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Explosives have been divided into high and low ex-
plosives, the former used as detonating charges and the
latter as propellants. Explosives have also been classified
according to their chemical structures. Most organic ex-
plosives contain nitro groups and are subdivided into nitro-
aromatic compounds, nitrate esters, and nitroamines.' 1,3,5-
Trinitrobenzene (TNB), 2.4,6-trinitrotoluene (TNT), and
2,4-dinitrotoluene (DNT) belong to the nitroaromatic
compounds, pentaerythritol tetranitrate (PETN) is one of the
nitrate esters, and the nitroamines include 1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX) and octahydro-1,3,5,7-tetra-
nitro-1,3,5,7-tetrazocine (HMX). Explosives are unstable
compounds and their polarities vary from moderate to high
due to their nitro groups. These properties impose certain
limitations on techniques used for their analysis, since ex-
plosives may decompose during analysis or result in poor
chromatographic retention. Gas chromatography (GC) is
suitable for the analysis of nitroaromatic compounds, but not
for nitrate esters and nitroamines, which undergo thermal
decomposition under the high temperature conditions of
injector and oven. High-performance liquid chromatography
(HPLC) would be a better alternative for the more unstable
and polar explosives.

Common analytical techniques for the analysis of ex-
plosives include gas chromatography with electron capture
detection,” nitrogen phosphorus detection® or mass spectro-
metry (MS),* and HPLC with ultraviolet or MS detection.!>"?
Recently, liquid chromatography/mass spectrometry (LC/
MS) with atmospheric pressure ionization (API) has been
used for the analysis of explosives."!*!* Electrospray ioni-
zation (ESI) and atmospheric pressure chemical ionization
(APCI) are the most currently used as API sources for LC/
MS. In APCI, a corona discharge generates reactant ions
originated from solvent molecules in gas phase that are used
to ionize the analyte by chemical ionization.'>! Solvent and
analyte are vaporized by pneumatic nebulization. APCI
relies upon gas-phase ion-molecule reactions to place a
charge on neutral analytes, so it is especially important to
understand these reactions.

Ion mobility spectrometry (IMS) has been widely used
to detect explosives,’*?* chemical warfare agents,”>® and
illegal drugs,'>*?%3% and other trace compounds,*!"** since it

combines both high sensitivity (detection limits down to ppb
range) and relatively low technical expenditure with high-
speed data acquisition. The time required to acquire a single
spectrum is of several tens milliseconds. The working
principle is based on the drift of ions at ambient pressure
under the influence of an external electric field.***° IMS
works in a similar way to a time-of-flight mass spectrometer
(TOFMS). The major difference is that TOFMS requires a
vacuum but IMS does not. The mean free path of ions in
IMS is very smaller than in TOFMS. A typical IMS com-
prises of an ionization source associated with an ion reac-
tion chamber, an ion drift tube, an ion/molecule injection
shutter placed between the ion reaction chamber and the ion
drift tube, and an ion collector (detector, typically Faraday
plate). An ion swarm drifting under the electric field ex-
periences a separation process based on ions with different
masses or structures having different drift velocities. Collect-
ing these ions on a Faraday plate delivers a time-dependent
signal corresponding to the mobility of the arriving ions.
This ion mobility spectrum contains information on the
nature of the different trace compounds present in the
sample gas.

Pentaerythritol tetranitrate (PETN) is a white and crystal-
line explosive used as a base charge in blasting caps and
detonators, as the core explosive in detonating cord and in
booster charges, and as a major ingredient in plastic ex-
plosives.” Scheme 1 shows the chemical structure of PETN.
In this study, we examined the negative ion formation of
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Scheme 1. Chemical ctructure of PETN.
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PETN in APCI-MS and IMS. Dynamic ranges of detecting
PETN in APCI-MS were investegated. Based on the ana-
lysis results of APCI-MS, the detection limit and repro-
ducibility of PETN in the new IMS equipped with corona
discharge ionization source in negative ion mode was
examined. The sample was injected with liquid solution to
the IMS to compare with the results of APCI-MS. An
illustration of the basic ionization process of PETN in the
IMS as well as in the APCI-MS was presented in Figure 1.
For APCI-MS, the liquid sample evaporates through the
nebulizing region and the vapors are ionized by corona
discharge. The product ions are extracted to the capillary
linked to the mass spectrometer. For the IMS, the sample
solution of 1 mL was injected into the hole. The sample
evaporated and flowed to the ionization chamber. Vapors of
the solvent (acetonitrile) and PETN, air (nitrogen and
oxygen), and water vapor exist in the ionization chamber.
These gases are ionized by corona discharge and the product
ions are formed by the ion-molecule reactions and charge
transfer reactions. The product ions in the front of the shutter
grid drift to the detector.

PETN was analyzed with APCI-MS. Both positive and
negative modes were performed. In the positive ion mode,
any product ion related PETN was not observed. In the
negative ion mode, the APCI mass spectrum of PETN
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Figure 1. Schematic diagram of negative ionization process in

atmospheric pressure chemical ionization-mass spectrometer (a)
and in ion mobility spectrometer (b).

Notes

displayed the m/z 315, 351, 353, and 378 which assigned
to the [M — HJ", [M +3CI]", [M +°CI], and [M + NOs],
respectively, as shown in Figure 2. The peak intensity
ratios of [M + **CI|:[M + *’CI]” were 100:33. Tam and Hill
analyzed explosives using IMS equipped with secondary
electrospray ionization (SESI) and reported that [PETN+
CIJ” was observed without any dopant such as methylene
chloride.*' Asbury and coworkers analyzed RDX using ESI-
IMS and reported that [RDX + Cl]” was observed without
any chlorine dopant.* They suggested that the chlorine-
adducted ion was mostly likely formed by ESI from trace
impurities of the solvents. Besides trace impurities of the
solvents as chlorine source, it can be considered that chlo-
rine also comes from the air because there are residual
chlorines (lower than 0.5 ppm) in tap water. Sources of
atomic chlorine precursors are associated with tap water use,
water and wastewater treatment, swimming pool disinfec-
tion, reactions of chlorides in sea salt acrosol, and use of
biocides in cooling towers.* In order to investigate the
influence of chlorine dopant on the formation of [PETN+
CIJ", methylene chloride was employed as a chlorine dopant
and mixture of PETN and methylene chloride was analyzed
using APCI-MS. Methylene chloride of 0.1-1000 ppb were
added to the 10 ppm PETN solution, and variation of the
relative ion intensity ratio of [PETN + CI]/[PETN — H]” with
the concentration of methylene chloride was examined. The
relative ion intensity ratios of [PETN + CI|/[PETN — H]~
were 3.56, 3.75, 3.72, 3.00 and 3.15 for the methylene
chloride concentrations of 0.1, 1, 10, 100, and 1000 ppb,
respectively. When no dopant was used, the [PETN + CI]7/
[PETN — H]™ ratio was 3.24. The relative ion intensity of
[PETN + Cl]” was notably enhanced by adding trace amount
of methylene chloride (< 10 ppb). Zhao and Yinon® identi-
fied nitrate ester explosives including PETN by LC/MS
and reported the [PETN + NO;]~ was formed by adding
NH4NO; as an additive and the [PETN + CI|” was also
generated by adding NH4Cl as an additive. Formation of
[PETN + NOs] was described in the literature.*!
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Figure 2. APCI-MS spectrum of 10 ppm PETN. Acetonitrile was
used as solvent.



Notes
80000
o
o -
60000 | 2
[PETN+C] .-~
2
5 40000 .
£
C -
< o [PETN-H|  n
20000 4
,"‘ B m
Y ______<<-—~' ]
. - [PETN+NO,]
® _ua® JUlE .
O-P!Zi:.,.,.‘ ,,,,,, Ao U
I T T - : I :
’ z 4 6 8 10

Concentration of PETN (ppm)

Figure 3. Calibration curves of the [PETN — H]™ (squares), [PETN
+ CI]™ (circles), and [PETN + NOs]~ (triangles) detected in APCI-
MS.

In order to determine the dynamic range of PETN in
APCI-MS, the ion intensities were observed as the concen-
tration decreased. The detection limit of PETN in APCI-MS
was below 100 ppb in acetonitrile. The 100 ppb PETN (the
injection volume 10 pL) corresponds to 1 ng. Holmgren and
coworkers' reported that limit of detection (LOD) of the
[PETN + CI]” in LC/APCI-MS was 41.2 ng. Our results
showed better LOD of the [PETN + CI]” than the results of
Holmgren and coworkers. The calibration curves of the
[M—HJ, [M+CIJ, and [M + NOs] in the range of 0.1-10
ppm were obtained as shown in Figure 3. The curve fitting
equations were y = 2249x — 269 (r=0.998), y =7761x — 474
(r=0.998), and y = 478x — 551 (r=0.989) for the [PETN —
HJ7, [PETN + CI], and [PETN + NOs], respectively. Sensi-
tivity of the [PETN + CI|” was better than those of the
[PETN — H] and [PETN + NOs]™ by about 3.5 and 16 times,
respectively. The experimental results indicate that analysis
of PETN using APCI-MS had good detection limit and was
good for quantitation.

For IMS analysis of PETN, the detection limit and
reproducibility were examined. The injection volume was 1
pL and the analysis was performed five times at each
concentration to check the reproducibility. Both positive and
negative ion modes were performed. The product ions
related to PETN were only generated in the negative ion
mode (Figure 4). Besides the peaks of acetonitrile and
reactive gases (air and water molecules), new peaks were
observed in the IMS spectrum. The peaks at 44.7 and 47.5
ms were [PETN + CI]” and [PETN + NOs]", respectively.
The [PETN + CI]” and [PETN + NOs]™ are principal product
ions of PETN in IMS.*' The APCI results showed that the
[PETN + NOs]™ was less abundant than the [PETN + CI]".
However, in the IMS results, the peak intensity of [PETN +
NOs]™ was nearly the same to the [PETN + Cl]™ as shown in
Figure 4.

The drift times (z;8) of [PETN + CI]” and [PETN + NOs]~
were 44.7+0.1 and 47.5+0.3 ms, respectively. Their
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Figure 4. IMS spectra of 800 ppb PETN.

relative standard deviations (RSDs) were less than 1.0%.
The detection limit of PETN in the IMS with corona
discharge ionization was determined as the concentration
decreased. The detection limit was 800 ppb. This corre-
sponds to about 0.8 ng (the injection volume was 1 pL).
RSDs of the peak heights of [PETN + CI]” and [PETN +
NO;]™ were 24 and 34%, respectively. The ion mobility (K,
cm?/V-sec) is defined by equations (1) and (2).

va=KE (1)
K =v/E =L/(E"tz) Q)

where v, is the drift velocity of ion (cm/sec), E is the electric
field (V/ecm), L is the drift distance of ion (cm), and 74 is
the drift time (sec). The calculated Ks of [PETN + CI|
and [PETN +NO;]~ were 1.62+0.004 and 1.52+0.009
em* V57!, respectively, and their RSDs were 0.3 and 0.6%,
respectively. The drift time of ion in IMS is influenced by
the pressure and temperature of the drift region. The reduced
ion mobility (Kj) is the pressure and temperature-corrected
mobility. The reduced ion mobility is defined by equation

Q).
Ko = K[(P/760) x (273/T)] 3)

where T is the operating temperature (K) of the instrument
and P is the current ambient pressure (torr). The calculated
Kos of [PETN + CI]” and [PETN + NO;]™ were 1.169 + 0.004
and 1.101 = 0.006 cm>V~"s7!, respectively, and their RSDs
were also 0.3 and 0.6%, respectively. The previously report-
ed Ky value of [PETN + CI]” was 1.10.*

From the experimental results, we can conclude that (1)
the [PETN +Cl]” and [PETN +NOs]™ ions in APCI-MS
were generated without any additives besides the [PETN —
HT, (2) the order of sensitivity of the major product ions in
APCI-MS was [PEIN +CI]" > [PETN-H] > [PETN +
NOsJ5, (3) the major product ions in IMS were [PETN + CI[”
and [PETN + NO;[7, and (4) the new IMS equipped with
corona discharge ionization source had good detection limit
of PETN and relatively good reproducibility.
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Experimental Section

PETN was obtained from the Korea army for analysis and
acetonitrile was purchased from Aldrich Chemical Co.
PETN was used by dissolving it with acetonitrile. LC/APCI-
MS of HPLC 1200 instrument coupled to a single quad-
rupole LC-MS 6130 mass spectrometer of Agilent Techno-
logies Inc. was used as APCI-MS. The liquid chromatograph
used a binary pump and an injection valve with a 10 pL
sample loop. A sample of 10 pL was introduced by means of
a Rheodyne valve. The eluent was the same solvent and the
flow rate was 1.0 mL/min. MS detection was achieved using
a single quadrupole spectrometer equipped with an APCI
ionization source. The following instrumental parameters
were used for the LC/APCI-MS analysis in the negative ion
mode: capillary, +4 kV; fragmentor voltage, 100 V; corona
current, 15 pA; quadrupole temperature, 100 °C; vaporizer
temperature, 325 °C. Negative ionization process in APCI-
MS was described in Figure 1.

IMS equipped with corona discharge ionization source,
Ionab IMS of Wooju Communication & Technology Co.
(Korea), was used. The analysis conditions of IMS were as
follows: temperature of the sampling region was 200 °C,
temperatures of the ionization chamber and drift tube were
100 °C, pressure in the drift tube was 750 torr, the electric
field was 154.7 V/cm, and the drift distance of ion was 11.2
cm. The 1 uL sample was injected. The IMS analyses were
performed five times at each concentration. Negative ioni-
zation process in IMS was also described in Figure 1.
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