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Gas chromatography/mass spectrometry (GC/MS) is applied to the analysis of volatile and thermally
stable compounds, while liquid chromatography/atmospheric pressure chemical ionization mass
spectrometry (LC/APCI-MS) and liquid chromatography/electrospray ionization mass spectrometry
(LC/ESI-MS) are preferred for the analysis of compounds with solution acid-base chemistry. Because
organic explosives are compounds with low polarity and some of them are thermally labile, they have
not been very well analyzed by GC/MS, LC/APCI-MS and LC/ESI-MS. Herein, we demonstrate
liquid chromatography/negative ion atmospheric pressure photoionization mass spectrometry (LC/
NI-APPI-MS) as a novel and highly sensitive method for their analysis. Using LC/NI-APPI-MS,
limits of quantification (LOQs) of nitroaromatics and nitramines down to the middle pg range have
been achieved in full MS scan mode, which are approximately one order to two orders magnitude
lower than those previously reported using GC/MS or LC/APCI-MS. The calibration dynamic ranges
achieved by LC/NI-APPI-MS are also wider than those using GC/MS and LC/APCI-MS. The
reproducibility of LC/NI-APPI-MS is also very reliable, with the intraday and interday variabilities
by coefficient of variation (CV) of 0.2-3.4% and 0.6-1.9% for 2,4,6-trinitrotoluene (2,4,6-TNT).

Copyright © 2008 John Wiley & Sons, Ltd.

Large quantities of organic explosives, most of which are
nitrated compounds including nitroaromatics, nitramines,
and nitroesters, are manufactured worldwide. They are
mainly used in industrial processes such as mining,
quarrying, road construction and civil engineering, as well
as in various types of ammunition, arms, and mines. Their
sensitive analysis is required for the forensic analysis of post-
blast residues, detection of landmines, and location of
unexploded ordnance. Furthermore, since most organic
explosives and their degradation compounds are toxic,'™
their discharge during manufacture and military operation,
leakage from unexploded ordnance, and the subsequent
contamination of the environment are likewise a subject of
concern, which also requires sensitive analysis.

In the USA, residues of nitroaromatics and nitramines in
water, soil or sediment samples are generally analyzed by US
Environment Protection Agency (EPA) SW-846 method 8330
using liquid chromatography (LC) with a UV detector. Water
samples can be directly analyzed after they have been mixed
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with acetonitrile or methanol at 1:1 (v/v) ratio and then
filtered. However, this method provides an on-column limit
of quantification (LOQ) of only approximately 1ng. When
the analyte concentration in the water samples is lower than
10 pg/L, it is necessary to extract the analytes by a salting-out
procedure with acetonitrile and sodium chloride. Soil and
sediment samples have to be extracted by sonication using
acetonitrile for 18 h followed by precipitation of interfering
compounds with calcium chloride before analysis. Identifi-
cation of the organic explosives and their degradation
compounds depends on the chromatographic retention time.
Therefore, this method is also susceptible to false positive
results from co-eluting interferences.

Chromatographic techniques, principally gas chromatog-
raphy (GC) and LC, are required in the analysis of organic
explosives in various matrices for both cleanup and
identification purposes. Electron capture detection (ECD)*™
and mass spectrometry (MS)'*" are usually coupled with
GC due to their superior sensitivity and selectivity in the
detection of organic explosives. MS offers higher information
content than ECD, and its superior selectivity and similar
sensitivity in selective ion monitoring (SIM) mode to ECD
have been recently demonstrated by Jonsson et al.'' In
comparison with GC, LC is generally considered to be more
suitable for the analysis of nitramines and nitroesters due to
their low vapor pressure and because they are thermally
unstable. Although UV is often used as the LC detector in the
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analysis of organic explosives,'* detection by MS has become
more popular due to its better sensitivity and selectivity.'> >

Ionization methods used in GC/MS for the analysis of
organic explosives include electron ionization (ED),'*'"'?
positive ion chemical ionization (PICI),'*> and negative ion
chemical ionization (NICI).!*'® NICI achieved lower LOQs
than EI or PICI in comparison studies.'>""!* With GC/NICI-
MS, 2,4,6-trinitrotoluene (2,4,6-TNT) and RDX (cyclotri-
methylene-trinitramine) were detected with LOQs of
approximately 200 and 500 pg, respectively.'” In addition,
NICI also gave less fragmentation of all organic explosives,
and molecular ions were also observed for nitroaromatics.
This allowed GC/NICI-MS in full scan mode to be used to
identify some organic explosives without a priori knowledge
of the sample composition.'*'*1?

Ionization methods used in LC/MS for the analysis of
organic explosives have included negative ion electrospray
ionization (NI-ESD)'>'771212%235 and negative ion atmos-
pheric pressure chemical ionization (NI-APCI).1>16:20-22
NI-ESI was very effective in the ionization of nitramines
and nitroesters as their adducts with anions such as chloride,
nitrate, formate and acetate. With LC/NI-ESI-MS, RDX was
detected with a LOQ of approximately 25pg by selected
reaction monitoring (SRM).% Although NI-ESI could also
ionize some nitroaromatics,'>?* e.g. 24,6-TNT, as their
[M-H]" ions, the ionization was much less effective than
for nitramines and nitroesters. On the other hand, NI-APCI
could effectively ionize not only nitramines and nitroesters
as their adducts with anions, but also nitroaromatics.
However, the NI-APCI spectra of nitroaromatics usually
included not only molecular ions and deprotonated mol-
ecular ions, but also fragment ions.'>?%2! With LC/NI-APCI-
MS in full scan mode, 2,4,6-TNT and RDX were detected
with LOQs of 1.1 and 6.7 ng, respectively.15

Atmospheric pressure photoionization (APPI) was devel-
oped in 2000 as a complement to LC/ESI-MS and LC/APCI-
MS.2* APPI used a fundamentally different ionization
process®®®” from ESI and APCI. NI-APPI was initially
studied through extensive investigation of the ionization
mechanism by Kostiainen and co-workers?®?° and Traldi and
co-workers.>*?! Since then, a few applications where LC/NI-
APPI-MS is superior to LC/NI-ESI-MS and/or LC/NI-
APCI-MS have been reported,Sz’38 with most of them related
to acidic analytes.**® To our knowledge, polybrominated
diphenyl ethers (PBDEs) containing more than five bro-
mines®® have been the only low-polarity analytes analyzed
by LC/NI-APPI-MS.

In our recent studies on the ionization mechanisms of
NI-APPI** we have demonstrated that NI-APPI is highly
efficient in the ionization of low-polarity compounds, i.e.
fullerenes, perfluorinated compounds, pentafluorobenzyl
derivatives, nitroaromatics, and nitramines. In the present
study, we further demonstrate LC/NI-APPI-MS as a novel
and highly sensitive method for the quantification of low-
polarity compounds by using organic explosives as an
example. For the simplicity of the demonstration, the sample
preparation and LC separation procedures described in
US EPA SW-846 method 8330 were followed. However,
NI-APPI-MS in full scan MS mode rather than UV was used
for the detection of the organic explosives.

Copyright © 2008 John Wiley & Sons, Ltd.

EXPERIMENTAL

Reagents

Toluene, methanol, and water were HPLC grade and
purchased from Fisher Scientific (Suwanee, GA, USA).
Calcium chloride and HPLC grade methylene chloride were
purchased from Aldrich Chemical (St. Louis, MO, USA). 1,3-
Dinitrobenzene (1,3-DNB), 2,4-dinitrotoluene (2,4-DNT), 2,6-
dinitrotoluene (2,6-DNT), 1,3,5-trinitrobenzene(1,3,5-TNB),
4-amino-2,6-dinitrotoluene (4-amino-2,6-DNT), 2-amino-4,6-
dinitrotoluene  (2-amino-4,6-DNT), 2,4,6-trinitrotoluene
(2,4,6-TNT), tetryl (2,4,6-trinitrophenyl-N-methylnitramine),
RDX (cyclotrimethylene-trinitramine), and HMX (1,3,5,7-
tetranitro-1,3,5,7-tetraocane) were purchased from AccuS-
tandard (New Haven, CT, USA). The structures of the
studied compounds are shown in Fig. 1. Their thermochemi-
cal data is given in Table 1. The thermochemical data of
oxygen and HO, are also included in Table 1, as the existence
of oxygen in an APPI source plays a key role in NI-
APPL?3940 Siock solutions of individual organic explosives
were prepared at a concentration of 1mg/mL in methanol
and stored in refrigerator at 4°C in the dark. Working
solutions of organic explosives were prepared fresh every
day by mixing the individual stock solutions together and
then diluting the mixture with methanol to the desired
concentration. The solutions were then further diluted by
50% (v/v) with 5g/L aqueous calcium chloride solution
immediately before use.

Apparatus

A Ultimate fully integrated micro-, capillary-, and nano-
HPLC system (Dionex/LC Packings, Sunnyvale, CA, USA)
was used for the separation. It was coupled online to an
QSTAR XL triple quadrupole time-of-flight (QTOF) mass
spectrometer (Applied Biosystems/MDS Sciex, Concord,
Ontario, Canada) through an PhotoSpray source (Applied
Biosystems/MDS Sciex) with a 10eV krypton discharge
lamp.

LC/NI-APPI-MS

The LC separation used a 218TP52 C18 column
(25mm x 2.1 mm; Grace Vydac, Deerfield, IL, USA) with
an isocratic elution using solvent A and solvent B at a 1:1
ratio. For the separation of nitroaromatics, solvent A and
solvent B were, respectively, water and methanol. However,
for the separation of nitramines, solvents A and B were water
and a mixture of methanol and methylene chloride (98:2, v/
v), respectively. The LC column flow rate was 200 pL/min.
The separation times for the nitroaromatics and nitramines
were 10 and 7min, respectively. The LC system was
connected to a Valco valve (VICI, Houston, TX, USA) which
was integrated with the QSTAR before it was connected to
the PhotoSpray source. The Valco valve was used to divert
the effluents from the LC separation for the initial 2.5 min to
avoid contamination of the QSTAR ion source by inorganic
salts from the samples. HPLC grade toluene was used as the
dopant and was delivered with a 1050 series HPLC system
(Agilent, Foster City, CA, USA) to the PhotoSpray source at a
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Figure 1. Structures of studied compounds: (A) 1,3-dinitrobenzene;

(B) 2,4-dinitrotoluene; (C) 2,6-dinitrotoluene; (D) 1,3,5-trinitrobenzene;
(E) 4-amino-2,6-dinitrotoluene; (F) 2-amino-4,6-dinitrotoluene; (G) 2,4,6-
trinitrotoluene; (H) tetryl; (1) RDX; and (J) HMX.

flow rate of 200 wL/min. It should be noted that the dopant,
i.e. toluene, and the mobile phase, e.g. water/methanol 1:1,
are mixed after heated nebulization. Therefore, LC mobile
phases which are immiscible with the dopant can still be
used. The autosampler of the Ultimate LC system used a 5 uL
loop for a full loop injection.

Ultra-high purity (UHP) nitrogen was used as the
nebulizer, auxiliary, curtain and lamp gas. For the detection
of nitroaromatics, the general controlling parameters and
settings for NI-APPI-MS using a TOFMS scan were GS1 (gas 1
or nebulizer gas), 30 arbitrary units (au); GS2 (gas 2 or

Table 1. Thermodynamic data for studied compounds?®

auxiliary gas), 30 au; CUR (curtain gas), 40au; IS (ion spray
voltage), —1500 V; TEM (temperature), 350°C; DP (decluster-
ing potential), —25V; FP (focusing potential), —80V; DP2
(declustering potential 2), —12V; and CAD (collision gas
pressure), 3au. The acquisition mass range was m/z 120 to
300 and the acquisition time for one spectrum was 1 s. For the
detection of nitramines, the general controlling parameters
and settings for NI-APPI-MS were as above except that the IS
(ion spray voltage) was —1900 V. The acquisition time for one
spectrum was also 1 s but the acquisition mass range was m/z
150 to 350.

Name Formula MW M-H (m/z) M-NO® (1n/z) EA (eV) AH,qiq (kcal/mol)
Oxygen 0O, 31.9898 / / 0.45¢ /

/ HO, / 31.9898 / / 353.0°
1,3-DNB CeHiN,O, 168.0171 167.0093 138.0191 1.66° ~356%
2,4-DNT C;HgNLO, 182.0328 181.0249 152.0348 ~1.64 ~3284
2,6-DNT C,HgN,O, 182.0328 181.0249 152.0348 ~1.64 ~3334
1,3,5-TNB C¢HN304 213.0022 211.9944 183.0042 ~2.64 ~3404
2-Amino-4,6-DNT C,H,N;0, 197.0437 196.0358 167.0457 ~1.64 ~3294
4-Amino-2,6-DNT C,H,N30, 197.0437 196.0358 167.0457 ~1.64 ~3344
2,4,6-TNT C,HsN306 227.0178 226.0100 197.0199 ~2.54 315.6°
Tetryl C,HsN50g 287.0138 286.0060 241.0209 ~2.54 340.0°
RDX C3HgN¢Og 222.0349 / / <0 >400¢
HMX C4HgNgOg 296.0465 / / <0d >4004

?EA, electron affinity; AH,qq, gas-phase acidity.
PM-NO, for tetryl.
“Data obtained from Ref. 41.

9 Data estimated using experimental data for structural analogs, with data from Ref. 41. Uncertainties are estimated as being +5 kcal/mol for

acidities, and 40.2 eV for electron affinities.
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RESULTS AND DISCUSSION
LC/NI-APPI-MS conditions

The majority of the studies of the mass spectrometric
ionization of nitroaromatics, especially those containing two
or more nitro groups, have used the negative ion (NI) mode.
This choice can be explained by the high electron affinities
(EAs) of the compounds, as shown in Table 1. Basically, the
molecules are able to stabilize a thermal electron by collision
stabilization to form molecular ions in the NI mode. At the
same time, the molecules may be also able to stabilize a
thermal electron by bond rupture to form fragment ions. On
the other hand, some of the nitroaromatics also possess
strong enough gas-phase acidities that a proton can be
abstracted from the molecules with an appropriate base,
resulting in the formation of [M—H] " ions. Finally, fragmen-
tation of the above described ions has frequently been
observed. These possible ionization mechanisms often
compete with each other, and this is not advantageous for
sensitive detection. However, such fragmentation is advan-
tageous for identification using full scan mode when there is
not a priori knowledge of the sample composition. Unfortu-
nately, this advantage may be also limited because isomers of
nitroaromatics often have the same fragmentation pattern.
Therefore, hyphenated methods using GC or LC with MS are
necessary for the analysis of organic explosives.

It is understandable that NI-ESI is not effective in the
ionization of nitroaromatics'>** due to their limited
gas-phase acidities according to Table 1. With NICI'*"?
and NI-APCL'>***' multiple ionization products have
been observed, which is due to their intrinsic ionization
processes and will not be discussed in detail here. On the
other hand, in our recent studies on the ionization
mechanisms of NI-APPL***° we demonstrated that fewer
ionization products were generated from nitroaromatics,
which was advantageous for their sensitive detection.
Briefly, NI-APPI was initiated by thermal electrons which
were ejected from toluene molecules, the dopant, by
absorbing photons. Electron capture (EC) and dissociative
EC ionization mechanisms were subsequently initiated both
for the nitroaromatics and for oxygen from the atmosphere.
The formation of O3 in the APPI source further initiated a
proton transfer ionization mechanism due to its stronger
gas-phase basicity than some of the nitroaromatics, as shown
in Table 1.

Because of the ionization mechanisms involved in the
NI-APPI of nitroaromatics, in order to achieve the best
sensitivity when LC/NI-APPI-MS was used for the analysis
of nitroaromatics, the LC mobile phases could not contain
any molecules that would consume either thermal electrons
or O;. This, therefore, eliminates the use of halogenated
solvents and acidic buffer additives. The LC conditions used
in US EPA SW-846 method 8330 met those requirements and
therefore they were used without any modification in this
study.

NI-ESI'*'771921232% and NI-APCI'®'*?%22 of nitramines
and nitroesters was dependent on the formation of anion
adducts and was proven to be superior to NICL'®"
Recently, we achieved similar ionization, i.e. anion attach-
ment, with NI-APPI when 1% (v/v) halogenated solvents

Copyright © 2008 John Wiley & Sons, Ltd.

were used as additives.3*40 Briefly, NI-APPI was first
initiated by thermal electrons which were ejected from
toluene molecules, the dopant, by absorbing photons. A
dissociative EC ionization mechanism was subsequently
initiated for the halogenated solvent additives. The for-
mation of halide anions in the APPI source further initiated
anion attachment for nitramines and nitroesters.

Because of the ionization mechanisms involved in the NI-
APPI of nitramines, we modified the LC solvents used in the
US EPA SW-846 method 8330 for the analysis of nitramines
by LC/NI-APPI-MS in this study. While solvent A remains
as water, solvent B became a mixture of methanol and
methylene chloride (98:2, v/v). Consequently, nitroaro-
matics and nitramines were analyzed using different LC/
NI-APPI-MS methods.

Figures 2 and 3 demonstrate the LC/NI-APPI-MS analysis
of nitroaromatics and nitramines, respectively, under
optimum conditions. It can be seen that both isomer pairs,
i.e. 4-amino-2,6-DNT and 2-amino-4,6-DNT, and 2,6-DNT
and 2,4-DNT, were baseline separated, which is important
for their identification and quantification. It is noted that
other C18 columns, e.g. 218MS52 C18 (Grace Vydac,
Deerfield, IL, USA), were tested and showed partial
separation of both isomer pairs. The Grace Vydac 218TP52
C18 column was uniquely suitable for this application.
However, it was also noted that tetryl and 1,3-DNB, and
2-amino-4,6-DNT and 2,6-DNT, were not baseline separated
from each other. Fortunately, their NI-APPI mass spectra are
totally different, as will be discussed later.

Optimum NI-APPI-MS conditions for the detection of
nitroaromatics and nitramines were determined by infusion
experiments as reported previously,” so these will not be
described in detail here. However, the optimum dopant flow
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Figure 2. Representative LC/NI-APPI-MS chromatogram of
nitramines. The LC/NI-APPI-MS conditions are described in
the Experimental section. Although the acquisition used
a full scan mode from m/z 150 to 350, an extracted ion
chromatogram with a mass window of 0.5 m/z units was used
to demonstrate the separation of the analytes. This figure is
available in color online at www.interscience.wiley.com/
journal/rcm.
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Table 2. lonization products by LC/NI-APPI-MS and corresponding ionization mechanism

Detected ions including analyte ions (m/z)

RT (min) Analyte with relative abundance greater than 5% Ionization mechanism

3.051 HMX 331.0154 (100); 333.0128 (27.6) Cl™ attachment

3.884 RDX 257.0037 (93.6); 259.0011 (25.2); 334.9176 (100) Cl~ /anion attachment

4317 1,3,5-TNB 183.0042 (51.5); 213.0022 (100) EC+dissociative EC?

5.117 Tetryl 181.0249 (14.4); 182.0319 (6.6); 212.0264 (43.6); 213.0175 (7.6); 241.0209 (100) Dissociative EC

5.251 1,3-DNB 138.0191 (12.6); 168.0170 (100); 183.0192 (5.6); 226.9955 (9.3); 248.9798 (9.1) EC-+dissociative EC
+substitution reaction

5.584 2,4,6-TNT 226.0100 (100) Proton transfer

6.117 4-Amino-2,6-DNT 170.9405 (5.7); 196.0358 (100); 212.0735 (66.9); 212.9050 (5.0); 226.9767 (37.2); Proton transfer

248.9579 (23.1); 264.9269 (7.4)

6.451 2-Amino-4,6-DNT 196.0358 (100); 212.0735 (51.5); 226.9802 (23.7); 248.9652 (11.3) Proton transfer

6.584 2,6-DNT 181.0249 (100); 212.0735 (8.0) Proton transfer

7.001 2,4-DNT 181.0249 (100); 212.7350 (7.3) Proton transfer

?In-source fragmentation is probably also responsible for the fragment ions, which cannot be distinguished from dissociative EC.
Masses shown in bold font were assigned to the corresponding analyte; masses in regular font were assigned to the background.

rate was investigated. Most published LC/APPI-MS
analyses, including those using LC/NI-APPI-MS,**3®
have used dopant flow rates less than 20% (v/v), usually
10% (v/v), of the LC column flow rate, possibly by following
the pioneer works of LC/APPI-MS of both Bruins and co-
workers®® and Syage and co-workers.”’” While this dopant
flow rate may be optimum for LC/PI-APPI-MS, this is not the
case for LC/NI-APPI-MS according to our results. As shown
in Fig. 4, the NI-APPI-MS signals of most of the analytes
increased with the dopant flow rate up to 200 wL/min, which
was the LC column flow rate. Higher dopant flow rates than
200 nL/min were not investigated because the combined
flow rates from the LC column and the dopant exceeded the
maximum flow rate recommended for the PhotoSpray source
and would result in incomplete vaporization. These results
are easily understood because a higher content of dopant
would result in a high content of thermal electrons and O; " in
the APPI source; and therefore should enhance ionization by
NI-APPIL

Ionization products

The ionization products of the individual organic ex-
plosives were first determined by infusion experiments as
reported previously.”” However, in the mass range
where the ionization products of organic explosives
appeared, there were many background ions which could
prevent analyte ions from being identified. LC/NI-APPI-MS
provided better opportunities to identify the ionization
products of each organic explosive.

Using the major distinctive ion of each analyte determined
by infusion experiment, i.e. m/z 331.0154, 257.0037, 183.0042,
241.0209, 168.0170, 226.0100, 196.0358, 196.0358, 181.0249,
and 181.0249 for HMX, RDX, 1,3,5-TNB, tetryl, 1,3-DNB,
2,4,6-TNT, 4-amino-2,6-DNT, 2-amino-4,6-DNT, 2,6-DNT
and 2,4-DNT, respectively, an extracted ion chromatogram
of each analyte with a mass window of 0.5m/z units was
obtained when analyzing 3.1 ng HMX, 46.9ng RDX, 7.8ng
1,3,5-TNB, 15.6 ng 1,3-DNB, 1.6 ng 2,4,6-TNT, 1.6 ng 4-amino-
2,6-DNT, 1.6 ng 2-amino-4,6-DNT, 7.8 ng 2,6-DNT and 3.1 ng
2,4-DNT. The retention time of each analyte was then
determined. The mass spectrum of each analyte at its
maximum chromatographic retention time was sub-

Copyright © 2008 John Wiley & Sons, Ltd.

sequently obtained and the ions observed are listed in
Table 2. The masses of the ions shown in bold font were
assigned to the corresponding analyte; masses in regular font
were assigned to background. The assignment was made
based on the extracted ion chromatograms: while ions from
one analyte would correlate with chromatographic peaks
having the same shape and retention time, background ions
would not correlate with any chromatographic peaks.

As shown in Table 2, HMX was ionized exclusively
through C1™ attachment and the ionization product showed
the distinctive chloride isotopic pattern, i.e. m/z 331.0154
(100%) and 333.0128 (27.6%). However, RDX was ionized not
only through Cl™ attachment, i.e. m/z 257.0037 (93.6%) and
259.0011 (25.2%), but also through an unknown anion
attachment, i.e. m/z 334.9176 (100%). This unknown anion
had an m/z value of 112.8827 and did not show a chloride
isotopic pattern but it was not investigated further in this
study.
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Figure 3. Representative LC/NI-APPI-MS chromatogram of
nitroaromatics. The LC/NI-APPI-MS conditions are described
in the Experimental section. Although the acquisition used
a full scan mode from m/z 120 to 300, an extracted ion
chromatogram with a mass window of 0.5 m/z units was used
to demonstrate the separation of the analytes. This figure is
available in color online at www.interscience.wiley.com/
journal/rcm.

Rapid Commun. Mass Spectrom. 2009; 23: 77-84
DOI: 10.1002/rcm



82 L. G. Song and ]J. E. Bartmess

8.00E+04

7.00E+04 4

6.00E+04

5.00E+04 1

4.00E+04 -

3.00E+04 -

Peak area (counts)

2.00E+04

1.00E+04 -

0.00E+00 -

1,3-DNB  2,6-DNT  2,4-DNT 1,3,5-TNB 4-Amino- 2-Amino- 2,4,6-TNT  Tetryl RDX HMX

2,6-DNT  4,6-DNT
Dopant flow rate

025 uL/min @ 50 uL/min @ 100 uL/min @ 200 uL/min

Figure 4. Effect of dopant flow rate on the efficiency of LC/NI-APPI-MS. The LC/NI-APPI-MS
conditions are described in the Experimental section. This figure is available in color online at

www.interscience.wiley.com/journal/rcm.

Table 3. Comparison of limits of quantifications (LOQs) of organic explosives by LC/NI-APPI-MS, LC/NICI-MS and LC/NI-APCI-

MS

LOQs (ng), S/N ratio >10
Method 1,3-DNB  2,6-DNT 24-DNT 135 TNB 4-Amino-2,6-DNT 2-Amino-4,6-DNT 24,6-TNT Tetryl RDX HMX
LC/NI-APPI-MS 0.361 0.163 0.054 0.228 0.070 0.042 0.029 0.100 0.305 0.038
(this study)
GC/NICI-MS™ / 0.2 0.3 / / / 0.2 / 0.5 /
LC/NI-APCI-MS!® 8.7 / 22 5.6 / / 1.1 5.4 67 107

Table 4. Comparison of calibration dynamic range of organic explosives by LC/NI-APPI-MS, LC/NICI-MS and LC/NI-APCI-MS

Calibration dynamic range (ng)

1,3- 2,6- 2,4- 1,3,5-  4-Amino-2,6- 2-Amino-4,6- 2/4,6-
Method DNB DNT DNT TNB DNT DNT TNT Tetryl RDX HMX
LC/NI-APPI-MS  0.361-62.5 0.163-7.81 0.054-3.03 0.228-8.31 0.070-12.5 0.042-12.5 0.029-1.56 0.122-7.81 0.732-23.4 0.049-1.56
(this study)
GC/NICI-MS™ / 10-50 10-50 / / / 10-50 / 60-140 /
LC/NI-APCI-MS"™  8.7-200 / 2.2-200 5.6-200 / / 1.1-200 5.4-200 6.7-200  10.7-200

The ionization of 1,3,5-TNB involved EC, dissociative EC
and/or in-source fragmentation mechanisms as both the
M~ ion, i.e. m/z 213.0022 (100%), and [M-NO]~ ion, i.e. m/z
183.0042 (51.5%), were observed. Both dissociative EC
and in-source fragmentation could be responsible for the
[M-NO]™ ion. However, the ionization of 1,3-DNB involved
not only those ionization mechanisms, but also a substitution
reaction to generate the [M-H+O]" ion, i.e. m/z 183.0192
(5.6%).

Although the ionization of tetryl involved only dis-
sociative EC and/or in-source fragmentation, a few frag-
ment ions including [M-NO,]", m/z 241.0209 (100%);
[M-NO,-NO+2H]", m/z 213.0175 (7.6%); [M-NO,—
NO+HI", m/z 212.0264 (43.6%); [M-2NO,—CH3+2H] ", m/z

Copyright © 2008 John Wiley & Sons, Ltd.

182.0319 (6.6%); and [M-2NO,-CH;+H]", m/z 181.0249
(14.4%), were observed.

2,4,6-TNT, 4-amino-2,6-DNT, 2-amino-4,6-DNT, 2,6-DNT
and 2,4-DNT were ionized exclusively by proton transfer as
only an [M-H]™ ion was observed.

LOQ, calibration dynamic range and
reproducibility

This study was to demonstrate the use of LC/NI-APPI-MS as
a novel and highly sensitive method in the analysis of low-
polarity compounds by using organic explosives as an
example. For the simplicity of demonstration, the sample
preparation and LC separation procedures described in US
EPA SW-846 method 8330 were followed. Analytes were
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Table 5. Reproducibility of the LC/NI-APPI-MS method for the quantification of 2,4,6-TNT

Loading amount (pg) 48.8 97.7 195.3 390.6 781.3 1562.5
Day 1, n=3 Calculated mean 51.9 93.8 185.7 393.0 816.3 1540.0
RSD (%) 34 0.7 2.7 12 0.2 13
Day 2, n=3 Calculated mean 53.6 92.6 182.0 391.0 813.0 1560.0
RSD (%) 2.1 13 15 14 04 0.6
Day 3, n=3 Calculated mean 53.7 92.1 181.3 396.7 806.0 1560.0
RSD (%) 3.0 2.9 1.9 15 0.6 1.3
Overall Calculated mean 53.1 92.8 183.0 393.6 811.8 1553.3
RSD (%) 1.9 1.0 1.3 0.7 0.6 0.7

Table 6. Reproducibility of the LC/NI-APPI-MS method for the quantification of organic explosives

4-Amino- 2-Amino- 2,4,6-

Analytes 1,3-DNB  2,6-DNT 24-DNT 1,35-TNB  2,6-DNT  4,6-DNT TNT Tetryl RDX HMX
Loading amount (pg) 977.0 488.0 195.3 488.3 97.7 97.7 977  488.0 2930.0 195.0
Day 1, n=3 Calculated mean 913.0 487.0 191.0 486.0 98.0 94.2 93.8 4773 27200 187.0
RSD (%) 3.5 6.1 3.4 1.9 8.0 15 0.7 4.4 0.7 3.5
Day 2, n=3 Calculated mean 890.3 473.7 187.3 485.0 97.0 98.2 92.6 468.3 2546.7 1713
RSD (%) 6.2 12 2.4 5.7 9.2 1.6 13 12 0.2 1.9
Day 3, n=3 Calculated mean 865.0 470.0 188.0 493.3 102.0 102.5 92.1 4743 25267 171.0
RSD (%) 5.1 3.6 1.6 6.0 10.3 8.0 2.9 0.5 2.4 2.5
Overall Calculated mean 889.4 476.9 188.7 488.2 99.0 98.3 928 4733 2597.8 176.4
RSD (%) 2.7 1.9 0.9 0.9 2.7 4.3 1.0 1.0 4.1 52

detected by NI-APPI-MS in TOFMS mode using a QTOF
mass spectrometer. Quantification was accomplished using
the extracted ion chromatograms of individual analytes. The
mass window for HMX, RDX, 1,3,5-TNB, tetryl, 1,3-DNB,
2,4,6-TNT, 4-amino-2,6-DNT, 2-amino-4,6-DNT, 2,6-DNT
and 2,4-DNT were respectively m/z 330.7-331.2, 256.7-
257.2, 182.7-183.2, 240.7-241.2, 167.2-168.2, 225.7-226.2,
195.7-196.2, 195.7-196.2, 180.7-181.2, and 180.7-181.2. It is
noted that the M~ ion at m/z 212.7-213.2 was not used to
quantify 1,3,5-TNB although this ion was more intense than
the [M-NO]  ion at m/z 182.7-183.2 actually used. This was
because a major background ion at m/z 212.07 with an
isotopic ion at m/z 213.07 could interfere with quantification
using the M~ ion. It is also noted that tetryl was detected
using both m/z 240.7-241.2 and 180.7-181.2, as shown in
Fig.3. However, the quantification was not affected because
tetryl, 2,6-DNT and 2,4-DNT were baseline separated. 1,3-
DNB was also detected by both m/z 167.7-168.2 and 182.7-
183.2 but again the quantification was not affected as
1,3-DNB was baseline separated from 1,3,5-TNB. Quantifi-
cation of the simulated aqueous samples was accomplished
three times on each of three separate days. The peak area of
an individual analyte was then used to create a calibration
curve using a power regression with Inx weighting.
LC/NI-APPI-MS demonstrated high sensitivity in the
analysis of organic explosives. As shown in Table 3, LOQs
(signal-to-noise (S/N) ratio >10) down to the middle pg
range have been achieved, which are up to one or two orders
of magnitude lower than the lowest published values by GC/
NICI-MS and LC/NI-APCI-MS, respectively. LC/NI-APPI-
MS also demonstrated a wider calibration dynamic range

Copyright © 2008 John Wiley & Sons, Ltd.

than GC/NICI-MS and LC/NI-APCI-MS, and this is shown
in Table 4.

The reproducibility of LC/NI-APPI-MS was also found to
be very good, as shown in Table 5 using 2,4,6-TNT as an
example with the intraday and interday variability by
coefficient of variation (CV) being 0.2-3.4% and 0.6-1.9%.
The good reproducibility of LC/NI-APPI-MS is also
demonstrated in Table 6 for all the analytes at a concentration
of twice the corresponding LOQs with the intraday and
interday variability by CV of 0.2-6.1% and 0.9-5.2%.

CONCLUSIONS

This study has demonstrated that LC/NI-APPI-MS is a novel
and highly sensitive method in the analysis of thermally
labile and/or low-polarity compounds, whose analysis is
challenging. LC/NI-APPI-MS showed good sensitivity in the
quantification of organic explosives with LOQs up to one to
two orders magnitude lower than those obtained by GC/
NICI-MS and LC/NI-APCI-MS, respectively. In order to
enhance the sensitivity, the LC/NI-APPI-MS conditions
were optimized according to the ionization mechanisms
involved in the ionization of the analytes. A dopant flow rate
comparable with the LC column flow rate was found to be
optimal for LC/NI-APPI-MS, which is different from what
has previously been reported. Future work should focus on
the coupling of NI-APPI-MS with better LC separation, e.g.
LC separation using a porous graphite carbon (PGC) column
where as many as 21 organic explosive-related compounds
can be chromatographically separated in a single run.'>'®2°
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