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Abstract

Mass spectrometry (MS) has become an essential analytical method in every sector of
science and technology. Because of its unique ability to provide direct molecular structure
information on analytes, an extra method is rarely required. This review describes fabrication
of a variable-pressure hollow cathode discharge (HCD) ion source for MS in detection,
quantification and investigation of gas-phase ion molecule reactions of explosives and related
compounds using air as a carrier gas. The HCD ion source has been designed in such a way
that by altering the ion source pressures, the system can generate both HCD and conventional
GD. This design enables for the selective detection and quantification of explosives at trace to
ultra-trace levels. The pressure-dependent HCD ion source has also been used to investigate
ion-molecule reactions in the gas phase of explosives and related compounds. The mechanism

of ion formation in explosive reactions is also discussed.
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1. Introduction

Mass spectrometry (MS) is essentially a ‘weighing’ technique for molecules and/or
elements. This is obviously not done using a conventional balance. MS, on the other hand, is
based on the motion of a charged particle, called an ion, in an electric or magnetic field. This
motion is influenced by the ion’s mass to charge ratio (m/z). Because the charge of an electron
is known, the mass to charge ratio can be used to calculate the mass of an ion. For a long time,
organic chemists employed MS to elucidate the structure of unknown compounds [1-6]. Later,
this novel technique became an essential analytical tool in analytical science for detecting and
quantifying the analytes of interest at trace to ultra-trace levels [7-32]. The MS has proven to
be a useful analytical tool for analyzing the kinetics of organic dye degradation [33,34].

The MS technique has been widely used in biological science, such as proteomics,
metabolomics, and lipidomics, due to its remarkable ability to characterize any molecules [35-
44]. Recent applications of MS in the development of environmental monitoring systems such
as single particle aerosol-MS (SPA-MS), single photon ionization-MS (SPI-MS), volatile
organic compounds (VOCs) analyzers, and so on, have demonstrated its multipurpose uses
[45,46]. The development of the MS-imaging system is a turning point in the scientific world
since it allows for precise medical diagnosis of tumors, cancer, and other diseases by analyzing
complex biomolecules [47-50]. Because the MS approach allows for the direct identification
and quantification of analytes of interest, space scientists and technologists are employing MS-
based analytical techniques [51,52]. The National Aeronautics and Space Administration
(NASA) employed the MS technique to investigate the Space Shuttles’ air quality and
propellant leaking as well [53].

Despite the fact that the periodic table restricts the number of elements to 118, these 118
elements can form thousands of compounds. As a result, substantial effort has gone into
developing new analytical methods capable of analyzing the compounds as required. Because
MS techniques provide direct molecular structure information on the analytes of interest, they
stood out among the many analytical methods as promising instruments in science and
technology. It is worth noting that analyte molecules should first be in a gaseous state before
being ionized efficiently with the help of an appropriate ionization source.

Almost all compounds, with the exception of proteins, peptides, and nucleic acids, exist in
a neutral state. Because it is required to ionize neutral molecules, the ion source is referred to
be the MS’s heart in MS. When it comes to quantification, the effectiveness of the ionization
source determines the performance of MS. As a result, developing effective ion sources is

essential. Traditional ion sources including electron ionization (El) [54,55], chemical
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ionization (CI) [56-58], fast atom bombardment (FAB) ionization [59-61], Penning ionization
[62-64] and electrospray ionization (ESI) [65-68] require a vacuum system, which makes the
MS heavier and bulkier, whereas miniaturized-MS system is required for practical applications.
The development of ambient ion sources is the only approach to fabricate miniaturized-MS
systems that can analyze relevant analytes at trace to ultra-trace levels. Accordingly, many
efforts have been made to develop ambient ion sources for mass spectrometer, such as
desorption electrospray ionization (DESI) [69-73], probe electrospray ionization (PESI) [74-
76], atmospheric pressure chemical ionization (APCI) [17,18,77-79], direct analysis in real
time (DART) [80-82], matrix-assisted laser desorption/ionization (MALDI) [83-90] and
desorption atmospheric pressure chemical ionization (DAPCI) [91], electrospray-assisted laser
desorption/ionization (ELDI) [92], dielectric barrier discharge ionization (DBDI) [21,28-
30,93-99].

As stated previously, MS-based techniques’ excellent analytical performance has expanded
their applications beyond chemistry to proteomics, lipidomics, metabolomics, genomics,
environmental monitoring systems, and even space shuttles. In analytical science, the main
goals of MS are to identify and quantify relevant analytes at trace to ultra-trace levels, but in
fundamental organic chemistry, structural elucidation is the ultimate goal. In organic
chemistry, for structural elucidation of unknown compounds, analyte molecules are targeted to
break down into fragments either using hard ionization or collision induced dissociation (CID).
lon sources such as ClI, FAB, APCI etc have been widely used as hard ionization sources.
However, soft ionization methods, such as ESI, nano-ESI, PESI, DESI, MALDI etc have been
used to ionize analytes of interest in order to improve sensitivity in analytical science. Because
of the significant fragmentation of the neutral analyte molecules caused by hard ionization, the
sensitivity is reduced.

On the other hand, fragmentation may improve the sensitivity of particular analytes. For
example, when 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) was fragmented to ([M-NO3-
HNO:z], m/z 129), the limit of detection (LOD) was found to be 10.33+0.45 pg, whereas the
LOD for its adduct ion, ([RDX+NOz]", m/z 284) was 30.75+0.95 pg [21,23,29-31]. According
to McLuckey et al. (1996), RDX’s sensitivity has increased as it has fragmented to ([RDX-
NO:z], m/z 176) [7]. The better sensitivity for RDX was also found as RDX fragmented to
[RDX-NO2] that appeared at m/z 176 under 0.8 Torr of air pressure using glow discharge ion
source [7]. They also reported that fragmentation of the parent ion, ([RDX-NO2], m/z 176), to
(ICH2NCH2NNO2], m/z 102) in MS/MS mode can detect only 0.5 pg of RDX [7]. The results

revealed that under the negative mode of operation, some of the fragmented molecules have a
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stronger electron affinity than the parent molecules. The ESI, nano-ESI, PESI, DESI, MALDI
etc systems serve as both an ion source and a desorption process for semi-volatile and
nonvolatile compounds. The essential step in the MS analysis is gasification of the analytes of
interest. We recently developed an ultrasonic cutter-based desorption method for gasification
of highly nonvolatile compounds such as explosives, drugs of abuse, herbicides, steroids, ionic
liquids, rhodamine B, sugars etc, which were ionized using a homemade He-DBDI and
analyzed using an ion trap MS [21,29,30].

The focus of this review is on the development of a variable-pressure hollow cathode
discharge (HCD), a quasi-ambient, ion source for mass spectrometry that uses air as the carrier
gas for practical applications. The designed HCD ion source (Fig. 1) has been employed
successfully in conjunction with a linear ion trap MS for explosive detection and quantification
at trace to ultra-trace levels. The HCD ion has also been used to investigate gas phase ion-
molecule reactions involving explosives and related compounds. The use of air as a carrier gas
in the HCD ion source eliminates the need for reagent gas changes (e.g., He or Ar). An ambient
ion source like this could enable the development of a miniature-MS system capable of quickly
analyzing illicit substances in the real world. The HCDI-MS system’s versatility in analyzing
explosives in both negative and positive modes of operation at trace to ultra-trace levels is

demonstrated in Scheme 1.

Abbreviations

ac Alternating current i.d. Inner diameter

ADNT Amino-dinitrotoluene kcal Kilocalorie

AN Ammonium nitrate kv kilo volt

Ar Argon LOD Limit of detection

APCI Atmospheric pressure chemical ionization LTQ Linear ion trap quadrupole

ac-APCI Alternating current- atmospheric pressure  LC-MS Liquid chromatography-mass

chemical ionization spectrometry

APPI Atmospheric pressure photon ionization ~ m/z Mass-to-charge

AAS Atomic absorption spectrophotometer MS Mass spectrometry

AES Atomic emission spectrophotometer MS/MS Mass spectrometry/mass spectrometry

CA California MALDI Matrix-assisted laser
desorption/ionization

Cl Chemical ionization MALDI- Matrix-assisted laser

ToF desorption/ionization-time of flight
CID Collision induced dissociation mA Milli ampere
DFT Density functional theory mol Mole
nano-ESI  Nano-electrospray ionization
DAPCI Desorption atmospheric pressure ng Nanogram (= 10° g)
chemical ionization

DESI Desorption electrospray ionization NASA National Aeronautics and Space
Administration

DBDI Dielectric barrier discharge ionization NG Nitroglycerine

DNT Dinitrotoluene PETN Pentaerythritol tetranitrate

DART Direct analysis in real time pg Picogram (= 102 g)




dc Direct current PESI Probe electrospray ionization
dc-APCI  Direct current-atmospheric  pressure Rf Radiofrequency
chemical ionization
eV Electron-volt SPA-MS  single particle aerosol-mass
spectrometry
ELDI Electrospray-assisted laser SPI-MS Single photon ionization-mass
desorption/ionization spectrometry
ESI Electrospray ionization SMC Sintered Metal Corporation
EIC Extracted ion current MS? Tandem mass spectrometry
EESI Extractive electrospray ionization HMX 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane
EESI-MS  Extractive electrospray ionization-mass TIC Total ion current
spectrometry
FAB Fast atom bombardment TATP Triacetone triperoxide
fg Femtogram (= 107 g) TNB Trinitrobenzene
GD Glow discharge RDX 1,3,5-Trinitroperhydro-1,3,5-triazine
He Helium TNT Trinitrotoluene
HMTD Hexamethylene triperoxide diamine uv Ultraviolet
HCD Hollow cathode discharge USA United States of America
HCDI Hollow cathode discharge ionization VOCs Volatile organic compounds
HCDI- Hollow cathode discharge ionization-
MS mass spectrometry

2. HCD ion source

The developed variable pressure HCD ion source and its image are depicted in Figures 1(a)
and (b), respectively. Instead of He or Ar, air has been used as a carrier gas in the HCD ion
source to generate the glow discharge. This design may make the HCDI-MS system appropriate
for application in public places such as airports, train stations, cultural centers, and other
locations for the detection of prohibited chemicals such as explosives, drugs of abuse etc. The
use of air as a carrier gas in the HCD ion source eliminates the requirement for reagent gas
changes on a regular basis. The HCD ion source was kept running at 5 Torr for a month using
air as the carrier gas to test its resilience, and no substantial corrosion inside the electrodes or
insulators was visible to the naked eye.

The ion source was fabricated with two inlets for introducing samples in ambient conditions
(Fig. 1a). The length and inner diameter (i.d.) of the stainless-steel capillary inlets are 10 and
0.25 mm, respectively. The HCD ion source is made up of two stainless steel metallic
electrodes. An insulator composed of ceramic with a thickness of 5-6 mm separates the two
electrodes. Inlet-1 is connected to the cathode, whereas inlet-2 is connected to the flange of the
ion source that acts as an anode (Fig. 1a). Throughout the experiment, inlet-1 was used for
ambient sampling while inlet-2 was closed. The cathode (length: 2 mm; i.d.: 2 mm) was
connected to a high-voltage power supply (Pulse Electronic Engineering Co. Ltd, Chiba,
Japan), while the anode (flange) was held at ground potential.

The pressure of the HCD ion source can be varied by inserting a 1 mm diameter aperture

between the flange and the transfer tube (Fig. 1a). Installing a pressure gauge (SMC, Tokyo,



Japan) at the port of inlet-2 allowed the gas pressure in the HCD ion source to be measured.
After the aperture was placed between the flange and the transfer tube, the pressure gauge
showed a gas pressure of 28-30 Torr, whereas it was 5 Torr when the aperture was removed.
In order to determine an empirical flow rate of the analyte of interest, the flow rate of air
through inlet-1 was calculated, and the calculated flow rate was found to be 360 mL/min
[23,30-32]. The ions generated in the HCD ion source were transmitted to the S-lens of a linear
ion trap mass spectrometer (LTQ XL, Thermo Scientific, San Jose, CA, USA) using a stainless-
steel transfer tube. In the MS’s initial pumping stage, a rotary vane pump was employed to
keep the pressure at 1 Torr. It should be noted that running an ion trap mass spectrometer
properly necessitates a high vacuum environment.

To generate HCD plasma, high-voltage power was supplied to the cathode. To keep the
HCD glow stable, the potential was just above the gaseous breakdown voltage threshold. For
the ion source pressures of 5 and 28 Torr, the potential and current were kept constant at -1.30
kV (0.3 mA) and -1.62 kV (0.3 mA), respectively. The discharge current was kept relatively
low in this study to allow soft ionization of the labile explosives, but Ganeev et al. (2007)
claimed that the HCD ion source may be operated over a wide range of currents, ranging from
a few mA to several hundreds of mA [100].In order to investigate the ionization mechanism of
the relevant explosives with ion source pressure of 1 Torr, a dc plasma was generated between
the transfer tube and the S-lens by applying +0.85 kV (0.12 mA) and -0.85 kV (0.15 mA) to
the transfer tube in the positive and negative ion modes, respectively (Fig. 1a).

The ions generated by the HCD ion source for the explosives of interest were monitored
using a linear ion trap mass spectrometer by altering the experimental settings as follows: 150-
200 °C for ion transport tube; 80% for S-lens and 600-800 V for RF ion guide voltage. With a
maximum ion injection time of 2 ms and a number of micro scans of 1, auto gain control was
enabled. The ions produced by the explosive compounds were characterized using tandem mass
spectrometry (MS/MS). When helium was employed for collision, the collision-induced
dissociation (CID) mode was used, with the collision energy ranging from 20 to 50% [23,30-
32].

Exactly, 2 uL solution of the relevant explosive was deposited on a microscopic glass slide
and allowed to air dry. The sample spot had a diameter of around 2 mm. The solid compounds
were vaporized by heating from the backside of the sample spot with an air heater (varying
from 150 to 225 °C) linked to a quartz nozzle (i.d. 2 mm). The temperature of the heater was
measured using a thermocouple. The solid explosives were gasified with hot air except for

TATP, benzene, deuterated benzene, and toluene. These analytes were kept in a separate glass
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vial as a headspace because to their high vapor pressures at room temperature, and then fed
into the ion source through inlet-1 for ionization (Fig. 1a).

The HCD ion source was designed for the purpose of analyzing explosive compounds
[23,30-32]. TATP and HMTD mass spectra were measured in the positive mode, and RDX,
PETN, TNT, NG, TNB, DNT isomers, 2A-DNT, and 4A-DNT mass spectra were measured in
the negative mode by setting the ion source pressures to 1, 5 and 28 Torr. The temperatures of
ion sources used in explosives analysis can be found elsewhere [23,30-32].
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Figure 1. The HCD ion source is depicted in Figure 1(a). The cathode electrode has about 5-6
mm length and a 2 mm inner diameter. The cathode and anode are separated by a 5 mm thick
insulator made of aluminum oxide. A 1 mm diameter aperture is used to introduce ions into the
1 Torr vacuum stage. To transmit ions from the ion source to the S-lens, a stainless-steel
capillary (ion transfer tube) with an i.d. of 4 mm is used. The distance between the transfer
tube’s aperture and its exit is 24 mm. The transfer tube’s border and the first electrode of the

S-lens are separated by about 3 mm. A photograph of the HCD ion source is shown in Figure



1(b). The dotted-line box surrounding the portion of the photograph represents part of (a).
Wiley and Frontiers Media S.A. have granted permission for this reprint [23,30].
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Scheme 1. The HCDI-MS system’s versatility in analyzing explosives in both negative and

positive modes of operation.

Figure 2(a) and (b) show the background positive and negative mass spectra of the HCD
ion source obtained at 5 Torr, respectively. The primary ion signals in the positive ion mode
(Fig. 2a) came from oxygen molecular ions, (O2", m/z 32), and protonated acetone,
[(CH3).CO+H]", m/z 59); whereas, the major ions in the negative ion mode were (NO2", m/z
46), (COs,, m/z 60), and (NOs’, m/z 62). Protonated acetone, [(CH3).CO+H]", m/z 59), is a
reasonable base peak in the positive ion mode. This is due to the presence of organic solvents
such as acetone, ethanol, methanol, ammonia etc in laboratory air. In the positive ion mode,
the formation of the protonated acetone, [(CH3).CO+H]", ion functions as the primary regent
ion for the protonation of TATP and HMTD. The HCD plasma energized the ambient air
molecules, resulting in the creation of NO2", COs", and NOs™ ions, and they appeared in the
negative ion mode, as shown in Fig. 2. (b). The mechanism of generation of NO,", COs’, and
NOs" ions in plasma-excited air was also explained by Sekimoto and Takayama (2010) [123].

Other background signals in Fig. 2 were unidentified.
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Figure 2. Background mass spectra for hollow cathode discharge (HCD) ion source measured
at 5 Torr: (a) positive ion mode and (b) negative ion mode. Wiley, Frontiers Media S.A. and

Elsevier have granted permission for this reprint [29-32].

In order to explore ion generation mechanisms, the fabricated HCD ion source was used to
analyze explosives such as TATP, HMTD, RDX, PETN, TNT, and NG at various ion source
pressures. In the positive ion mode, the formation of protonated acetone, [(CH3).CO+H]*, as a
reagent ion facilitates the formation of protonated compounds of interest such as [HMTD+H]",
[TATP+H]" and protonated fragment ion of TATP, [C3HsO3+H]*, m/z 91)while in the negative
ion mode, the formation of NO2, NOs leads to the formation of cluster ions of RDX
(IRDX+NO],, m/z 268; [RDX+NOs], m/z 284), PETN ([PETN+NOs], m/z 378) and also
([TNT] + NO2/NOs” —» [TNT-H], m/z 226) + HNO2/HNO3) [23,29-32].

2.1 Importance of developing new ion sources for MS

Only MS gives direct molecular structure information of the analyte of interest among the
analytical tools, making it a vital analytical method in the detection and quantification of a
wide range of compounds in all fields of science and technology. The ion source, mass
analyzer, and detector are the three major components of MS. Although all three components

contribute to an MS’s performance, coupling and/or decoupling the new ion sources with the
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MS appears to be a simple operation. As a result, substantial effort has gone into developing
new ion sources; yet, a single ion source may not be suitable for all kinds of compounds. The
ESI, for example, is very successful for ionization of polar molecules, whereas glow discharge
(GD) techniques such as APCI, DBDI, APPI etc are suited for non-polar compounds.

The ultimate goal of analytical chemistry is to identify and quantify analytes with a wide
range of polarity at trace to ultra-trace levels. MS has two goals: (i) detection and measurement
of the analyte of interest at trace to ultra-trace levels, and (ii) structural elucidation of unknown
analyte molecules via fragmentation. The first fragmentation process reduces the population of
neutral analyte molecules, leading to fewer effective ions. So, sensitivity is expected to be
reduced; yet, fragment ions can demonstrate superior sensitivity [23,30-32]. Therefore,
developing efficient ion sources that are softer, more resilient, compact, and capable of higher

sensitivity is very desirable.

2.2 HCD versus conventional GD

Many attempts have been made to understand the processes occurring in the HCD since
Friedrich Paschen’s pioneering work in 1916 [29-32,101-118]. Despite the fact that the hollow
cathode effect and conventional glow discharge (GD) are two distinct electrical processes,
some of their properties were assumed to be the same. In fact, the nature of the processes that
occur in the HCD and conventional GC was poorly understood. For the first time, Little and
von Engel (1954) demonstrated that HCD causes photoelectric effect while conventional GD
emits UV light [102,119,120]. Eichhorn et al. (1993) used experimental evidence to clarify the
problematic assumptions about HCD and conventional GD [107]. For equivalent size and gas
characteristics, the breakdown voltage of gaseous substances in the HCD is lower than in a
conventional GD. Furthermore, the current created in the HCD is several orders of magnitude
greater than that produced in the glow discharge. The HCD is an extremely effective electron
generator. One of the most significant advantages of the HCD is that electrons emitted from
the emitter surface can accelerate to the opposing emitter surface, which is in the shape of a
hollow cylinder, and ionize gas. The energetic electron reaches the opposing surface in the
HCD, causing the electric field to slow and the electrons to return to their original position.
The pendulum effect, which is present in the HCD system, allows an electron to bounce back
and forth between the emitter inner surface [102]. The pendulum effect is critical for
discharging insulating gaseous species at lower voltages and maintaining stable HCD
conditions. Stepwise ionization, the presence of sputtered particles, and the pendulum effect

all contribute to the increased ionization in the HCD [107]. The HCD system’s ability to emit
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spectral lines and ionize has sparked interest in its use as a spectral emitter in atomic
absorption/emission spectroscopy (AAS/AES) [107,112,117,121,122] and as an ion source in
MS [23,30-32].

3. HCD ion source for explosives
3.1 Positive HCD mass spectra of explosives

Positive HCD mass spectra for TATP at 5 and 28 Torr ion source pressures are shown in
Figures 3(a) and (a1), respectively. TATP had the protonated fragment ion [C3HsOs+H]", m/z
91) as the major ion, with another protonated fragment ion [CsHsO2+H]", m/z 75) and
protonated molecular ion [TATP+H]*, m/z 223) as minor ions, as shown in Figs. 3(a) and (a1),
however, when the ion source pressure was held at 28 Torr, a new peak for ammoniated TATP,
[TATP+NH4]", was found at m/z 240. However, no ions at m/z 91 and 75 were found in a blank
experiment involving the addition of methanol to the ion source. In our previous study, we also
found the ammoniated TATP ion ([TATP+NHa]*, m/z 240) in the positive mode of operation
using the ac/dc-APCI [18]. This is due to the ammonia used in chemical laboratories for various
purposes contaminating laboratory air. The adduct ion of TATP with ammonia, [TATP+NH4]",
m/z 240), is formed when ammonia is present in the laboratory air. The formation of the
([TATP+NH.]", m/z 240) ion is facilitated by the presence of a sufficient amount of ammonia
at high ion source pressures, such as 28 Torr. The adduct ion is formed by passing through its
transition state complex, [TATP+esNH4]*", and according to transition state theory, a third-body
collusion is required to stabilize the intermediate transition state in order to obtain the product
ion, [TATP+NH.]*, which can be ascribed by the equation [18,23,30]:

TATP + NHs*2 [TATPe+*NH4]*"" —>[TATP+NH.]* (1)
where TB represents the third body.

In the upper left-hand corner of the spectra, peak intensities of the relevant ion signals are
shown. The intensities of the ions at m/z 91, 223 were increased by a factor 2 in Fig. 3(a1)
compared to Fig. 3 (a). The formation of protonated acetone, [(CH3).CO+H]*, m/z 59), and/or
hydronium ions, ([H3O]*, m/z 19) as reagent ions in the positive ion mode is aided by high ion
source pressure. The formation of the protonated ion of the relevant compounds is enhanced
by the comparatively high level of reagent ions [(CH3).CO+H]*/[H30]" at high ion source
pressure. As a result, plasma-based ionization methods appear to accelerate the formation of
the protonated fragment ion ([CsHsOs+H]*, m/z 91) of TATP, which emerged at m/z 91. Takada
et al. (2012b) used counter-flow dc corona APCI to find the protonated fragment ion for TATP,
[C3sHeO3+H]*, m/z 91) [124], whereas electrospray-based ionization methods like DESI [12]
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and extractive electrospray ionization (EESI) [125] produce protonated, sodiated and
ammoniated TATP. Sigman et al. (2006) investigated the fragmentation process of the
([TATP+H]", m/z 223) ion using chemical ionization and a theoretical calculation using density
functional theory (DFT) [126]. They also detected the protonated fragment ion ([CsHsO3+H]",
m/z 91) for TATP.

Posion mode
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Figure 3. Positive HCD mass spectra for (a) TATP (headspace) measured at 5 Torr, (a1) TATP
(headspace) measured at 28 Torr, (b) HMTD (200 pg) measured at 5 Torr, and (b1) HMTD
(200 pg) measured at 28 Torr. Wiley and Frontiers Media S.A. have granted permission for

this reprint [23,30].

The mass spectra of HMTD measured by the HCD ion source at 5 and 28 Torr in the
positive ion mode are shown in Figures 3(b) and (bi), respectively. The major ion was
([HMTD+H]+, m/z 209) with a protonated fragment ion, ((HMTD+H-CH20]*, m/z 179), as a
minor ion [23,30]. The protonated form of HMTD, ([HMTD+H]*, m/z 209), has also been
identified utilizing discharge-based ion sources [18,21,30,127].As the ion source pressure
increased from 5 to 28 Torr, the intensity of the protonated molecular ion [HMTD+H]*
increased by a factor of 7 and the ratio of [HMTD-CH2O]*/[HMTD+H]" declined (Fig. 3ba).
A third-body collision stabilizes a nascent protonated molecular ion when the ion source
pressure is increased [128]. Under high gas pressure, electrons generated in the HCD plasma
gain relatively little kinetic energy [23,30,116]. As a result, it's concluded that a high ion source
pressure makes it easier to identify HMTD in its protonated form. The remaining peaks in
Figures 3(b) and (b1) were not assigned.
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In the positive ion mode, the HCD plasma’s high ion source pressure favors the formation
of protonated molecular and/or protonated fragment ions. For HMTD and TATP, this is the
explanation for the increased intensity of protonated ions at increasing ion source pressure.
Finally, in order to identify explosive substances at trace levels, a high gas pressure in the

positive HCD ion source is desirable.

3.2 Negative HCD mass spectra of explosives

The negative mass spectra for 1 ng RDX measured by the HCD ion source at 5 and 28 Torr
ion source pressure are shown in Figures 4(a) and (ai), respectively. At 5 Torr, RDX
fragmented severely, so its fragment ion, ([RDX-NO2-HNO-]", m/z 129), appeared as a base
peak, while its adduct ions, ([RDX+NO2], m/z 268) and ([RDX+NOs]’, m/z 284), appeared as
minor ion signals [23,29-31]. Despite the higher ion source pressure (28 Torr), the adduct ion
of RDX with the reagent ion NO3’, ([RDX+NOgz]", m/z 284), showed as a significant ion, with
an ion intensity 8 times that of the 5 Torr ion. The formation of the RDX adduct ion,
(IRDX+NOs], m/z 284), should be aided by a higher ion source pressure. This is because in
the negative ion mode, the rate of generation of the reagent ions, NO2," and NOs’, increases as
the ion source pressure rises. The presence of more reagent ions at increased gas pressure
functions as a third body, increasing the collisional probability between RDX and NOs,
allowing the transition state complex of RDX and NO3", [RDXe*sNO3]™, to achieve sufficient
stabilizing energy. Under 0.8 Torr of air pressure, RDX gave mostly fragment ions by dc glow
discharge ionization [7], while adduct ions of RDX, [RDX+NO:]" and [RDX+NOg3]’, were
observed as major ions using an atmospheric-pressure DBD ion source [10,11,21,29,30,98].

The negative HCD mass spectra of 10 ng of PETN recorded at 5 and 28 Torr of ion source
pressures are shown in Figures 4(b) and (by), respectively. At 5 Torr, the intensity of the
fragment ion ([PETN-CH20ONOz]", m/z 240) for PETN is higher than that of the adduct ion
([PETN+NOs], m/z 378) for PETN, as shown in Fig. 4(b). With increasing ion source pressure,
the strength of the adduct ion [PETN+NOs]" rises, eventually becoming the dominant ion at 28
Torr. McLuckey et al. (1996) used a dc glow discharge in the negative ion mode to find only
the fragment ion for PETN, ([PETN-CH20NO-]", m/z 240), by setting the ion source pressure
to 0.8 Torr with air [7]. PETN, on the other hand, provided the adduct ion ([PETN+NOz]", m/z
378) as the major ion when ionized at atmospheric pressure [10,11,21,29,30,98], which was
similarly seen for RDX (Fig. 4a1).

TNT has been extensively investigated among explosives, with several ion sources for mass

spectrometry, including the MS" system [18,23,30-32,95,96,98,99]. The negative mass spectra
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for 2 ng TNT measured by the HCD ion source at 5 and 28 Torr are shown in Figures 4(c) and
(c1), respectively. At 5 Torr, the fragment ion ([TNT-H]', m/z 226) is the major ion, followed
by ([TNT-NO], m/z197), ([TNT-2NO]", m/z 167), and ([TNT-3NO], m/z 137) as minor ions as
shown in Fig. 4(c). However, even at ambient conditions, TNT usually yields its molecular ion,
([TNT], m/z 227), as the major ion [18]. At 5 Torr, TNT produced an adduct, ([TNT-H+OJ,
m/z 242), as a minor ion. At 28 Torr (Fig. 4c1), the adduct ion ([TNT-H+O]", m/z 242) became
the major ion. It is reasonable to conclude from the mass spectra of TNT at 5 and 28 Torr that
the TNT molecules were subjected to complex ion-molecule reactions in the HCD ion source
[23,30-32].

Tandem mass spectrometry (MS?) was used to monitor the collision induced dissociation
(CID) products in order to analyze the generation of fragment and adduct ions from TNT
molecules utilizing the HCD ion source. To monitor the MS? CID product ions, the adduct ion
([TNT-H+QOJ, m/z 242) was used as a precursor ion. The MS/MS product ion spectrum for the
precursor ion ([TNT-H+O]", m/z 242) is shown in the inset of Figure 4(c1) [23,30-32]. The first
product ion, m/z 225, is due to the elimination of OH from the precursor ion, ([TNT-H+OJ,
m/z 242), the ion at m/z 210 is due to the elimination of NO from ([TNT], m/z 227), the ion at
m/z 167 is for the elimination of NO from ([TNT-NO]J, m/z 197), the ion at 137 is for the
elimination of NO from ([TNT-2NO]", m/z 167) and the ion at m/z 107 is for the elimination of
NO from ([TNT-3NQO]J, m/z 137)(inset in Fig. 4cy) [23,30-32].

The HCD ion source was used to investigate nitroglycerine (NG), an explosive substance,
in the negative mode of operation at 1, 5, and 28 Torr of ion source pressures (data is not
displayed). Unlike RDX and PETN, NG did not produce any ion signal at low ion source
pressures such as 1 and 5 Torr, despite increasing the amount of NG to 10 ng; nevertheless, at
28 Torr, the adduct ion for NG with NO3", ([NG+NOg]", m/z 289), was seen [23,30-32]. In the
negative ion mode, NG can produce NO3z™ as a fragment ion, which makes it difficult to analyze
NG at low ion source pressures [23,29,30,127]. This is because NOs" is one of the HCD ion
source’s reagent ions (see Fig. 2b). As adduct ions with the NOs", ([NG+NOz3], m/z 289), the
thermal instability of NG causes poor detection sensitivity. Yinon et al. (1997) also reported
the formation of the ([ING+NOgz], m/z 289) adduct ion of NG with NOs™ reagent ion [129]. A
preliminary experiment was carried out to evaluate the stability of NG by placing a significant

amount on a metal substrate, and it was revealed that it decomposed above 100 °C.
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Figure 4. Mass spectra for (a) RDX (5 Torr), (a1) RDX (28 Torr), (b) PETN (5 Torr), (b1) PETN
(28 Torr), (c) TNT (5 Torr) and (c1) TNT (28 Torr) measured by the HCD ion source in the
negative ion mode. The MS/MS spectrum of ([TNT-H+O], m/z 242) is shown in the inset
(CID: 25%). Wiley and Frontiers Media S.A. have granted permission for this reprint [23,30].

The ion source pressures have a significant impact on the negative mass spectra of
explosive chemicals (Figs. 3 and 4). In order to explore the ionization mechanism of the
explosives with the ion source pressures, additional experiments for the explosives were done
at a lower ion source pressure (1 Torr). By applying +0.85 kV and -0.85 kV in the positive and
negative ion modes, respectively, at 1 Torr, a dc plasma was created between the transfer tube
and S-lens. TATP and HMTD did not produce any ion signals in both positive and negative
ion modes at 1 Torr ion source pressure, whereas RDX, PETN, and TNT produced strong ion
signals in the negative mode (see Figs. 5a-c).

At 1 Torr, RDX produced the fragment ion ([RDX-NO2-HNOz], m/z 129) as the major ion,
([RDX-NO2-CH2NNO2], m/z 102) and ([RDX-NO]", m/z 176) as the minor ions (Fig. 5a). The
results were quite similar to those of McLuckey et al. (1996), who applied a low-pressure glow
discharge ion source (0.8 Torr of air pressure) [7]. The mass spectrum for 10 ng of PETN in
the negative ion mode is shown in Figure 5(b). PETN only produced the fragment ion ([PETN-
CH20ONO2], m/z 240) in the negative mode in this experiment. At 0.8 Torr of air pressure, the
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major ion was recognized as [PETN-CH2ONOz], m/z 240) by McLuckey et al. (1996) [7].
When the ion source pressure was kept at 1 Torr, RDX and/or PETN did not yield adduct ions
such as [M+NO2]" or [M+NOs]", but these adduct ions were formed in abundance at 5 and/or
28 Torr [23,30,31].
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Figure 5. Mass spectra for (a) RDX (1 ng), (b) PETN (10 ng) and (c) TNT (2 ng) at 1 Torr
using the HCD ion source in the negative ion mode. Wiley and Frontiers Media S.A. have

granted permission for this reprint [23,30].

The mass spectrum of TNT (2 ng) in the negative ion mode at 1 Torr is shown in Figure
5(c). TNT produced the molecular ion ([TNT]", m/z 227) as the major ion with a very high ion
intensity (1.70E6) under 1 Torr ion source pressure, together with the minor ions ([M-NOJ,
m/z 197) and ([M-OH], m/z 210) as shown in Fig. 5(c). At 1 Torr, the additional fragment ions
(IM-HT, m/z 226), ([M-2NOJ, m/z 167), and the adduct ion ([M-H+O]", m/z 242) all were
completely absent (see Fig. 5¢). Using the fabricated HCD ion source, the explosive substances
did not produce any dimer ions.

At 1 Torr, the LOD values of HMTD, RDX, PETN, and TNT are 20, 40, 800, and 2 pg,
respectively. These explosive compounds’ LOD values at 5 and 30 Torr can be found elsewhere
[23]. The DESI [8,89], DBDI [21,29,30,93-99], and ac-APCI [18,30] all produced similar
results. The HCD recorded a LOD value of 800 pg for PETN [23], but Zhang et al. (2009)
found only 500 fg using the DBD ion source, which is 16 times lower than the HCD ion source
[14]. This is reasonable because the DESI and DBDI generate ions in ambient conditions and
introduce them directly into the mass spectrometer, avoiding thermal degradation of the
compounds of interest and their ions. The generated ions in the HCD ion source, on the other
hand, may be subject to thermal breakdown due to the high temperature (150 °C) of the ion
source observed in this work [23,30]. The HCD ion source’s small size also permits the

generated ions to be neutralized by hitting the ion source's walls under lower pressure.
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Except for TNT at 1 Torr, where TNT was observed as its molecular ion, ([TNT]", m/z 227)
with the strongest ion signal, the intensities (digits at the top in each spectrum) of the observed
ions rose with increased ion source pressure (ion intensity 1.70E6) (Figs. 4 and 5). Because
TNT molecules have a positive electron affinity, the electron capturing mechanism became
more advantageous when the ion source pressure was low [23,30-32]. In the negative ion mode,
a lower ion source pressure is appropriate for detecting TNT with better sensitivity; however,
RDX, PETN, and NG in the negative ion mode, and TATP and HMTD in the positive ion
mode, displayed better sensitivity with low LOD under higher ion source pressures. The ion
generation mechanism for explosive compounds employing the HCD ion source was
extensively described in this review paper [23,30-32].

Compounds containing nitro and nitro-groups have a positive electron affinity; for
example, the electron affinity of NOs is 3.92 eV [130], while that of TNT is only 2.50 eV
[23,30-32,130]. Cooper et al. (2012) applied ab initio calculations to determine the values of
the electron affinities for RDX, HMX, TNT, and PETN, and they revealed that these explosive
chemicals have positive electron affinities [131]. Except for TNT in the negative mode of
operation, none of these explosive compounds formed the molecular ion [M]~. The findings
imply that RDX, PETN, and NG prefer adduct/cluster ion production with reagent ions, such
as NO2/NOz", over electron capture in the HCD ion source. Other groups that employed
plasma-based ionization methods found similar results [10,11,14,16,21,30]. The NOx is one of
the major products in plasma-excited air [23,30-32,132,133]. Because of their higher electron
affinity than the relevant explosives, the nitro-species (NOx) generated in plasma-excited air
preferentially capture electrons, resulting in a decrease in the signal strength of the [TNT]™ ion
with pressure [23,30-32].

Among the explosive compounds, TNT ionization is strongly dependent on the ion source
pressure (see Figs. 4(c), (c1), and 5(c)). Additional experiments were carried out using air and
nitrogen as carrier gases to examine the ion generation mechanism of TNT molecules with ion
source pressure. Figure 6(a) illustrates a schematic of the manufactured HCD ion source, which
has two inlets: inlet-1 was used to introduce the analytes into the ion chamber with air while
inlet-2 was closed (see Fig. 6). A sample was introduced through inlet-2 while inlet-1 was
closed to confirm the ionization of TNT with varying ion source pressures, as illustrated in Fig.
6(a). The negative HCD mass spectra of TNT for air and N2 as carrier gas are shown in Figures
6(b) and (c), respectively. Because air was the carrier gas, there was no molecular ion of TNT,
(ITNT]", m/z 227), but the fragment ions ([TNT-H], m/z 226) and ([TNT-NO], m/z 197)

occurred with considerable intensities, with ([TNT-H], m/z 226) being the major ion (Fig.
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6(b)). Using N2 as a carrier gas, on the other hand, the molecular ion for TNT, ([TNT]", m/z
227), appeared as the major ion with a strong intensity, while the fragment ion, ([TNT-H]", m/z
226), disappeared completely (Fig. 6(c)). TNT also produced another fragment ion, ([TNT-
NOJ, m/z 197), however it had a low intensity. The ionization mechanism of TNT was
investigated using ambient ion sources such as DBDI [10,11,13,14,97,135], dc-corona APCI
[134], electrospray-based methods [8,125,129], and ac-corona APCI [18]. TNT produced its
molecular ion, ([TNT]™, m/z 227), using electrospray-based ionization methods, while the
fragment ion, ([TNT-H]", m/z 226), was rarely observed [8,125,129].

Using discharged-based ionization methods, TNT yielded both the fragment ion, ([TNT-
H], m/z 226), and the molecular ion, ([TNT]", m/z 227), with high ion intensities [9-
11,14,23,30-32,135]. Using the desorption atmospheric pressure chemical ionization (DAPCI),
Song and Cooks (2006) found that TNT gave strong ion signals of the ([TNT-H]", m/z 226) and
[TNT]™, m/z 227) [9]. The strong signals of the ([TNT-H]", m/z 226) and ([TNT]™, m/z 227)
were also obtained by dielectric barrier discharge ionization (DBDI) [10,11,14,135]. As a
result, the relative ratio of [TNT]"and [TNT-H] is found to be influenced by the ionization
methods. The relative ratios of the [TNT]™ and [TNT-H] ions are affected by the presence of
air in the plasma as well [23,30-32,135]. Because of the use of helium plasma in DART, there
was a high signal of the [TNT] " ion [77,79]. The relative abundances of [TNT]" and [TNT-H]
are determined by the presence or absence of air in the plasma/glow. As a result, it can be stated
that analyzing explosives at the trace-level is a challenging task from an analytical standpoint.

In conclusion, the developed HCD ion source had better sensitivity for analyzing explosives
such as HMTD, TATP, RDX, PETN etc in both positive and negative ion modes under high
ion source pressures, e.g., 5 and 28 Torr, but the low ion source pressure HCD (1 Torr) gave
ultra-trace level detection for TNT (LOD 2 pg) in the negative ion mode [23,30]. Through ion-
molecule reactions, no cluster ions were seen from RDX and PETN at 1 Torr, however these
two explosives generated fragment ions with improved sensitivity, especially RDX at lower
ion source pressures (1 Torr). Under low ion source pressure (e.g., 1 Torr) in the HCD plasma,
electron density reaches maximum levels, allowing compounds with positive electron affinity
to participate in electron attachment processes. Accordingly, electron attachment processes
revealed TNT’s molecular ion, ([TNT],, m/z 227), as the main ion, whereas electron capture
dissociation in the negative ion mode revealed RDX and PETN at 1 Torr [23,30]. Electron
affinity of TNT was calculated to be between 0.6 and 0.7 eV [136]. At low ion source pressure,
the electron capture dissociation processes of RDX and PETN yielded their fragment ions as

the major ions (1 Torr). At higher ion source pressures such as 5 and 28 Torr, RDX and PETN
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generated cluster ions with the reagent ions, namely NO.", NO3", whereas AN produced cluster
ions of HNO3 with NOs", ([HNOs+NOs]", m/z 125) [23,30]. This is because in plasma-excited
air, AN decomposes to HNOs3, and the resulting HNO3 forms a cluster ion with the majority
NOz" ion in the HCD ion source. TNT had the most pressure-dependent mass spectra of all the
explosive chemicals. The predominant ion signal for TNT at 1 Torr was its molecular ion,
([TNT]™, m/z 227); however, as the ion source pressure increased from 1 to 28 Torr, fragment
ions such as [TNT-H];, [TNT-nNO]" (n = 1-3), and ([TNT-H+O]", m/z 242) became prominent
ions. The formation of these fragment ions is thought to be caused by the presence of NO2',
NOs", and Os in the HCD ion source. The detection limits for the explosives studied were
slightly greater than those reported by DESI, DBDI, and/or DAPCI, but the current HCD ion
source proved to be reliable, compact, and simple to use. Furthermore, the HCD ion source's
use of air as a carrier gas makes it suitable for usage in practical applications.

2.70E6

@ (b)oo 226 (M-H] A
Cathode § s [I\/I—IQ]*
197
% 50 5Torr
Transfer tube MS Air 283
/ 2° 267
Inlet 1 (closed :
( : o1l i L nll N
100 200 300 400 500
w\ﬁ m/z
96E5
R (c) 10 M-227
L m—
j Slens 75
77 HCD plasma
] /' (5-28Torr) %50 5 Torr
Hot Air/N, dcplasma
(1 Torr) 25 [M-NO] 0 150 20 250
Heated T tube Inlet 2 197,45
(200° C) 0] I :

100 200 300 400 500
m/z

Figure 6. A diagram of the HCD ion source (a) (details are shown in Fig. 10). Mass spectra of
TNT using air (b) and N2 (c) as carrier gas in the negative ion mode under ion source pressure
5 Torr. The inset depicts the MS/MS mass spectrum for the TNT molecular ion, ([TNT]™, m/z
227), with 25% of CID. Wiley and Frontiers Media S.A. have granted permission for this
reprint [23,30].

3.3 Explosives analysis in real time using HCD at ~28.0-30.0 Torr

Real-time explosive assessment is essential for public safety and security. This is because
terrorists are developing new explosive chemicals to deploy in public places. As a result, for a
practical monitoring system, a fast, easy, and reliable analytical method for simultaneous

detection of explosives from their mixture is highly desirable. Figure 7(a) depicts the real-time
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analysis of NG, TNT, PETN, and RDX utilizing the modified HCD ion source in negative
mode at 28.0-30.0 Torr of air pressure, whereas Figure 7(b) depicts the modified HCD ion
source in schematic form. Details are shown in Figure 1.

Negative HCD mass spectra of 1 ng of each NG, TNT, PETN and RDX at the higher ion
source pressure (~28.0-30.0 Torr) using air as a carrier gas are shown in Figures 8(a), (b), (c)
and (d), respectively, whereas Figure 8(e) depicts the total ion current (TIC). NG, PETN, and
RDX displayed adduct ions with predominantly NOz™ ions, [M+NOs]" (Fig. 8a, ¢ and d), while
TNT showed a strong ion signal of [TNT+NO3z-HNO:]", m/z 242) with weak fragment ions
(Fig. 8b). The extracted ion current (EIC) of the relevant ions is shown in the insets of Figures
8(a)-(d). The values of EIC for ions of m/z 289 (NG), 242 (TNT), 378 (PETN), and 284 (RDX)
are 0.40, 0.40, 0.41, and 0.42 min, respectively. NG, TNT, PETN, and RDX have vapor
pressures of about ~10, 107, and ~10° Torr (20 °C), respectively (insets in Figs. 8a-d). The

appearance of varied EIC values is due to variations in the vapor pressures of the explosives.

(a) (b) Flange (anode)

Simultaneous detection and quantification of NG,
TNT, PETN and RDX by HCD ion source
Hollow cathode

Neg ion mode

2.18E4

100 242 [TNT+NO;-HNO,J-

g

=75

?; [TINT+H] | [RDX#NO,

EE R MS ——=———"] Hot air flow

; 11 G+N03]

]62152]9 3 [PETN+NO,]
258 3]78 S-Lens
180 220 2 O 300 340 380 R=1 MQ
/ Aperture ;

Low pressure plasma (glow discharge) High pressure plasma (HCD)
(0.8~1.0Torr) (28.0 ~ 30.0 Torr)

; MQ
Figure 7. Real time analysis of NG, TNT, PETN and RDX under 28.0-30.0 Torr of air pressure
by the modified HCD ion source (a) and a diagram of the modified HCD ion source (b) (details
are shown in Fig. 1). This reprint has been approved by Elsevier [31].

A weak ion signal of the adduct ion for NG with NOs", ([ING+NOs]", m/z 289), was detected
based on the EIC for the m/z 289 (NG) ion, whereas TNT gave the adduct ion [TNT+NOs-
HNO:]', m/z 242), which emerged as a major ion (Fig. 8a). A very weak ion signal of the adduct
ion for RDX with NOs", ([RDX+NQOz]", m/z 284), was also identified for EIC m/z 289 (Fig. 8a).
Using an ESI ion source, Yinon et al. (1997) found the formation of the adduct ion for NG with
NOs", ([NG+NOgz],, m/z 289), as a major ion and fragment ion signals as minor ions [129]. The
ESI ion source should be able to detect the adduct ion for NG with the NO3™ ion as a major ion.
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This is due to the fact that the ESI is a soft ion source, therefore thermally labile molecules like
NG are not severely fragmented [129]. The generation of a large amount of NO3™ as reagent
ions is also aided by the ambient conditions for ESI. The synergistic effect of the soft ESI ion
source and the abundance of the NOs™ ion under ambient conditions aided the formation of the
adduct ion for NG, ([NG+NOgz], m/z 289), resulting in it gaining prominence as a major ion
with improved sensitivity. Using ac-APCI, Usmanov et al. (2015) detected the adduct ion of
NG with the NOs", (ING+NOs], m/z 289), as a minor ion signal with NO3z (m/z 62) as a major
background ion [135]. Because of the abundance of NOs™ ions formed by APCI under ambient
conditions, it is expected that it will provide the adduct ion ([NG+NOs]", m/z 289) as a major
ion. Because the ESI, APCI, and/or DBDI have different ionization methods, the mass spectra
may show differences in ion signals. Due to the fragile nature of NG molecules, even
temperatures as low as 60-70 °C might trigger thermal degradation. The deposited NG on a
metal substrate was almost degraded at 100 °C in our preliminary experiment [23,30,31].

It is worth noting that for the EIC of m/z 242 ([TNT+NO3-HNO2]), all of the explosives
yielded ion signals of varying intensities (Fig. 8b). TNT yielded a very strong ([TNT+NOs-
HNO2]", m/z 242) ion signal, which included the adduct ions for RDX, NG, and PETN with the
NOs ion (Fig. 8b). The modified HCD ion source, as shown in Figure 8(b), has the potential
to be used as a versatile ion source for real-time analysis of explosives at trace levels. The ion
at m/z 228 is the result of TNT forming an adduct ion with the hydride ion (H"), ([TNT+H],
m/z 228). The surfaces of the metals adsorb molecular hydrogen, making the surface-assisted
reduction reaction (Birch reduction type reaction) easier [23,30-32,137,138]. TNT reduction
may be aided by the presence of photons and a high electron density in the HCD plasma. The
mass spectrum for the EIC of the m/z 378 ion, [PETN+NOs]", is shown in Figure 8(c), while
RDX’s adduct ion with the NOz", ([RDX+NOs], m/z 284) [23,30,31], revealed a very strong
ion signal. TNT also produced the adduct ion ([TNT+NOs-HNOz]", m/z 242), which included
ions, for example, ([TNT+H]", m/z 228) and ([TNT-H]", m/z 226). The EIC of the m/z 378 ion,
however, detected no ion signal from NG (Fig. 8c).

For the EIC of m/z 284 ([RDX+NOs3]"), RDX showed a very strong ion signal for the adduct
ion with the NO3", ([RDX+NOs]'which included very weak ion signals of ([TNT+H]", m/z 228),
([PETN+NO3], m/z 378), and ([TNT+NO3-HNO-]", m/z 24) (Fig. 8d). TNT should not provide
strong ion signals at this stage of the TIC. TNT has a vapor pressure of 10 Torr (20 °C),
whereas RDX has a vapor pressure of just 10° Torr (20 °C), hence the TNT molecules exit the
ion source before the RDX molecules. The ([TNT+H], m/z 228) ion has a higher relative
intensity than the [TNT+NOs-HNOz]", m/z 242) ion (Fig. 8d).

21



Neg ion mode Neg ion mode
1.21E4 ) 2.18E4 [TNT+NO,-HNO,]
1001 (a) 242 [TNT;:rNO3-HI?[°()2] 100 (b) 242 . oo
p R bt £75
2 i = ) E EIC
€753 ~10 Torr ! EIC <754 ~10* Torr
2 m/z: 289 E 2l mizj242
s [TNT+H] s [TNT+H]- | [RDX+NO;] =,
ESO 228 L I X I ‘%50 [TNT-H]- 228 284NG+NO‘M}’ % Bibe iy °°
289 [NG+NO,] = 11 8
25 25 99
[RDX+NOS] 162520 d [PETN+NO,]
2]58 %b %0 o 19 2|58 | 3]78
© 180 220 260_ 300 340 180 220 260, 300 340 380
nms mz
TNT
Al
roo TIC
§7
Eso
=]
25
O
o. 0.3 0.5 7
Tiimme (i) RDX
Neg ion mode PETN Neg ion mode
2.15E4 3.13E4
oo [RDX+NO,] 284 oo 284 [RDX+NOS]
3 (C) 100, 041 - (d) 100, 042
:E + - - a75 g ~ -9
275 [TNT+NO; ';}'202] i ElC 875 10-° Torr
=2 1~107 Torr £
S 299 3 m/z: 378 =
3 : 2_ 1 [TNT+NO,-HNO,]
2501 [TNT+H] . =50
e 228 00 02 %:m(m?‘g 0.8 I~
25 211 PETN+NQO;] 25 -
19252 .2 [PETN el [TNT+H] [PETN+NO,]-
2108 258 228 :
ofll_Lsp . | o L2242 378
180 220 260 300 340 380 180 220 260”1/2300 340 380

Figure 8. Negative mass spectra of mixed explosives employing the dual pressure HCD ion
source (a) 1 ng NG, (b) 1 ng TNT, (c) 1 ng PETN, and (d) 1 ng RDX, where (e) stands for total

ion current (TIC). Insets represent respective extracted ion current (EIC) of each explosive.

This reprint has been approved by Elsevier [31].

The ([TNT+H], m/z 228) ion is formed through mainly surface-assisted reduction process
[23,31,32,137,138], whereas the ([TNT+NO3z-HNO2], m/z 242) ion is formed in the gas phase.
As aresult, the intensity of ([TNT+H]", m/z 228), the hydride adduct ion for TNT, is somewhat
higher than that of ([TNT+NO3z-HNO2]", m/z 242). Although the vapor pressure of TNT is fairly
high (=10 Torr at 20 °C), the surface-assisted reduction reaction may also cause a tiny fraction

of TNT molecules to have a longer relaxation period, resulting in the hydride ion, ([TNT+H],

m/z 228), appearing later in the TIC.

TNT produced a strong ion signal of the adduct ion, ([TNT+NOs-HNO:]", m/z 242), when
mixed with NG, PETN, and RDX at 28.0-30.0 Torr of air pressure using a modified HCD ion
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source with each explosive sample weighing 1 ng (Fig. 8b). Using the EIC for m/z 242, NG,
PETN, and RDX also revealed their appropriate adduct ions with the NO3™ ion as minor ion
signals (Fig. 8b). As a result, the modified HCD ion source can be used in combination with

an MS system to detect explosives at trace to ultra-trace levels while employing air as a carrier

gas.
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Figure 9. Negative HCD mass spectra for (a) 1 ng NG measured at ~0.8-1.0 Torr; (a1) 1 ng NG
measured at ~28.0-30.0 Torr; (b) 1 ng TNT measured at ~0.8-1.0 Torr; (b1) 1 ng TNT at ~28.0-
30.0 Torr; (c) 1 ng PETN measured at ~0.8-1.0 Torr; (c1) 1 ng PETN measured at ~28.0-30.0
Torr; (d) 1 ng RDX measured at ~0.8-1.0 Torr; and (d1) 1 ng RDX measured at ~28.0-30.0
Torr. The MS/MS spectrum of ([TNT-H+O]", m/z 242) is shown in the inset (CID: 30%). This
reprint has been approved by Elsevier [31].
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The negative mass spectra of NG, TNT, PETN and RDX at the higher ion source pressure
are shown in Figures 9(a), (b), (c) and (d), respectively, while Figures 9(a1), (b1), (c1), and (d1)
show the mass spectra of the explosive compounds at the lower ion source pressures. The
spectral pattern for the explosives examined separately for both higher and lower ion source
pressures is identical with a little change with that recorded concurrently, as shown in Figure
9. The spectral pattern for 1 ng RDX examined separately revealed adduct ions with both NOz
and NOz™ ions, ([RDX+NOs], m/z 284) and ([RDX+NO2],, m/z 268) (Fig. 8d), whereas the
simultaneous measurement for 1 ng RDX revealed only the ([RDX+NOs]", m/z 284) ion signal
(Fig. 7d). Both the NO3z™ and NO>™ ions have a trigonal planar shape, with the oxygen atoms of
each ion being extremely negatively charged. RDX has three nitro groups (NO3), each of which
has a very positive charge on its nitrogen atoms [21,23,29-31]. With RDX and its homologue,
1,3,5,7-tetranitro-1,3,5,7-tetrazoctane (HMX), both the NOs and NO- ions should form adduct
ions [21,23,29-31]. However, during simultaneous measurement, the other explosives and their
fragments may scavenge most of the NO>™ ion, preventing the formation of the ([RDX+NO2],
m/z 268) ion. The MS/MS spectrum for the m/z 242 ion is shown in the inset of Figure 8(b).
These findings revealed that under the hard HCD plasma environment at the higher ion source

pressure, the majority of the ions that occurred at lower m/z values originated from the m/z 242.

3.3.1 EIC dependence mass spectral pattern of the explosives

In MS, the analyte molecules must be desorbed into the gas phase and then ionized using a
suitable ion source for detection and quantification. The volatility of condensed substances
affects their desorption. Because different explosive compounds have varying vapor pressures,
their desorption processes are likewise variable. On the basis of their EICs, we investigated the
desorption process of various explosives from their mixture (EICs). On a glass slide, 2 uL of
acetonitrile solution containing 1 ng of each explosive compound was poured and air dried. To
desorb the condensed explosive compounds for ionization by the HCD ion source, hot air
blowing between 140 and 200 °C was applied opposite the sample spot. The EICs for NG,
TNT, PETN, and RDX are shown in Figures 10(a), (b), (c), and (d), respectively. Signals in
the EICs rise and decline swiftly, as seen in Figs. 10(a)-(c), while signals in the EIC for RDX
rise quickly but fall slowly (Fig. 10d). The EICs for NG and TNT peak at 0.40 min, while
PETN and RDX peak at 0.41 and 0.42 min, respectively (Fig. 10). The low EIC value is due
to the high vapor pressure of NG (~10* Torr at 20 °C) and TNT (=10 Torr at 20 °C) (0.40
min). The high EIC values are due to the non-volatility of PETN (~107 Torr at 20 °C) and
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RDX (~10° Torr). Because of its non-volatility (~10° Torr at 20 °C), the delay signal decline
in the EIC for RDX seems logical; nevertheless, the fast rise and fall for PETN is unclear.
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Figure 10. EIC of (a) [NG+NOgz] at m/z 289, (b) [TNT+NO3-HNO:]" at m/z 242, (c)
[PETN+NOgz] at m/z 378 and (d) [RDX+NOs] at m/z 284. Each explosive compound is exactly

1 ng in the mixture. This reprint has been approved by Elsevier [31].

The adduct ion for RDX, ([RDX+NOs]", m/z 284) appeared as a major ion in Fig. 10(c)
using the EIC for [PETN+NOs]™ at m/z 378, but the adduct ion for PETN, ([PETN+NOs]", m/z
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378) appeared as a minor ion. For the ([PETN+NOs]", m/z 378) ion, the concordance between
the fast increase and fall and the very low intensity is reasonable. There could be two
reasons for this. To begin with, PETN molecules may be thermally labile, hence the majority
of PETN molecules were fragmented prior to ionization. Second, the PETN molecules' ion
production efficiency with the NOs™ ion is not as good as RDX’s with the NOs". In the mass
spectrum, a fraction of the PETN molecules formed adduct ions with the NO3 (Fig. 8c). The
PETN adduct ion ([PETN+NOz], m/z 378) was detected using the EICs for ([TNT+NOs-
HNO2], m/z 242) (Fig. 8b) and [RDX+NOgz], m/z 284) (Fig. 8d). The fact that the
([PETN+NOs]", m/z 378) appears in the RDX spectrum with a relatively low intensity further
shows that it is non-volatile (Fig. 8d). The modified HCD ion source is capable of detecting
many explosives at trace levels. As a result, the improved HCD ion source has been found to
be capable of concurrently detecting explosives of several types at trace levels.

3.4 Explosives analysis in real time using HCD at ~0.8-1.0 Torr

At lower ionization pressures, real-time explosive analysis has also been performed (~0.8-
1.0 Torr). Among the explosives, only TNT and RDX showed molecular and fragment ions in
the negative ion mode, as illustrated in Figures 11(a) and (b), respectively. Even when the
quantities were increased to 5 ng, neither NG nor PETN showed any discernible peaks at the
reduced ion source pressure. Because the low ion source pressure causes ordinary dc-glow
discharge, the explosives’ spectral pattern differed from that observed at higher ion source
pressures (~28.0-30.0 Torr) [7,23,31,139]. TNT exhibited a strong molecular ion, ([TNT]", m/z
227), with very weak ions such as ([TNT-OH]’, m/z 210) and ([TNT-NOJ, m/z 197) (Fig. 11a)
whereas RDX exhibited only fragment ions with strong ion intensities, for example, ([RDX-
NO2-HNO2], m/z 129) and ([RDX-(NO2)-NCH:],, m/z 102) (Fig. 11b) [23,30,31]. At air
pressures between 0.8 and 1.0 Torr, no adduct ion evidence for RDX were seen. The TIC of
the mixed explosives is shown in Figure 11(c), while the EICs for the ions of m/z 227 (TNT)
and 129 (RDX) are shown in the insets of Figure 11(a) and (b), respectively. TNT has a vapor
pressure of ~10* Torr (20 °C), whereas RDX only has a vapor pressure of ~10° Torr (20 °C),
hence TNT evaporates faster than RDX molecules. The EIC for m/z 227, [TNT], displays a
rapid peak and decrease pattern (inset in Fig. 11a). RDX, on the other hand, has a rapid rising
EIC signal but a delayed fall with a large tailing (inset in Fig. 11b) [31]. The signal of RDX’s
EIC tails due to its non-volatility. Because the EIC for m/z 227 (TNT) is 0.46 min and the EIC
for 129 (RDX) is 0.49 min, no ion signal from RDX was recorded (Fig. 11a). TNT, on the other
hand, gave strong molecular ion signal at m/z 227 in the RDX’s EIC (Fig. 11b). At the reduced
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ion source pressure, no ion signals were recorded from NG and PETN, as previously stated
[23,31]. The results reveal that the fragments generated by NG and/or PETN in the glow
discharge plasma may not be stable at lower ion source pressures (~0.8-1.0 Torr) or that TNT
and RDX in the dc-plasma undergo electron attachment and/or capture ionization [23,30,31].

RDX provides only fragment ions of m/z 102, 129, and 176 utilizing a dc-glow discharge
ion source at 0.8 Torr of air pressure, according to McLuckey et al. (1996) [7]. Using a low-
temperature DBD plasma, Garcia-Reyes et al. (2011) detected the molecular ion of TNT,
([TNTY, m/z 227) [16]. Using ac-APCI with an insulating tube, TNT gave molecular ion of
TNT as a major ion ([TNT], m/z 227), whereas the formation of [TNT]" ion was significantly
suppressed by the fragment ion, [TNT-H]-, m/z 226), using dc-APCI [18]. Under ambient
conditions, Usmanov et al. (2013) reported the formation of fragment ion from TNT, ([TNT-
H], m/z 226) utilizing He-DBDI [135]. The plasma exhibits normal glow discharge at lower
ion source pressures (~0.80-1.0 Torr), and the generation of NO3z™ and/or NO2" is greatly
reduced, hence the fragment ion for TNT, ([TNT-H]", m/z 226), was not observed [23,30,31].
Because NO3z™ and/or NO2™ ions in the plasma extract protons from TNT molecules, the equation
TNT + NO3/NO2 — [TNT-H] + HNO3/HNO: is used.
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Figure 11. Negative mass spectra of the mixed explosives of (a) 1 ng TNT and (b) 1 ng RDX
using the dual pressure HCD ion source where (c) stands for TIC. The EIC of each explosive

is represented in the insets. This reprint has been approved by Elsevier [31].
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Because of the positive electron affinity of TNT molecules, the high electron density in the
HCD plasma leads to the formation of a molecular ion, ([TNT]™", m/z 227), via an electron
attachment reaction [23,30-32,130]. As a result, it is reasonable to conclude that the modified
HCD ion source may detect and quantify explosives from mixtures at trace and/or ultra-trace
levels.

At lower ion source pressures (0.8-1.0 Torr), TNT showed a better LOD value (1.00+0.03
pg). The electron attachment reaction of TNT molecules (EA: 2.5 eV) is facilitated by the glow
discharge-like plasma at lower ion source pressures, resulting in the formation of the molecular
ion ([TNT], m/z 227) [23,30-32]. Because of the low pressure, only a little amount of NOx was
formed, hence TNT molecules were mostly involved in the electron attachment reaction,
despite the electron affinity of NOz being 3.92 eV [23,29-31,130]. For RDX, the m/z 129, [M-
NO2-HNOz], a fragment ion of RDX, had a better LOD value (10.33+£0.45 pg), but the
([RDX+NOs], m/z 284) had a greater LOD value (30.75+0.95 pg) [31]. Using a glow discharge
ion source operating at 0.80 Torr of air pressure, McLuckey et al. (1996) found improved
sensitivity for RDX with a few pg [7].

3.5 Pressure dependent negative HCD mass spectra of TNT and TNB

The negative mass spectra of TNT and TNB measured by HCDI-MS system are shown in
Figure 12(a) and (b), respectively. At lower ion source pressures (1 Torr), TNT and TNB both
produced major ions, ([TNT]™, m/z 227) and ([TNB] ", m/z 213), as shown in Figure 12(a) and
(b), but TNT produced two fragment ions, ([TNT-OH], m/z 210) and ([TNT-NO], m/z 197),
whereas TNB produced only the fragment ion, ([TNB-NOJ], m/z 183) [23,31,32]. The
formation of the ([TNT-OH]", m/z 210) ion is due to the presence of a methyl (-CH3) group in
TNT molecules. The methyl hydrogen should be more acidic than the ring hydrogen, and the
oxygen atom of the neighboring -NO> group (ortho to the -CHs group) causes the methy!l proton
to be abstracted, resulting in the formation of the ([TNT-OH], m/z 210) ion from the TNT
molecules.

In contrast, when the ion source pressures increase, the intensities of the molecular ions for
both TNT and TNB drop (Fig. 12a,b). At5 Torr, the [M-H] ion developed into major ions such
([TNT-H],, m/z 226) and ([TNB-H], m/z 212), although their molecular ions remained small.
When the ion source pressure was increased to 30 Torr, the molecular ions for TNT and TNB
vanished completely, and their respective adduct ions, ([TNT+NO3-HNO2]", m/z 242) and
([TNB+NO3-HNO2], m/z 228), appeared as major ions (Fig. 12a,b).
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The ratio of NOx such as NO> and NOs in air-excited plasma increases as the ion source
pressure rises. The NOz™ and NOs™ ions generated in the HCD plasma then took part in proton
abstraction processes, as described in Equs. 1 and 2 [23,30-32,139]:

TNT + NOg/NO; — [TNT-H] (m/z 226) + HNO3/HNO 1)

TNB + NO3/NO; — [TNB-H]" (m/z 212) + HNOs/HNO; )

At higher ion source pressures (5-30 Torr), NG, PETN, and RDX produce adduct ions with
the NOz™ ion, however TNT and TNB did not generate any adduct ions with the NOs’,
([TNT+NOs], m/z 289) and ([TNB+NOz]", m/z 228), respectively [23,30-32,139]. Usmanov et
al. (2015) used density functional theory (DFT) calculations to study the anomalous mass
spectrum of TNT [139]. Because of the negative energy of activation (E = -21.4 kcal/mol), the
NOs™ ion is tightly attached to two carbon atoms of the benzene ring of TNT molecules,
according to DFT calculations. Deprotonation occurs at the transition state by cleaving the C-
H bond, resulting in the formation of [M-H] ions such as ([TNT-H]", m/z 226), ([TNB-H]", m/z
212) etc. The DFT calculation revealed a minimal activation energy of + 9.8 (= -11.6-21.4)
kcal/mol for proton abstraction from the benzene ring. This shows that the formation of the
[M-H] ion would be kinetically favorable [139]. The dc-corona APCI ambient ion source was
used to study proton transfer processes in aliphatic and aromatic compounds with various
functional groups [133,139,140]. TNT was analyzed using an ambient ac-corona APCI, which
identified the molecular ion, ([TNT]", m/z 227), as the predominant ion, with ([TNT-H]", m/z
226) and ([TNT-NO], m/z 197) as minor ions [18,30]. Minor ions [TNT]™, m/z 27) and ([TNT-
H]", m/z 226) were also found in the dc corona APCI, whereas the fragment ion ([TNT-NOJ,
m/z 197) was found as a major ion [18,30]. TNB also produced a major ion, ([TNB]™, m/z 213),
with only the fragment ion, [TNB-NO]’, m/z 183) as a minor ion [18,30].]. The formation of
the [TNT-OH]", m/z 210) as a major ion was confirmed by the MS/MS mode (CID 25%) for
the precursor ion, ([TNT]™, m/z 227) [23,30]. Minor ions were ([TNT-NO], m/z 197), ([TNT-
2NOJ, m/z 167) and ([TNT-3NO]J, m/z 137). These findings are also consistent with those of
other investigations [8,11,16,23,30-32,123,126,129]. TNT produced ions with m/z 212, 213,
and 214 with intensity ratios of 5:4:3 at both 5 and 30 Torr, but TNB produced minor ions with
intensity ratios of 15:3:2 at 5 Torr (Fig. 12a,b). TNB is thought to be responsible for the
development of ions with m/z 212, 213, and even 214 in the HCD plasma, as a result of TNT

photodegradation processes.
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Figure 12. HCD mass spectra of (a) TNT and (b) TNB at 1, 5 and 30 Torr in negative ion mode.
Inset in 2(a) indicates the MS/MS spectrum for m/z 242 ([TNT+NOs-HNO-]) and that in Fig.
2(b) stands for MS/MS spectrum of m/z 228 ([TNB+NO3z-HNO2]") (CID: 25%). This reprint
has been approved by Elsevier [32].

However, the generation of m/z 212 and 213 ions was seen in the MS/MS spectra for the
precursor ion with m/z 242. (inset in Fig. 12a) [32]. Furthermore, when utilizing MS/MS mode,
the intensity ratios for the m/z 212, 213, and 214 ions derived from the m/z 242 ion are
completely different from those formed from TNB (Fig. 12a,b). As a result, the peaks in the
TNT mass spectra at m/z 212 and 213 are thought to be from the ([TNT+NO3-HNO2], m/z 242)
ion [32].

At 30 Torr, TNT produced a new peak at m/z 228. (Fig. 12a). The hydride-adduct ion of
TNT, [TNT+H]", has been ascribed to the peak at m/z 228. TNB also produced the hydride-
adduct ion ([TNB+H]", m/z 214), which included the minor ion ([TNB-H]", m/z 212) (Fig. 12b).
The MS/MS spectra for the precursor ions m/z 242 and 228are shown in the insets in Fig. 12(a)
and (b) (CID 25%), respectively [23,31,32]. At the higher ion source pressure of 30 Torr, TNT
and TNB both produced adduct ions such as ([TNT+NO3-HNO2]", m/z 242) and ([TNB+NO:3-
HNO:]", m/z 228) as major ions. The MS/MS system has designated the ions that appear in the
lower m/z area (see insets in Fig. 12). The MS/MS spectrum for the m/z 242, [TNT+NOs-
HNO:], ion showed that the ions at m/z 212/213, 195, and 182 originated from TNT; however,
the MS/MS peak for m/z 225 did not appear in the TNT mass spectrum at 30 Torr (Fig. 12a)
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[32].At higher ion source pressures, the absence of the m/z 228 ion in the MS/MS spectrum for
the m/z 242 ion rather exposes the formation of the TNT hydride-adduct ion, [TNT+H] (see
inset in Fig. 12a). TNT molecules participated in both gas phase and surface-assisted processes
at the same time, yielding the ([TNT+NOs-HNOz]", m/z 242) ion and the hydride-adduct ion,
([TNT+H], m/z 228), respectively [31,32].
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Figure 13. Positive HCD mass spectra of (a) benzene, (b) deuterated benzene and (c) toluene
using headspace method. Molar mass of each organic compound in the parentheses. This

reprint has been approved by Elsevier [32].

Even at 5 Torr (red circle) (Fig. 12a for 5 Torr), the hydride-adduct ion of TNT, ([TNT+H]
, M/z 228), appears as minor ions, but its intensity increases as the ion source pressure increases
[32]. It should be mentioned that practically all metal surfaces can adsorb hydrogen gas, with
palladium metal adsorbing/absorbing hydrogen gas in a large way. The cathode in this work is
stainless steel, therefore in the presence of high electron density, metastable species, and
photons in the HCD plasma, the inner surface becomes reactive, assisting surface reactions. To
explore the Birch type reduction processes of the nitroaromatic explosives in the HCD ion
source, benzene, deuterated benzene, and toluene were used as model organic compounds
shown in Figures 13(a), (b) and (c) [32,137,138]. At higher ion source pressures (5 and 30
Torr), the mass spectra of these organic compounds confirmed the generation of hydride-adduct
ions of TNT and its precursors (Fig. 13). The ions with the m/z 198 and 182 (inset in Fig. 12b)
were found in the MS/MS spectra for m/z 228 (CID 25%), whereas TNB revealed the ions with
the m/z 198, 192, 168, 153, including m/z 212 and 214. The removal of NO (30) from the m/z
228 ion, [TNB+NO3-HNO], results in the formation of the m/z 198 ion in the TNB mass
spectrum (Fig. 12b). The strong m/z 183 ion originating from TNB molecules may suppress
the m/z 182 ion in the MS/MS spectrum for the precursor ion m/z 228 by the removal of NO
from the molecular ioni.e., ([TNB] ", m/z 213) —NO_ ([TNB-NOJ, m/z 183) (Fig. 12b) [32].
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In the negative ion mode, the existing HCD ion source produced NO2" (m/z 46), NOs™ (m/z
62), and CO3™ (m/z 60), while Os is one of the neutral products in the air-assisted plasma and
should appear at m/z 48, [Os]’, but did not appear in the back ground mass spectrum (Fig. 2)
[23,30,31]. Because the electron affinities of the NO> (2.3 eV) and NOs (3.9 eV) species are
substantially higher than those of Oz (2.1 eV), the NO2" and NOs™ ions must prevent the
formation of Os™ [23,30-32,141]. The O3 (m/z 48) ion has been infrequently detected in air-
excited plasma [77,133]. At higher ion source pressures, both TNT and TNB molecules
produced [M+NO3-HNO:]™ adduct ions, which became major ions as the ion source pressure
was increased from 5 to 30 Torr. In the HCD ion source, the ion formation mechanism of TNT
and TNB is pressure dependent. The lower ion source pressure (1 Torr) produced molecular
ions such as ([TNT], m/z 227) and ([TNB]™, m/z 213) as major ions, ([TNT-NO]’, m/z 197)
and ([TNT-NOJ, m/z 183) as minor ions, and no fragment ions such as ([TNT-H]", m/z 226)
and ([TNB-H]", m/z 212) were observed.

When the ion source pressure is increased from 1 to 30 Torr, however, the mass spectral
pattern changes dramatically (Figs. 12a,b). At 5 Torr, TNT produced the fragment ion ([TNT-
H]", m/z 226) as a major ion along with ([TNT-NO]J, m/z 197) as a minor ion. At 5 Torr, TNB
gave the fragment ion ([TNB-NQO], m/z 183) as a major ion and ([TNB-H]", m/z 212) as a minor
ion. At the higher ion source pressure of 30 Torr, however, both TNT and TNB showed their
respective adduct ions such as ([TNT+NO3-HNO2],, m/z 242) and ([TNB+NO3-HNO-]", m/z
228) as major ions [32].

The LOD values of TNT were 1.02+0.02, 10.20+0.35, and 30.32+1.03pg at 1, 5, and 30
Torr, respectively, using the modified variable pressure HCD ion source. For 1, 5 and 30 Torr,
the LOD values for TNB were 2.10+0.06, 12.08+0.41, and 30.25+1.25 pg, respectively [32].
TNT was also analyzed using a previous version of the HCD ion source, which yielded 2, 50
and 70 pg at 1, 5 and 30 Torr, respectively [23,30]. TNT was detected using ambient ac-APCI
and dc-APCI, with LOD values of 30 and 50 pg, respectively. Using the ac/plastic and
dc/plastic APCI ion sources, TNB had greater LOD values than TNT [18,30].

The dc-corona APCI was also fabricated and used to analyze TNT using a counter-flow
introduction sampling technique, and the formation of TNT molecular ions ([TNT] ™", m/z 227)
was reported [134]. Because the air pressure is reduced by the counter-flow introduction
sampling method, the presence of NOx is reduced to a minimum, preventing the proton abstract
reaction from the TNT molecules. Because of TNT’s strong electron affinity (2.5 eV), the
electron attachment reaction takes precedence and the molecular ion emerges as a major ion
[23,30-32,140,141]. Formation of TNT molecular ion, ([TNT]™", m/z 227) was also observed
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by using the direct analysis in real time (DART) ion source [77,79]. This is because helium
plasma in the DART holds high electron density rather than NOy that facilitates the electron
attachment reaction. Electrospray-based techniques have also been used and found the
molecular ion, ([TNT]™, m/z 227) is the major ion [8,125,129]. The DBD ion source, on the
other hand, produced ([TNT-H], m/z 226) as a major ion and ([TNT]™, m/z 227) as a minor ion
[11,14,135]. As a result, it is argued that air-excited plasma produces ([TNT-H]", m/z 226)
and/or ([TNB-H]", m/z 212) ions, whereas solely helium plasma promotes electron attachment
processes that produce the molecular ion. To put it another way, as the plasma gas is
contaminated by air, the relative intensity of [M-H]" rises [11,14,135].

3.6 Pressure dependent negative HCD mass spectra of 2,3-DNT, 2,4-DNT and 2,6-DNT

Because the dinitrotoluene (DNT) isomers are precursors to TNT, they have been utilized
to make TNT, despite the fact that they can be used as explosives directly. Therefore, it is quite
likely that DNT isomers will be detected at trace levels. Because they are homologues, the
spectrum patterns of the DNT isomers and TNT are identical. The DNT isomers can also be
found in the environment as degradation products of TNT and other precursors like 2A-DNT
and 4A-DNT. From the standpoints of public security/safety and environmental monitoring,
analysis of TNT and its homologues/precursors is required. The gas phase ion-molecule
reactions of the DNT isomers were also investigated using the newly fabricated variable
pressure HCD ion source.

The pressure dependence negative HCD mass spectra of 2,3-DNT, 2,4-DNT, and 2,6-DNT
are shown in Figures 14(a), (b), and (c), respectively. At 1 Torr, all DNT isomers produced the
molecular ion ([DNT]”, m/z 182) as the primary ion, with a very low intensity fragment ion
(IDNT]™, m/z 152) as a minor ion. However, as the ion source pressures rise from 1 to 30 Torr,
the spectral pattern changes dramatically (Fig. 14a,b,c). As the ion source pressures increase,
the intensity of the ion signals decreases. At 5 Torr, 2,3-DNT produced the adduct ion
(IDNT+NO3z-HNOz], m/z 197), the fragment ion ([DNT-NO]J, m/z 152) as the second highest
peak, and ([DNT-H],, m/z 181) and ([DNT]™, m/z 182) as the third highest peaks. The adduct
ion, ([DNT+NOs-HNO2]", m/z 197), emerged as the second highest peak in the 2,4-DNT and
2,6-DNT isomers, with ([DNT-H]", m/z 181) being the main ion (Fig. 14a,b,c).

At5 Torr, the DNT isomers, like TNT and TNB, produced the molecular ion ([DNT] ", m/z
182), fragment ion ([DNT-H]", m/z 181), and hydride-adduct ion ([DNT+H]", m/z 183). The

DNT isomers, however, have distinct ratios of ion intensities for these three ions.
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Figure 14. Negative HCD mass spectra of DNT isomers of (a) 2,3-DNT, (b) 2,4-DNT and (c)
2,6-DNT at 1, 5 and 30 Torr. This reprint has been approved by Elsevier [32].

The ion intensities ratios of these three ions, [DNT-H]/[DNT]"/[DNT+H] = 1.2/1.1/1.0,

5.0/1.3/1.0, and 6.7/3.0/1.0 for 2,3-DNT, 2,4-DNT, and 2,6-DNT, respectively. Because of

their differing structures, it is logical to expect this variation in the DNT isomers. The positions
of the nitro (-NOz) group enhance the benzene ring’s reactivity since the methyl (-CHs) group
is an electron releasing group. The ortho-NO2 (2-position) group enhances the -CHz group’s
electron releasing capability for 2,3-DNT, whereas the ortho (2-position) and para (4-position)
-NO:2 groups activate the -CHz group for 2,4-DNT, and the two ortho (2- and 6-positions) -NO>
groups activate the -CHs group for 2,6-DNT. As a result, the fragment ion ([DNT-H], m/z 181)
was identified as a major ion for both the 2,4-DNT and 2,6-DNT isomers (Fig. 14b,c for 5
Torr). Because the para -NO> group is thought to activate the -CH3 group more than the ortho
-NO:2 group, the 2,4-DNT produced a strong peak of the fragment ion, ([DNT-H],, m/z 181)
[32]. The 2,3-DNT and 2,6-DNT isomers, on the other hand, produced strong ion signals for
the adduct ion ([DNT+NOs-HNO2]", m/z 197), whereas 2,4-DNT produced a weak ion signal.
Because the main ion in the 2,4-DNT isomer was ([DNT-H]’, m/z 181), it was expected that
the abundance of the fragment ion, ([DNT-H], m/z 181) would allow the formation of a large
amount of the adduct ion, ((DNT-H+O]", m/z 197) at 5 Torr [32].
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The [DNT-H+N20]  ion occurred at m/z 225 as minor ions at 5 Torr, and the ion became
the base peak as the ion source pressure was increased from 5 to 30 Torr, resulting in a new
peak for the DNT isomers. Unlike TNT and TNB, which have ([TNT+NOs-HNOz]", m/z 242)
and ([TNB+NO3-HNO:] ", m/z 228) as base peaks at 30 Torr, the DNT isomers produced novel
adduct ions, [DNT-H+N20], as major ions at m/z 225. Furthermore, 2,3-DNT and 2,4-DNT
produced a new peak at m/z 211, which has been designated as [DNT-H+NO] whereas 2,6-
DNT did not produce any ion signal (Figs. 14a,b,c at 30 Torr).The expanded mass spectrum
for the m/z 282, 281 and 283 ions is shown in the inset in Fig. 14(a) at 30 Torr. At 30 Torr, the
molecular ion ([DNT]™, m/z 182) is still dominant for the 2,3-DNT isomer, although other DNT
isomers, including TNT and TNB, are unlikely. The results show that the 2,3-DNT isomer's
methyl hydrogen is less acidic than that of the 2,4-DNT and/or 2,6-DNT isomers [32]. The
LOD values of the DNT isomers were determined using analytical calibration curves. The LOD
values for the 2,3-DNT, 2,4-DNT, and 2,6-DNT were 3.03+0.07, 3.02+0.05 and 3.02+0.03pg
for 1 Torr, 15.22+0.62, 8.12+0.33, and 8.25+0.27pg for 5 Torr, and 50.4+02.25, 40.33+1.92,
and 40.62+1.85 pg for 30 Torr, according to the calibration curves [32].

3.7 Pressure dependent negative HCD mass spectra of 2A-4,6-DNT and 4A-2,6-DNT

The nitroaromatic compounds 2ADNT and 4ADNT are also used as explosives. The HCD
ion source was also used to look into pressure-dependent ion-molecule reactions in the gas
phase. The negative HCD mass spectra of 2ADNT and 4ADNT at various ion source pressures
are shown in Figures 15(a) and (b). Only 4ADNT, like TNT and TNB, produced a strong
molecular ion, [4ADNT]™, which appeared at m/z 197, but 2ADNT produced the fragment ion,
([2ADNT-H], m/z 196), as a major ion with the molecular ion, (2ADNT]", m/z 197), as a
minor ion with an intensity of 47% (Fig. 15a,b) [32]. The spectral pattern difference between
the 2ADNT and 4ADNT is reasonable. This is because the acidic character of the methyl (-
CH?3) hydrogen in the 2ADNT and 4ADNT is obviously different, resulting in the formation of
the fragment ion (JADNT-H]", m/z 196) in the ADNT with the high acidic character hydrogen.
The acidic property of the methyl hydrogen is enhanced by the nitro group (-NO-) at position-
4 (para) in relation to the -CHz group. Because the amino group at position 2 is basic in nature
in comparison to the methyl group, abstracting protons from the -CHsz group and converting
the amino group to a quaternary nitrogen cation is facilitated. The quaternary nitrogen cation
must be unstable in the HCD plasma severe conditions, therefore a trace amount of NOs™ and/or
NOy" ions generated at 1 Torr of air pressure leads to the formation of the ([2ADNT-H]’, m/z
196) ion (Fig. 15a) [32].
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At 5 Torr, both the 2ADNT and 4ADNT amino nitroaromatic compounds produced minor
ions with m/z 227 and 228 while the ([ADNT-H], m/z 196) ion produced major ions. For
2ADNT, the ratio of [ADNT-H] and [ADNT] ™ ions is higher than for 4ADNT. This result also
implies that the simple abstraction of protons from the -CHs group is due to the -NO> group at
para position. TNT was responsible for the emergence of ions with m/z 227 and 228. At the
higher ion source pressure of 30 Torr, both amino nitro aromatic compounds produced ions of
m/z 226, 228 and 242 (Fig. 15a,b). At higher ion source pressures, the occurrence of the m/z
242 ion from 2ADNT and 4ADNT nitroaromatic compounds is highly fascinating. TNT
produced ions of m/z 226, 228 and 242 at 30 Torr, as shown in Figure 12(a). Furthermore, the
MS/MS spectra (CID 25%) for the m/z 242 precursor ion yielded ions of m/z 212/213, 182,
225, and 195 (inset in Fig. 12a). According to these findings, both the 2ADNT and 4ADNT
compounds participated in oxidation processes in the HCD harsh plasma, resulting in the
formation of TNT molecules in situ. TNT molecules produced in situ then participated in ion-
molecule reactions in the ion source. TNB, which could emerge from amino nitroaromatic
compounds via photodegradation process, is thought to be responsible for the appearance of
the m/z 212, 213, 211 ions (Fig. 15a,b).
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Figure 15. Negative HCD mass spectra of ADNT of (a) 2A-4,6-DNT and (b) 4A-2,6-DNT at
1, 5 and 30 Torr. This reprint has been approved by Elsevier [32].

When the mass spectra of TNB and 2ADNT/4ADNT molecules are compared at 5 and 30 Torr,
the spectral pattern for the m/z 212, 213, 214 ions is clearly different. The reason for this is that
TNB and 2ADNT/4ADNT have different ratios of 212, 213, and 214.TNB produces [TNB-H]
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, [TNB]™, and [TNB+H]", which have m/z 212, 213, and 214, respectively (Fig. 12b). The ions
with the m/z 212, 213, on the other hand, came from the m/z 242 ion as fragment ions, as
indicated in the inset in Fig. 12(a) [32]. TNT ions with m/z 212, 211, and 213 appeared as minor
ions (Fig. 12a), whereas 2ADNT and 4ADNT ions appeared as major ions (Fig. 15a,b). The
formation of adduct ions of the 2ADNT and/or 4ADNT is thought to be responsible for the m/z
212 ion, which has been designated as [ADNT+NO3-HNO2], m/z 212).

Both TNT and TNB produced identical adduct ions, ([TNT+NOs-HNO-]", m/z 242) and
([TNB+NO3-HNO2], m/z 228), respectively, as described in the preceding section, and these
two adduct ions appeared as major ions at 30 Torr (Fig. 12a,b). At 5 and 30 Torr, 2ADNT and
4ADNT produced the ([ADNT+NOs-HNOz]-, m/z 212) as main ions, similar to TNT and TNB
(Fig. 15a,b). Because TNT is the oxidation product of 2ADNT and 4ADNT in the HCD ion
source and produces the adduct ion ([TNT+NO3-HNO-]", m/z 242), it must contribute to the
ion intensity of the m/z 212 ion for both amino nitroaromatic compounds, 2ADNT and 4ADNT,
by fragmentation. At 30 Torr, the ([ADNT+NO3-HNO2]', m/z 212) appears as a major ion for
2ADNT (Fig. 15a), but as the second major ion for 4ADNT (Fig. 15b). This is because the
2ADNT offers more ([2ADNT-H]", m/z 196) ions than the 4ADNT, making it easier for the
2ADNT to generate more (JADNT+NOs-HNO]", m/z 212) ions (Fig. 15a for 30 Torr).

The LOD values for 2ADNT were 4.03£0.06, 10.03+0.37, and 50.03+2.07 pg at 1, 5 and
30 Torr [32]. For 4ADNT, the LOD values were 3.03+0.04, 10.03+0.35, and 50.03+2.02 pg at
1, 5 and 30 Torr, respectively. The somewhat higher LOD for 2ADNT (4.03+0.06 pg) than for
4ADNT (3.03+0.04 pg) is reasonable. The formation of trace levels of NOy, which are the
principal reactive species in the ion-molecule reactions for the formation of the (2ADNT-H],
m/z 196) through proton abstraction from the -CHs group, is caused by the low ion source air
pressure (1 Torr). The MALDI-ToF was used to estimate the LOD of ADNT, which was found
to be 0.25 ng/L [142].

3.8 Negative DBDI mass spectra of TNT and related compounds using headspace method

To compare the ion-molecule reactions that occur in the DBD and HCD ion sources, DNT
isomers were subjected to a homemade helium dielectric barrier discharge (DBD) ion source.
Through the headspace approach, gaseous DNT isomers, including TNT, were injected into the

DBD ion source. Figure 16 depicts the helium DBD ion source [32].
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Figure 16. (a) Schematic diagram and (b) Photograph of an experimental setup of a DBD ion
source. TNT and its precursors were evaporated from their solution using the headspace

method, which involved gently heating the solution with a hair drier. This reprint has been
approved by Elsevier [32].

The negative DBDI background mass spectra for lower and higher m/z regions are shown
in Figures 17 (a) and (b), respectively. The ion signals for NO2" (m/z 46), CO3™ (m/z 60), HCOs"
(m/z 61), and NO3™ (m/z 62) ions are dominant in the lower m/z region (Fig. 17a), but only NOs
(m/z 62) appears in the upper m/z region (Fig. 17b). In both the lower and upper m/z regions, a

background ion signal with the m/z 93 appeared, along with other ion signals that have yet to
be identified [32].
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Figure 17. Negative DBDI background mass spectra of (a) lower m/z region and (b) upper m/z
region. This reprint has been approved by Elsevier [32].
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To investigate the ion formation mechanism of the DNT isomers utilizing DBD as an ion
source, 2,3-DNT, 2,4-DNT, 3,4-DNT, and 2,6-DNT including TNT were used as model
compounds. Negative DBDI mass spectra of 2,3-DNT, 2,4-DNT, 3,4-DNT, 2,6-DNT, and TNT
are shown in Figures 18(a)-(e), respectively. Only 2,4-DNT formed the fragment ion ([DNT-
H]", m/z 181) as a major ion, while the other isomers produced the molecular ion ([DNT] ", m/z
182) as major ions (Fig. 18a-d). When compared to the molecular ion ([TNT]™, m/z 227), the
fragment ion ([TNT-H], m/z 226) of TNT also appeared as a prominent ion (Fig. 18e). As a
result of the DBD ion source producing NO2" and NOgz™ as reagent ions, these ions must
participate in gas phase ion-molecule reactions, abstracting protons from the -CHs group of
TNT, DNT isomers, and 2ADNT/4ADNT and/or the benzene ring, as in TNB. Furthermore,
utilizing the helium DBD ion source, no fragment ions were produced by the DNT isomers or
TNT. In the investigation of TNT and its precursors, the results reveal that the DBD ion source
is substantially softer than the HCD ion source. Finally, it is concluded that the para (4-position)
-NO- group is more effective than the ortho (2- or 6-position) in increasing the acidity of the -

CHs hydrogen, whilst the meta (3- or 5-position) may not contribute to the acidity of the -CHs

hydrogen.
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Figure 18. DBDI mass spectra of (a) TNT, (b) 2,4-DNT, (c) 2,3-DNT, (d) 3,4-DNT and (e)
2,6-DNT using headspace method in negative ion mode. This reprint has been approved by
Elsevier [32].
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With the exception of 2ADNT, which produced fragment ions (2ADNT-H], m/z 196) as
the major ion at 1 Torr, TNT, TNB, 2,3-DNT, 2,4-DNT, 2,6-DNT, and 4ADNT all produced
molecular ions, [M]~, as the major ion. At 5 Torr, TNT, TNB, 2,4-DNT, 2,6-DNT, 2ADNT,
and 4ADNT all gave the major ion, [M-H]-, but only 2,3-DNT gave the adduct ions
(IDNT+NO3-HNO2], m/z 197). The spectral pattern changed dramatically as the ion source
pressure was increased from 5 to 30 Torr. In TNT, TNB, 2ADNT, and 4ADNT, the adduct
ions, [M+NO3-HNO2]", were found to be the major ions, however in the DNT isomers, a new
adduct ion ([M-H+N20], m/z 225) was detected. The nitroaromatic explosive compounds
produced hydride-adduct ions, [M+H]", at 5 and 30 Torr. The harsh plasma in the HCD ion
source facilitates the formation of hydride-adduct ions by surface-assisted Birch type reduction
processes. The LOD values of the nitroaromatic explosive compounds ranged from 1 to 50 pg
depending on the ion source pressures. The lower the ion source pressure provided the better
the LODs, while the poorer LODs were obtained at the higher the ion source pressure. An air-
assisted glow discharge can produce a wide range of spectral patterns, which could be
beneficial for detecting TNT and TNT-related explosives. As a result, the proposed variable
ion source pressure HCD can be used in the real world to detect and quantify nitroaromatic
explosives at trace-to ultra-trace levels in combination with an ion trap mass spectrometer using

air as a carrier gas.

4. Conclusion and future outlooks

The hollow cathode effect has been exploited in the manufacture of hollow cathode lamps
for AAS/AES since Friedrich Paschen discovered it in 1916. Lindinger and colleagues used
the HCD as an ion source in proton transfer reaction mass spectrometry for the first time. The
purpose of this review is to conduct a literature review on the fabrication of a variable-pressure
HCD ion source for MS in detection, quantification and investigation of gas phase ion-
molecule reactions of explosives and related compounds. The use of air as a carrier gas in the
HCD ion source eliminates the need to change reagent gases like He or Ar on a regular basis,
making the ion source more practical for MS applications. The HCD ion source has been
designed in such a way that it can accurately and simultaneously detect explosives and related
substances at trace to ultra-trace levels. The HCD performs well at high ion source pressures
(28.0-30.0 Torr), whereas the conventional GD appears at low ion source pressures (0.8-1.0
Torr). At 28-30 Torr, the explosive and related compounds produced ions in both positive and
negative modes; however, at 1 Torr, electron attachment/electron capture processes produced

exclusively negative ions. In the positive ion mode, HMTD and TATP produced ions
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exclusively at higher ion source pressures (5.0-30.0 Torr), but the ion intensities rose when the
ion source pressure was increased from 5.0 to 30.0 Torr. As a result, the fabricated variable-
pressure HCD ion source can be used in combination with an ion trap mass spectrometer that
uses air as a carrier gas to detect and quantify explosives and related compounds at trace-to-
ultra-trace quantities in the real world.

In the future, the developed air-based quasi-ambient HCD ion source could be combined
with an ion trap MS to provide a miniature-MS system for detecting illicit chemicals such as
explosives, drugs of abuse, and pesticides/herbicides in real-world applications.
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