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ABSTRACT

Explosives detection and identification play an important role in the environmental and
forensic sciences. However, accurate identification of isomeric compounds remains a
challenging task for current analytical methods. The combination of electrospray multistage
mass spectrometry (ESI-MS") and high resolution mass spectrometry (HRMS) is a powerful
tool for the structure characterization of isomeric compounds. We show herein that resonant
ion activation performed in a linear quadrupole ion trap allows the differentiation of
dinitrotoluene and amino dinitrotoluene isomers. The explosives-related compounds: 2,4
dinitrotoluene (2,4 DNT), 2,6 dinitrotoluene (2,6 DNT), 2 amino-4,6 dinitrotoluene (2A-4,6
DNT) and 4 amino-2,6 dinitrotoluene (4A-2,6 DNT) were analyzed by ESI-MS in the
negative ion mode, producing mainly deprotonated molecules [M-H]. Subsequent low
resolution MS" experiments provided support for fragment ion assignments and determination
of consecutive dissociation pathways. Resonant activation of deprotonated dinitrotoluene
isomers gave different fragment ions according to the position of the nitro and amino groups
on the toluene backbone. Fragment ion identification was bolstered by accurate mass
measurements performed using the Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR/MS). Indeed, unexpected results were found from accurate mass
measurements performed at high resolution for the 2,6 DNT showing a 30 Da loss
corresponding to CH,O instead of the expected isobaric NO* loss. Moreover, 2,4 DNT
showed a different fragment ion at m/z 116 allowing the unambiguous distinction between
2,4- and 2,6-DNT isomers. The CH,O loss is hindered by the presence of an amino group in
both 2A-4,6 DNT and 4A-2,6 DNT isomers, but nevertheless, they showed significant
differences in their fragmentation sequences, thus allowing their differentiation. DFT
calculations were also performed to support experimental observations.

INTRODUCTION

The analysis of explosives-related compounds found in on-site samples is still a real challenge
for the forensic!! and environmental™ sciences. Nitroaromatic compounds can be found in
the areas surrounding training ranges, firing points, impact locations, contaminated fields and
former ammunition plants®™ #: they can contaminate lakes, groundwater, as well as soil.”! The
identification of nitroaromatic compounds needs to be highly accurate and highly selective to
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reduce false positives or false negatives. Furthermore, the biodegradation of explosives
produces additional nitroaromatic isomers that are found in environmental samples.

Explosives-related compounds are analyzed using a variety of hyphenated techniques
including gas chromatography with electron capture detection (GC-ECD)® or mass
spectrometric detection (GC-MS)!), liquid chromatography-MS (LC-MS)® or ion mobility
spectrometry (IMS).”! Vacuum ionization sources used for GC are electron ionization (EI) or
chemical ionization (CI)!"%, whereas LC-MS is commonly performed using atmospheric
pressure ionization (API), such as electrospray ionization (ESI)!** 2 or atmospheric pressure
chemical ionization (APCI)™* . Many approaches were developed over the last few years to
ionize and identify traces of explosives based on the use of ambient ionization sources. Thus,
diverse APl sources were developed with a growing number of ambient ionization
configurations that rely upon either gas-phase ionization, such as direct analysis in real time
(DART)™™ or upon desorption processes such as desorption electrospray ionization
(DESN18 19 [ow-temperature plasma ambient ionization (LTP)” or laser diode thermal
desorption/APCI (LDTD/APCI)** among others.

Collision-Induced-Dissociation (CID) provides structural information for odd- and even-
electron charged molecular precursors according to the obtained fragment ions. Non-resonant
activation (RF only quadrupole collision cell) has been demonstrated to be useful for the
characterization of explosivest?” *! whereas resonant activation (charged species storage and
activation in an ion trap) is widely used to characterize fragmentation patterns of
explosives. Thus, for nitroaromatic compounds, the competitive losses of OH’, NO* and
NO," are typically observed, allowing the classification of these compounds according to their
fragmentation pathways. The isomerization of the -NO, group into -ONO permits NO°
release, and alternatively from the non-isomerized NO; group, OH" loss is explained by the
“ortho effect” if the nitro group is in the ortho position relative to a methyl or a hydroxyl
substituent on an aromatic ringt®®’.

The purpose of the present study is to distinguish dinitrotoluene positional isomers and amino
dinitrotoluene positional isomers using negative mode ESI-HRMS" based upon specific
consecutive decomposition processes. The objective is to provide unambiguous information
for accurate identification and differentiation of nitroaromatic isomers.

EXPERIMENTAL

Materials

Explosive standards, 2,4 dinitrotoluene (2,4 DNT, Mw 182 u), 2,6 dinitrotoluene (2,6 DNT,
Mw 182 u), 4-amino-2,6-dinitrotoluene (4A-2,6 DNT, Mw 197 u) and 2-amino-4,6-
dinitrotoluene (2A-4,6 DNT, Mw 197 u) at 1 mg mL™ concentrations in methanol/acetonitrile
(2:1) were all from AccuStandard Europe (Niederbipp, Switzerland). Mono-deuterated
methanol OD (99% atom D) was obtained from Sigma-Aldrich. HPLC-grade methanol was
purchased from Merck (Darmstadt, Germany). Deionized water (10 MQ) was prepared from
RIOs-DI 3 (Millipore, Billerica, MA, U.S.A)



Mass spectrometry conditions

Multistage (MS") CID spectra were acquired on a LTQ-Orbitrap XL mass spectrometer
(Thermo Electron Corporation, Bremen, Germany) equipped with an electrospray ionization
(ESI) source. The experiments were performed in the negative ion mode; nitrogen was used as
the sheath gas. Spray voltage was set at -3.0 kV for all experiments. Compounds were
prepared at 1 ug mL™* in methanol or deuterated methanol (CHsOD). The solutions were
ionized by direct infusion ESI at a flow rate of 5 uL min™. The LTQ mass spectrometer was
set to sum 3 microscans, with an activation time of 30 ms; normalized collision energies
(NCE) were between 5 to 30%, and the precursor ion isolation window was set at 1.5 Th for
all investigated compounds.

Accurate mass measurements, including those of product ions, were performed at high
resolution using a SolariX Qq-FT-ICR (Bruker Daltonics, Billerica, MA, U.S.A) mass
spectrometer equipped with an actively shielded 7 T superconducting magnet and an Apollo Il
ion funnel ESI source employed in the negative ion mode. The ESI capillary voltage was set
at -3.0 kV. The sample solutions were infused in the ESI source at a flow rate of 2.5 uL min ™,
using N as nebulizing and drying gas. Activation of deprotonated molecules was carried out
using Sustained Off-Resonance Irradiation Collision-Induced-Dissociation (SORI-CID).
Argon was used as collision gas, pulsed into the cell to a pressure of ~ 10 mbar. The
pressure in the ICR cell during detection was 10 mbar. Verification of the elemental
compositions of all fragment ions were performed by accurate mass measurements at high-
resolution (resolving power: 140,000 FWHM at m/z 400).

Theoretical calculations

All calculations have been performed using the GAUSSIAN 09! suite program. Geometry
optimization and single point energy calculations were carried out with the OPBE
functional®” 281 coupled to the 6-311++G(d,p) basis set.”! Stationary points were
characterized as minima (no imaginary frequencies) or as transition structures (one imaginary
frequency) using vibrational frequency calculations.

RESULTS AND DISCUSSIONS

The analysis of isomeric dinitrotoluene isomers was performed using electrospray ionization
in the negative mode with the goal of characterizing their fragmentation pathways under
collisional activation conditions. The negative ionization mode was chosen because isomeric
dinitrotoluene and amino-dinitrotoluene compounds, both show intense peaks corresponding
to their deprotonated molecules [M-H]". Under the ESI conditions used in this study, DNT
isomers undergo electrochemical reduction®® *!! yielding the radical anion M" at m/z 182 that
was detected in low abundance (approx. 10% compared to [M-H]" depending upon the solvent
employed and the choice of desolvation conditions).



Distinction of dinitrotoluene isomers

When comparing the CID spectra obtained from the deprotonated 2,4 DNT and 2,6 DNT
isomers, a remarkable observation was made that allowed an accurate and reliable distinction
between the two positional isomers. The CID spectrum of the [M-H]" precursor ion at m/z 181
corresponding to deprotonated 2,4 DNT yielded a major fragment ion at m/z 116 (Figure 1 a),
which was observed in low abundance (approx. 20% of the most abundant ion) in the CID
spectrum of deprotonated 2,6 DNT (Figure 2 a). Although, this diagnostic fragment ion was
previously reported by Garcia-Reyes et al.’” using a low-temperature plasma ambient
ionization (LTP) tandem mass spectrometry, to our knowledge, it has never been reported in
similar studies using ESI or APCI mass spectrometry® 22l We have investigated this
mechanism using molecular modeling and show that the formation of m/z 116 corresponds in
fact to consecutive losses of NO°, H,O and OH’. A detailed mechanistic study will be
published elsewhere.
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Figure 1. Sequential MS" experiments in the LTQ/MS from deprotonated 2,4 DNT, a) CID
spectrum of the m/z 181 ion in MS? (30% NCE) and b) CID spectrum of the m/z 116 product
ion in MS® (25% NCE).

By contrast, Figure 2 (a) shows the CID spectrum of deprotonated 2,6 DNT (m/z 181, [M-H])
yielding the main fragment ion at m/z 151 which, at first glance, one may attribute to the
usually reported loss of NO°, whereas this 30 Da loss is very weak for the 2,4 DNT isomer
(Figure 1 a). Nevertheless, taking nothing for granted, the analysis of product ions was
performed at high resolution (Table 1). Some may find it surprising that accurate mass
measurement of m/z 151 revealed the loss of CH,O instead of NO" from m/z 181 as illustrated
in Scheme 1. We have recently been investigating another case where the loss of
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formaldehyde has been confused with the loss of NO".*?) Moreover, the loss of 17 u (-OH") is
absent (or barely observed at less than 2% abundance) as the first step of dissociation,
implying that the “ortho effect” hydrogen transfer from the methylide group to the NO, group
in the ortho position is inhibited when a second nitro group is present at position 6 of the
aromatic ring. Apparently, H-transfer to either nitro group from the methylide group is
blocked, likely because the coplanar nitro groups attenuate asymmetric vibrations of
methylide, and thus impede the initiation of H-transfer, leading to suppression of the “ortho
effect”. This steric hindrance limits the accessible dissociation pathways to other cleavages
promoted by the negative charge, thereby giving the possibility, via cyclisation, to release
CH,O0 rather than OH’ (Scheme 1).

Further fragmentation of m/z 151 [(M-H)-CH,O] yielded a main fragment ion at m/z 121,
resulting either from the loss of NO™ by NO,/JONO isomerization (2,6D1p1.1) % %% 3 or from
the loss of the -NO group remaining on the ortho position after the CH,O release (2,6D121-2)
yielding two possible isomeric distonic ions at m/z 121 (Scheme 1). Although 2,6D151.1 is by
far much more stable than 2,6D1,;, (calculations show a 129 kJ/mol energy difference
between both distonic isomers, see Figure S1 and Tables S1 et S2 in supporting information),
NO,/ONO isomerization requires a very high barrier (391 kJ/mol). It thus seems that direct
loss of NO® leading to 2,6D121., Will be favored. Another less abundant fragment ion at m/z
134 is also observed as a consecutive decomposition of m/z 151 stemming from OH" loss
(Figure 2 b).

On the other hand, the CID spectrum of the radical anion M™ (m/z 182) of the 2,6 DNT isomer
displayed two consecutive losses of NO', giving the fragment ions at m/z 152 and m/z 122.
Accurate mass analysis performed at high resolution confirmed that the first release yielding
m/z 152 results from the specific loss of NO™ and not CH,O (Supporting information, Table
S3). In addition, a competitive fragment ion at m/z 165 was now observed; this latter ion is the
product of the loss of OH’ by the “ortho effect”. These m/z 165 and m/z 152 fragment ions
show a competition between the prompt isomerization of -NO, into —ONO leading to loss of
NO’ (m/z 152), which is favored in comparison to the “ortho effect” hydrogen transfer leading
to OH’ release (m/z 165, Table S3).
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Figure 2. Sequential MS" experiments in the LTQ/MS from deprotonated 2,6 DNT, a) CID
spectrum of the m/z 181 ion in MS? (23% NCE), b) CID spectrum of the m/z 151 product ion
in MS® (20% NCE).

Although the NO" loss, resulting from the NO,/ONO isomerization, has been observed in
many other studies for radical anionst*® 22 2% ¥ herein we show that this isomerization
plays an important role during fragmentation of nitroaromatic compounds, as does the ortho
effect and the loss of CH,O for some deprotonated dinitroaromatic molecules.
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Scheme 1. Proposed fragmentation pathway for the sequential losses of CH,O and NO*



Table 1. ESI-MS/MS analysis by FT-ICR

} . Elemental

Compound Mw [M-H] Fragmentions | A ppm composition
2,4 DNT | 182.03220 | 181.0255 0.2 C7Hs04N,
151.0274 0.5 C7Hs03N

133.0170 0.5 C;7H30,N

116.0141 1.0 C;H,ON

2,6 DNT | 182.03220 | 181.0255 0.2 C;/H504N,
151.0148 0.8 CeH303N,

121.0170 0.5 CegH30,-N

2A-4,6 DNT | 197.03919 | 196.03644 0.3 C7HeO4N3
166.0259" 0.5 CsH403N;

166.0384° 0.1 C7HeO3N,

136.0404 0.1 C7HsO2N

4A-2,6 DNT | 197.03919 | 196.03641 0.1 C/HegO4N3
166.0383 0.3 C7HsO3N,

149.0356 0.4 C;H50,N,

1 25 % relative intensity of the peak at m/z 166
275 % relative intensity of the peak at m/z 166

Distinction of amino-dinitrotoluene isomers

Two additional nitroaromatic isomers, 4A-2,6 DNT and 2A-4,6 DNT, each containing an
amino group, were analyzed by tandem mass spectrometry and high resolution mass
spectrometry. As shown in Figure 3, the deprotonated isomers 4A-2,6 DNT and 2A-4,6 DNT
at m/z 196 (assigned as 4A;19s and 2A;gs respectively), each gave the common fragment ion
m/z 166 by the loss of 30 Da. This loss of 30 Da from the deprotonated 4A;gs iSOMer
corresponds exclusively to loss of NO™ implicating a NO,/ONO rearrangement mentioned
above. In the case of the deprotonated 2A;96, the 30 Da loss is composed of the isobaric NO
and CH,0 in a 3/1 ratio as shown by accurate mass analysis (Table 1). It can be inferred that
the para-substituent in the toluene ring has an important influence: an electron-donor group
(e.g., -NH,) in the para position favors NO" loss, whereas an electron-withdrawing group
(e.g., -NOy) yields a more even competition between CH,O and NO" losses as reported in
Scheme 2.
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Scheme 2. Blow-up of the region of fragment ion m/z 166 from the CID spectrum of
deprotonated 2A-4,6 DNT showing the competitive NO'/CH,O fragmentation pathways.

Additionally, OH" loss is weakly observed for both deprotonated isomers (by the ortho effect)
yielding the fragment ion m/z 179, showing the competitive fragmentations between the
NO,/ONO isomerization and the ortho effect. Furthermore, in a sequential MS® experiment,
isolation and fragmentation of the product ion at m/z 166 from the deprotonated 4A-2,6 DNT
gave mainly the fragment ion at m/z 149 attributable to OH" loss (Figure 3 b), whereas the
deprotonated 2A-4,6 DNT isomer yielded mainly the fragment ion at m/z 136 resulting from
the exclusive loss of NO™ (Figure 3d).
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Figure 3. Sequential MS" experiments in the LTQ/MS from deprotonated 4A-2,6 DNT a)
CID spectrum of the m/z 196 precursor ion in MS? (29% NCE), b) CID spectrum of the m/z
166 product ion in MS® (24% NCE), and sequential MS" experiments from deprotonated 2A-
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4,6 DNT, c) CID spectrum of the m/z 196 precursor ion in MS? (29% NCE) and d) CID
spectrum of the m/z 166 product ion in MS® (23% NCE).
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Figure 4. Potential energy diagram for dissociation of a) 2A;96 and b) 4A;gs i0ns (relative
energies (Ere) in kJ/mol)/

Figure 4 shows the theoretical calculations performed to support the experimental observation
for deprotonated amino dinitrotoluene isomers. The potential energy diagram reported in
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Figure 4 a) for 2A96 revealed complex dissociation pathways involving a competition in first
losses between NO™ and CH,0 as displayed in the CID spectrum (Scheme 2). Deprotonation
occurs at the methyl group to form a methylide, which is the most stable structure, 2A196.1.
Thus, the NO' released from 2A;06.1 is produced in a stepwise process giving 2Aqe61 (= 42
kJ/mol) via a NO,/ONO isomerization (TS2A-1, Ere = 194 kJ/mol), whereas CH,0O loss is
yielding 2A166.3 (with an endothermicity of 190 kJ/mol). Blabla d’apres les resultats CH,O
loss should be favored from, but experimentally the NO™ loss is mainly observed. On a 3
hypotheses: 1-1t may be possible that different isomers of molecular species are formed in
solution and/or during the desolvation process, leading, after deprotonation, to the 2A;96.1 and
2A196-2 10ns and also eventually to a last isomeric form with two -ONO groups instead of NO..
The presence of these forms in the gas phase would thus explain the NO" loss predominance
compared to CH,O as it would cost, for example, 2A196.2, only 12 kJ/mol to give 2Aig6-1
barrierless. 2- isomerization (H) voir SI. Barrier 93. Pas de perte CH20O possible 3- effet
entropique: DG montre effet entro pour perte NO (qui devient exothermique)

On the other hand, Figure 4 b) shows the potential energy diagram for the 4A-2,6 DNT. The
most stable structure for deprotonated ion corresponds to 4Ajgs1 for which deprotonation
occurs at the amino group and not at the methyl group as observed for the 2A-4,6 DNT
isomer (see Figure S2 and S3 for comparison of other isomeric forms). The 4A;¢6.1 Structure
explains why no CH,O loss is observed in the mass spectrum (Table 1) as no methylide is
present in the ion. This is a fundamental difference between the fragmentation of 2-amino 4,6-
and 4-amino 2,6 DNT helping differentiate these isomers.noter que I’isome comme 2A pas
possible car pas d’’effet ortho™.

Thus, Figure 4 b) shows the endothermic formation of 4A166.1 (= 41 kJ/mol) by releasing NO
(via 4Ajg.1 isomerization TS4A-1, = 211 kJ/mol). Then, during the MS® analysis, the
competitive fragmentations between 4A49 (= 275 kd/mol) by OH’ loss, and 4A35 (= 246
kJ/mol) by NO® loss were observed, but the OH" loss is kinetically favored, which is in
agreement with the experimental observation reported in Figure 3 b).

To explain the observed differences in anion isomer fragmentations, hydrogen/deuterium
(H/D) exchange experiments have been performed. Mono-deuterated methanol (CH3;OD) was
used for specific amino group labeling in solution. One (100%) or two (40%) H/D exchanges
of labile protons are observed for 2A-4,6 DNT (see supporting information Figure S4) leading
to the deprotonated ions at m/z 197 and m/z 198, respectively. As only the amino group can
undergo H/D exchange in the molecule, formation of these ions provides evidence that
deprotonation occurs on the methyl site leading to the 2A;96.1 i0N. By contrast, as only one
H/D exchange is observed for 4Ap-4,6 DNT, we conclude that deprotonation occurs
exclusively at the amino site (4A196.1). These observations agree well with theory (Figure 4)
as 2Ajgs-1 and 4Ajgs1 i0nS have been shown to be the most stable m/z 196 isomers for 2-
amino 4,6 DNT and 4-amino 2,6 DNT, respectively.

The fragmentation of deprotonated di-deuterated 4Ap,-2,6 DNT ([MD»-D],, m/z 197) and
mono-deuterated 2Ap-4,6 DNT ([MD-H], m/z 197) isomers was studied by CID. Figure 5
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displays CID spectra of these two deprotonated isomers (m/z 197). The deprotonated 2Ap-4,6
DNT and 4Ap,-4,6 DNT isomers show the same fragmentations as the respective non-
deuterated (m/z 196, Figure 3) for both isomers. That is to say, the neutral losses remain the
same, and the main product ions shift by 1 Th for the mono-deuterated (2Ap-4,6 DNT) or di-
deuterated (4Ap2-4,6 DNT) species with respect to the non-deuterated species. This behavior
leads to the conclusion that the H or/and D of the amino group are not involved in the small
neutral losses (e.g. OH’, CH,0) observed during the dissociations of deprotonated amino
dinitrotoluene isomers. Again, this is confirmed by computational modeling which shows that
mechanisms of fragmentation do not involve protons from amino group.

As mentioned above, for 2,6 DNT, the methylide group is blocked by two coplanar nitro
groups, giving the exclusive loss of CH,O (verified to not be NO°). However, the
deprotonated 4A-2,6 DNT with two nitro functions in ortho positions to the methyl group did
not show the loss of CH,O; rather, the NO,/ONO isomerization was favored giving the loss of
NO". This behavior can be explained by the deprotonation of the amino group, which
promotes the NO,/ONO isomerization, and blocks the cyclization into an isoanthranil form
that allows release of CH,0.
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Figure 5. Sequential MS" experiments in the LTQ from deprotonated mono-deuterated 4Ap,-
2,6 DNT: a) CID spectrum of the m/z 197 precursor ion, [MD,-D]™ in MS? (25% NCE), b)
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CONCLUSION

This paper reports the original finding that ESI-MS" and ESI-HRMS/MS can be used for
structural differentiation of dinitroaromatic isomers. The NO,/ONO rearrangement and the
ortho effect are relevant to characterization of the fragmentation pathways of isomeric
dinitrotoluenes and amino-dinitrotoluenes. Indeed, depending upon the position of the nitro
group on the toluene backbone, the sequence of losses (competitive and/or consecutive) of
NO,’, CH,0, NO’, OH’, H,0, and CO will be different during dissociation. Notably, 2,6 DNT
gave mainly the fragment ion at m/z 151 by an unexpected first loss of CH,O instead of the
usual isobaric NO". In fact, this usual NO" release occurs consecutively yielding m/z 121. By
contrast, 2,4 DNT gave m/z 116 by consecutive losses of [NO'+H,0+0OH’]. Worthy of note is
the fact that this m/z 116 fragment ion was previously observed in CID of [M-H]™ prepared in
a LTP source % but it has not been reported for precursor ions generated by ESI or APCI.
On the other hand, 2A-4,6-DNT showed a competitive first loss of NO'/CH,O in a 3/1 ratio,
whereas the CH,O loss is completely hindered for the 4A-2,6-DNT isomer where the amino
group is present in the para position. In addition, through the use of MS?® the amino-
substituted isomers can be differentiated based upon an OH" loss for 4A-2,6 DNT vs. a NO’
loss for 2A-4,6 DNT. Moreover, H/D exchange experiments indicate first, that deprotonation
occurs at the amino group for 4A-2,6 DNT and at the methyl group for 2A-2,6 DNT , and
second, that the amino function is not involved in hydrogen transfer during fragmentation.
The position of the amino group on the toluene backbone, however, still has an influence on
the fragmentation patterns. Theoretical calculations were performed and they strongly support
the proposed dissociation pathways for dinitrotoluene isomers and amino dinitrotoluene
isomers. Taken all together, these findings can be useful for the development of ESI-
HRMS/MS or ESI-MS" methods that serve to accurately identify and unambiguously
differentiate dinitroaromatic isomers.
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