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Abstract

Free electron attachment to the three isomers of di-nitrobenzene (DNB) by means of a crossed electron molecular beam experiment with mass
spectrometric detection of the anions is studied. In all three isomers, we detect long lived (metastable) non-dissociated parent anions which are
formed at energies near O eV. In addition, all three compounds exhibit rich fragmentation patterns due to dissociative electron attachment (DEA).
The resonance profiles of particular fragment anions in the energy range 0—10eV differ substantially between the different isomers which can
be used for an unambiguous identification of the individual isomer. Many of the DEA products observed at low energy arise from surprisingly
complex reactions associated with multiple bond cleavages and structural and electronic rearrangement.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

DNB belongs to the group of aromatic nitro compounds
which have extended use in industrial applications, in particular
as explosives or additive to explosives [1]. The most commonly
known high explosive is trinitrotoluene (TNT) which has been
industrially synthesised since 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 so that stable compounds like N», CO,
CO; and H;O can intrinsically be formed. In contrast, the usual
combustion of a hydrocarbon only operates by the addition of
O3 so that the velocity of the reaction is limited by diffusion.

Here we explore negative ion formation in the range 0-10eV
to the title compound. It is shown that apart from associative
attachment generating a long loved non-dissociated anion, all
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isomers exhibit rich fragmentation patterns due to DEA. The res-
onance profiles of particular fragment ions differ substantially
when arising from the different isomers which can be used for an
unambiguous identification. In conventional mass spectrometry,
one detects positive ions following electron impact (mostly at
impact energies near 70eV) and particular compounds may
be identified by their specific fragmentation patterns [2]. For
different isomers, however, these patterns are usually quite
similar which is also the case for the title compounds [3]. Due to
the resonant nature of electron capture, the situation can signifi-
cantly change when recording negative ions [4] as the additional
parameter of the electron energy can provide the essential
information for isomer identification [5]. Electron impact
ionisation (as also photo ionisation) is usually non-resonant in
nature (neglecting special features like autoionisation seen in
photoionisation mass spectra [6]) and hence the fragmentation
patterns and also the ion intensity changes only gradually with
the electron energy. A further essential point when comparing
cation and anion formation concerns the general cross section
behaviour. In electron impact ionisation the total ionisation
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cross section rises gradually above the threshold reaching a
maximum at impact energies near 70 eV. At maximum the abso-
lute ionisation cross section may reach values in the order of the
geometrical cross section of the molecule [7]. In contrast, the
electron capture cross section increases with decreasing electron
energy as it follows from very basic physical principles (e.g.,
Wigner’s threshold laws [8]). This means that for molecules pos-
sessing appropriate conditions to accommodate an extra electron
for some time, the cross section for capturing electrons at very
low energy (close to 0eV) can exceed the geometrical cross
section by several orders of magnitude making the production
of negative ions at low electron energies most effective [9—11].

Nitrobenzene, nitrotoluene and other aromatic nitrocom-
pounds were studied rather early by using electron beam and
swarm techniques [9,12-16]. It was found that these com-
pounds form long-lived molecular anions with lifetimes in the
microsecond to millisecond range, in addition they also undergo
dissociative electron attachment yielding NO, ™. Different sub-
sequent studies considered the potential of NO,™ to serve as
a fingerprint for the identification of the neutral compound
[17-19] thereby possessing a significant potential as a marker for
the detection of explosives [19]. It was recently demonstrated
[18] by measuring the NO,™ resonance energies for a series
of nitro aromatic compounds including isomers that it is possi-
ble to distinguish between the different compounds. DNT has
recently been studied by the combined use of a time-of-flight
mass spectrometer and two sector field magnetic mass spec-
trometer [20]. It is found that the transient negative ion formed
upon electron attachment promptly decomposes by the loss of
neutral HyO, N>O and further fragments. In addition, there is
a delayed (metastable) decomposition which in the case of the
loss of neutral NO is subjected to an unusual large amount of
kinetic energy released to the fragments (1 eV) which underlines
the explosive nature of the compound.

Here we present a high resolution DEA study to the three
isomers of DNB, namely 1,2-DNB (ortho), 1,3-DNB (meta) and
1,4-DNB (para) in the energy range between 0 and 10eV. It is
shown that at threshold (0eV) all three isomers form a long-
lived metastable anion and a strong DEA signal arising from
the loss of a neutral NO molecule. All three isomers can easily
be distinguished by the DEA resonance profiles of the various
fragments present in the energy range between 0 and 10eV.

2. Experimental

The experiments were performed in a crossed elec-
tron/molecule beams device at the Innsbruck laboratory which
has previously been described in detail [21]. In brief, the elec-
tron beam is formed in a custom built hemispherical electron
monochromator, operated at an energy resolution between 80
and 100 meV (FWHM) and an electron current of 220 nA. The
three isomers of DNB are solid under normal conditions but with
sufficient vapour pressure so that at moderately elevated temper-
atures 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 tempera-

ture. At that temperature one can assume that the molecules are
transferred as intact compounds into the gas phase. This is also
supported by the fact that the dominant ion observed near 0 eV
is the non-dissociated metastable parent anion. 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 using a single pulse counting technique. The inten-
sity 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 OeV. The compounds were purchased from
Sigma—Aldrich at a stated purity of 99.5% and used as delivered.

3. Results and discussion
3.1. Negative ion mass spectra

Electron attachment to the three isomers of DNB in the range
0-10eV creates the parent negative ion (M™) and a series of
fragment ions arising from DEA. While the parent negative ion
is exclusively formed within a narrow resonance near O eV (in all
three isomers) the fragment ions appear within characteristic res-
onant features in the energy range 0—10 eV. Figs. 1 and 2 present
the negative ion mass spectra for the three isomers including the
fully deuterated compound of meta-isomer (1,3-DNB-d4). The
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Fig. 1. Negative ion mass spectrum of 1,2-DNB and 1,4 DNB obtained in the
electron energy range 0O—10eV in steps of 1 eV by integrating the intensity (see
the text).
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Fig. 2. Negative ion mass spectrum of 1,3-DNB and its fully deuterated ana-
logue, 1,3-DNB-d4 obtained in the electron energy range 0—10eV in steps of
1eV by integrating the intensity (see the text).

negative ion mass spectra were obtained by integrating the inten-
sity in the range 0—-10eV via the collection of the ion count rate
in steps of 1eV. All three isomers show common features but
also characteristic differences. In the following we shall first
assign the main peaks along a line of decreasing mass numbers
before considering the explicit ion yield curves of the fragment
ions.

168 amu: parent anion DNB~/C¢H4N»>O4 ™, as a dominant sig-
nal with some contribution from '3C in its natural abundance
seen at 169 and 170 amu (note the logarithmic intensity scale).
This signal is shifted by 4 mass units in 1,3-DNB-d4. In 1,3-
DNB a small signal is seen at 167 amu is due to the loss of a
neutral hydrogen atom via DEA.

138 amu: negative ion formed by the loss of one neutral NO
molecule, (M-NO)~/C¢H4NO3 ™.

122 amu: negative ion formed by the loss of a neutral NO;
molecule, (M-NO,)~/CcH4NO, ™.

108 amu: negative ion formed by the loss of two neutral NO
molecules, (M-2NO)~/C¢H40,~.

92 amu: fragment ion formed by the loss of (NO; +NO) or
N>O3, (M-N;03)~/C¢H40™.

Since the above processes do not involve the loss of H
atoms, the corresponding peaks are shifted by 4 mass units in
1,3-DNB-d4.

91 amu: negative ion formed by the loss of neutral (HN, O3, (M-
HN,03) /CeH307). Accordingly, in 1,3-DNB-d4 this signal
is shifted by only 3 mass units.

46 amu: loss of the fragment ion NO, ~ via DEA in all isomers
including 1,3-DNB-d4.

On a smaller intensity scale we observe negative ions arising
from the loss of neutral O (152 amu) and neutral OH (151 amu)
the latter only weakly visible on the spectrum of 1,3-DNB The
signal at42 amu is assigned to NCO™ (a well known pseudohalo-
gen [22]) while that at 41 amu can be assigned as either CHN, ™,
C>,HO™ or CH3CN ™. The fact that in 1,3-DNB-d4 only a signal
at42 amu appears excludes CH3CN™ (the anion of acetonitrile).
Both CHN; ™ and CoHO™ are known to exist as stable negative
ions [3]. The signal at 25 amu can be assigned to CoH™ and that
at26 amu to the isobaric fragments CoH, ™ and/or NC™. Since in
1,3-DNB-d4 only one peak appears at 26 amu we conclude that
the peak consists of C;D™ and possibly CN ™, while formation
of Co,H, 7 /CoDy ™ (awell known ion having the vinylidene struc-
ture C=CH, [24]) can be excluded. The ion observed at 80 amu
in 1,3-DNB is shifted to 84 amu in 1,3-DNB-d4 which indicates
that it carries all four deuterium atoms. A possible assignment
of this fragment ion will be given below.

The series of peaks in the mass spectrum of 1,3-DNB around
65amu (very weak in 1,2-DNB and virtually absent in 1,4-
DNB) evolve into three peaks in 1,3-DNB-d4 at 64, 66 and
68 amu. From stoichiometry this can be assigned to the ions
N>C3 (64 amu) N,C3D (66 amu) and N,C3D; (68 amu). The
corresponding DEA process (not shown here) peaks at 7eV
where such reactions are certainly accessible.

The mass spectra indicate that the vast majority of fragments
formed in the energy range between 0 and 10eV arise from the
loss of neutral and ionic units containing the atoms N, O and H,
i.e., fragments preserving the benzene ring structure. Only a few
comparatively weak signals (NCO™, the ion at 80 amu and pos-
sibly ions around 65 amu from 1,3-DNB) indicate deterioration
of the cyclic structure.

3.2. Electronic structure of the ground state anions

We have calculated the electron affinities of the three isomers
by means of the G2(MP2) method [25]. This is an extrapolation
method that uses the results from several quantum chemical cal-
culations in order to extrapolate towards molecular energies that
would be obtained if complete inclusion of correlations energy
and an unlimited basis set were possible. In general, the accu-
racy of G2(MP2) energies is in the order of about+0.2eV.
Hartree-Fock wavefunctions were used to visualize the molecu-
lar orbitals and to calculate the dipole moments of the molecules.
The program Gaussian 03 [26] was used in all calculations.

Figs. 3 and 4 show the highest occupied molecular orbital
(HOMO, MO 43) and the lowest unoccupied molecular orbital
(LUMO, MO 44) for neutral 1,3-DNB and 1,4-DNB, respec-
tively. On going to the anionic system MO 44 would correspond
to the singly occupied molecular orbital (SOMO) of the molec-
ular anion. The shape of MO 44 is very similar between the
neutral and anionic system (the latter not shown here) indi-
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Fig. 3. Graphical representation of MO 43 (HOMO) and MO 44 (LUMO) for neutral 1,3-DNB. By adding an excess charge, MO 44 then represents the singly
charged molecular orbital (SOMO) of the anion. Its shape remains virtually unchanged.

cating that it does not change qualitatively. Also, the order of
the MOs remains unchanged when adding an excess charge
to the system (irrespective whether the anion is calculated at
the geometry of the neutral or at its relaxed geometry). From
Figs. 3 and 4 it can also be seen that in the anionic ground state
the excess electron (MO 44) is delocalised over the ring and the
two NO» groups. It possesses four nodes along the ring (similar

to benzene) and additional nodes between each of the four N—O
bonds with some overlap (bonding character) along the C—N
bond. It should be mentioned that benzene itself cannot bind an
excess electron in a thermodynamically stable state. The low-
est anion state of benzene (2Eyy) is located at 1.15eV and can
hence directly be accessed by a free electron of that energy [27]
which is accommodated into one of the two lowest (degenerate)

p-DNB neutral : MO 43 - HOMO

p-DNB neutral : MO 44 - LOMO

Fig. 4. Graphical representation of MO 43 (HOMO) and MO 44 (LUMO) for neutral 1,4-DNB. By adding an excess charge, MO 44 is transformed into the singly
charged molecular orbital (SOMO) of the anion. Its shape remains virtually unchanged.




142

Table 1

Thermochemical values und electron affinities relevant in dissociative electron

attachment to DNB (taken from Ref. [3])

Compound AH{ (kKJmol™ D)
1,2-DNT (CeH4N,04) —2+0.6 (solid)
1,3-DNT (C¢H4N204) —36 (solid)
1,4-DNT (CeH4N,04) —38 (solid)
NO, 33.1

NO 90.29

N>0O3 82.84

HNO; (nitrous acid) —76.73

CO, —393.51
Compound Electron affinity (eV)
1,2-DNT (CeH4N,04) 1.65+0.1
1,3-DNT (C¢H4N204) 1.66 £ 0.1
1,4-DNT (CeH4N,04) 2.00£0.1

NO; 2.27

NO 0.026

NCO 3.6090 £ 0.0050
CN 3.8620 £ 0.0050

" MOs. By definition benzene possesses a negative adiabatic
electron affinity (—1.15eV). In contrast, DNB possesses a posi-
tive electron affinity (Table 1). The more extended delocalisation
of the excess charge shifts the electron affinity from a negative
value in benzene to positive values in all isomers of DNB. Our
G2(MP2) ab initio calculations predict the following numbers
for the adiabatic electron affinities: EA (1,2-DNB)=1.7eV, EA
(1,3-DNB)=1.3¢V, and EA (1,4-DNB)=1.5¢V. The available
experimental numbers, obtained from gas phase electron trans-
fer equilibria [3,28], are a few hundred millielectronvolt below
the calculated values.

The predicted dipole moments (Hartree-Fock calculations
with the 6-311+G(3df,2p) basis set) are 5.0D (1,2-DNB) and
5.7D (1,3-DNB). For nitrobenzene, the experimental value is
4.22 D [23]. The dipole moment for 1,3-DNB and 1,4-DNB is
hence sufficiently high to allow the binding of an excess elec-
tron by the dipolar field (in addition to the valence bound states)
[29]. By symmetry, p-DNB does not possess a dipole moment,
it was, however, shown that an excess electron can weakly be
bound (25 meV) by the quadrupolar field of p-DNB [30].

3.3. Ion yields and decomposition reactions

In the following we shall consider the explicit ion yields as
a function of the energy for the more intense ions as seen in
the mass spectra. By just looking at the spectra (Figs. 5-13)
one can see that formation of the non-dissociated parent ion
is restricted to a narrow feature near O eV while all fragment
ions show particular resonance profiles indicative of DEA. The
spectra shown in Figs. 5-13 are often arbitrarily normalised to
the same height for a better visualisation of the different shapes.
An estimate of the relative intensities of the different ions can be
obtained from the peak heights in the negative ion mass spectra
(Figs. 1 and 2).

Before discussing the individual profiles and the underlying
reactions we shall briefly recall some essential features concern-
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Fig. 5. Yield curve for formation of the non-dissociated parent negative ion in
the three isomers of DNB.
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Fig. 6. Relative cross section as a function of the electron energy (ion yield
curve) of the ion due to loss of a neutral NO; molecule (M-NO,)~/CcH4NO, ™~
(122 amu).
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Fig. 7. Ion yield for loss of the ion NO;, ™, representing the complementary
fragment ion to (M-NO2)~/C¢H4NO> ™~ (122 amu) with respect to the negative
charge (Fig. 6).

ing negative ion formation leading to parent anions (associative
electron attachment) and to fragment anions via dissociative
electron attachment (DEA).

The capture of a free electron by a polyatomic neutral
molecule (symbolised by ABC) generates a transient negative
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Fig. 8. Yield for the ion due to loss of an NO radical (M-NO)~ (138 amu).
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Fig. 9. Yield for the ion due to loss of two NO units (M-2NO)~ (108 amu).

ion (TNI) or, synonymously, a negative ion resonance (NIR)
e~ + ABC — ABC™* (1)

Such a compound can be viewed as a quasi-bound state
embedded in the autodetachment continuum which is hence
intrinsically unstable with respect to the loss of the extra electron.
The autodetachment lifetime varies on a large scale dependent
on the nature of the target and the electron energy ranging from
femtoseconds like in N> ™ [31] to milliseconds like in Cgo ™ [32].
The present molecules thus belong to the group of polyatomic
systems where autodetachment is delayed to a degree that the
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Fig. 10. Yield for the ion due to loss of an NO and NO; unit (M-N,03)~
(92 amu).
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Fig. 11. Yield for the ion due to loss of an NO and HNO; unit (M-HN,O3)~
(91 amu).

parent negative ion becomes observable by mass spectrometry.
At the same energy (near 0eV), however, we additionally find
one strong DEA channel (loss of neutral NO).

Dependent on the energy of the incoming electron, two types
of resonances can be formed, namely single particle shape reso-
nances or resonances of the core excited type [3,33]. In the first
case the excess electron is captured into one of the empty MOs
without affecting the configuration of the other electrons while in
the second case the incoming electron induces an electronic exci-
tation in the target molecule resulting in two (or more) electrons
in normally unoccupied molecular orbitals (MOs). One-particle
shape resonances are usually present in the low energy domain
(0—=~3eV) while core excited resonances appear (in addition
to shape resonances) at energies in the vicinity of electronic
excitation of the neutral molecule.

If dissociation channels are energetically accessible from the
transient negative ion, decomposition may take place prior to
the loss of the extra electron, viz.
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Fig. 12. Yield for the ion CsH40~ (cyclopentadienone) from 1,3-DNB and
1,2-DNB (80 amu).
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Fig. 13. Ionyield for the fragment at 42 amu (CNO™), 152 amu (loss of a neutral
0) and 167 amu (loss of a neutral H atom).

ABC™* > AC+B~ (2b)

Even in the case when the fragment ions (C™, B™) appear from
the same precursor state located at a particular energy they may
carry a gradually different resonance profiles. This is due to
the fact that the decomposition into the individual channel (the
probability to form a particular fragment ion from the given
precursor) has its individual energy dependence which, among
others, is also a consequence of autodetachment inherently com-
peting with decomposition.

Energy conservation dictates that the threshold energy (Ey,)
of the DEA reaction (2a) is given by the relation

Ew = D(AB-C) — EA(C) (3a)

with D(AB-C) the binding enthalpy of the respective chemical
bond and EA(C) the electron affinity of the (neutral) fragment
on which the electron becomes localised. In terms of standard
heats of formation (A Hy') Eq. (3a) is equivalent to

Eq = AHY = AHP(AB) + AHZ(C™) — AH{(ABC)  (3b)

where A Hy assigns the standard reaction enthalpy for process
(2a) with AHZ(C™) = AHP(C) — EA(C).

From the energy balance, fragmentation into more than one
neutral fragment is unlikely in the energy range below 4eV
due to the fact that the electron affinity for most radicals is
below the strength of a typical chemical bond. This picture, how-
ever, is only appropriate for simple bond cleavages. For more
complicated reactions involving rearrangement like in (2b), the
situation can completely change and multiple fragmentation pro-
cesses can occur already at very low energies. This is the case,
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when rearrangement leads to stable products like the loss of
water units from ribose which is observed already near 0eV
[34].

For the interpretation of the experimental results one is hence
faced with the two important issues of (i) the threshold energy
of the DEA reaction under consideration and (ii) the energy and
electronic structure of the transient negative ion associated with
particular DEA reactions. The first quantity can be obtained from
established thermochemical data using either the standard heats
of formation of the involved species or the appropriate bond
dissociation energies and electron affinities. The more difficult
quantity is information on the precursor state since it represents
a discrete state embedded in the continuum (neutral molecule
and an additional electron at infinity). Such scattering states
cannot be calculated by straightforward variational ab initio
techniques. Using increasingly larger basis sets will result in
an increasingly expanded wave function for the excess elec-
tron ultimately leading to the neutral molecule with the excess
charge at infinity. A proper treatment of that problem requires
the application of scattering calculations [35,36] or particular
computational techniques like the stabilisation method [37,38],
which artificially keeps the extra charge at the molecule. Such
methods, on the other hand, have so far only been applied to
shape resonances.

Returning to the ion yields in Figs. 5-13 there is apparently
a rich variety of resonant structures in the entire energy range
between 0 and 10 eV. Within these structures and the prominent
intensity near 0 eV (yielding the non-dissociated parent ion and
also the fragment ion due to the loss of NO at 138 amu (Fig. 8))
it appears that most of the fragment ion intensity is concentrated
within three main areas, namely in the range around 1 eV, near
4 eV and in the region around 67 eV.

For the electronic configuration one can assume that the TNIs
at low energy (below 4 eV) can be characterised as shape reso-
nances involving the 7" system while the resonance features at
higher energies consist of core excited resonances and possibly
also shape resonances.

3.3.1. Parent molecular anion (associative attachment)
M~/CsH4yN>O4~ (168 amu)

Under the present experimental conditions the non-
dissociated parent molecular anion is among the dominant
signals as already obvious from the mass spectra (Figs. 1 and 2).
It is exclusively formed within a comparatively narrow reso-
nance near 0eV (Fig. 5) with a width only slightly larger than
the instrumental energy resolution, however, with a significant
tail towards higher energies which is particularly pronounced
in 1,3-DNB. The common picture to rationalise the forma-
tion 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 [33]. Along this line we interpret
attachment at OeV to proceed through the electronic ground
state of the anion with the corresponding MOs shown in
Figs. 3 and 4.

A prototype system of associative attachment is SF¢ which
possesses one of the highest electron attachment cross sections
[39]. In SFg, all DEA channels are endothermic and hence not
accessible at 0eV provided that the temperatures of the tar-
get molecule is low (no thermal activation) [40]. In contrast
in all three isomers of DNB the parent anion formed at 0 eV
additionally undergoes DEA via loss of a neutral NO radical
leading to the anion (M-NO)~/C¢H4NO3 ™) which significantly
contributes to ion formation starting near 0 eV (Fig. 6). Itis inter-
esting to note that the ion yield of 1,3-DNB shows a remarkable
tail exceeding to about 0.5 eV indicating that this isomer remains
metastable towards higher energies. As mentioned above, asso-
ciative attachment processes leading to mass spectrometrically
observable parent ions usually occur within a narrow energy
region near OeV as also observed for the present systems. A
remarkable exception is electron attachment to Cgg (and other
fullerenes) generating metastable parent anions up to electron
energies of 10eV [32]. We again note that very recent experi-
ments on di-nitrotoluene [20] revealed that low energy electron
attachment leads to both prompt DEA and a metastable decom-
position of the transient anion.

At that point it should also be noted that one has to be
extremely careful in interpreting small signals visible right
at threshold (0eV), like those seen on the 167 amu fragment
(Fig. 13). Such signals can either be artefacts (Trojan horse
ionisation [41]), can arise from small impurities or can be due
to hot band transitions [33,42]. Since the DEA cross section
behaves reciprocally with the electron energy very small impu-
rities or transitions from vibrationally excited molecules can
generate a noticeable signal at 0 eV. Small impurities can also
arise from thermal decomposition of the molecule at the hot
filament.

In the following we shall consider the dominant DEA pro-
cesses in light of their difference between the three isomers.

3.3.2. The complementary ions NO2~ (46 amu) and
(M-NOz)~/CsH4sNO2~ (122 amu)

These ions arise from the cleavage of one of the two C—N
bonds leading to the complementary DEA reactions with respect
to the extra charge

e~ + DNB — (DNB-NO)™ + NO», (4a)
e~ + DNB — (DNB-NO) + NO; (4b)
Fig. 6 shows the explicit ion yield curve of (DNB-

NO,)"/C¢H4NO;,™ and Fig. 7 that of NO,>™ from the three
isomers. The yield curves of the ion (DNB-NO;,)™ differs
remarkably between the isomers in that both the experimental
appearance energy and peak position is considerably shifted to
higher energy along the line 1,2-DNB, 1,3-DNB and 1,4-DNB.
This is a surprising result as from thermodynamics one would not
expect any noticeable difference. The thermodynamic threshold
for the DEA reactions (4a) and (4b) is given by the C—NO»
bond dissociation enthalpy minus the electron affinity of that
radical, on which the excess charge becomes localised. We have
calculated the electron affinities of the different (M-NO,) rad-
icals resulting in the following numbers: 2.25eV (1,2-DNB),
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2.10eV (1,3-DNB), and 2.15eV (1,4-DNB). Taking the known
bond dissociation energy D(C—NQO;) in aromatic nitro com-
pounds (3.1eV [1]) one arrives at thermodynamic thresholds
in the range between about 0.9 and 1.0eV. The experimental
appearance energies and also peak positions, on the other hand,
differ by more than 2 eV.

Fig. 6 clearly demonstrates that by recording the fragment
ion (DNB-NO,)™ the different isomers can easily be distin-
guished due to their well separated low energy resonances
with peak maxima at 1.1 eV (1,2-DNB), 2.7 eV (1,3-DNB), and
3.5eV (1,4-DNB). This is also an impressive example showing
that even in larger polyatomic systems the appearance energy
can be located appreciably above the thermodynamic thresh-
old which indicates that the reaction is rather controlled by the
electronic structure of the transient ion (via the corresponding
Franck—Condon transition) than by thermodynamics. For the
low energy resonance associated with (DNB-NO»)™ this is most
likely a transition generating a shape resonance.

The complementary reaction (4b) also differs between the
isomers but less pronounced (Fig. 7). The peak positions of both
resonances are also shifted to higher energy along the line 1,2-
DNB, 1,3-DNB and 1,4-DNB.

Taking the very well known value for the electron affinity
of NO; (Table 1) and the C—NO» binding energy from above
(3.1eV) the thermodynamic limit of (4b) is at about 0.8 eV while
the experimental appearance energies are in the range between
0.4 and 1 eV indicating that some thermal activation contributes
in the appearance of NO, ™ from 1,2-DNB near the experimental
threshold.

In each of the isomers, the signal of NO;™ is consider-
ably more intense (more than one order of magnitude) than
its complement (DNB-NO,)~. Since the energetic situation is
comparable (similar electron affinities) one would rather expect
(from phase space and entropy arguments) that the electron
would possess a stronger tendency to get localised on the larger
cyclic structure than on NO,. Such a situation was in fact
observed in CgFsl [43] on the complementary ions CgFs™ and
I™. Both ions are formed within a narrow resonance near 0 eV
with C¢F5~ being more intense by more than one order of mag-
nitude.

3.3.3. (M-NO)~/CsH4NO3~ (138 amu)

After NO;, ™ this ion is the second intense DEA product, it
is formed from all the three isomers right at threshold (Fig. 8).
Towards higher energies, the spectra differ substantially between
the isomers. For this fragment ion the complementary channel,
(formation of NO™) is not observed, presumably due to the low
stability of NO™ with respect to electron detachment. The elec-
tron affinity of NO is only 0.026 eV (Table 1) and hence the anion
becomes unstable towards autodetachment already at room tem-
perature. We can assume that (DNB-NO)™ is formed by the loss
of the NO molecule and rearrangement to the nitrophenoxyan-
ion, which is presumably an energetically favourable reaction. In
nitrobenzene the DEA reaction into NO plus the phenoxyanion
is exothermic by more than 1 eV (by taking the established cor-
responding thermochemical data [3] and the electron affinity
of the phenoxyradical (2.25eV) obtained from photodetach-

ment of the anion [44]. It should be noted that in the present
case the deposition of an additional charge with essentially no
extraenergy triggers a quite complex reaction involving multiple
bond cleavage and structural and electronic rearrangement. For
each isomer, the fragment ion yield shows a series of energet-
ically overlapping resonances (Fig. 8), indicating that different
electronic states of the precursor ion contribute to the present
DEA reactions. Near 0eV NO loss competes with associative
attachment generating the non-dissociated anion. In terms of
potential energy surfaces this means that the surface accessed
by electrons close to 0 eV (most likely the surface of the elec-
tronic ground state of the anion) crosses a surface leading to
NO loss.

3.3.4. (M-2NO)~/CsH402~ (108 amu)

This ion appears from the three resonances within broad and
nearly unstructured resonances with the maximum shifted to
higher energies along the line 1,3-DNB, 1,2-DNB, 1,4-DNB
(Fig. 9). Loss of two NO radicals could lead to the formation of
a benzoquinone anion for which the two isomers (para(1,4) and
ortho(1,2)benzoquinone) are well known both having an appre-
ciable electron binding energy of 1.86 eV [3]. On the basis of the
available thermodynamic data [3] such a reaction is exothermic
by about 1.5eV while the resonance maxima are in the region
around 3 eV which may be indicative of a considerable activa-
tion energy. Also, as obvious from thermochemistry (Table 1),
the neutral products N» + O, are energetically more favourable
than 2NO.

3.3.5. (M-N203)~/CsH40~ (92 amu)

This reaction is formally associated with the loss of NO and
the loss of NO;, possibly associated with rearrangement in the
neutral channel resulting in N> O3 and hence a considerably com-
plex reaction. The position of the first peak is shifted to higher
energy along the line 1,2-DNB, 1,3-DNB, 1,4-DNB (Fig. 10),
and thus with the distance of the two NO, groups. From thermo-
dynamics (Table 1) formation of N,Oj is by 41 kJ mol~! more
favourable than NO; + NO. The shift of the second and weaker
resonance is along the same line within the isomers and even
more pronounced with respect to the peak positions.

3.3.6. (M-HN,O3)"/CsH30~ (91 amu)

A possible reaction to generate this fragment ion is the loss
of NO and HNO, (nitrous acid). This reaction is similar to
that above, but additionally involving hydrogen transfer. The
appearance energy is now shifted along the line 1,3-DNB, 1,2-
DNB, 1,4-DNB (Fig. 11) indicating that formation of HNO is
most favourable when one C—H bond is located between the
neighbouring NO, groups.

3.3.7. CsH40~ (80 amu)

From stoichiometry, this ion could be formed by the loss
of two CO; units which is supported by the observation that
the 80 amu peak in the mass spectrum of 1,3-DNB is shifted to
84 amu in the deuterated compound 1,3-DNB-d4 (Fig. 2). On
the other hand, a negative ion spectrum obtained from the 1N
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labelled 1,3-DNB exhibits a peak at 80 amu and a further spec-
trum from 13C labelled 1,3-DNB (both spectra not shown here)
yields the corresponding peak at 85 amu. Consistent with all
these observations would be the loss of (NO, + NCO) according
to

e” + 1,3-DNB — CsH40™ + NO, + NCO 5)

with CsH4O™ the anion of cyclopentadienone which has pre-
viously been observed in electron attachment to benzoquinone
[45]. This ion is mainly observed from 1,3-DNB and barely
detectable from 1,2-DNB. In 1,4-DNB two small peaks at 79
and 81 amu appear, the first one probably due to the loss of
NO;, + HNCO.

3.4. Fragment ions at low intensity

Fig. 13 finally presents a selection of low intensity fragments.
The yield curve of the ion at 42 amu and assigned as CNO™ is
shown in Fig. 13 (top). This compound is a well known pseudo-
halogen having an electron binding energy of 3.61 eV [3]. It is
formed by excision of the unit from the target molecule. While
the shapes of the ion yield curves are quite similar, the intensity
of this ion is particularly low from the para compound.

Fig. 13 (middle) shows the yield curves for the ion aris-
ing from the loss of an oxygen atom having similar shapes but
different peak positions.

In Fig. 13 (bottom), the weak ion yield arising from the
loss of one H atom, (M-H)™, is plotted. Interestingly, this
ion is not observed from 1,4-DNB and differs substantially
between the remaining isomers as the ion from 1,3-DNB
exhibits a pronounced resonance at 3 eV, which is not present
on the ion yield from 1,2-DNB. It is not obvious whether the
small threshold signals (near 0eV) are artefacts as mentioned
above.

In summary from the results presented here it is obvious,
that the three different isomers of di-nitrobenzene can eas-
ily be identified via the different resonance profiles observed
on a number of different DEA channels. It is thereby evident
that electron attachment spectroscopy has a strong potential
to detect and identify explosives. The absolute cross section
for electron attachment to DNB has so far not been reported
and is not directly accessible from the present experiments. For
nitrobenzene, a recent beam experiment [46] derives a number
of 4.6 x 10716 cm? for DEA into NO, ™ and 3.8 x 10~!7 cm? for
formation of the parent anion. These numbers are comparable to
typical absolute electron ionisation cross sections for aromatic
compounds at an impact energy of 70 eV. In DNB one expects
a larger electron attachment cross section due to the presence of
the second NO; group.
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