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a b s t r a c t

A commercial-off-the-shelf (COTS) ion trap mobility spectrometry (ITMS) based explosive trace

detector (ETD) has been interfaced to a triple quadrupole mass spectrometer (MS/MS) for the purpose

of characterizing the gas phase ion chemistry intrinsic to the ITMS instrument. The overall objective of

the research is to develop a fundamental understanding of the gas phase ionization processes in the

ITMS based ETD to facilitate the advancement of its operational effectiveness as well as guide the

development of next generation ETDs. Product ion masses, daughter ion masses, and reduced mobility

values measured by the ITMS/MS/MS configuration for a suite of nitro, nitrate, and peroxide containing

explosives are reported. Molecular formulas, molecular structures, and ionization pathways for the

various product ions are inferred using the mass and mobility data in conjunction with density

functional theory. The predominant product ions are identified as follows: [TNT-H]� for trinitrotoluene

(TNT), [RDXþCl]� for cyclo-1,3,5-trimethylene-2,4,6-trinitramine (RDX), [NO3]� for ethylene glycol

dinitrate (EGDN), [NGþNO3]� for nitroglycerine (NG), [PETNþNO3]� for pentaerythritol tetranitrate

(PETN), [HNO3þNO3]� for ammonium nitrate (NH4NO3), [HMTD�NC3H6O3þHþCl]� for hexamethy-

lene triperoxide diamine (HMTD), and [(CH3)2CNH2]þ for triacetone triperoxide (TATP). The predomi-

nant ionization pathways for the formation of the various product ions are determined to include

proton abstraction, ion-molecule attachment, autoionization, first-order and multi-order thermolysis,

and nucleophilic substitution. The ion trapping scheme in the reaction region of the ITMS instrument is

shown to increase predominant ion intensities relative to the secondary ion intensities when compared

to non-ion trap operation.

Published by Elsevier B.V.
1. Introduction

Ion mobility spectrometry (IMS) based explosive trace detec-
tors (ETDs) are well established screening devices for the mitiga-
tion of explosive related threats [1–5]. The utility of IMS for the
detection of explosive residues is derived from the sensitivity and
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selectivity inherent to the analytical method. Specifically, the
sensitivity and selectivity in IMS is imparted by the efficient
processes which gas phase neutrals are converted to charged
species, i.e. atmospheric pressure ionization, combined with the
characterization of ion velocity through a buffer gas in the
presence of an electric field, i.e. ion mobility measurements.

The most critical aspect of the IMS method is arguably the
atmospheric pressure ionization processes since ion mobility
measurements have no practical value if ions representative of
the sample are not formed [5]. The molecular structures, kinetics,
and thermodynamics which govern the ionization processes are
dependent on the chemical environment in the IMS instrument,
including temperature, pressure, gas composition, analyte
concentration, moisture, and reagent chemical [5–11]. Therefore,
a fundamental understanding of the effect these parameters
have on the ionization pathways, ionization probabilities, and
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ion stabilities in an IMS based ETD can be leveraged to improve
the sensitivity and selectivity of existing IMS based equipment as
well as guide the development of next generation mass spectro-
metry (MS) based equipment which utilizes atmospheric pressure
ionization.

In an effort to gain fundamental insight into the gas phase ion
chemistry intrinsic to IMS based ETDs, a platform that directly
measures the mass-to-charge ratios, collision-induced dissocia-
tion pathways, and reduced mobility values for the ion species
formed in an IMS based ETD has been developed and reported in a
recent publication [12]. This platform involved the integration of
a commercial-off-the shelf (COTS) IMS based ETD to the front-end
of a triple quadrupole mass spectrometer. While the efficacy of
this IMS/MS/MS configuration for the accurate characterization of
the ion chemistry of that particular IMS system was demon-
strated, the operating principles of the IMS system are not
necessarily representative of all COTS IMS based ETDs. For
example, the COTS IMS based ETD in the previously described
IMS/MS/MS configuration utilizes an electrostatic ion shutter to
gate the ions from the region where ionization occurs (reaction
region) to the region where the ion mobility measurement is
performed (drift region). Conversely, the COTS ion trap ion
mobility (ITMS) based ETD described herein utilizes the electric
field in the reaction region to accumulate and subsequently
transfer the ions into the drift region; hence, the nomenclature
variation ‘‘ion trap mobility spectrometry’’ [13–15].

The ion shutter in a conventional IMS instrument is located
between the reaction and drift regions and is composed of a set of
grids situated orthogonal to the path of the ions [1,5,16,17]. During
the operation of the instrument, the electric field in the reaction
region is set to continually direct the ions of a desired polarity toward
the drift region. When a potential difference is applied between the
grids in the ion shutter (i.e. the ion shutter is closed) the ions collide
with the grids and become neutralized. However, when the potential
applied to the grids is the same (i.e. the ion shutter is open) the ions
pass into the drift region. Because the ion shutter is closed for �99%
of the experiment cycle, the majority of the ions formed in a
conventional IMS instrument is discarded [5,13,18].

In contrast to the ion shutter configuration, an ITMS instru-
ment maintains an electric field free space between the electrode
Fig. 1. Schematic of the ITM
at the inlet of the reaction region and the electrode between the
reaction and drift regions to allow the ions to accumulate in the
reaction region. Periodically, a voltage gradient is applied across
the reaction region to introduce the ion population into the drift
region. In principle, the gating scheme in the ITMS instrument
eliminates the loss of ions due to the experimental cycle of an ion
shutter, leading to a substantial increase in the density and
residence time of the ions in the reaction region of the ITMS
instrument compared to a conventional IMS instrument [13,14].
This increase in ion density and residence time, in addition to
variations in temperature, composition, moisture, and reagent
chemical between the COTS IMS based ETD in the previously
described IMS/MS/MS instrument and the COTS ITMS based ETD,
introduces the potential for different gas phase ionization pro-
cesses in the ITMS instrument [13]. For this reason, direct
characterization of the ion species formed in the ITMS instrument
is necessary to develop a fundamental understanding of the gas
phase ion chemistry intrinsic to the device.

In this manuscript, a method for interfacing a COTS ITMS based
ETD to a triple quadrupole mass spectrometer is described and the
ion masses, daughter ion masses, and reduced mobility values for
the product ions formed from a suite of nitro, nitrate, and peroxide
containing explosives are reported. Molecular formulas for the
product ions from the various explosives are inferred using the
sample composition along with the mass and mobility data obtained
with the ITMS/MS/MS instrument while molecular structures for the
predominant product ions are proposed using density functional
theory calculations guided by the molecular formulas. Ionization
pathways for the formation of the various product ions are discussed
in detail, with part of the discussion focused on the influence ion
trapping in the reaction region has on the ionization processes.
2. Materials and methods

2.1. Instrumentation

A schematic of the ITMS/MS/MS instrument is depicted in
Fig. 1. The instrument is comprised of a COTS ITMS based ETD, an
interface region, and a triple quadrupole mass spectrometer.
S/MS/MS instrument.
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2.1.1. Ion trap mobility spectrometry based explosive detector

The COTS ITMS based ETD used in the ITMS/MS/MS instrument
was manufactured by Morpho Detection Inc [13–15]. The operating
parameters for the ITMS instrument are reported in Table 1. The
ITMS instrument is composed of a thermal desorber, which is used
to vaporize the sample, and an aluminum oxide housing containing
a reaction region with a 63Ni radiation source, an ambient pressure
drift region, and a faraday plate detector, which are used to ionize,
separate, and detect the sample vapor, respectively.

To analyze a sample using the ITMS instrument, a polytetra-
fluoroethylene (PTFE) filter (Morpho Detection Inc. Part M0001166-E)
dosed with particle analyte is inserted into the desorber, the
analyte is vaporized, and the vapor is directed into the reaction
region using a diaphragm pump attached to the outlet on the
ITMS housing between the reaction and drift regions. In the
reaction region, positive and negative reactant ions, which are
generated by the interaction of 63Ni radiation with ammonia and
dichloromethane doped purified air, react with the analyte vapor
to form positive and negative product ions, respectively. Nor-
mally, an electric field free space is maintained between the inlet
grid and the first ring electrode (E1 electrode), allowing reactant
and products ions of both positive and negative polarity to
accumulate in the reaction region. At 30 ms intervals, a voltage
gradient is applied between the inlet grid and the E1 electrode for
a duration of 0.2 ms, transferring the ions of a single polarity into
the drift region. The polarity of the potential field is selected to
introduce only the ions with the desired charge into the drift
region, while the ions with the opposite charge travel toward the
inlet grid and are neutralized. The drift region consists of several
ring electrodes and a passive aperture grid integrated into the
ITMS housing. The ions that enter the drift region are directed
toward the aperture grid under the influence of a uniform electric
field and separate based on their velocity through a counterflow
drift gas of purified air. Subsequent to passing the aperture grid,
the ions are detected using either the faraday plate or the mass
spectrometer and the ion intensity is recorded relative to drift
time to generate a mobility spectrum. The purified air used for
the drift gas was house air treated with a purge gas generator
(Parker Balston Model 75) and doped with ammonia (Real Sensors
Part MP035087) and dichloromethane (VICI Metronics Part
100-100-4201-630) reagent chemicals. The purified air was measured
Table 1
Operating parameters and dimensions for the ITMS/MS/MS instrument.

Parameter Value Unit

Electric Field Strength (ITMS)

Drift region 225 V/cm

Pressures
Reaction region/drift region 760 Torr

1st pumping stage 1 Torr

2nd pumping stage 8a or 1b 10�3 Torr

Mass spectrometer 8a or 4b 10�7 Torr

Temperatures
Desorber 220 1C

Reaction region/drift region (housing) 162 1C

Reaction region/drift region (i.e. exit gas temperature) 156 1C

Orifice 165 1C

Gas flows
Sample flow 50 cc/min
*Drift gas 100 cc/min

a Value for the acquisition of mass and MS/MS spectra.
b Value for the acquisition of mass-selected ion mobility spectra.
c Voltages are for negative mode operation. Voltages for positive mode operation a
d Value for the acquisition of mobility spectra at the faraday plate.
n Purified air (5–25 ppm water and 50–100 ppm carbon dioxide) doped with dichl
to have a water content of 1–10 ppm using a moisture analyzer
(General Electric Moisture Monitor Series 3) and a carbon dioxide
content of 50–100 ppm using a carbon dioxide transmitter
(Vaisala Series GMT 220). Note, only the hardware, and not the
detection algorithms, for the ITMS instrument was used in the ion
chemistry studies presented in this manuscript.
2.1.2. Interface region

The mass spectrometer used in the ITMS/MS/MS instrument
is an API 2000 manufactured by AB/SCIEX [19]. A detailed
depiction of the interface between the ITMS instrument and
the mass spectrometer is displayed in Fig. 2 with dimensions
and voltages reported in Table 1. The method used to interface
the ITMS instrument to the mass spectrometer has been
described elsewhere [12,20]. Briefly, an ITMS instrument with-
out a faraday plate or the portion of the ITMS housing located
after the guard grid was fabricated. The guard grid end of the
modified ITMS instrument was connected to a custom interface
flange using a fastening plate, bolts, and a PTFE o-ring. The
custom interface flange was constructed from stainless steel and
was designed to contain a custom faraday plate as well as attach
to the atmospheric pressure interface of the mass spectrometer.
The custom faraday plate was constructed by drilling a 5.5 mm
hole into the center of the original faraday plate of the ITMS
instrument. Before connecting the ITMS instrument to the inter-
face flange, the faraday plate was positioned on the ITMS
instrument side of the interface flange and was electrically
isolated using an aluminum oxide insulator. A passive grid was
welded to the mass spectrometer side of the interface flange to
define the electric field between the faraday plate and the
interface flange. The curtain plate was removed from the mass
spectrometer and the interface flange was attached in its place
such that the hole in the faraday plate was aligned with the
pinhole in the orifice and that the interface flange and its grid
were electrically isolated from the mass spectrometer. Electric
contact was made with the faraday plate via a feedthrough on
the interface flange.

During the operation of the ITMS/MS/MS instrument, the
faraday plate is connected to either a current-to-voltage pream-
plifier (Morpho Detection Inc.) to measure a mobility spectrum or
Parameter Value Unit

Dimensions (interface region)

Distance from guard grid to faraday plate 1.6 mm

Distance from faraday plate to interface flange grid 4.4 mm

Distance from interface flange grid to orifice 3.8 mm

Distance from orifice to skimmer 3.3a or 6.3b mm

Faraday plate hole size 5.5 mm

Orifice hole size 254 mm

Skimmer hole size 1100a or 400b mm
cVoltages (interface region)
Guard grid �257 V

Faraday plate �200a,b or 0d V

Interface flange/interface flange grid �75 V

Orifice �5a or �20b V

Skimmer 0a or �15b V

Q0 5 V

IQ1 6a or 15b V

re the same magnitude but opposite polarity.

oromethane and ammonia reagent chemicals was used as the drift gas.



Fig. 2. Computer aided drawing of the interface region of the ITMS/MS/MS instrument.
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a voltage power supply (EMCO High Voltage Model Q02) to
extract the ion beam from the ITMS instrument toward the grid
on the interface flange. In the case where the faraday plate is used
to extract the ion beam, a potential is applied to the interface
flange and its grid to pass the ions through the grid and into the
mass spectrometer. The purified air for the drift gas is introduced
into the interface region between the faraday plate and the orifice
with a total flow of 700 cc/min (Omega Engineering Model FMA
1700), 600 cc/min of which is pulled into the vacuum of the mass
spectrometer and 100 cc/min of which serves as the drift gas for
the ITMS instrument [12,20].
2.1.3. Triple quadrupole mass spectrometer

The operating parameters for the API 2000 are reported in
Table 1. The API 2000 is composed of a differentially pumped
interface, which is used to transfer the ion beam from the atmo-
spheric pressure to the vacuum of the mass spectrometer, and a
triple quadrupole mass analyzer, which is used to filter and detect
the ion beam [19]. The ion beam enters the initial pumping stage
through the pinhole in the orifice electrode and is then guided
through the skimmer electrode into an intermediate pumping stage
via gas flow and an electric field between the orifice and skimmer.
Upon entering the intermediate pumping stage, large scale collisions
with the background gas in the radio frequency (rf) only quadrupole
(Q0) focus the trajectory of the ion beam onto the centered axis of
the quadrupoles in the mass analyzer (i.e. collisional focusing)
[19,21]. The ion beam is transferred from the intermediate pumping
stage to the triple quadrupole mass analyzer via an electric field
between the skimmer and the mass analyzer. The components of
the mass analyzer are a mass filter (Q1), a collision cell (Q2), a
second mass filter (Q3), and an electron multiplier detector. The
mass analyzer is operated in the scan only mode to acquire a mass
spectrum, the product ion scan mode to acquire a tandem mass
(MS/MS) spectrum, and the selected ion monitoring (SIM) scan
mode to acquire a mobility spectrum for a particular m/z.

The skimmer in the differentially pumped interface was
modified such that the electric field strength and pressure in
the intermediate pumping stage (Q0 region) could be adjusted to
values not permitted in the standard configuration of the mass
spectrometer. In the standard configuration, the potential
between the skimmer and Q0 (Vs�Q0) can only be varied from
0 to 712 V while the pressure in the Q0 region (PQ0) is constant
at 8 mTorr. To overcome the restrictions, the skimmer was
electrically isolated from the chamber of the mass spectrometer
using polyimide and connected to a voltage power supply (EMCO
High Voltage Model Q01), allowing Vs�Q0 to be varied from 0 V to
7112 V. Additionally, the size of the opening in a skimmer
electrode was reduced from 1100 mm to 400 mm, allowing PQ0

to be alternated between 8 and 1 mTorr by inserting into the
mass spectrometer either a skimmer with the original 1100 mm
hole size or the skimmer with the reduced 400 mm hole size,
respectively.

The intermediate pumping stage is set to a Vs�Q0 of 5 V and a
PQ0 of 8 mTorr when the mass analyzer is used to acquire a mass or
MS/MS spectrum and to a Vs�Q0 of 20 V and a PQ0 of 1 mTorr when
the mass analyzer is used to acquire a mobility spectrum. Decreased
electric field strength and increased pressure in the Q0 region is
optimal when acquiring a mass or MS/MS spectrum because the
settings are ideal for collisional focusing, providing a higher trans-
mission probability of the ion beam from the ITMS instrument to the
mass analyzer and therefore a higher sensitivity measurement. At
the same time, collisional focusing broadens and distorts the
temporal profile of a discrete ion packet, preventing a mobility
measurement using the mass analyzer. Conversely, increased elec-
tric field strength and decreased pressure in the Q0 region reduces
the effect of collisional focusing and eliminates broadening and
distortion of the ion packet, making the settings optimal for
acquiring a mobility spectrum. A detailed description of collisional
focusing in relation to the operating capabilities of an IMS/MS/MS
instrument is provided elsewhere [12,20,22].

2.2. Data acquisition

2.2.1. Mobility spectra

To acquire a mobility spectrum at the faraday plate, ions are
accumulated in the reaction region and periodically pulsed into
the drift region using the electric field between the inlet grid and
the E1 electrode (i.e. ion trapping and pulsing is implemented).
The faraday plate is connected to a preamplifier and the ion
intensity is recorded relative to drift time between the reaction
region and the faraday plate using a high speed digitizer (National
Instruments Model PXI 5124) with custom LabVIEW software
(National Instruments).
2.2.2. Mass and MS/MS spectra with ion trapping

To acquire a mass or MS/MS spectrum in the ion trapping
mode, ion trapping and pulsing is implemented in the reaction
region, the faraday plate is connected to a voltage power supply



Fig. 3. Mobility spectra for 100 ng RDX samples acquired using a benchtop ITMS

instrument and the ITMS/MS/MS instrument. Plot (a) is the mobility spectrum

obtained using a benchtop ITMS instrument, plot (b) is the mobility spectrum

obtained using the faraday plate in the ITMS/MS/MS instrument, plot (c) is a

multiple mass mobility spectrum obtained using the ITMS/MS/MS instrument, and

the plots in (d) are the individual mass-selected ion mobility spectra for [Cl]� at

m/z 35 (gray), [NO2]� at m/z 46 (blue), [RDXþNO2]� at m/z 268 (red), and

[RDXþCl]� at m/z 257 (black) obtained using the IMS/MS/MS instrument.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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to extract the ion beam into the mass spectrometer, the inter-
mediate pumping stage is tuned to decrease electric field strength
and increase pressure settings, and the mass analyzer is operated
in the scan only or product ion scan modes. The mass and MS/MS
spectra are recorded using the Analyst software (AB/SCIEX).

2.2.3. Mass-selected ion mobility spectra

To acquire a mobility spectrum using the mass spectrometer,
ion trapping and pulsing is implemented, the faraday plate is
connected to a voltage power supply, the intermediate pumping
stage is tuned to increase electric field strength and decrease
pressure settings, and the mass analyzer is operated in the SIM
mode to detect only the ions with a particular m/z. The intensity
for the ion of interest is recorded relative to the drift time
between the reaction region and the electron multiplier using a
high speed digitizer (National Instruments Model PXI 5124) with
custom LabVIEW software to provide a mass-selected mobility
spectrum. A multiple mass mobility spectrum can be produced by
summing the individual mass-selected mobility spectra for all
reactant and product ions detected for a particular sample.

2.2.4. Mass and MS/MS spectra with continuous ion flow

To acquire a mass or MS/MS spectrum in the continuous ion
flow mode, the electric field between the inlet grid and the E1
electrode is set to continually pass the ions formed in the reaction
region into the drift region (i.e. ion trapping and pulsing is not
implemented), the faraday plate is connected to a voltage power
supply, the intermediate pumping stage is tuned to decrease
electric field strength and increase pressure settings, and the
mass analyzer is operated in the scan only or product ion scan
modes. The continuous ion flow mode is used to simulate the
conditions in the reaction region of the ITMS instrument if an ion
shutter was to be implemented in place of the ion trapping
scheme, and therefore can be used to determine the effect ion
trapping may have on product ion formation in the ITMS instru-
ment [18].

2.3. Sample preparation

Explosive samples were prepared by depositing dissolved
explosive solutions onto PTFE filters and drying the aliquot under
a flow of purified air. The concentrations of the dissolved
explosive solutions were selected such that 1 mL aliquots of the
solutions provided the desired sample amounts. The explosive
samples studied in this manuscript include trinitrotoluene
(TNT), cyclo-1,3,5-trimethylene-2,4,6-trinitramine (RDX), ethy-
lene glycol dinitrate (EGDN), nitroglycerine (NG), pentaerythritol
tetranitrate (PETN), ammonium nitrate (NH4NO3), hexamethylene
triperoxide diamine (HMTD), and triacetone triperoxide (TATP).
The TNT, RDX, EGDN, NG, and PETN solutions were obtained from
AccuStandard while the NH4NO3, HMTD, and TATP solutions were
obtained from the Transportation Security Laboratory. The TNT
and RDX solutions were prepared in 1:1 methanol:acetonitrile,
the NG solution was prepared in 1:1 methanol:ethanol, the PETN
solution was prepared in methanol, the NH4NO3 solution was
prepared in water, the EGDN and HMTD solutions were prepared
in acetonitrile, and the TATP solution was prepared in hexane.

2.4. Density functional theory calculations

A series of density functional theory calculations were per-
formed using the Gaussian 09 suite of programs [23,24]. The gas
phase molecule of interest and molecular fragment ion geome-
tries were optimized with the B3LYP functional using 6-
311þþG(2df,2p) basis sets. Vibrational and single-point energy
calculations were performed at the same level of theory. The
optimized structures contain no imaginary frequencies, indicating
that each structure corresponds to a local minimum on the
potential energy surface. Multiple starting structures were ana-
lyzed; most of the structures minimized to the most probable
structure, while the few structures that demonstrated severe
fragmentation were discarded, as they did not form stable ions.
Natural bond orbital (NBO) analysis was performed on the HMTD
fragment ions to explore the electron distribution into atomic
and molecular orbitals to derive the molecular bonding of the
fragment [25].
3. Results and discussion

3.1. Evaluation of the utility of the ITMS/MS/MS instrument

To illustrate the efficacy of the ITMS/MS/MS instrument for the
characterization of the gas phase ion chemistry of the ITMS based
ETD, mobility spectra acquired for 100 ng samples of RDX using
both a benchtop ITMS instrument (Morpho Detection Inc.) and
the ITMS/MS/MS instrument operated in the negative ion detec-
tion mode under identical conditions are displayed in Fig. 3.
Fig. 3a is the mobility spectrum obtained using an ITMS instru-
ment identical to the ITMS component of the ITMS/MS/MS
instrument, Fig. 3b is the mobility spectrum obtained using the
faraday plate in the ITMS/MS/MS instrument, Fig. 3c is the
multiple mass mobility spectrum obtained using the electron
multiplier in the ITMS/MS/MS instrument, and Fig. 3d is the mass-
selected mobility spectra for [Cl]� at m/z 35, [NO2]� at m/z 46,
[RDXþCl]� at m/z 257, and [RDXþNO2]� at m/z 268 obtained
using the ITMS/MS/MS instrument. The mobility spectra, along
with all other spectra reported in the manuscript, are the
averaged signal for a 10 s period following the start of sample
desorption. The mobility spectra are plotted as a function of the
inverse reduced mobility value to adjust for any variations



Fig. 4. Mass spectra from the analysis of a 100 ng RDX sample (a), a 250 ng NG

sample (b), a 250 ng PETN sample (c), a 250 ng NH4NO3 sample (d), a 250 ng

HMTD sample (e), and a 250 ng TATP sample (f) obtained using the ITMS/MS/MS

instrument in the ion trapping mode.
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between the benchtop ITMS instrument and the ITMS/MS/MS
instrument as well as the drift time between the faraday plate in
the ITMS instrument and the electron multiplier in the mass
spectrometer. The reduced mobility (K0) value for an ion of interest
was calculated using the equation:

K0 ¼ ðt
TNT
d KTNT

0 Þ=td ð1Þ

where td
TNT is the drift time for the explosive standard TNT (i.e. the

reference compound), K0
TNT is the reduced mobility value for TNT,

and td is the drift time for the ion of interest [26]. The value for K0
TNT

was calculated to be 1.54 cm2 V�1 s�1 using the equation:

KTNT
0 ¼ L= EtTNT

d

� �� �
273=T
� �

P=760
� �

ð2Þ

where L is the length, E is the electric field strength, T is the
temperature, and P is the pressure in the drift region of the ITMS
instrument [26].

The mobility spectra acquired using the benchtop ITMS instru-
ment (Fig. 3a), the faraday plate in the ITMS/MS/MS instrument
(Fig. 3b), and the mass analyzer in the ITMS/MS/MS instrument
(Fig. 3c) are nearly identical with respect to the number of peaks,
the ratio in intensity between the peaks, the peak widths and
shapes, and the K0 values for the peaks. The similarity between
the mobility spectra obtained using the benchtop ITMS instru-
ment (Fig. 3a) and the faraday plate in the ITMS/MS/MS instru-
ment (Fig. 3b) indicates that the ion chemistry of the ITMS
instrument is unaltered subsequent to being interfaced to the
mass spectrometer, whereas, the similarity between the spectra
obtained using the faraday plate (Fig. 3b) and the mass analyzer
(Fig. 3c) in the ITMS/MS/MS instrument in addition to the
measurement of the intact [RDXþCl]� and [RDXþNO2]�adduct
ions with the mass analyzer indicates that the core structures of
the ions formed in the ITMS instrument do not undergo large-
scale reactions or fragmentation (except for clustering and
declustering of water molecules) during transfer from the ITMS
instrument to the mass spectrometer [5,27]. The mass-selected
ion mobility spectra (Fig. 3d) determine that the K0 values for
[RDXþCl]� and [RDXþNO2]� are 1.46 and 1.43 cm2 V�1 s�1

respectively, which is in agreement with the K0 values previously
reported for the product ions of RDX [2,7,28–30], indicating that
the ITMS/MS/MS instrument is useful for the simultaneous
measurement of mass and mobility. Collectively, the above
observations validate the efficacy of the ITMS/MS/MS instrument
for the accurate characterization of the ion chemistry of the ITMS
based ETD.

3.2. Characterization of the gas phase ion chemistry of the ITMS

instrument

To characterize the gas phase ion chemistry of the ITMS based
ETD, a series of mass, MS/MS, mobility, and mass-selected
mobility spectra for the explosives TNT, RDX, EGDN, NG, PETN,
NH4NO3, HMTD, and TATP were acquired using the ITMS/MS/MS
instrument. Mass and MS/MS spectra for RDX, NG, PETN, NH4NO3,
HMTD, and TATP are displayed in Figs. 4 and 5 while mobility and
mass-selected mobility spectra for PETN, NH4NO3, HMTD, and
TATP are displayed in Fig. 6. Sample amounts were 100 ng for
RDX and 250 ng for NG, PETN, NH4NO3, HMTD, and TATP. The
spectrum for TATP was obtained in the positive ion detection
mode while the spectra for all other explosives were obtained in
the negative ion detection mode. The ITMS component of the
ITMS/MS/MS instrument was operated in the ion trapping mode
for the acquisition of all spectra. The MS/MS spectra were
acquired by flooding the collision cell with nitrogen to a pressure
of 1 Torr and scanning the collision energy between 5 and 40 eV.
The ions targeted for the MS/MS and mass-selected mobility
spectra were chosen using the mass spectra (Fig. 4) to identify
the m/z for all ions formed during the analysis of each explosive.

A summary of the molecular formulas, ion masses, daughter
ion masses, and K0 values for the product ions from the analysis of
the various explosives is provided in Table 2. The molecular
formulas for the product ions were inferred using the sample
composition along with the ion masses from the mass spectra, the
daughter ion masses from the MS/MS spectra, and the K0 values
from the mobility and mass-selected mobility spectra. The K0

values for RDX, EGDN, NG, PETN, NH4NO3, and HMTD were
calculated using Eq. (1). The K0 values for TATP were calculated
using Eq. (1) with cocaine serving in place of TNT as the reference.
The K0 value for cocaine was calculated to be 1.16 cm2 V�1 s�1

using Eq. (2). Comments regarding the relative intensities and
ionization processes for the product ions are included in the notes
column of Table 2.

Calculated molecular structures for the NG, PETN, HMTD, and
TATP molecules as well as the [NGþCl]� , [NGþNO3]� , [PETNþCl]� ,
[PETNþNO3]� , [HNO3þNO3]� , [HMTD�NC3H6O3þHþCl]� , and
[(CH3)2CNH2]þ product ions are displayed in Fig. 7. The molecular
structures were calculated using density functional theory guided by
the molecular formulas inferred from the sample composition, ion
masses, daughter ion masses, and K0 values (Table 2).

Together, the mobility and mass measurements made using
the ITMS/MS/MS instrument and the calculations performed



Fig. 6. Mobility (top plots) and mass-selected (bottom plots) mobility spectra

from the analysis of a 250 ng PETN sample (a), a 250 ng NH4NO3 sample (b),

a 250 ng HMTD sample (c), and a 250 ng TATP sample (d) obtained using the ITMS/

MS/MS instrument.

Fig. 5. MS/MS spectra for [RDXþCl]� at m/z 257 (a), [NGþNO3]� at m/z 289 (b),

[PETNþNO3]� at m/z 378 (c), [HNO3þNO3]� at m/z 125 (d), [HMTD�

NC3H6O3þHþCl]� at m/z 140 (e), and [(CH3)2CNH2]þ at m/z 58 (f) obtained

using the ITMS/MS/MS instrument in the ion trapping mode.
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using density functional theory lead to several conclusions
regarding the gas phase ionization processes in an ITMS based
ETD. Overall, the predominant product ions for TNT, RDX, EGDN,
NG, PETN, NH4NO3, HMTD, and TATP in the ITMS based ETD are
determined to be [TNT�H]� , [RDXþCl]� , [NO3]� , [NGþNO3]� ,
[PETNþNO3]� , [HNO3þNO3]� , [HMTD�NC3H6O3þHþCl]� , and
[(CH3)2CNH2]þ , respectively. Secondary product ions include
[NO2]� and [RDXþNO2]� for RDX, [NO3]� , [NG�NO2þHþCl]� ,
[NG�NO2þHþNO3]� , and [NGþCl]� for NG, [NO3]� , [PETN�
NO2þHþCl], [PETN�NO2þHþNO3]� , and [PETNþCl]� for
PETN, [NO3]� for NH4NO3, [NC2H2O2]� and [NC2H2O2þHþCl]�

for HMTD, and [C3H6O2]þ and [C4H9O2]þ for TATP. The following
discussion, which is aided by experimental and computational
findings from the literature, describes the ionization processes
responsible for the formation of the various product ions. Note
that the product ion species and ionization pathways are specific
to the operating parameters of the ITMS instrument and may
change if different reagent chemicals, temperatures, moisture
levels, or carbon dioxide levels are implemented during the
operation of the device.

Product ion formation at atmospheric pressure is largely depen-
dent on the chemical composition and temperature in the reaction
medium [5–11]. The reaction region in the ITMS instrument is
primarily composed of nitrogen (N2) and oxygen (O2) gas with part
per million (ppm) level water (H2O), ammonia (NH3), and dichlor-
omethane (CH2Cl2), in addition to high and low energy electrons
(e�), N2

þ , Hþ � xH2O, and O2
�
� xH2O intermediate ions, and

NH4
þ
� xH2O and Cl� � xH2O reactant ions. Ionization pathways for

the formation of the Hþ � xH2O, and O2
�
� xH2O intermediate ions and

the NH4
þ
� xH2O and Cl� � xH2O reactant ions from the supporting

reaction environment have been reported elsewhere [5,28]. Because
the enthalpy (DfH) for proton attachment favors formation of NH4

þ

(DfH¼�853 kJ/mol) over H3Oþ (DfH¼�703 kJ/mol) and the
enthalpy for electron attachment favors the formation of Cl�

(DfH¼�347 kJ/mol) over O2
� (DfH¼�42 kJ/mol) [9,10,29,30],

NH4
þ
� xH2O and Cl� � xH2O serve as the main source for charge

transfer during product ion formation in the positive and negative
ion channels, respectively. For simplicity, the NH4

þ
� xH2O and

Cl� � xH2O reactant ions will be denoted as [NH4]þ and [Cl]�

for the remainder of the discussion. The temperatures (Table 1)
for the sample desorber, reaction region, and drift region in the



Table 2
Summary of the molecular formulas, ion masses, daughter ion masses, and calculated and literature reduced mobility values for the product ions formed during the

analysis of TNT, RDX, EGDN, NG, PETN, NH4NO3, HMTD, and TATP.

Sample Product ion formula Ion mass

(amu)

Daughter ion

mass—Formula

K0 measured

(cm2 V�1 s�1)

K0 literature

(cm2 V�1 s�1)

Notes

TNT a[TNT�H]� 226 -46—[NO2
�] 1.54 1.59b [50] -Major intensity -Proton abstraction reaction

136–[TNT�3NO]� 1.54 [2,9,37]

166—[TNT�2NO]� 1.48 [45]

183—[TNT�NO2]�

196—[TNT�NO]�

RDX [NO2]� 46 – 2.68 – -Minor to moderate intensity -Decomposition

RDX a[RDXþCl]� 257, 259 -35—[Cl]� 1.46 1.48b [50] -Major intensity-Ion–molecule attachment

reaction46—[NO2]� 1.40 [2,45]

210—[RDX�NO2þHþCl]�

NO2þHþCl]�

RDX [RDXþNO2]� 268 -46—[NO2]� 1.43 1.43 [2] -Moderate to major intensity -Autoionization

reaction221—[RDX�H]� 1.42b [50]

EGDN NG

PETN NH4NO3

[NO3]� 62 � 2.43 2.46 [2] -Minor to major intensity -Predominant ion for

EGDN -Decomposition2.48 [51]

NG [NG-NO2þHþCl]� 217, 219 -35—[Cl]� 1.64 – -Trace intensity -Ion-molecule attachment

reaction46—[NO2]�

62—[NO3]�

109—[NO3þNO2þH]�

NG [NG�NO2þHþNO3]� 244 -46—[NO2]� 1.45 – -Minor to moderate intensity -Ion–molecule

attachment reaction62—[NO3]�

226—[NG�H]�

NG [NGþCl]� 262, 264 -35—[Cl]� 1.44 – -Minor intensity -Ion–molecule attachment

reaction46—[NO2]�

62—[NO3]�

109—[NO3þNO2þH]�

226—[NG-H]�

NG a[NGþNO3]� 289 -46—[NO2]� 1.33 1.32 [2], 1.37 [37] -Major intensity-Autoionization reaction

62—[NO3]-

109—[NO3þNO2þH]�

226—[NG-H]�

PETN [PETN�NO2þHþCl]� 306, 308 - 35—[Cl]� 1.29 – -Minor intensity -Ion–molecule attachment

reaction46—[NO2]�

62—[NO3]�

109—[NO3þNO2þH]�

PETN [PETN�NO2þHþNO3]� 333 -62–[NO3]� 1.24 – -Minor intensity -Ion–molecule attachment

reaction109—[NO3þNO2þH]�

315—[PETN-H]�

PETN [PETNþCl]� 351, 353 -35—[Cl]� 1.22 1.15 [1,2,52] -Minor intensity -Ion–molecule attachment

46—[NO2]�

62—[NO3]�

109—[NO3þNO2þH]�

315—[PETN�H]�

PETN a[PETNþNO3]� 378 -46—[NO2]� 1.17 1.19 [50], 1.10

[1,2], 1.09 [52]

-Major intensity -Autoionization reaction

62–[NO3]�

315–[PETN�H]�

NH4NO3
a[HNO3þNO3]� 125 -46—[NO2]� 2.08 - -Major intensity -Autoionization reaction

62–[NO3]�

HMTD [NC2H2O2]� 72 -26—[CN]� 2.32 2.42 [11] -Minor to moderate intensity -Decomposition

42—[NCO]�

44—[CO2]�

HMTD [NC2H2O2þHþCl]� 108, 110 -35—Cl]� 2.08 – -Minor intensity -Decomposition followed by

ion–molecule attachment reaction42—[NCO]�

44—[CO2]�

72—[NC2H2O2]�

HMTD a[HMTD-

NC3H6O3þHþCl]�
140, 142 -35—[Cl]� 1.85 1.88 [11] -Major intensity -Decomposition followed by

ion–molecule attachment reaction42—[NCO]�

44—[CO2]�

72—[NC2H2O2]�

TATP a[(CH3)2CNH2]þ 58 -41—[CH2CNH]þ 2.25 2.32 [11] -Major intensity -Nucleophilic substitution

reaction43—[CH3CNH2]þ

TATP [C3H6O2]þ 74 -43—[C2H3O]þ 2.16 – -Minor intensity -Decomposition

TATP [C4H9O2]þ 89 -43—[C2H3O]þ 2.12 2.18 [11] -Minor intensity

47—[C2H7O]þ

a Predominant ion.
b Ion not mass identified.
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Fig. 7. Optimized density functional theory structures obtained at the B3LYP/G6-

311 level for NG (a), [NGþNO3]� (b), [NGþCl]� (c), PETN (d), [PETNþNO3]� (e),

[PETNþCl]� (f), [HNO3þNO3]� (g), HMTD (h), [HMTD�NC3H6O3þHþCl]� (i),

TATP (j), and [(CH3)2CNH2]þ (k).
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ITMS instrument are maintained above the decomposition tempera-
tures for all explosives studied except TNT, introducing the potential
for thermolysis of the analyte molecules during sample introduction,
product ion formation, and ion mobility separation [2,31–34].

In a reaction environment consistent with the ITMS instrument,
it is well established that the [TNT�H]- product ion is formed via
abstraction of a proton from a TNT molecule by [Cl]� (i.e. a proton
abstraction reaction) [9,35], the [RDXþCl]� , [NGþCl]� , and
[PETNþCl]� product ions are formed via [Cl]� attachment to
RDX, NG, and PETN molecules (i.e. an ion–molecule attachment
reaction) [2,7,36], and the [RDXþNO2]� , [NGþNO3]� , and [PETNþ
NO3]� are formed via [NOx]

� attachment to RDX, NG, and PETN
molecules (i.e. an autoionization reaction) [31,36,37]. For the auto-
ionization of RDX, the NO2 fragment is generated by first-order
thermolysis of a N–NO2 bond in the molecule, a favorable pathway
considering the bond dissociation energy (DE) for the N–NO2 bond
(DE N�NO2

¼ 163 kJ=mole) is smaller than any other bond in the
molecule (DE other Z305 kJ/mole) and roughly equal to the activa-
tion energy (EA) for vaporization (EA RDX¼131 kJ/mole) [31,38,39].
Production of the NO2 fragment by thermolysis of the RDX molecule
is supported by the observation that the ion intensity for
[RDXþNO2]� relative to [RDXþCl]� decreased by a factor of 3 when
the temperature for the sample desorber was decreased from 220 1C
to 160 1C. For the autoionization of NG and PETN, formation of the
NO3 fragment by the first-order thermolysis of a C–ONO2 bond in
the nitrate ester molecules seems unlikely given the bond dissocia-
tion energy is larger for the C–ONO2 bond (DE C�ONO2

¼ 332 kJ=mole)
than the O–NO2 bond (DE O�NO2

¼ 183 kJ=mole) [40]. Instead, the
pathway for the formation of NO3 from nitrate esters may involve
multi-order thermolysis, with dissociation of the O–NO2 bond as the
initiating step [40–43]. Production of the NO3 fragment from PETN
by thermolysis is supported by the bond dissociation energy for the
O–NO2 bond (DE O�NO2

¼ 183 kJ=mole) being smaller than the
activation energy for vaporization (EA PETN¼233 kJ/mole) [31]. The
statement is further substantiated by the observation that the ion
intensity for [PETNþNO3]� relative to [PETNþCl]� decreased when
the temperature for the thermal desorber was decreased. Conver-
sion of the NO2 and NO3 fragments to [NO2]� and [NO3]� occurs by
homolytic bond cleavage (i.e. radical formation) during the decom-
position process and/or attachment of a low energy electron in the
reaction region [39]. Production of [NO3]� from EGDN likely follows
the same pathway as the production of [NO3]� from NG and PETN.
The [NG�NO2þHþCl]� , [NG�NO2þHþNO3]� , [PETN�NO2þ

HþCl]� , and [PETN�NO2þHþNO3]� secondary ions are proposed
to be formed via [Cl]� or [NO3]� attachment to incompletely
nitrated NG or PETN molecules. The source of the incompletely
nitrated nitrate ester molecules is impurities from a partial nitration
process during sample synthesis and/or thermolysis during sample
desorption.

The calculated molecular structures for the NG and PETN
molecules (Fig. 7a and d) and the [NGþCl]� , [NGþNO3]� ,
[PETNþCl]� , and [PETNþNO3]� product ions (Fig. 7b and c and
e and f) indicate that the hydrogen atoms and nitrate functional
groups bonded to the alpha carbon atoms in the nitrate ester
molecules undergo reorientation in order to electrostatically
interact with [Cl]� or [NO3]� (i.e. form an adduct with [Cl]� or
[NO3]�). The binding energies, distances, and angles between the
nitrate ester molecules and [Cl]� or [NO3]� satisfy the definition
for hydrogen bonding (see Supplemental material) [46]. Reorien-
tation of the hydrogen atoms and nitrate groups in the nitrate
esters causes the C–ONO2 bond to strengthen and the O–NO2

bond to weaken, providing evidence that multi-order decomposi-
tion of the molecule may be initiated by dissociation of the
O–NO2 bond (see Supplemental material). The ion–molecule
binding energies (BE) for the [NGþCl]� (BE¼117 kJ/mole) and
[PETNþCl]� (BE¼138 kJ/mole) adducts are calculated to be larger
than the binding energies for the [NGþNO3]� (BE¼96 kJ/mole)
and [PETNþNO3]� (BE¼121 kJ/mole) adducts, respectively.
While [Cl]� adduct formation with nitrate esters is favored
according to the calculations, the [NGþNO3]� and [PETNþNO3]�

product ions are observed to be more abundant than
the [NGþCl]� and [PETNþCl]� product ions when NG and
PETN are analyzed using the ITMS instrument (Fig. 4 and
Table 1). This discrepancy is attributed to [NO3]� having a larger
concentration than [Cl]� in the reaction region of the ITMS
instrument during the analysis of nitrate esters. The statement
is supported by the observation that the relative ion intensities
for the [NGþCl]� and [PETNþCl]� product ions increased rela-
tive to the [NGþNO3]� and [PETNþNO3]� product ions when the
concentration of dichloromethane in the reaction region was
increased.

The ionization pathways for inorganic nitrates and organic
peroxides at atmospheric pressure are less established compared
to their organic nitro and nitrate counterparts. For NH4NO3, the
[HNO3þNO3]� product ion is formed via thermolysis of the ionic
compound to form nitric acid (HNO3) followed by autoionization
of the HNO3 molecule with [NO3]� [32,47]. The [NO3]� fragment
ion is generated from HNO3 by thermolysis and/or reactions with
the supporting environment. To confirm that the [HNO3þNO3]�

product ion is formed via autoionization, the amount of NH4NO3

analyzed was varied from 1000 ng to 10 ng and the thermal
desorber temperature was varied from 220 1C to 160 1 1 The
experiment showed that the ion intensity for [HNO3þNO3]�

relative to [NO3]� decreased as the sample amount and thermal
desorber temperature was decreased, indicating that formation of
[HNO3þNO3]� is more favorable when the amount of sample
introduced into the reaction region is large and therefore the
probability of a HNO3 molecule interacting with a [NO3]� is high.

For HMTD, it is proposed that the [HMTD�NC3H6O3þHþCl]�

product ion is formed via homolytic thermolysis of all the three
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peroxide bonds (i.e. O–O bonds) in the HMTD molecule followed
by proton and [Cl]� attachment (see Supplemental material),
whereas, the [NC2H2O2]� and [NC2H2O2þHþCl]� secondary ions
are formed via thermolysis of an N–C bond in the NC3H6O3

decomposition product of HMTD [11,34,48]. Dissociation of the
peroxide bonds followed by dissociation of a C–N bond is a
favorable decomposition pathway for the HMTD molecule
considering the O–O (DE O–O¼145 kJ/mole) and N–C (DE N–

C¼308 kJ/mole) bonds have the smallest and next to the smallest
bond dissociation energies in the molecule (DE otherZ348 kJ/
mole) [48].

It has previously been shown by Ewing et al. that TATP vapor
in the presence of 63Ni radiation and excess ammonia yields a
[(CH3)2CNH2]þ product ion via a nucleophilic substitution reac-
tion between an NH3 molecule and a [TATPþNH4]þ adduct [30].
In the substitution reaction, the NH3 molecule serves as the
Fig. 8. Mass spectra from the analysis of a 250 ng PETN sample (a) and a 250 ng

TATP sample (b) obtained using the ITMS/MS/MS instrument in the ion trapping

(red plots) and continuous ion flow (black plots) modes. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 3
Summary of the absolute and relative intensities for the product ions formed during th

and continuous ion flow modes.

PETN

Molecular formula Ion
mass

Absolute intensity
(counts)

Relative intensity
(%)

Trapping mode
[NO3]� 62 1.1 E05 7.0

[PETN�NO2þHþCl]� 306, 308 5.8 E04 3.6

[PETN�NO2þHþNO3]� 333 1.8 E05 11.1

[PETNþCl]� 351, 353 1.6 E05 9.9

[PETNþNO3]� 378 1.6 E06 100

Continuous mode
[NO3]� 62 5.8 E05 7.1

[PETN�NO2þHþCl]- 306, 308 6.1 E05 7.5

[PETN�NO2þHþNO3]� 333 1.2 E06 14.2

[PETNþCl]� 351, 353 1.5 E06 18.7

[PETNþNO3]� 378 8.1 E06 100
nucleophile, the [TATPþNH4]þ adduct serves as the substrate,
and the C(CH3)2 group in the TATP molecule serves as the
electrophile (or leaving group). To confirm that this reaction
pathway is taking place in the ITMS instrument, mass spectra
for TATP (C9H18O6), deuterium labeled TATP (C9D18O6), and
carbon 13 labeled TATP (C6

13C3H18O6, where only the ring carbons
are labeled) were acquired using the ITMS/MS/MS instrument.
The spectra showed that the product ion mass shifted from m/z 58
for TATP to m/z 64 for deuterium labeled TATP and m/z 59 for
carbon 13 labeled TATP, indicating that the product ion contains
6 hydrogen atoms and 1 ring carbon from the TATP molecule,
ultimately supporting the molecular formula assignment for the
product ion as [(CH3)2CNH2]þ in addition to the nucleophilic
substitution reaction pathway [49]. The molecular formula
assignment and substitution reaction pathway for the
[(CH3)2CNH2]þ product ion is further supported by the analysis
of TATP with nitrogen 14 labeled ammonia reagent (14NH3),
which yielded a product ion shift from m/z 58 to m/z 59,
indicating that the product ion contains 1 nitrogen atom from
the substitution of an amine group into the TATP molecule. The
[C3H6O2]þ secondary ion for TATP is proposed to be formed via
dissociation of the peroxide bonds in the TATP molecule while the
pathway for the production of the [C4H9O2]þ secondary ion is
undetermined; however, may involve formation of a peroxy
radical. Similar to the [(CH3)2CNH2]þ product ion, the molecular
formulas for the secondary ions were confirmed using isotopic
labeling [49].
3.3. Evaluation of the effect of ion trapping on the gas phase ion

chemistry of the ITMS instrument

To illustrate the effect ion trapping in the reaction region has
on the gas phase ion chemistry in an ITMS based ETD, a
comparison between mass spectra obtained using the ITMS/MS/
MS instrument in the ion trapping and continuous ion flow modes
is displayed in Fig. 8. The samples for the mass spectra were
250 ng PETN (Fig. 8a) and 250 ng TATP (Fig. 8b). Note that the
intensities of the mass spectra obtained in the ion trapping mode
have been multiplied by a factor of 6 for PETN and a factor of
2.5 for TATP. A summary of the absolute and relative intensities
for the predominant and secondary product ions before normal-
ization is provided in Table 3. Because the temperatures, pres-
sures, gas flows, and electric field strengths were the same for the
acquisition of the mass spectra in the different operating modes,
any discrepancies in the absolute and relative intensities for the
e analysis of PETN and TATP using the ITMS/MS/MS instrument in the ion trapping

TATP

Molecular
formula

Ion
mass

Absolute intensity
(counts)

Relative intensity
(%)

Trapping mode
[(CH3)2CNH2]þ 58 4.9 E05 100

[C3H6O2]þ 74 5.7 E04 11.7

[C4H9O2]þ 89 1.3 E05 27.0

Continuous mode
[(CH3)2CNH2]þ 58 1.4 E06 100

[C3H6O2]þ 74 1.3 E05 9.1

[C4H9O2]þ 89 1.2 E06 86.2

Total ion intensity
PETN—Continuous mode—1.2 E07, Trapping Mode—2.1 E06

Ratio (continuous/trapping)—5.7
TATP—Continuous mode—2.7 E06, Trapping Mode—6.8 E05

Ratio (continuous/trapping)—4.0
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reactant and product ions are credited to the ion trapping scheme
in the ITMS instrument [18].

Two important differences are observed between the ion
trapping and continuous ion flow operating modes. The first
difference is the total ion intensities (i.e. the sum of the absolute
intensities for all reactant and product ions) are larger in the
continuous ion flow mode than the ion trapping mode by a factor
of 5.7 for PETN and a factor of 4.0 for TATP. The larger absolute ion
intensities in the continuous ion flow mode indicate that the ion
trapping scheme in the ITMS instrument is o100% efficient, more
specifically, only �18–25% of the ions generated are retained by
the ion trap. The loss of ions in the ion trapping mode is attributed
to neutralization via collisions with the components of the ITMS
instrument, such as the inlet grid, E1 electrode, and ITMS housing,
in addition to recombination in the reaction medium. Despite the
o100% efficiency of the ion trapping scheme, the residence times
in the reaction region for the ions that are retained by the ion trap
are up to 1–2 orders of magnitude greater than the residence
times for the ions generated during continuous ion flow opera-
tion. The larger residence times in the ion trapping mode are
expected to lead to increased reaction times, ion densities, and
ion–molecule interactions during product ion formation in the
ITMS instrument.

The second difference between the ion trapping and contin-
uous operating modes is the relative intensities for the secondary
product ions are smaller in the ion trapping mode (i.e. the
predominant ion intensities are larger relative to the secondary
ion intensities in the ion trapping mode). For example, the
relative intensities for the [PETNþCl]� (from PETN) and
[C4H9O2]þ (from TATP) secondary ions are 19% and 86% in the
continuous ion flow mode and 10% and 27% in the ion trapping
mode, respectively, or a factor of 2–3 smaller in the ion trapping
mode. The increase in predominant ion intensity relative to
secondary ion intensity in the ion trapping mode is attributed
to increased reaction times, ion densities, and ion–molecule
interactions in the reaction region driving the equilibrium of the
reaction and charge transfer pathways further toward the pro-
ducts that are most favorable according to enthalpy of formation
as well as temperature and composition of the supporting reac-
tion environment.
4. Conclusions

A Morpho Detection ITMS based ETD has been successfully
interfaced to a triple quadrupole mass spectrometer and the gas
phase ion chemistry of the ITMS instrument for a list of nitro,
nitrate, and peroxide containing explosives has been elucidated.
The ITMS/MS/MS configuration has been demonstrated to be
capable of simultaneously measuring the mass and mobility of
the ion species formed in the ITMS instrument without significant
changes to the core ion structures. Using the mass and mobility
data acquired with the ITMS/MS/MS instrument in conjunction
with density functional theory, the predominant product ions for
the various explosives were determined to be [TNT�H]� for TNT,
[RDXþCl]� for RDX, [NO3]� for EGDN, [NGþNO3]� for NG,
[PETNþNO3]� for PETN, [HNO3þNO3]� for NH4NO3, [HMTD�
NC3H6O3þHþCl]� for HMTD, and [(CH3)2CNH2]þ for TATP. Pre-
dominant ionization pathways for the formation of the various
product ions include proton abstraction, ion–molecule attach-
ment, autoionization, first-order and multi-order thermolysis, and
nucleophilic substitution. The ion trapping scheme in the reaction
region of the ITMS instrument has been shown to increase the
predominant ion intensities relative to the secondary ion inten-
sities when compared to non-ion trap operation.
The overall objective of the research is to develop a funda-
mental understanding of the gas phase ionization processes in the
ITMS based ETD to facilitate the advancement of its operational
effectiveness as well as guide the development of next generation
ETDs. A future effort will involve using the ITMS/MS/MS instru-
ment to characterize the ion species formed during the analysis of
various fuel–oxidizer mixtures, explosive compositions, and che-
mical interfering agents. It is projected that this data will lead to
advances in the detection algorithms of not only ITMS based ETDs
but any ETD that utilizes atmospheric pressure ionization, includ-
ing MS based systems. The detection algorithm advances are
expected to include increased number of explosive types detected
as well as decreased false response rates.
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