(2.56 ±
(3.74 ±

0.09) ×
0.02) ×
0.11) ×
0.02) ×
0.02) ×
0.02) ×
0.14) ×
0.02) ×
0.04) ×

6

10
106
105
106
106
106
105
105
105

R2

LODs (pg)

LOQs (pg)

0.9967
0.9978
0.9982
0.9942
0.9950
0.9974
0.9972
0.9990
0.9986

0.08 ± 0.00
0.30 ± 0.01
0.44 ± 0.01
0.37 ± 0.01
0.34 ± 0.01
0.35 ± 0.01
1.24 ± 0.03
3.90 ± 0.05
2.68 ± 0.04

0.28 ± 0.01
1.00 ± 0.02
1.46 ± 0.02
1.24 ± 0.04
1.13 ± 0.04
1.16 ± 0.02
4.14 ± 0.10
13.00 ± 0.14
8.91 ± 0.13

NOTE: LODs: the limits of detection; LOQs: the limits of quantity.

passes, beverages, human skin, horticultural leaves, fruits, vegetables,
etc.) [26]. Wipe sampling is used in many applications where trace re
sides must be collected, such as the analysis of explosives, CWAs, and
contraband items at airport security checkpoints. To explore the feasi
bility of TDAI-TOFMS for the analysis of real samples, a simulation
experiment was conducted with strips of PTFE film doped with the
compounds investigated. As shown schematically in Fig. 1b, a certain
amount of target compounds was injected on one side of the swab, and
the swab was placed into the stainless steel cylinder. Then, the cylinder
was sealed with a sealing cover. The temperature of the thermal
desorption unit was maintained at ~180 ◦ C. Table 3 shows the signal
intensities of compounds investigated at different amounts on the swab,
the standard deviation of three parallel experiments, and the predicted
sensitivity. The sensitivities achieved (2.19 ± 0.17) × 105 to (5.23 ±
0.33) × 106 counts ng− 1, which is competitive with the sensitivity of the
direct injection of the liquid sample. In other words, this method proved
to be suited for the ultrasensitive detection of CWAs and their related
compounds.

Table 2
The comparison of the LODs and sensitivities of this study with the better ones
from DBDI and SESI.
Compounds
DMMP
DEEP
DIMP
CEES
DEPA
TDG
EMPA
PHX
Malathion

Sensitivities (counts pptv− 1)

LODs
This study

DBDI/SESI

This study

DBDI/SESI [32]

0.08 pg
0.46 pptv
0.62 pptv
0.77 pptv
0.57 pptv
0.73 pptv
0.77 pptv
1.01 pptv
0.63 pptv

0.41 pg (D) [49]
5 pptv (D) [32]
3.9 pptv (S) [32]
58.4 pptv (D) [32]
1.4 pptv (D) [32]
7.6 pptv (S) [32]
/
2.2 pptv (D) [32]
3.5 pptv (S) [32]

2411
912
677
550
746
577
1291
989
1597

345 (D)
8368 (D)
3403 (S)
6.5 (S)
8248 (D)
230 (S)
/
5679 (D)
20,629 (D)

NOTE: LODs: the limits of detection; DBDI: dielectric barrier discharge ioniza
tion; SESI: secondary electrospray ionization. D and S in the brackets stand for
DBDI and SESI, respectively; The data were referred to Ref [33,50].

4. Conclusions
This study demonstrated the ultrasensitive detection of trace CWArelated compounds and their hydrolysis products by TDAI-TOFMS.
The obtained associative ionization mass spectrum shows that the pro
tonated molecular ion mass peak is dominant. The new associative
ionization technique exhibited ultrahigh sensitivity towards CWArelated compounds, and the linear dynamic range covered 2 to 3 or
ders of magnitude. The sensitivities ranged from (2.56 ± 0.02) × 105 to
(5.01 ± 0.09) × 106 counts ng− 1 in a detection cycle of 30 s or 100 s. For
Table 3
Measurement results of CWA-related components in the simulation of the field
application.

Fig. 6. Relative signal intensities of the CWA-relevant compounds as a function
of the relative humidity of the carrier gas.

Compounds

Amount
(ng)

Signal
intensities
(counts)

Relative
standard
deviation
(RSD)

Predicted
sensitivities
(counts ng− 1)

DMMP

30

1.57 × 108

6.31 %

DEEP

50

6.34 × 107

6.78 %

50

4.61 × 10

7

8.06 %

7

12.83 %

(5.23
106
(1.27
106
(9.21
105
(1.04
106
(1.14
106
(1.21
106
(6.15
105
(2.19
105
(3.25
105

DIMP

dehumidification unit in the sampling system is necessary when the
method is applied to quantify airborne species.
3.6. Simulated field application and potential application
Most CWAs are liquid at ambient temperature, which poses a liquid
contact hazard. Samples contaminated with CWAs generally include
munitions or munition fragments, the environment (such as air, water,
soil, etc.), and the surface of objects (such as luggage, clothing, boarding
6

DEPA

50

5.19 × 10

CEES

50

5.69 × 107

3.88 %
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