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Electron attachment to gas phase trinitrotoluene (TNT) is studied by means of a crossed electron-molecular
beam experiment at high-energy resolution. TNT shows unique features in the way that electrons right
at threshold (near 0eV) generate both the non-decomposed anion and a variety of anions arising from
dissociative electron attachment (DEA). While the parent anion is formed within a very narrow resonance

near 0 eV, the DEA reactions extend to higher energies and are operative via several resonant features in
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the energy range 0-10 eV. They involve remarkably complex reaction sequences associated with multiple
bond cleavages and formation of new bonds. By far the dominant DEA reaction generates an ion formed
by the loss of a neutral OH radical from the precursor ion. Further strong ion signals arise from the loss
of up to three neutral NO units. The remarkable instability of TNT following attachment of electrons with

virtually no energy underlines the explosive nature of this compound.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Trinitrotoluene (TNT) belongs to the group of aromatic nitro
compounds which have extended use in industrial applications, in
particular as explosives or additives to explosives [1]. The molecule
has been industrially synthesised for more than 100 years and TNT
still serves as a measure for the strength of an explosive. An explo-
sive is characterised by the presence of the elements H, N, C and O
within the molecule. Stable reaction products like N5, CO, CO, and
H, 0 can then intrinsically be formed as opposed to the usual com-
bustion of hydrocarbons which requires the addition of O, with the
consequence that the velocity of the reaction is limited by diffusion.

Electron attachment to nitrobenzene (NB), nitrotoluene (NT)
and some other aromatic nitrocompounds was studied rather early
by means of swarm and electron beam techniques [2,3]. It was
found that these compounds form long-lived molecular anions and
also undergo dissociative electron attachment yielding NO, . Dif-
ferent subsequent studies considered the potential of NO, ~ to serve
as afingerprint for the identification of the neutral compound [4-6].
The potential of DEA to identify different structural isomers by
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recording the ion yield curves of the various fragments was recently
demonstrated in the case of the three isomers of NT [7] and dini-
trobenzene (DNB) [8].

For TNT we find an early mass spectrometric study demonstrat-
ing that the negative ion mass spectrum recorded at about 2 eV
substantially differs from that recorded at an electron energy of
about 6eV [9] in the way that the spectrum recorded at lower
energy shows considerably more fragment anions. A further mass
spectrum obtained at essentially zero energy [6] showed that the
parent anion but also fragment anions are generated.

In this contribution we explore negative ion formation follow-
ing electron attachment to TNT by recording the ion yield curves at
high electron energy resolution. We find that by far the dominant
signal is due to an anion which is formed by the loss of a neutral OH
molecule from the transient negative ion. This is in striking contrast
to other aromatic nitrocompounds, where it was found that forma-
tion of the parent anion with low energy is the dominant signal
[7,8]. In TNT the parent anion is also formed, but at a comparably
low intensity.

2. Experimental

Electron attachment to TNT was studied by means of a crossed
electron-molecular beams device which has previously been
described in detail [10]. In brief, the electron beam is formed
in a custom built hemispherical electron monochromator, in the
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course of the present experiments operating at an energy resolu-
tion between 80 and 100 meV (FWHM) and an electron current
of ~20nA. TNT is a solid under normal conditions but with suffi-
cient vapour pressure so that at moderately elevated temperatures
an effusive molecular beam can be generated. The beam emanates
from a source consisting of a temperature regulated oven and a
capillary. Experiments have been performed in the range around
60°C which is well below the melting temperature. At that tem-
perature one can safely assume that the molecules are transferred
as intact entities into the gas phase. Negative ions formed in the
crossed beams collision zone are extracted by a weak electric field
towards the entrance of the quadrupole mass spectrometer. The
mass-selected negative ions are detected by a channeltron mul-
tiplier using a single pulse counting technique. The intensity of a
particular mass-selected negative ion is then recorded as a function
of the electron energy.

The electron energy scale is calibrated using the well-known
SF¢~ signal near 0 eV. TNT was purchased from Sigma-Aldrich at a
stated purity of 99.5% and used as delivered.

3. Results and discussion
3.1. Negative ion mass spectrum

Fig. 1 shows the negative ion mass spectrum of TNT obtained at
an electron energy close to 0 eV. The 210 amu fragment by far dom-
inates the mass spectrum. It is formed from the precursor anion by
the loss of OH and is assigned as (M—OH)~. The second intense ion
signal belongs to the series at 197, 167 and 137 amu which can be
assigned to fragment ions arising from the precursor by the loss of
one, two, and three neutral NO units, respectively, and the ions are
correspondingly assigned as (M—nNO)~, n=1-3. At a lower inten-
sity level the peaks at 180 and 181 amu are assigned to ions arising
from the loss of HNO, and NO,, respectively, that at 151 amu due
to the loss of NO+NO, (N,03) and that at 123 amu due to the loss
of CO, +2NO.

The peaks at the lower side of the mass spectrum are identi-
fied as the loss of fragment ions from the precursor. The signal
at 46 amu is assigned as NO,~ and that at 45amu to an anion of
the stoichiometry HCO, ~ representing either HCOO~ or HOCO~. By
exploring the quite complex potential energy surface of that sys-
tem it appears that the formyloxylanion (HCOO™~) is the most stable
configuration [11,12]. The 26 amu signal can arise from the isobaric
fragments CN~ and/or CoH; ~. The latter is a well-known anion hav-
ing the vinylidene structure CH,=C"~ [13]. From experiments in DNB
and its deuterated analogues [8], however, it followed that forma-
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Fig. 1. Negative ion mass spectrum recorded at an electron energy close to O eV.

tion of the vinylidene anion can be excluded, and it is hence very
reasonable to assign the present signal also to CN~.

The striking difference to other aromatic nitro-compounds is
the rich fragmentation pattern at energies already at 0 eV and the
fact, that formation of the metastable parent anion is comparatively
weak. Electron attachment to nitrobenzene (NB) exclusively gen-
erates the parent molecular anion at energies near 0eV while a
variety of DEA reactions take place at higher energies [14] and the
same holds for the three isomers of nitrotoluene (NT) [7]. Electron
attachment to the three isomers of dinitrobenzene (DNB) gener-
ates the parent anion as the dominant signal [8] from a narrow
feature close to OeV. The DEA reactions generally occur via reso-
nances at higher energies and only in 1,4-DNB the DEA reaction
associated with the loss of a neutral NO radical has an onset close
to 0eV. As can be seen from Fig. 1, the ion due to the loss of neutral
OH is by far dominant signal in TNT. The analogue DEA reaction
(loss of OH) is also observed in the isomers of NT, but from reso-
nances located near 3.8 eV. The presence of the methyl group in the
aromatic nitro-compounds obviously triggers this rather complex
reaction.

Concerning the molecular orbitals (MOs) involved in electron
attachment to TNT, one can expect a situation similar to that
explored in DNB. Ab initio calculations for the three isomers of DNB
revealed [8] two low lying anionic states associated with extended
wavefunctions for the extra electron which are delocalised over the
ring and the two NO, groups. It is hence likely that the low lying
electronic states (<1 eV)involved in electron attachment to TNT can
accordingly be characterised as shape resonances with the excess
electron delocalised over the ring and the three NO, groups.

3.2. lonyield curves

In the following we shall consider the ion yields as a function
of the electron energy for the more intense ions as seen in the
mass spectrum (Fig. 1). By just looking at the spectra (Figs. 2-6)
one can see that formation of the parent ion is restricted to a nar-
row feature near OeV (Fig. 2) while all fragment ions show more
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tions due to the cleavage of a C—NO, bond leading to the ions NO,~ and (M—NO;)",
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Fig. 3. Yield for the product ion arising from the loss of a neutral OH radical
((M—OH)~), and the loss of a neutral HNO, molecule (M—HNO;)~.

extended resonance profiles indicative of DEA. Within the variety
of resonant structures in the entire energy range between 0 and
10eV it appears that most of the fragment ion intensity is concen-
trated within three main areas, namely in the range below 1 eV, near
3-4eV and a higher broader feature in the range around 6-8 eV.

While the transient negative ions (TNIs) generated at low energy
(below 1 eV) are assigned as shape resonances involving the =* sys-
tem, it is likely that the resonance features at higher energies can
be characterised as core excited resonances with possible contri-
butions of high-energy shape resonances.

2000 ] 197m/z (M-NO)
1500 -
1000

500

oO+—————F1T—7T 71T T
6004 167m/z (M-2NO)”

400

lon yield (cps)

200+

o e

6004 137m/z (M-3NO)

400+

200+

0+—r—Tr—7TT T T T T

-1 0 1 2 3 4 5 6 7 8 9 10
Electron energy (eV)

Fig. 4. Ion yield for the fragment arising from the loss of one, two and three neutral
NO units (M—nNO)~, n=1-3.

3.2.1. Parent molecular anion (associative attachment)
Mf/C7H5N3067 (227amu)

Under the present experimental conditions the signal due to the
parent molecular anion is comparatively weak with respect to the
abundant ion signals arising from DEA and also weak compared to
the other aromatic nitrocompounds [7,8,14]. It is exclusively formed
within a narrow resonant feature at low energy (Fig. 2). The width
is essentially instrumental, with a noticeable asymmetry towards
higher energies. The common picture to rationalise the formation
of metastable parent anions under collision free conditions is that
the electronic energy of the electron attaching system (comprised
of the energy of the incoming electron and the electron affinity of
the molecule) is effectively dispersed over the vibrational degrees
of freedom in the molecule, thereby delaying autodetachment [15].

A prototype system of associative attachment is SFg which pos-
sesses one of the highest attachment cross sections [16]. In SFg,
all DEA channels are endothermic and hence not accessible at 0 eV
provided that the temperature of the target molecule is low (no
thermal activation). The fact that in TNT the signal of the parent
anion (M™) is comparatively weak can then be interpreted by the
fact that already near zero electron energy a variety of DEA chan-
nels are operative thereby strongly competing with the detection
of the metastable anion on a mass spectrometric time scale.

3.2.2. The complementary ions NO,~ (46 amu) and
(M—NOZ)f/C7H5N2047 (]81 amu)

These ions arise from the cleavage of one of the three C—N bonds
leading to the complementary DEA reactions:

e"+M — (M—NO,) + NOy~ (1a)
e"+M — (M—NO,) +NO, (1b)

with respect to the extra charge (M=TNT). The thermodynamic
threshold for the DEA reaction (1a) is given by the C—NO, bond
dissociation enthalpy minus the electron affinity NO,. Taking the
average value of D(C—NO;) in aromatic nitro compounds (3.1eV
[1]) and the well-known electron affinity of NO, (2.27 eV, Table 1)
one arrives at thermodynamic thresholds of 0.8 + 0.2 eV. The uncer-
tainty of this value is based on the variation of the D(C—NO,)
binding energy in the different in aromatic nitro compounds [1].
The fact that NO, ™~ is already observed close to 0 eV may then be
due to rearrangement in the neutral system generating more sta-
ble compounds than the dinitrotoluene radical. It may also be due
to hot band transitions, i.e., DEA reactions involving vibrationally
excited neutral TNT molecules. Due to the particular situation for
a DEA reaction at very low energies, such transitions can lead to
appreciable signals in spite of an only weak population of excited
vibrational levels [15,17].

It is interesting to note that the NO,~ signal extends to much
higher energies than that of its larger complement (M—NO;)~
(Fig. 2). This behaviour is a mirror of the possibility to distribute
the excess energy within the dissociating system which is much
different between reactions (1a) and (1b). Assuming a statisti-
cal behaviour in the unimolecular decomposition of the TNI one
expects that the large fragment receives about 92% of the available
excess energy (owing to the number of vibrational degrees of free-
dom). Since both reactions have thresholds close to 0 eV, the excess
energy should approximately correspond to the electron energy. In
the case when the small ion NO,~ is detected, the larger neutral
counterpart (M—NO,) will become increasingly unstable towards
further decomposition beyond a certain electron energy (which is
in the order of the binding energy). One can thus expect that along
the high-energy side of the NO, ~ feature (beyond about 6-7 eV) the
neutral system (M—NO, ) will further dissociate. In contrary, when
the excess charge is localised on the large fragment (M—NO;)™,
it will accordingly become increasingly unstable beyond a certain



152 P. Sulzer et al. / International Journal of Mass Spectrometry 272 (2008) 149-153

250 151miz (M-NoO3)"
200 -
150 -
100
50
1]

Ot+——— T T
3001 123m/z (M-CO5-2NO)

200 ~

100 4

lon yield (cps)

150 + 26m/z (CN)”

100 4

50

Oo—F——TTTT 7T T

T
-1 0 1 2 3 4 5 6 7 8 9 10
Electron energy (eV)

Fig. 5. Yields for the product ions due to the loss of (NO+NO;) or N,O3 (151 amu),
the loss of one CO, and two NO units (M-CO,-2NO)~ (123 amu) and the excision of
the cyanide anion CN~ (26 amu).

electron energy with respect to both autodetachment and disso-
ciation. This explains that (M—NO,)~ is no longer detected above
7eV.

3.2.3. Ionyields of (M—OH)~/C;H4N305 (210 amu) and
(M—HNOZ)f/C7H4N203 (180 amu)
Formation of the fragment ion due to the loss of a neutral OH
radical ((M—OH)™)is by far the dominant process in electron attach-
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Fig. 6. Three selected yields for ions of lower intensity at 168 amu, 135 amu, and
120 amu. For possible assignments see the text.

Table 1
Gas phase standard heats of formation (AH{) und electron affinities relevant in
dissociative electron attachment to TNT (taken from Ref. [19])

Compound AH; (KJmol™")
C7H5N30g (trinitrotoluene, TNT) 241
CgHs5NO; (nitrobenzene, NB) 68.53+0.67
C7H5NO,~ (1,4-nitrobenzaldehyde anion) -2164+9.2

OH 40.0

NO, 33.1

NO 90.29

N, O3 (dinitrogentrioxide, ONNOO) 82.84

HNO, -76.73

CO, —393.51

CN 435.14
Compound Electron affinity (eV)
C7H5NO; (1,4-nitrobenzaldehyde) 1.69+0.09
CsH5NO; (nitrobenzene, NB) 1.0004+0.010
NO, 2.27

CN 3.8620+0.0050

ment to TNT. Fig. 3 shows that the DEA reaction has a steep onset
which is essentially controlled by the energy resolution of the elec-
tron beam. No such corresponding ion (M—OH)~) is observed from
nitrobenzene [14] or from any of the isomers of dinitrobenzene [8].
It is, however, observed from nitrotoluene (NT) [7] suggesting that
only the presence of the methyl group enables OH abstraction. In
the three isomers of NT the loss of OH proceeds via a resonance
located near 3.8 eV and at comparatively lower intensity.

Obviously, the location of the methyl group between the two
NO, groups provides particular favourable conditions for the for-
mation of a neutral OH radical. The reaction requires the cleavage
of two bonds (N—O and C—H) and formation of the O—H bond. Since
it proceeds already at threshold, the electron affinity of the species
(M—OH) must be sufficiently high to compensate for the difference
between the energy required to break the two bonds and the energy
gain in forming the O—H bond.

Accordingly, formation of the fragment ion (M—HNO;)™, i.e.,
loss of a neutral HNO, requires cleavage of a C—H bond, cleav-
age of a C—NO, bond and formation of the H—NO, bond. From
Fig. 3 it can be seen that the steep onset of this reaction
is close to zero and from energy balance one can estimate a
lower limit of the electron affinity of the (M—HNO;) radical.
With D(C—H)=4.5eV [18], D(C-NO;)=3.1+0.2 eV from above and
D(H-ONO)=3.40eV obtained from the data in Table 1 we arrive at
EA(M-HNO,)>4.24+0.3 eV. For the C—H binding energy we used
the value of methane which may slightly be altered for the methyl
group of TNT yielding the estimated accuracy for the electron
affinity. The equality sign refers to a situation when the reaction
proceeds without excess energy (no activation energy). It has to be
noted that such a treatment neglects rearrangement in the nega-
tive ion fragment following loss of neutral HNO,. We also note that
loss of OH is restricted to the low-energy feature while formation of
HNO, (HONO) additionally proceeds via a resonance located near
24eV.

3.2.4. Fragment ions due to the loss of neutral NO units
(M—nNO)~,n=1-3

The yields of the fragment ions due to the loss of one to three
neutral NO are plotted in Fig. 4. In the isomers of DNB the loss of
one and two NO units was also observed, however, from resonant
features located in the range 3-4eV (depending on the isomers)
while in TNT the reactions have steep onsets right at zero energy. It
is surprising that the loss of multiple NO units can be triggered by an
excess electron with essentially no extra energy. The structures of
the final neutral and ionic products formed along these reactions
remain under question. Energetically the formation of N, +05 is
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more favourable than two NO radicals (see Table 1). Loss of three
NO radicals yields an ion with stoichiometric composition C;H503~
which could represent the OH-benzoate anion (HO-CgH4-COO™).
The three isomers are well-known anions possessing appreciable
electron binding energies in the range of 4 eV [20]. Such a reaction
would require a series of rearrangements in the transient negative
ion involving hydrogen and oxygen transfer.

It must be noted that from the present experiments we can-
not extract information to which degree the above reactions are
concerted or sequential (see below).

3.2.5. Ion yields (M-N,03)~/C7H5NO3 (151 amu),
(M-C0,-2N0)~/CgH5NO; (123 amu) and CN~ (26 amu)

The signal at 151 amu (Fig. 5) can be identified as the ion arising
from the loss of a neutral NO and NO, unit which may arise from
the unimolecular decomposition reaction as N,O3 (dinitrogentri-
oxide, ONNOO) which is thermodynamically more stable (Table 1).
From the present experiment, we do not have direct information on
the neutral products. With the stoichiometric composition of the
corresponding anion (C;H5NO3 ™) a possible structure is the radical
anion of nitro-benzaldehyde (H(O)C-CgH4-NO,~) [19]. Like above,
such a reaction would require substantial rearrangement including
oxygen and hydrogen transfer. From Fig. 5 it can be seen that it has
a threshold near O eV and also proceeds via two higher energy res-
onances located at 3.0 and 6.3 eV. With the thermochemical data
from Table 1 (referring to the para isomer of nitrobenzaldehyde)
the reaction

e~ +C7H5N305 — C7H5NO3™ +N>03 (2)

becomes exothermic by —1.66eV.

The signal at 123 amu can be assigned to the radical anion of
nitrobenzene (CgHsNO, ™) arising from the loss of a CO, molecule
and two NO radicals (or N +05). As above, such a reaction requires
complex rearrangements in the precursor ion involving hydrogen
and oxygen atom transfer. Based on the thermodynamic values
from Table 1 the corresponding reaction

e~ +C7H5N306 - CgH5NO, ™ +CO5 + Ny + 0, (3)

is highly exothermic (—4.61eV) which may also underline the
explosive nature of TNT.

The cyanide anion CN~ represents an excision of this unit from
the target molecule. CN is a well-known pseudohalogen having an
appreciable electron affinity (3.86 eV, Table 1) exceeding even that
of the halogen atoms. Formation of CN~ via complex DEA reactions
is well-known in amino acids and other larger molecules containing
C and N atoms [21-23]. Possible structures of the neutral reaction
channel is nitro-aniline (NO,-CgH4—-NH>) or dinitrobenzene and
molecular hydrogen and oxygen ((CgHs—(NO3)5)+Hy +05).

3.2.6. Fragment ions at low intensity

From the mass spectrum recorded close to 0 eV it is obvious that
some more ions are formed at lower intensity and Fig. 6 presents
the ion yields of a selection of them.

A possible assignment of the ion at 168 amu is dinitrobenzene
(DNB) which is formed from TNT by the loss of CHNO,. In electron
attachment to DNB a long-lived parent anion is generated within
a narrow resonance near 0 eV [7]. From that one can conclude that
at least for the signal beyond zero electron energy, a contribution
from DNB impurities can be excluded.

The ion formed at 135 amu can arise from TNT by the loss of two
neutral NO, molecules thereby creating a radical anion of dehy-
drogenated nitrotoluene (CH3—-CgH,-NO, ™). Accordingly, the ion
at 120 amu can be assigned to a radical anion formed by a further
loss of the methyl group, i.e., a radical anion of dehydrogenated
nitrobenzene (CgH;-NO, ™).

It must be emphasized that all ions are detected within the time
window of the present experiment which is in the range of tens
of microseconds, dependent on the mass of the ion. lons decom-
posing within the quadrupole will strike the rods and will not be
detected. We do not have information on the question, to which
degree the corresponding DEA reactions (e.g., loss of nNO (n=1-3))
are sequential or concerted.

4. Conclusion

Capture of an excess electron with virtually no energy by TNT
shows very particular features in that the metastable parent anion
and a variety of DEA products are generated. While formation
of the parent anion is restricted to a very narrow energy range
near O eV, the DEA reactions extend to higher energies and involve
different resonant features. In comparison with other aromatic
nitrocompounds the intensity of the non-decomposed anion is
weak which can be explained by the competition of the differ-
ent DEA channels which are already operative near zero energy.
The most dominant DEA reaction is loss of a neutral OH radical
which is formed by the cleavage of two bonds (C—H and N—O) and
formation of the C—O bond. Further and more complex reactions
are observed like the loss of up to three neutral NO units having
a steep onset at zero energy. The rich and intense fragmentation
already at very low energies underlines the explosive nature of
TNT.
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