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Abstract. Direct analysis in real time mass spec-
trometry (DART-MS) was used to analyze an
array of explosives including nitro-based explo-
sives, peroxide explosives, and energetic hetero-
cyclic compounds with different DART discharge
gases (helium, argon, and nitrogen). Profound
analyte oxidation was observed for particular
compounds (TNT (9) and 2, 4-DNT (10)), whose
mass spectra were completely dominated by the
oxidation products when nitrogen was substituted

for helium in DART analysis. This interesting phenomenon suggested that a highly oxidative environment
provided by N, DART ion source. A possible mechanism involved in nitrogen DART was proposed which may
help further understanding the different chemistry involved in the ionization process. This work also presents a
thermal desorption DART (TD-DART) configuration that can enable rapid, specific analysis of explosives from
swipes. The screening of swipes with three different compositions (fiberglass, Hybond N* membrane, and filter
paper) showed that fiberglass swipe has the best performance which was then used for the subsequent TD-
DART analysis. A direct comparison of TD-DART with traditional DART demonstrated that TD-DART indeed
gives better response than traditional DART (provided that the distance between the DART source and mass
spectrometer is the same) and will have wider applications than traditional DART.
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Introduction

In recent years, explosive materials have been widely
employed for various military applications and civilian con-
flicts; their use for hostile purposes has increased considerably.
There is an ever-increasing need for rapid and specific identi-
fication of explosives to support forensic science and security
applications. Mass spectrometry (MS) and ion mobility spec-
trometry (IMS) are effective tools to detect explosives [1-4].
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IMS has been the conventional technique employed for these
applications. Although rapid and reliable, there is an increasing
interest in improving the specificity of IMS-based methods.
Compared with IMS, MS technique has versatility and accura-
cy to identify the explosives being the most powerful tool for
explosive investigations. Moreover, MS can be applied with
different ionization methods such as electron ionization (EI)/
chemical ionization (CI) [5-8], electrospray ionization (ESI)
[9, 10], atmospheric pressure chemical ionization (APCI) [11,
12], desorption electrospray ionization (DESI) [13, 14], direct
analysis in real time (DART) [15-18], and atmospheric pres-
sure photoionization (APPI) [19]. Among all the ionization
methods in MS, DART has demonstrated itself as one of the
best methods to detect hundreds of chemicals including
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explosives due to the advantages of high-throughput, fast, and
real-time analysis with minimal sample preparation.

DART is an ambient ionization method that is based on the
interactions of excited-state atoms or molecules with analyte
and atmospheric gases [15, 20]. Although this technique has
been developed with noble gases as the most common DART
gases, the ionization mechanism involved in nitrogen DART
was not well understood. Nitrogen has a number of long-lived
vibronic excited states, the maximum energy available for
Penning ionization by N,* is given as 11.5 eV [21]. The
ionization energies (IE) of ambient gases, including nitrogen,
water, oxygen, ammonia, and nitric oxide are 15.6, 12.6, 12.1,
10.0, and 9.3 eV, respectively [22]. Consequently, water cluster
ions should not be present in the background mass spectra of
N, DART. However, protonated water, O, ", and other reactive
species can be observed in the background mass spectrum with
nitrogen DART gas [23, 24], in which the formation mecha-
nism of such species remains unclear.

Herein we present our systematic study of analysis of a
series of explosives including nitro based explosives (i.e.,
TNT (9), RDX (11), and HMX (12)), peroxide explosives
(i.e., HMTD (7) and TATP (8)), and energetic heterocyclic
compounds (i.e., tetrazole-1, 5-diamine (1)) as a test case to
probe the unique feature of N, DART with comparison to
helium and argon DART in order to gain insights into the
ionization mechanism of N, DART, which helps further un-
derstanding the chemistry involved in the ionization process.
This work also shows that TD-DART can enable rapid and
specific analysis of explosives from swipes. A direct compar-
ison of TD-DART with traditional DART was made to com-
pare the signal response for the same analyte.

Experimental
Materials and Sample Preparation

Methanol and acetonitrile (HPLC grade) were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used for sample
dilution. Compounds 1-6 and 9—10 were kindly provided by
the State Key Laboratory of Explosion Science and Technolo-
gy, Beijing Institute of Technology. Compounds 7-8 and 11—
14 were purchased as solutions from AccuStandard Inc. (New
Haven, CT, USA) at a concentration of 1 mg/mL or 0.1 mg/
mL, in either methanol or acetonitrile, and further diluted in
methanol as required. 1 mg mL™" stock solutions of 1-6 in
methanol and 9-10 in acetonitrile were prepared. Individual
standards and standards mixtures were prepared by diluting the
stock solutions with methanol to a final concentration. Fiber-
glass swipe, Hybond N" membrane, and filter paper were
purchased from DSA Detection (North Andover, MA, USA),
GE Healthcare Bioscience (Buckinghamshire, UK), and
Whatman (Piscataway, NJ, USA), respectively. These mem-
branes were cut into thin strips (with 10 X 5 mm in length X
width) before use.
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DART-MS Experiments

The mass spectrometric analysis was conducted with a DART
ion source (IonSense, Saugus, MA, USA) coupled to Agilent
6520 Q-TOF mass spectrometer by a Vapur® hydrodynamic-
assist interface (IonSense, Saugus, MA, USA). Unless other-
wise noted, the distance from the DART source and the sam-
pling orifice of Agilent 6520 Q-TOF is 1.0 cm. The DART
source was operated with helium, argon, or nitrogen for anal-
ysis and nitrogen in the standby mode. Gas temperature was
optimized to 350 °C (positive ion mode) and 300 °C (negative
ion mode). Gas flow rate was set to 1.5 L min'. Grid electrode
voltages were set to 250 V (positive ion mode) and — 250 V
(negative ion mode), respectively. Mass spectra were acquired
from m/z 50 to m/z 400. Vcap, 3500 V; skimmer, 65 V; OCT
R, 750 V; drying and nebulizer gas, N»; nebulizer, 0 psi;
drying gas flow, 1 L min"'; drying gas temperature, 300 °C.
Compounds 1-14 were measured under their optimal activator
voltages (which is referred to the voltage applied between the
sampling capillary and the skimmer in the ion optical module in
front of the mass analyzer). Samples were analyzed by pipet-
ting 2 puL of solutions onto the sealed end of melting tube,
allowed to dry, and the tube was then suspended in the DART
gas stream. For the membrane screening, 2 pL of sample
solution was dropped onto different membrane, allowed to
dry, and the membrane was then inserted in-between the
DART source and mass spectrometer for analysis. All data
were collected and processed using MassHunter (Agilent Tech-
nologies (China) Co., Ltd.) workstation software.

TD-DART-MS Experiments

The thermal desorber was configured between the DART and
the entrance of mass spectrometer. Thermal desorption temper-
ature up to 350 °C were controlled using an external tempera-
ture controller. Two microliter of sample solution was depos-
ited onto the swabs. After evaporation of solvent, the swabs
were inserted into the thermal desorber which was heated at
various desorption temperatures. Heated vapors containing
desorbed materials were orthogonally evacuated and drawn
into the DART gas stream for ionization using a negative
pressure system.

Results and Discussion

A total of 14 explosives (Figure 1), including 6 nitro explo-
sives, 2 peroxide explosives, and 6 energetic heterocyclic com-
pounds, were analyzed using DART ionization source in both
positive-ion and negative-ion modes. First of all, the following
important instrumental parameters were optimized in order to
get the highest signal intensity. Figure 2 shows the distance
effect on the signal intensity by plotting the absolute ion
abundance of protonated molecule [M + H]" for compound 6
against L; (distance between DART source and sample) and L,
(distance between DART source to the sampling orifice of
mass spectrometer), respectively. It was found that the intensity
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of protonated molecule [M + H]" tends to decrease first and
then increase gradually with an increase of L; when fixing L, =
8 cm, showing dual maxima at L; = 0.5 cm and 7.0 cm,
respectively (Figure 2a). This curvature indicates that sample
needs to be close either to the ion source or to the mass analyzer
(which can facilitate the ionization/thermal desorption of sam-
ple and the extraction of the ions to the mass spectrometer) in
order to achieve the highest signal intensity. By keeping L; =
0.5 cm, the intensity of [M + H]" dramatically decreases as L,
increases as expected (Figure 2b). Also, we use compounds 6
and 10 as examples to illustrate the impact of activator voltage
on the signal intensity of molecular ions in the positive- and
negative-ion mass spectra (Figure S1 in the supporting infor-
mation). It can be clearly seen from Figure S1 that severe
hydrated, protonated molecular ions [M + H + nH,0]" (n >
2) as well as the protonated dimeric ion [2 M + H]", indicating
strong inter- and intramolecular hydrogen bonds formed be-
tween this type of molecule and water and within themselves,
were found at low activator voltages and however, they are
noticeably decreased with increase of activator voltage from
160 to 200 V for compound 6 (Figure Sla in the supporting
information). For compound 10, the intensity of molecular
anion [M-H] increased with increasing the activator voltage
from 80 to 160 V (not shown), but dropped down substantially
when raising the voltage above 160 V accompanied with the
fragment ion [M-NO] jumping to be the base peak
(Figure S1b in the supporting information).

Comparison of Mass Spectra Obtained by Ar--
DART, He-DART, and N»-DART

Next, we are going to explore the DART gas effect on the
detection of explosives. Three working gases, helium (He),
argon (Ar), and nitrogen (N,) were used for the study.
Helium is popularly used in DART-MS as it theoretically
gives the best sensitivity. Although the DART ionization
mechanisms are not yet fully understood, it was proposed
that in the positive ion (PI) mode, metastable helium atoms
(2°S electronic excited state atoms with an internal energy
of 19.8 ¢V) induce Penning ionization of ambient water in
the open air, generating protonated water clusters, mostly
Hs0,", which further ionize analytes through chemical
reactions [25]. In the negative ion (NI) mode, it was
proposed that thermal electrons generated from the colli-
sion between electrons and gas molecules in the open air
undergo electron capture by atmospheric oxygen to gener-
ate O, ', which further ionizes analytes through chemical
reactions [16]. The molecular ions are usually present as
[M + H]", M", [M — H]", and/or [M + NH,4]" in the PI
mode and M™ and [M — H] in the NI mode. Helium has
successfully been replaced by argon as the DART gas in
order to provide softer ionization. However, the lower
internal energy of metastable argon P, and °P, states
(11.55 and 11.72 eV, respectively) cannot ionize water,
which in turn results in poor sensitivity. The application
of dopant-assisted Ar-DART on the selective ionization of
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melamine [26], polycyclic aromatic hydrocarbons (PAHs)
[27], and a variety of labile compounds such as nucleo-
sides, alkaloids and glucoses [28] demonstrated that 1-2
orders of magnitude increase in detection signals. In this
work, we also show the use of dopant (5% chlorobenzene)
in the identification of 9 and 10 ([M-H] at m/z 227 for 9
and m/z 182 for 10) can greatly increase the sensitivity by
several times in Ar-DART (Figure S2 in the supporting
information). Except for the sensitivity, Ar-DART mass
spectra are identical with He-DART spectra for all com-
pounds under study.

Nitrogen, inexpensive and readily available, has been only
used as the DART discharge gas occasionally [23, 29-35]
although the inventors of DART did suggest nitrogen as an
alternative to helium and argon as the DART discharge gas, but
little data was published to promote the application of N,
DART. Cody et al. [15] indicated that N, DART primarily
produces vibronically excited—state nitrogen molecules. Theo-
retically, N, DART should have lower ionization efficiency but
less in source fragmentation than He DART because internal
energies of metastable N, (three major metastable states A>Z, "
(6.16 eV), E3Z‘.g+ (11.9 eV), and all'[g (8.5 eV) [21] are much
lower than that of metastable helium atom. This was confirmed
by our comparative study using three DART gases
(Figures S3-S5 in the supporting information). Similar, but
different—sensitivity DART mass spectra (helium, argon,
and nitrogen) were obtained for the 12 explosives (not includ-
ing 9 and 10), in which the dominating ions are [M + H]" and
[2M + H]" for 1-6; [M + H]" and [M + NH,]" for 7 and 8; [M
+ NO,J, or [M + NOs] for 11-14, respectively.

More interestingly, the N, DART mass spectra of 9 and 10
showed noteworthy difference between N, DART and helium
(and argon) DART (Figure 3), in which a range of oxidation
products (trinitrophenol (TNP) and 2, 4-dinitro-6-
hydroxybenzaldehyde for 9; dinitrophenol (DNP); and 2, 4-
dinitrobenzoic acid for 10) are present, indicating that the
molecular anions produced in the N, DART source were so
vulnerable (they are completely absent in the corresponding
spectra) that they readily underwent extensive oxidation reac-
tions presumably triggered by trace oxidative species, i.e.,
hydroxyl radical which might be generated at the initial stage
of ionization [23, 35]: No*/N* + NH; — No/N+ NH; ™ + ¢ (as
No*/N* > IE (NH3)); NH;™ + H,O — HO"™ + NH,4" (as PA
(NH3)>PA (HO")). The as-formed HO" radicals participated in
the oxidation of 9 and 10 through multiple steps to form the
main oxidation products TNP and DNP [36], identified as
[TNP-H] (m/z 228, base peak) and [DNP-H] (m/z 183, base
peak), and further oxidation products (shown at m/z 211),
respectively. The tandem mass spectra of the major oxidation
products of 9 and 10 were given in the Figure S6 in the
supporting information. It should be noted that the isomeric,
further oxidation products at the same m/z 211 of 9 and 10 may
have different structures, which were assigned as 2, 4-dinitro-6-
hydroxybenzaldehyde for 9 and 2, 4-dinitrobenzoic acid for 10,
respectively, based on the comparison of their spectra with
those reported in the literature [36, 37]. These preliminary
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Figure 1. The structure of explosives under the study

results suggest that deprotonation by O, may play a great role
in the negative ion formation by nitrogen DART. The oxidation
mechanisms of 9 and 10 were proposed in Figure 4, inspired by
the oxidation mechanism of neutral 9 [38]. We also analyzed
the analogous compounds of 9 and 10 (i.e., nitrobenzene and o-
, p-, m-nitrotoluene) by N, DART and surprisingly found out
that (1) identical DART mass spectra with different gases (He,
Ar, and N,) were given (Figure S7 in the supporting informa-
tion); (2) the change of detection ion polarity for negative to
positive modes in nitrogen DART implied a different electron
distribution of 9 and 10 from their analogues: the electron

(a)

1= Li=! Sample
— 8em —
(b)
Sampl
0.5 cm pe /
~

< MS

(HMX, 12) Pentaerythrite tetranitrate (PETN, 13) Nitroglycerin (NG, 14)

MW: 316.01 MW: 227.00

absorption of the nitro groups and their conjugation with ben-
zene ring greatly reduces the electron density around the ben-
zene ring and thus making the attached methyl group in 9 and
10 weakly acidic. Except for the abovementioned major ions in
the N, DART spectra of 9 and 10, some common ions, i.e., [M-
NOJ (m/z 197.0191) for 9; [M + O-H] (m/z 197.0229), [M-
CH;] (m/z 167.0102) for 10, were observed in the N,, helium,
and argon DART mass spectra. It was speculated that the
complexity of N, DART mass spectra arising from complex
oxidation reactions for some molecules could be the reason that
restricts N, DART from wide applications.
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Figure 2. The effect of distances, (a) L (from sample to the DART source) and (b) L, (from the DART source to the sampling orifice of
mass spectrometer), on the absolute intensity of [M + H]* for compound 6 at a concentration of 50 ppm
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Figure 3. The negative-ion helium, argon and nitrogen DART mass spectra of (@) TNT and (b) 2, 4-DNT. The concentrations of
analytes were 100 ppm in helium DART and nitrogen DART and 1000 ppm in argon DART, respectively. The highest peak in each
mass spectrum is normalized to 100%, and the normalization level (NL) is indicated in the spectra
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Figure 5. Comparison of helium DART mass spectra of mixtures consisting of 14 explosives in (a) positive and (b) negative modes
using sampling swipes of different composition (fiberglass, Hybond N* membrane and filter paper). Typical adducts or fragments of
each identifiable explosive were listed in the lower part of the figure. Note that multiple peaks were assigned to a single compound for

some cases, i.e., 9, 9' and 9” were three abundant ions ((M-H]", [M-NOTJ, and [M + O]) belonging to TNT, respectively

Rapid Detection of Explosives Using TD-DART
and a Comparative Study Using Traditional DART
and TD-DART

There are limitations for the conventional DART configura-
tion, one is the ionization/desorption efficiency is unknown and
uncontrolled; the other is the traditional ways of sampling are
impractical for rapid and selective analysis. There are several
ways to enhance desorption/ionization efficiency so that stron-
ger signals could be acquired. Laser can definitely help to
improve the desorption efficiency. Liu et al [39] has utilized
three-wavelength laser (IR, visible, and UV laser) in the novel
plasma assisted multiwavelength (1064, 532, and 355 nm) laser
desorption ionization mass spectrometry (PAMLDI-MS) sys-
tem to provide broad possibilities for the compound desorption

from the TLC plate used for mixture separation. The experi-
mental results clearly showed that the introduction of laser has
greatly improved the sensitivity and spatial resolution of the
existing DART-MS method in which only a plasma-based
ionization technique is involved. Heating is another cost-
effective choice to facilitate the desorption process. Xu et al
[40] reported an aerodynamic-assisted thermo desorption mass
spectrometry method developed for the direct quantitative
analyses of explosives from a distance. Sisco et al [41] used a
thermal desorption direct analysis in real time mass spectrom-
etry (TD-DART-MS) configuration for the detection and quan-
tification of trace narcotic samples of a swipe material, which
allows for desorption of the sample into a confined tube,
completely independent of the DART source, allowing for
more efficient and thermally precise analysis of material
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Figure 6. Comparison of TD-DART and conventional DART mass spectra of compounds (a) 6 and (b) 9 at a concentration of
50 ppm using PTFE-coated fiberglass swabs with keeping the distance of L, exactly the same (8 cm). Helium was used as DART gas

for the measurements

present on a swipe. Thank Dr. Brian Musselman (lon Sense,
USA) and Dr. Charles Liu (ASPEC Technologies Limited,
China) for providing us a newly invented thermal desorber
coupled with traditional DART using sampling swipes, which
enables rapid detection of explosives from swipes.

Swipe screening was first conducted in order to choose the
one with the best performance for the subsequent TD-DART
analysis. Mixture of explosives, comprising of eight (com-
pounds 1-8) and six components (compounds 9-14), were
prepared for the screening purpose. Three sampling swipes
with different composition (fiberglass, Hybond N* membrane
and filter paper) were used and the corresponding mass spectra
were shown in Figure 5. It can be clearly seen from Figure 5
that fiberglass swipe gives the highest ion intensity for all
explosives in both positive and negative modes, and the iden-
tifiable ions are almost the same for these swipes. The typical
adducts or fragments of 14 explosives were listed in the lower
part of Figure 5. Compounds 1-6 were identified mainly as [M
+H]" on different swipes (Figure 5a). Note that the reason as to

why 7 and 8 can be detected in the pure phase but not in the
mixture is that their ionization efficiencies are the least com-
petitive in the mixture because the proton affinity of oxygen
atom (PA(O)) is far less than that of nitrogen atom
(PA(N)).Compounds 9-14 in the second mixture were all
detected, and the corresponding spectra were shown in
Figure 5b. It should be noted that multiple peaks were assigned
to a single compound in some cases (i.e., compounds 9, 11, 12,
and 14) because they are all prominent in the respective spectra
either as adducts or as fragment ions. For example, 9 has three
labeled peaks (9, 9', and 9”) at m/z 197, 226, and 243 which
were assigned as [M-NOT, [M-HJ, and [M + O], respectively.
Similarly, compound 11 was detected as four adducts corre-
sponding to [M + NOs] (peak 11, m/z 284), [M + NO,] (peak
11" at m/z 268), [M + HCO4] (peak 117 at m/z 299), and [M +
CI] (peak 11" at m/z 257), respectively. The same situation
happens for the other two compounds 12 and 14. Two types of
molecular adduct ions ([M + NO3] (peak 12 at m/z 358 for 12;
peak 14 at m/z 289 for 14) and [M + NO,] (peak 12' at m/z 342
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for 12; peak 14" at m/z 273 for 14) were the dominant species in
the respective spectra. Then, we utilize scanning electron mi-
croscope (SEM) and Fourier transform infrared spectroscopy
(FT-IR) (Figure S8 in the supporting information) to charac-
terize the composition and surface morphology of swipes in
order to find out the reason to cause the different signal re-
sponse of analytes. The results of FT-IR confirm the main
component of fiberglass, Hybond N* membrane and filter
paper are polytetrafluoroethylene (PTFE), polyamide, and cel-
lulose, respectively, based on the characteristic peaks for each
material, i.e., C-F symmetric and asymmetric stretching bands
at 1150 cm™ " and 1240 cm™' for fiberglass swipe [42]; amide
and II stretching bands at 1640 em ' and 3300 cm ! (broad) for
Hybond N membrane [43, 44]; and the stretching vibrations of
—OH at 3320 cm™' (broad), methylene C—H at 2930 cm™', and
C—Oat 1020 cm™ for filter paper [45, 46]. It is obvious that it is
the surface morphology, not the surface composition, which
contributes to the different ion intensity on different mem-
branes. Filter paper has the roughest surface and the largest
pore size compared with the other two membranes, which are
unfavorable for efficient thermal desorption, and hence
resulting in the lowest ion intensity.

A comparative study of TD-DART and conventional
DART with PTFE-coated fiberglass swabs was performed,
and the representative mass spectra were given in Figure 6
exemplified by compounds 6 and 10, respectively. It can be
seen from Figure 6 that the intensity of protonated molecular
ion [M + H]" for TD-DART is stronger than that for DART in
both cases, suggesting that better signal response was indeed
achieved in TD-DART than DART itself provided that the
distance between the DART source and mass spectrometer is
the same. Figures S9—10 in the supporting information were the
TD-DART and DART mass spectra of 14 explosives at their
optimal distances (where L, = 8 cm and 1 cm for TD-DART
and DART, respectively). Similar spectra were obtained by
DART and TD-DART. The “apparent” attenuation of the
signal intensity in TD-DART is due to much longer distance
of L, (8 cm vs. 1 cm for TD-DART vs. DART) being applied
for TD-DART.

Conclusion

A total of 14 explosives were systematically analyzed using
DART with three different DART discharge gases (helium,
argon, and nitrogen) and TD-DART with helium. Profound
analyte oxidation was observed for particular compounds (9
and 10), whose mass spectra were completely dominated by the
oxidation products (e.g., trinitrophenol (TNP) for 9 and dini-
trophenol (DNP) for 10) when nitrogen was substituted for
helium in DART analysis. This interesting phenomenon sug-
gested that a highly oxidative environment provided by N,
DART ion source. A possible oxidation mechanism involved
in nitrogen DART was proposed to account for the production
of the oxidation products for 9 and 10, in which the hydroxyl
radicals generated by nitrogen activation of water molecules
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play an important role in the entire oxidation process, and they
can oxidize the organic substrate to form the oxidation products
through multiple reaction steps. TD-DART was firstly utilized
to analyze the explosives systematically with helium gas. A
comparative study of TD-DART and traditional DART with
swipes demonstrated that TD-DART indeed gives better re-
sponse than traditional DART provided that the distance be-
tween the DART source and mass spectrometer is the same.
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