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Abstract

Thermal desorption (TD) of wipe-based samples was coupled with an in-line dielectric barrier
discharge ionization (DBDI) source and rugged compact time-of-flight mass spectrometer (MS)
for the detection of explosives, propellants, and post-blast debris. The chromatography-free TD-
DBDI-MS platform enabled rapid and sensitive detection of organic nitramine, nitrate ester, and
nitroaromatic explosives, as well as black powder and black powder substitute propellants.
Parametric investigations characterized the response to TD temperature, and optimized DBDI
voltage, aerodynamically assisted entrainment, and fragmentation through in-source collision
induced dissociation (isCID). Excess nitrate generated by the DBDI source yielded predominantly
nitrate-adduct formation. Sub-nanogram sensitivities were demonstrated for all explosives
investigated, except for nitroglycerin, specifically due to its volatility. Further, most
analytes/explosives exhibited tens of picogram sensitivities. The platform also demonstrated the
detection of propellant and military explosives from post-blast debris. The TD-DBDI-MS system
performed well without the need for aerodynamically assisted entrainment (and the associated
rough pump), which along with requiring no additional gasses (i.e., N2> or He) or solvents, aid in
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potential field deployment. The ease of TD-DBDI attachment and removal added trace solid or
liquid residue detection to the rugged mass spectrometer, designed primarily for analysis of
volatile organic and inorganic compounds.

Keywords: Trace detection; Dielectric barrier discharge ionization; Mass spectrometry; Explosives;
Time-of-flight; Propellants; Swipe sampling;

Introduction

Technological advancements have driven development in more ruggedized and portable
or transportable instrumentation, enabling traditionally laboratory-based chemical analyses to
move into the field or remote arenas. On-site chemical analysis encompasses many applications,
including checkpoint screening, crime scene or incident investigations (e.g., industrial or
environmental accidents), and environmental monitoring. Rapid compound identification provides
near real-time information critical for first responders and/or community safety, as well as for
disrupting the movement or entry of hazardous or contraband materials (e.g., explosives,
narcotics, restricted/prohibited items).! In addition to the range of applications, a range of chemical
analysis instrumentation also exists, differing in the chemical properties interrogated or the levels
of specificity and sensitivity provided. Colorimetry, vibrational spectroscopy (i.e., Raman and
Fourier transform infrared), and ion mobility spectrometry have all seen significant fieldable use
for chemical analysis, specifically for drugs, explosives, and hazardous materials (HAZMAT)
identification.? 3 These analytical techniques are widely deployed for checkpoint screening and

infrastructure protection due to their portability, short analysis time, and ease of use.* ®

Advancements in portability have also translated to mass spectrometry.® Mass
spectrometry (MS) often delivers larger dynamic ranges, enhancements to selectivity and

sensitivity, and complex mixture analysis capabilities beyond alternative techniques such as
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spectroscopy or ion mobility spectrometry.” However, instrumental specifics will ultimately
determine the mass resolution and compound differentiation (e.g., time-of-flight [TOF]® vs high-
pressure ion trap mass analyzers®) or capabilities to inform on compound structure by tandem
mass spectrometry (e.g., ion trap or triple quadrupole vs TOF mass analyzers). Recent years
have seen an expansion in fieldable MS solutions for forensic and security sectors,*® enabled
both by advancements in miniaturization and the progression of ambient ionization. Originating in
the early 2000s with the advent of direct analysis in real time (DART)!! and desorption
electrospray ionization (DESI),'?2 ambient ionization approaches have expanded extensively*®
and been applied to countless applications, including forensics'® ¢ and explosives detection.” 18
Recent studies have focused on comparing multiple ambient ionization platforms all on a single
mass spectrometer, including atmospheric pressure chemical ionization (APCI), DESI,
paperspray ionization (PSI), papercone spray ionization (PCSI), and electrospray ionization (ESI)
on a cylindrical ion trap for forensic evidence screening;® and ESI, PSI, atmospheric solids
analysis probe (ASAP), thermal desorption corona discharge (TDCD), and DART on a single

guadrupole for explosives detection.!®

In this Technical Note, we employ a multimode ambient ionization coupling that enabled
rapid chromatography-free analysis of organic explosive, propellant, and post-blast debris mass
spectrometry signatures. Thermal desorption (TD) of wipe-based (i.e., from swipe sample
collection) and melting point capillary-based (i.e., from liquid extraction) sample introduction was
connected in-line with a dielectric barrier discharge ionization (DBDI) source. The TD-DBDI front-
end platform was interfaced with a compact transportable time-of-flight mass spectrometer. The
rugged mass spectrometer has been deployed extensively for mobile laboratory, point-of-need,
and remote field site applications,®?! focusing primarily on volatile organic and inorganic
compounds (VOCs and VICs). Here, we characterized ion distributions for a series of nitramines,

nitrate esters, and nitroaromatics; thermal desorption temperature, DBDI voltage,
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aerodynamically-assist entrainment, and fragmentation (i.e., in-source collision induced
dissociation: isCID); and performance metrics (i.e., limits of detection) of the TD-DBDI-MS
platform. We demonstrated TD-DBDI-MS required no additional gasses (e.g., N2 or He), solvents,
or additional aerodynamically assisting rough pumps for operation, eliminating potential hurdles
to field deployment. The front-end also expanded the utility of the TOF mass spectrometer,

developed primarily for vapor-phase monitoring, to trace solid- and liquid-phase samples.

Methods

Materials. Organic explosive standards for nitramines: 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)
and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX or octogen), nitrate esters: pentaerythritol
tetranitrate (PETN) and nitroglycerin (NG), and nitroaromatics: trinitrotoluene (TNT) and (2,4,6-
trinitrophenyl)methylnitramine (Tetryl) were purchased from AccuStandard Inc. (New Haven, CT,
USA) at 1 mg/mL in acetonitrile. Standards were gravimetrically diluted in liquid chromatography
(LC)-MS Chromasolv grade acetonitrile (Sigma-Aldrich, St. Louis, MO, USA) for further use.
Single component standard dilutions were directly deposited onto sampling wipes
(polytetrafluoroethylene (PTFE)-coated fiberglass weave wipes, DSA Detection, LLC, Boston,
MA, USA). Black powder and black powder substitute propellants and post-blast debris were also
swipe sampled and analyzed. Composition details can be found in the supporting information.

Instrumentation. Thermal desorption (TD) of wipe-based samples was conducted with a
resistance-based heater held at constant temperature.?> 2 The desorber was coupled to an in-
line dielectric barrier discharge ionization (DBDI) source (SICRIT [soft ionization by chemical
reaction in transfer], Plasmion GmbH, Augsburg, Germany),?* mounted on the inlet of Vocus S
compact time-of-flight mass spectrometer (TOFWERK AG, Thun, Switzerland/ TOFWERK USA,
Boulder, CO, USA). The mass spectrometer was fitted with an atmospheric pressure interface

adapting flange to provide aerodynamic-assist with an associated rough pump to enhance flow
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rates toward the inlet. The DBDI source incorporated a concentric electrode flow-through
geometry, with the thermal desorber and ambient air on one end, and the aerodynamic-assist
interface and MS inlet on the other.?®> ¢ The pull of ambient air through the thermal desorber led
to the generation of background nitrate species in hegative mode mass analysis. Further details
of the DBDI source can be found in the literature.?*?” Analyte vapors were generated and ionized
within the front-end (i.e., thermal desorber — DBDI source — aerodynamic-assist interface),
traveled through a series of RF-only quadrupole ion guides (short segmented quadrupole [SSQ]
and big segmented quadrupole [BSQ]), accelerated orthogonally through a reflectron TOF, and
detected by a multichannel plate. Fragmentation was achieved by in-source collision induced
dissociation (isCID), applied in the differentially pumped region between the skimmer and BSQ,
just downstream of the SSQ. Mass spectra were collected from m/z 8 to m/z 800 at 10 Hz spectral
rate. Additional details of supporting instrumentation, measurements, and methods can be found

in the electronic supporting information.

Safety Considerations. Best practices and material safety data sheet recommendations were
followed for storage and handling of energetic materials. A portable fume extractor with HEPA
and carbon filters was used during experiments with thermal desorption to capture potential
aerosol or vapor release.

Data Availability. Raw data files, extracted mass spectra, and derived data files are available on

the NIST Public Data Repository: https://doi.org/10.18434/mds2-3299.

Results and Discussion

The coupling of TD-DBDI with a rugged time-of-flight mass spectrometer (Figure 1(a)) was
explored for the analysis of wipe-based and swipe sampled explosives, propellants, and post-
blast debris. Mass spectral signatures, fragmentation patterns, and performance metrics were

measured for pairs of each nitramine (i.e., RDX and HMX), nitrate ester (i.e., PETN and NG), and
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nitroaromatic (i.e., TNT and Tetryl) explosives. The DBDI source generated significant nitrate
anion in negative mode MS — as well as a smaller abundance of the nitrate dimer [(HNO3z)NO3]".
The background mass spectrum closely resembled similar plasma-based sources (e.g., DART
[with N2] or corona discharge). The nitrate-based explosives predominately formed nitrate-
adducts, with the main observed ion for each listed in Table 1. Figure 1(b) displays the full scan
mass spectrum for RDX, demonstrating the nitrate-adduct (m/z 284 [RDX+NOg]) and some bare
nitrate anion (full scan spectra for all compounds can be found in supporting information, Figure
S1). At the low mass loadings investigated, no significant dimer peaks (or other peaks) in the
high(er) ion mass range (i.e., m/z >400) were observed, therefore displayed spectra were
generally truncated at m/z 400. The only deviation from nitrate adducts was observed for the
nitroaromatic TNT, where the common loss of -NO was observed (m/z 197 [TNT-NOJ) and adduct
(m/z 260 [TNT+OOH]) previously observed with DART and APCI* 2 (Figure 1(c)). Interestingly,
Tetryl also yielded predominantly the nitrate adduct (m/z 349 [Tetryl+NOg]), with minor peaks for
the loss of NO and NO: (Figure S1). Previous works with related plasma-based sources such as
DART, confined DART, ASAP, and TDCD exhibited the m/z 241 [Tetrly-NO2]" (N-methyl-2,4,6
trinitroaniline fragment ion) as the dominant observed ion.*® 2% 30 |on distributions were also briefly
investigated on an alternative mass analyzer (JEOL AccuTOF time-of-flight) to gauge ion source
vs mass analyzer effects (Figure S2). There was very little difference observed for most of the
explosives investigated. Minor differences in the relative ratios of fragments to nitrate adduct of
Tetryl and TNT were observed, though a more detailed comparison would be required to eliminate

any other effects.
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Figure 1. (a) Image of the TD-DBDI-MS (inlet) configuration and main front-end components —
wipe-based sample introduction, thermal desorber, DBDI source, and aerodynamic-assist
interface. Exemplar mass spectra for (b) RDX and (¢) TNT samples measured from PTFE-coated
fiberglass weave wipes. Low sample mass response curves for (d) RDX and (e) TNT from
replicate measurements (n=6 at each wipe-based loading), with linear fit and 95% confidence
intervals.

Sensitivity of the TD-DBDI-MS platform was investigated by low mass loading response
curves (Figures 1(d-e) and S3) and the ASTM E2677 Standard Test Method for Determining
Limits of Detection in Explosive Trace Detectors.3' Single-component analytical standards in
acetonitrile were serially diluted and 2 ul deposited onto PTFE-coated fiberglass weave wipes,
allowing the solvent to evaporate. Target ion peaks for each compound were integrated from
extracted ion chronograms. Blank controls consisted of 2 pl blank acetonitrile. The ASTM E2677
method results are displayed in Table 1 and correspond to the wipe-based mass that resulted in
90 % probability of true detection. Most compounds exhibited sub-nanogram detection limits, with
many in the tens of picograms range. However, NG demonstrated an LODg, on the order of tens
of nanograms. The poorer performance of NG was attributed to the compound’s higher volatility
(relative to the others) and a sub-optimal thermal desorption temperature (250 °C). A more

detailed characterization of the thermal desorption temperature follows below.
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Table 1. TD-DBDI-MS analysis of organic explosives, including dominant observed ion(s) and
LODgo values (calculated according to ASTM E26773!). Sensitivity measurements were collected
with a 250 °C thermal desorption temperature, and aerodynamic-assist of 0.8 L/min (i.e., 200
steps valve reading), and DBDI settings of 1400 V and 15 kHz.

Compound Vapor Pressure m/z Observed lon | Wipe LODg
at 25°C (kPa)*? (ng)
HMX 2.40x1071° 358.16 [HMX+NO3] 0.02
RDX 4.91x10?° 284.12 [RDX+NOs] 0.01
TNT 9.27x107 197.12 [TNT-NOJ 0.65
260.12 [TNT+OOH] 0.50
Tetryl 1.60x10® 349.15 [Tetryl+NOg3] 0.04
PETN 1.08x10° 378.14 [PETN+NOs] 0.02
NG 6.54x10° 289.09 [NG+NOs] 23.1

The TD-DBDI-MS system response to TD temperature demonstrated trends that varied
by compound, similar to previous works using similar wipe-based heating platforms.?® 33
Specifically, optimal TD temperatures were primarily dependent on the compound’s volatility
(correlating with vapor pressure — Table 1). Figure 2(a) displays the integrated peak areas for 20
ng NG and 2 ng HMX (the two extremes of vapor pressure studied here) as a function of
increasing TD temperature. The volatile NG exhibited a tight range of optimal temperature in the
lower range explored, around 180 °C. Even at this temperature, the NG temporal profile was very
short as demonstrated by the extracted ion chronograms (Figure 2(a-i)). Alternatively, the less
volatile explosive, HMX, displayed a broad optimum temperature at high(er) temperatures in the
range of 200 °C to 275 °C (Figure 2(a)). At reduced temperatures, the HMX temporal profiles
(Figures 2(a-i) and 2(a-ii)) demonstrated slower vaporizing and detection, extending for nearly 30
seconds. This desorption profile was shortened to under 10 s at 250 °C (Figure 2(a-iii)). The
hurdles arising from the thermal desorption of energetic compounds with such a great range in
volatility has been well documented.®? ** These can range from high vapor pressures such as

ethylene glycol dinitrate (EGDN), 1.03x102 kPa,3? down to exceedingly low vapor pressures of
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potassium chlorate and perchlorate oxidizers, estimated at orders of magnitude lower than

HMX.3 Variations in volatility of compounds can be addressed by a range of alternatives, for

example, ramped or multistage thermal desorption,3* areas of future work.
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Figure 2. (a) TD-DBDI-MS response of NG (20 ng, blue diamond) and HMX (2 ng, orange
diamond) as a function of increasing thermal desorption temperature. Temporal response
(extracted ion chronograms) of NG (blue) and HMX (orange) thermal desorption at (a-i) 180 °C,
(a-ii) 220 °C, and (a-iii) 250 °C. (b) TD-DBDI-MS response to 0.4 ng PETN (displaying PETN:
blue diamonds, nitrate: orange circles, and nitrate dimer: orange squares) as a function of
increasing DBDI voltage (all at 15 kHz, 225 °C, and aerodynamic-assist 0.8 L/min). Temporal
response (extracted ion chronograms) of PETN (blue), nitrate (solid orange), and the nitrate dimer
(dashed orange) at (b-i) 1300 V, (b-ii) 1500 V, and (b-iii) 1600 V. Data points and uncertainty
represented by the average and standard deviation of 5-6 replicate samples.

Thermally desorbed compounds in the vapor phase were then entrained through the DBDI
region (Figure 1(a)). A minimal electric potential was required to ignite and sustain the DBDI
discharge. This minimum ignition voltage was also observed to be a function of the gas flow

through the source. The system response of wipe-based PETN samples (0.4 ng) for increasing
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DBDI voltage was characterized and displayed in Figure 2(b). The PETN-nitrate adduct peak area
increased for the first 100V — 200V above the ignition voltage, followed by a sharp decrease as
the DBDI energy sufficiently fragmented PETN. This fragmentation was also observed by the
increase in nitrate and nitrate dimer signal during the wipe-based sample introduction (Figure
2(b)). The sample-based nitrate signal demonstrated the opposite trend to the background DBDI-
generated nitrate signal (Figure S4). The background nitrate demonstrated a similar trend to
PETN that yielded an initial increase in nitrate generation for 100V-200V increase in voltage
beyond ignition; followed, by decreased in nitrate (an all background) signal for further increase.
At the highest DBDI voltages investigated, the plasma was unstable and nearly all the PETN was

fragmented to bare nitrate anions.

The DBDI ignition voltage and stability range was directly affected by the gas flow rate
through the plasma region. In this configuration of the TD-DBDI-MS platform, the aerodynamic-
assist interface coupling the DBDI source to the MS inlet managed the gas flow rate. Similar
aerodynamic-assist interfaces were introduced for DART ion sources to separate excess helium
from entering the mass spectrometer,*® as well as providing entrainment through confined
geometries.?® An external rough pump was connected to the aerodynamic-assist chamber (Figure
1(a)) and flow rate controlled through a valve with variable orifice, opening and closing by ‘steps’.
A roughly exponential relationship between steps and flow rate through exhaust pump was
observed. Figure 3(a) displays the response to wipe-based RDX samples (2 ng) for no
aerodynamic-assist up to approximately 2.5 L/min (i.e., pump valve setting of 300 steps). In the
region around 2.5 L/min and greater, the pull was sufficient to extinguish the DBDI plasma,
eliminating ionization and signal. The straight flow path from thermal desorber through in-line
DBDI source to MS inlet exhibited minimal flow resistance and an optimal RDX signal with no
additional assisted pull (Figure 3(a)). The instrument pull from the differentially pumped region

through the inlet adequately entrained vaporized wipe-based samples. The trade-off between

10
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removing an additional rough pump and the benefits to peak shape by having a small assisted-
pull with minimal loss of signal must be weighed for each specific application. In addition, sample
substrate and introduction must be considered. A common alternative to swipe sampling and
wipe-based sample introduction incorporates glass melting point capillary tubes for sampling
extracted analytes. The thermal desorption of capillary-based samples was achieved with a gas
chromatography (GC)-interface heater coupled to the DBDI source (Figure 3(b)). In this geometry,
the sample-laden capillary was inserted vertically into the GC-interface heater. Heated gas flow
through the GC-interface heater made a 90° turn through the DBDI source and into the mass
spectrometer. Figure 3(a) displays the same analysis for capillary-based PETN samples using
the GC-interface heater. The larger flow resistance due to the narrow inner diameter and 90° turn

yielded an optimal signal for an aerodynamic-assist of 0.9 L/min.
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Figure 3. (a) TD-DBDI-MS response to 2 ng wipe-based RDX (blue diamonds) and 1 ng capillary
tube-based PETN (orange diamonds) as a function of increasing aerodynamic-assist gas flow (all
at DBDI 1300V / 15 kHz). (b) Image of the TD-DBDI-MS (inlet) configuration with alternative GC
interface heater. (c) TD-DBDI-MS response to 2 ng wipe-based Tetryl as a function of increasing
fragmentation (all at DBDI 1300V / 15 kHz, 225 °C, and 0.8 L/min). Curves represent peak areas
for the Tetryl-nitrate adduct (blue diamonds, m/z 349) and fragments at m/z 257 (circles), m/z 212
(squares), m/z 181 (triangles), and m/z 62 nitrate (orange diamonds). Representative mass
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spectra for (c-i) 10 V isCID and (c-ii) 30 V isCID display relative fragment distributions. “M”
represents the Tetryl molecule (C7HsNsOs) and “ M* ” the degradation product, N-methylpicramide
(C7HsN4Os). Data points and uncertainty represented by the average and standard deviation of 5-
6 replicate samples.

With a characterization of the overall instrument and front-end sampling, ionization, and
inlet flow, we next considered a brief characterization of compound fragmentation. The TOF mass
analyzer used here did not possess tandem mass spectrometry capabilities. However, broad-
band fragmentation was achieved by isCID, a technique demonstrated in the literature for
declustering®” and fragmentation to enhance signal,* detect inorganic oxidizers,3 4° and develop
multi-spectra library search algorithms.** Fragmentation ion distributions of Tetryl (2 ng wipe-
based samples) were investigated for increasing isCID potential (i.e., the voltage difference
between the skimmer [between the SSQ and BSQ] and BSQ). All voltages upstream of the
skimmer were also similarly adjusted to maintain a roughly equivalent potential gradient. Figure
3(c) displays the peak areas for a few of the main ions and fragments. Here, M and M*
represented the Tetryl molecule (CsHsNsOsg) and the degradation product N-methylpicramide
(C7HsN4Os), respectively. The 10 V isCID settings led to significant fragmentation of Tetryl, nearly
eliminating the intact nitrate adduct, as well as larger fragments such as m/z 257 [M-NOJ and m/z
241 [M-NOg]. The interplay between nitrate generated by the DBDI source and nitrate due to
fragmentation of nitro-based explosives convoluted its origin. Other than nitrate, the m/z 212 [M*-
NOJ fragment was the most intense at 10 V isCID (Figure 3(c-i)). Further increase in voltage and
fragmentation transitioned the dominant fragment to m/z 181 [M*-NO,-CHjs] (Figure 3(c-ii)) and
eventually led to fragmentation of all species, including nitrate (isCID 40 V). Overall, the 10 V
isCID setting was sufficient to fragment most of the explosives investigated here down to bare
nitrate anions (Figure S5). HMX did not show the same level of fragmentation until 20 V and TNT

yielded predominantly the loss of NO fragment at 10 V isCID.
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Finally, we demonstrate the analysis of more complex samples of interest, including
propellants and post-blast debris. In addition to the more traditional military grade explosives, the
identification of homemade explosive components remains important. Low-order explosives
based on propellants, pyrotechnics, and rudimentary fuel-oxidizer mixtures often fall at the top of
the list of explosive device main charges in the annual review by the U.S. Bureau of Alcohol,
Tobacco, Firearms, and Explosives (ATF).*? Figure 4 displays the TD-DBDI-MS signatures for a
black powder (Figure 4(a)) and black powder substitute (Figure 4(b)), swipe collected from
crushed propellant particles and thermally desorbed at 250 °C. At these desorption temperatures,
the black powder (potassium nitrate/sulfur/carbon) exhibited an ion distribution primarily for the
more volatile sulfur component (relative to potassium nitrate). Peak assignments were cursory
and based on previous work and the literature, including m/z 80 S,0°, m/z 97 HSO4', m/z 112 S;0°
, and m/z 195 [H2SO4+HSO4].%* 42 The black powder substitute, Blackhorn 209, exhibited an ion
distribution dominated by nitrate-species and guanidine nitrate species (Figure 4(b)). This
particular propellant has previously demonstrated two particle distributions, one based on
guanidine nitrate/potassium perchlorate and the other on traditional black powders — potassium
nitrate/sulfur/carbon.** Previous works incorporating high temperature thermal desorption have

detected the potassium perchlorate component of Blackhorn 209 as well.*°

Figure 4 also displays the mass spectra from swipe sampling of post-blast debris from
thermoplastic polymer pipe-based explosives devices. These devices were created using fused
deposition modeling (FDM), packed with various charges (e.g., dynamite, black powder, and an
emulsion explosive), and detonated by heated wire. In this instance, post-blast debris was
collected and returned to the laboratory setting for analysis. Figure 4(c) displays clear peaks for
the nitrate anion, RDX, HMX, and a polymer distribution. The dynamite charge was primarily
composed of TNT and RDX. The lack of TNT signal was not surprising given its volatility and

propensity for degradation (samples have been stored in sealed bags away from light since
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detonation in 2017).** Similarly, HMX is a known byproduct from hexamine nitration for the

manufacture of RDX (e.g., the Bachmann process*®). The more abundant debris from a black

powder charge exhibited the expected signals for nitrate and sulfur related species (Figure 4(d)).

This corroborated previous analysis of these samples by a counter-flow capillary electrophoresis

technique.** The Dyno AP charge debris spectrum was dominated by the nitrate dimer (Figure

S6), matching previous electrophoresis analysis** and aligning with the multiple nitrate species

composing the emulsion charge.
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Figure 4. TD-DBDI-MS analysis of propellants swipe collected from crushed particles and post-
blast debris of thermoplastic polymer devices. Mass spectra represent (a) Goex black powder
and (b) Blackhorn 209 black powder substitute propellants, and post-blast debris from main

charges of (c) military dynamite and (d) Schuetzen black powder.

Conclusions

This investigation demonstrated promising capabilities for coupling swipe sampling with

TD-DBDI and a rugged mass spectrometer for field screening and investigation applications. This
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Technical Note focused on explosives detection, however avenues into the detection of drugs,
related contraband materials, and other compounds of interest to forensics and public health are
ongoing. Without the need for additional gas cylinders, solvents, or entrainment assisting pumps,
the wipe-based TD-DBDI front-end platform established a path to field deployment. Opportunities
also exist to couple with smaller or more portable TOF, single quadrupole, or ion trap mass
spectrometers. Though sub-nanogram sensitivities were exhibited for most of the explosives
tested, these were for pure analytical standards in ideal conditions. Performance in a fielded
scenario, with real-world samples and potential background interferences or other matrix effects,
may differ significantly. Future work will explore the analysis of complex mixtures and competitive
ionization in more detail. In addition, this and related platforms will be adapted for a mobile
laboratory setting for on-site chemical analysis, introducing investigations into the effects of
environmental conditions (e.g., ambient temperature and humidity), sample collection and

preparation, and near real-time sample collection and library matching.

Supporting Information

Additional experimental method details, mass spectra, and figures as noted in the text can be

found in the online supporting information.
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