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a b s t r a c t

Electron attachment to nitroaromatic compound 2-nitro-m-xylene in gas phase has been performed
utilizing a double focusing two sector mass spectrometer with high mass resolution (m/�m ≈ 2500). At
low energy (below 20 eV), electron interactions with the neutral 2-nitro-m-xylene molecule reveal a very
rich fragmentation pattern. A total of 60 fragment anions have been detected and the ion yield for all
observed negative ions has been recorded as a function of the incident electron energy, among them a long
lived (metastable) non-dissociated parent anion which is formed at energies near zero eV, and some ions
observed at the mass numbers 26, 42 and 121. Comparison of calculated isotopic patterns with measured
ion yields for these fragment anions and their successors in the mass spectrum, allows the assignment

− − −

-nitro-m-xylene of the chemical composition of these fragments as CN (26 Da), CNO (42 Da) and C8H9O (121 Da).

Electron attachment to 2-nitro-m-xylene leads to anion formation at four energy ranges. Between 0 eV
and 2 eV only few product ions are formed. Between 4.6 eV and 6.1 eV all fragment anions are formed
and for most of them the anion yield reaches its maximum value in this range. NO2

− which is the most
abundant product [M−H]− and O− are the only fragments that exhibit a feature at 7.4 eV, 8.1 eV and

t hal
7.9 eV, respectively. Abou
between 9 eV and 10 eV.

. Introduction

Xylene is a generic term for a group of three aromatic hydrocar-
on isomers, essentially benzene derivatives, which encompasses
rtho-, meta-, and para-isomers of dimethyl benzene (considering
o which carbon atoms of the benzene ring bonded to a methyl
roup). Xylenes are a starting material for the production of other
hemicals and are used as solvents in various industries includ-
ng rubber, printing and leather industries. They are also used as
nhalant drugs due to their intoxicating properties. Xylene can be
een in small amounts in gasoline and airplane fuel. During the past
everal years the chemistry of xylene derivatives especially nitro-
ompounds have been interested in several aspects. One area of
onsiderable interest has been the use of such intermediates in the
reparation of some polymers [1]. Additionally, nitroaromatic com-
ounds are being widely used in industrial processes, especially

hey are abundant in dyes and explosives or as additives to explo-
ives [2]. They contain one or more nitro (NO2) functional groups
onded via nitrogen to the cyclic aromatic nucleus (benzene ring).
hese molecules possess very pronounced electron-acceptor prop-

∗ Corresponding author. Fax: +43 512 507 2932.
E-mail address: Paul.Scheier@uibk.ac.at (P. Scheier).

387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.10.003
f of the fragment anions exhibit a broad, mostly low-intensity resonance

© 2009 Elsevier B.V. All rights reserved.

erties due to the low energy of the lowest unoccupied (�*) orbital
of the NO2 group. Low-energy electron interactions with nitroaro-
matic derivatives have been a subject of many studies [3–10]. The
dominant fragment anion formed via DEA to most nitroaromatic
compounds, at electron energies above 2 eV, is the nitrogen dioxide
anion NO2

−. Havey et al. [11] demonstrated by measuring the NO2
−

anion efficiency curves for 25 different nitroaromatic compounds
including the three isomers of nitro-m-xylene, that it is possible to
distinguish structural isomers of nitro-compounds. Several stud-
ies have described that this anion can serve as a fingerprint for the
identification of the neutral compound and thus its great poten-
tial as a marker for the detection of explosives [12–14]. Although
many other fragment anions besides the dominant NO2

− have been
detected upon DEA to nitro-organic compounds [15,16] in negative
ion mass spectra, these product anions have not been investigated
concerning their anion efficiency curves.

In the present experiments the negative ion formation in 2-
nitro-m-xylene (or 1,3-dimethyl-2-nitrobenzene) compound at
low electron energies (0–18 eV) has been investigated by record-

ing the anion efficiency curves with high mass resolution. Fig. 1
shows the optimized neutral molecular structure of 2-nitro-m-
xylene derived at the B3LYP/6-311++G** level of theory and basis
set. Non-dissociative electron attachment and the formation of
long-lived molecular anions are observed as the dominant signal

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:Paul.Scheier@uibk.ac.at
dx.doi.org/10.1016/j.ijms.2009.10.003
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Fig. 1. Molecular structure of 2-nitro-m-xylene (1,3-dimethyl-2-nitrobenzene).

t about zero eV. This is in agreement to other nitro aromatic com-
ounds, except to musk ketone where the parent anion was formed
ith a comparably low intensity. At the electron energy range lower

han 2 eV (centred at 1 eV) the nitro fragment anion NO2
− (46 Da)

s produced with a high abundance. This is quite the same as for
usk ketone [10].

. Experimental setup

The experiments were performed utilizing a double focus-
ng two sector field mass spectrometer (VG-ZAB2) of reversed
ier–Johnson type BE geometry as described previously [17]. A

chematic view of the instrument is shown in Fig. 2. The electron
eam is guided by a homogeneous magnetic field of about 20 mT.
his field is sufficiently high to prevent extraction of electrons from
he ion source. The electron current used was regulated to 10 �A
nd this value was reached at an electron energy of about 4 eV. Thus,
he anion yield at lower electron energies might be reduced com-
ared to the partial cross-section of the anions. Since the electron
urrent reaching the ion source is higher than the current measured
f the Faraday cup, particularly at low electron energies it is not pos-
ible to correct the anion efficiency curves. The entire ion source is

◦
eated to about 200 C to avoid contamination of the surfaces of
he interaction chamber and lenses. A liquid sample of 2-nitro-m-
ylene, purchased from Sigma–Aldrich with a stated purity of >99%,
as used as delivered for the present measurements. The sample
as degassed by a repeated freeze–pump–thaw cycle prior to the

Fig. 2. Schematic view of the experimental setup.
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experiments. A neutral effusive molecular beam produced by heat-
ing the sample in a container and passed through a capillary of
1 mm diameter into the ion source where the neutral molecules
are crossed at 60◦ with an electron beam. The anions formed in the
ion source are pushed out of the ion source housing by a weak elec-
tric field produced by a repeller lens and then accelerated to 6 keV
into the mass spectrometer. After passing the first field-free region,
the ions are analyzed according to their mass to charge ratio (m/e)
and momentum by a magnetic sector field B, then pass a 1.48 m
long field-free region. After this second field-free region they are
finally transmitted through an 81◦ electric sector and are detected
by a channel electron multiplier from Dr. Sjuts Optotechnik GmbH
operated in a pulse counting mode. The nominal maximal mass
resolution of the mass spectrometer is 125,000 (10% valley defini-
tion). In the course of the present experiments the slits are widened
in favor of higher sensitivity which resulted in a mass resolution
of about m/�m ≈ 2500. However, this is still sufficient to distin-
guish between possible isobaric products. The dynamic range of
the instrument is more than seven orders of magnitude.

The present study is carried out applying two different mea-
surement techniques. First, negative ion mass spectra are taken at
different fixed electron energies and then, the mass spectrometer is
set to a certain mass and the corresponding ion yield is recorded as a
function of the electron energy in the range between 0 eV and 18 eV.
The electron energy scale is calibrated using the electron attach-
ment Reactions (1) and (2), with the peak position of well known
resonance of SF6

−/SF6 signal near 0 eV and F−/SF6 resonances at
higher energies (5.5 eV, 9 eV and 11.5 eV) which were determined
previously utilizing an electron monochromator [18].

e− + SF6 ↔ (SF6)∗− (1)

e− + SF6 ↔ (SF6)∗− → SF5 + F− (2)

3. Results and discussion

3.1. Negative ion mass spectra

Complete negative ion mass spectra of 2-nitro-m-xylene have
been recorded for five different electron energies, i.e., about 0 eV,
2 eV, 5.5 eV, 7.5 eV and 9 eV, and are shown in Fig. 3. These ener-
gies correspond to five major resonances that are common for
several of the product anions. A logarithmic scale is used for the
ion intensity that spans four orders of magnitude. For the three
low electron energies the yield of the NO2

− fragment goes well
beyond the scale and exceeds the range of single ion counting.
However, the two isotopes at 47 Da (0.446%) and 48 Da (0.411%)
can be used to correct for this technical problem and enable us
to calculate the real anion yield of the main isotope of NO2

− at
46 Da. In the energy range of 0–2 eV only the parent anion (151 Da),
[M−NO]− (121 Da) and NO2

− are formed in significant amounts
(and a few masses with very weak signal). However, at the higher
energy resonances all mass spectra show anions at almost every
mass. At about 5.5 eV most of the anions have their maximum ion
yield. The rich fragmentation patterns observed for electron attach-
ment to 2-nitro-m-xylene suggest that the electronic energy of the
core-excited resonances is randomly distributed among the vibra-
tional degrees of freedom of the molecule. The mass spectra clearly
exhibit 11 well separated groups of fragment anions that can be
assigned to the loss of a certain number of heavy elements and some
hydrogen atoms. It is interesting to note that the explosives trini-

trotoluene (TNT) [9] and royal demolition explosive (RDX) [19] and
the nitroaromatic molecules di-nitrobenzene [3] and musk ketone
[10] show a surprisingly rich fragmentation pattern for electron
energies close to 0 eV, and a weak (or in case of RDX no) formation
of the metastable parent anion. This is in striking difference to other



130 E. Alizadeh et al. / International Journal of M

F
g

n
a
c

v
u
m
N

F
c
d
(
t

ig. 3. Negative ion mass spectra of 2-nitro-m-xylene recorded at the electron ener-
ies of 0 eV, 2 eV, 5.5 eV, 7.5 eV and 9 eV. The pressure in the ion source is 10−4 Pa.

itro-compounds, like nitrobenzene [4], nitrotoluene [5] and now
lso 2-nitro-m-xylene as far as the ionic yield for the parent anion
lose to 0 eV is concerned.

Fig. 4 shows the total anion efficiency curve (solid line) obtained

ia summation of the measured anion efficiency curves for all prod-
ct ions formed upon electron attachment to 2-nitro-m-xylene. The
ost intense product at all electron energies is the fragment anion
O2

−. The sum of the anion efficiency curves for all isotopomers

ig. 4. Total anion efficiency curve obtained upon summation of all anion efficiency
urves measured upon electron attachment to 2-nitro-m-xylene (solid line). The
otted line represents the anion efficiency curve for the most intense product NO2

−

sum of all isotopomers) and the dash-dotted line is obtained as the difference of
he two other curves.
ass Spectrometry 289 (2010) 128–137

of this product is shown by the dotted line and dash-dotted line
represents the sum of all other product ions. Thus NO2

− forma-
tion exceeds even the sum of all other reaction channels leading
to the formation of anions upon free electron attachment to this
molecule. Such an extreme dominance of one product anion at all
electron energies is quite unusual.

3.2. Electron attachment

Low-energy electron impact on 2-nitro-m-xylene induces the
formation of the parent negative ion C8H9NO2

− or M− which
exhibits a strong narrow resonance in the anion efficiency curve
around 0 eV, as shown in Fig. 5. Two weaker resonances at higher
energies about 4.6 and 8.1 eV, can be assigned to isotopic contami-
nation from the dehydrogenated parent fragment anion. The anion
efficiency curve of [M−H]− multiplied with the calculated isotopic
abundance for mass 150 matches perfectly the high-energy fea-
tures shown in the upper left diagram of Fig. 5. The mass spectrum
measured close to 0 eV (lower diagram of Fig. 3) shows additional
peaks above the parent anion at 151 Da. The anion efficiency curves
obtained at 152 Da and 153 Da have the same shape as the parent
anion. The relative abundances of the three anions at 151 Da, 152 Da
and 153 Da are 100:9.2:0.8 which is in excellent agreement to the
calculated isotopic pattern for 2-nitro-m-xylene. The formation of a
non-dissociated parent molecular anion near zero eV has also been
reported before for other nitro-compounds, such as TNT [9], nitro-
toluene [5], di-nitrobenzene [3] nitrobenzene [4] and musk ketone
[10]. Near 0 eV, electron attachment to 2-nitro-m-xylene leads to
the creation of a so-called “valence” anion [20]. Electron attachment
at these low energies yielding the formation of a non-dissociated
molecular ion that comprises the energy of the incoming electron
and the electron affinity of the molecule. Statistical intramolecular
rearrangement of this excess energy delays autodetachment [21]
and is a prerequisite of unimolecular vibrational predissociation of
parent anions in lower-mass fragment anions [22,23]. In an upcom-
ing paper the delayed fragmentation of M− will be investigated in
detail.

3.3. Dissociative electron attachment

An electron–molecule collision leading to the dissociation of a
temporary anion is considered as a two-step process (Reaction (3)),
formation of the temporary negative ion (TNI) and its decomposi-
tion into ionic and neutral fragments

e− + AB → (AB)∗− → A− + B (3)

The TNIs generated at low energy (<4 eV) are typically associated
with shape resonances. Thereby the excess electron is accommo-
dated into a formerly unoccupied molecular orbital. In the present
case the �* antibonding orbitals of 2-nitro-m-xylene will be most
likely involved in electron attachment via shape resonances. The
resonance features at higher energies, which are found for almost
all fragments presented in this work, can be characterized as core-
excited resonances. Thereby the extra electron is bound to an
electronically excited state of the neutral 2-nitro-m-xylene [24,25].

The low-energy (below 20 eV) electron interaction with the gas
phase 2-nitro-m-xylene reveals a very rich fragmentation pattern.
Within the sensitivity of the presently utilized instrument 60 prod-
uct anions are observed. Table 1 gives an overview of all observed
fragments and the positions of their resonances.
3.3.1. Loss of hydrogen atoms [M−nH]−, n = 1, 2, 3 (148–150 Da)
The ion yields observed at masses 150 Da, 149 Da and 148 Da

presented in Fig. 5, can be assigned to the anions [M−H]−, [M−2H]−

and [M−3H]− that are formed via loss of one, two and three hydro-
gen atoms, respectively. The formation of these anions involves
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ig. 5. Ion efficiency curves for the 10 highest-mass products (131–151 Da) formed
ines are obtained via subtraction of the calculated heavy isotope of the fragment ani
ines).

lectrons with energies higher than zero eV. The respective ion
ields show two peaks with maxima located around 5 eV and 9.5 eV.
he relative abundance of the two resonances is similar for [M−H]−

nd [M−3H]−, but the high-energy feature is almost a factor of two
ower for [M−2H]−. In the case of the DNA base thymine double
ydrogen loss upon DEA is possible also at very low electron ener-
ies, however, thermochemical calculations indicate that a neutral
2 molecule is ejected [26]. In the present case none of the dehy-
rated anions exhibits a resonance close to 0 eV. The energy gain
pon H2 formation would increase the internal energy of the frag-
ent anion to a level where strong fragmentation can be expected

nd thus we conclude that for 2-nitro-m-xylene individual H atoms
ill be emitted that carry away most of the excess energy. In addi-

ion we calculated the energy balance for the formation of the
nions [M−H]−, [M−2H]− and [M−3H]− with the density functional
3LYP and the 6-311++G** basis set. All energies include the zero
oint energy (ZPE) correction derived at the same level of theory
nd basis set with an estimated uncertainty of ±0.30 eV. The results
e find are summarized in Table 2. The loss of one hydrogen atom

rom the ring yields the same endothermic threshold whether the
ydrogen is taken from a ortho position to a methyl group or the

ara position to the nitro-group. These values are in good agree-
ent with the onset of the first resonance seen in Fig. 5. The loss

f two neutral hydrogen atoms from the benzene ring yields to
n endothermic threshold of 7.11 eV if both hydrogen atoms are
aken away from the ortho positions of the methyl groups. In the
electron attachment to 2-nitro-m-xylene. For anions at 133 Da and 136 Da the solid
mass below (dotted lines) from the measured anion efficiency curves (dash-dotted

case that the hydrogen atoms are next neighbours an energy of
6.82 eV is required to initiate the reaction. Both values are in good
agreement with the onset of the second resonance for the energy
resonance curve of m149. If one takes the bond energy of H2 into
account, which is calculated to be 4.49 eV, one matches the onset of
the first resonances, which indicates that both two separate hydro-
gen atoms as well as a hydrogen molecule are formed. In the case
of the loss of three hydrogen atoms from the benzene ring, the
calculated energetic balance is 10.14 eV, which corresponds to the
peak position of the second resonance. Again the gain of the binding
energy upon formation of a neutral hydrogen molecule is in good
agreement with the first resonance.

3.3.2. Anions formed upon loss of one heavy element
(131–137 Da)

The next fragments with high abundance have masses in the
range of 131–136 Da; their anion efficiency curves are shown also
in Fig. 5. All fragment anions of this group exhibit their most intense
resonance at about 5 eV. The anion yields at 133–135 Da have an
additional weak structure at electron energies below 1.4 eV and
the only anion with an additional high-energy resonance at 9 eV

is at mass 131 Da. The anion with highest intensity of this group
is at 135 Da and corresponds to the loss of 16 Da from the parent.
For nitrotoluene and TNT the loss of OH or 17 Da from the parent
anion was orders of magnitude more intense then the loss of an O
atom [5,9]. Furthermore, the anion at 135 Da exhibits a clear 0 eV
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Table 1
Mass, empirical formula of the ions and the peak positions for all observed anions
formed upon DEA to 2-nitro-m-xylene.

Mass (Da) Molecular formula of an anion Resonance (eV)a

151 C8H9NO2
−/M− ∼0

150 C8H8NO2
−/[M−H]− 4.6 8.1

149 C8H7NO2
−/[M−2H]− 5.1 9.5

148 C8H6NO2
−/[M−3H]− 4.9 9.7

136 C7H6NO2
−/[M−CH3]− 4.7

135 C7H5NO2
−/[M−CH4]− ∼0 5.2

134 C8H8NO−/[M−OH]− 1.4 4.7
133 C8H7NO−/[M−H2O]− 1.4 4.7
132 C8H6NO−/[M−H−H2O]− 5.0
131 C8H5NO−/[M−H2−H2O]− 5.5 9.0
121 C8H9O−/[M−NO]− 1.4 4.9
120 C8H8O−/[M−H−NO]− 5.5 8.7
119 C8H7O−/[M−2H−NO]− 5.0 9.9
118 C8H6O−/[M−3H−NO]− 5.1 9.6
117 C8H5O−/[M−4H−NO]− 5.8 9.8
116 C8H4O−/[M−5H−NO]− 5.2 9.7
114 C8H2O−/[M−7H−NO]− 5.1 8.7
109 C6H7NO− 4.9
108 C6H6NO− 5.0
107 C6H5NO− 5.2 9.6
106 C6H4NO− 5.4
105 C8H9

−/[M−NO2]− 5.5 7.4 9.6
104 C8H8

−/[M−H−NO2]− 5.3 9.6
103 C8H7

−/[M−2H−NO2]− 5.3 9.6
102 C8H6

−/[M−3H−NO2]− 6.1 9.6
96 C6H8O− 5.9
94 C6H6O− 5.9
93 C7H9

−/C6H5O− 5.9 10
92 C7H8

−/C6H4O− 5.9 9.9
91 C7H7

−/C6H3O− 5.5 10.7
90 C7H6

−/C6H2O− 6.0
81 C6H9

− 5.9
80 C6H8

− 5.9
79 C6H7

− 5.9
66 C4H2O− 5.8 10.1
59 CHNO2

− 5.6
46 NO2

− 1.2 4.9
45 C2H5O− 5.5 10.2
44 C2H4O− 5.6 9.2
43 C2H3O− 2.2 5.9 9.5
42 CNO− 5.9 9.7
41 C2HO− 6.0 9.5
30 NO− 5.8 10.1
29 CHO− 5.7
26 CN− 6.0 10.2
25 C2H− 6.3 9.8
19 18OH− 5.9 9.9
17 OH− 5.9 9.9
18 18O− 6.1 7.9 10.1

p
m
s
1

T
C
2

16 O− 6.1 7.8 10.1
15 CH3

− 5.9
1 H− 5.8 10.1

a The values have been obtained by Gaussian-fits.
eak. From these two observations we conclude that a neutral CH4
olecule is emitted rather than CH3 and H (energetically not pos-

ible close to 0 eV) or an O atom. The anion efficiency curve at mass
36 Da exhibits a broad asymmetric feature at 5 eV (dash-dotted

able 2
alculated threshold energies for the subtraction of up to five hydrogen atoms from
-nitro-m-xylene.

Reaction �E (eV) H loss from carbon #
(as indicated in Fig. 1)

M + e− → (M−H)− + H 2.90 5
M + e− → (M−H)− + H 2.96 6
M + e− → (M−2H)− + 2H 7.11 3/5
M + e− → (M−2H)− + 2H 6.82 4/5
M + e− → (M−3H)− + 3H 10.14 3/4/5
M + e− → (M−4H)− + 4H 13.74 3/4/5/17
M + e− → (M−5H)− + 5H 17.02 3/4/5/10/10
M + e− → (M−5H)− + 5H 18.40 3/4/5/10/17
ass Spectrometry 289 (2010) 128–137

line). The high abundance of the fragment at 135 Da accounts for
most of the signal at 136 Da via its isotope 13C12C7H5NO2

− (dot-
ted line). The difference of the two curves can be assigned to CH3
loss from the parent anion ([M−CH3]− or C7H6NO2

−) and is plot-
ted in the lower right diagram with a solid line. One mass higher,
137 Da, the anion efficiency curve can be explained as a super-
position of the heavy isotopomers of [M−CH3]− and [M−CH4]−.
The anion at mass 134 Da is formed via loss of OH from the TNI
([M−OH]− or C8H8NO−) in a low-intensity feature at 1.4 eV and a
dominant resonance at 4.7 eV. The anion at 132 Da that we ten-
tatively assign to [M−OH−H2]− is almost as intense as [M−CH4]−

which is in good agreement to DEA of 4 eV electrons to nitrotoluene
[5]. The high abundance of this anion contributes via its isotopomer
13C12C7H6NO− (dotted line in middle, right diagram) also to the
ion efficiency curve at 133 Da (dash-dotted line). The solid line
in the diagram exhibits a relatively intense low-energy feature at
1.4 eV which indicates that an intact water molecule is removed in
order to be exothermic at this low electron energy. For the anion
at 131 Da the most intense resonance at around 5 eV is up-shifted
to 5.5 eV which can be explained by the additional energy that is
required to break additional hydrogen atoms from the TNI. We pro-
pose that this anion is formed via loss of a water and a hydrogen
molecule ([M−2H−H2O]− or C8H5NO−). An additional high-energy
resonance at 9 eV is visible for this anion.

3.3.3. Anions formed upon loss of two heavy elements
(114–121 Da)

The fragment ion at 121 Da can be formed either via loss of a
neutral NO or the loss of both methyl groups. According to Fig. 6
(upper left diagram), this fragment has the most abundant anion
yield at 4.9 eV. A second weak resonance for the formation of this
fragment is observed at 1.4 eV. The ion yields at higher masses of
122 Da and 123 Da have exactly the same shape (not shown in the
figures) and their yield is 9.1% and 0.6% of the fragment at mass
121 Da, respectively. The calculated ratios between the masses 123,
122 and 121 for [M−NO]− is 8.8% and 0.5%, whereas the calculated
isotopic ratios for these masses based on the fragment [M−2CH3]−

are 6.9% and 0.5%. Thus, the fragment at 121 Da can be assigned to
loss of NO and not to the loss of the two methyl groups.

The following lower-mass anions between 114 Da and 120 Da
are most likely formed via single or multiple loss of hydrogen
and the NO unit. The anion efficiency curves of [M−nH]− and
[M−nH−NO]− exhibit striking similarities concerning the relative
abundance of the resonances (see Figs. 5 and 6). As in the case of
pure hydrogen loss a clear odd even alternation in the abundance
of the fragment anions is observed, i.e., the yield of [M−nH−NO]−

with n = 1, 3, 5 and 7 is higher than for even numbers of n. The
mass spectrum measured at 5.5 eV in Fig. 3 shows this trend even
better since it contains also the low-intensity fragments where no
electron energy scans were measured. Since all of these anions are
hardly formed at electron energies below 4 eV, the energy provided
by the incoming electron and the electron affinity of the resulting
high-mass fragment is sufficiently high to drive this stripping of
hydrogen. Additional energy can be gained upon bond formation
among the neutral fragments such as H2, HNO, H2O or NH3. For
n > 3 hydrogen atoms have to be removed also from the methyl
group and experiments with partially deuterated molecules could
shed more light on this dehydrogenation process upon DEA [26].
The endothermic threshold for the subtraction of four as well as
five hydrogen atoms is listed in Table 2. All values can be lowered
by the formation of one or two hydrogen molecules, i.e., 4.49 eV or

8.98 eV. In both cases the reactions remain endotherm. However,
for the subtraction of five hydrogen atoms it is interesting to note
that form a thermodynamic point of view two hydrogen atoms are
removed from both methyl groups. In the other case, an additional
energy of 1.38 eV is required.
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ig. 6. Ion efficiency curves of the fragment anions with masses 121–105 Da form
he anion efficiency curve of C6H4NO− and is obtained via subtraction of the calcula
dash-dotted lines).

.3.4. Anions formed upon loss of three heavy elements
102–109 Da)

The fragments at masses 106–109 Da exhibit only a strong reso-
ance around 5 eV. The position of this resonance depends almost

inearly on the mass of the anion, i.e., it shifts to higher elec-
ron energies for smaller fragment ions (see Table 1). These anions
equire the loss of one oxygen atom and two carbon atoms, how-
ver, a removal of the methyl groups can be excluded since only
p to five H atoms will be lost. Thus we propose that these frag-
ents are formed upon ring cleavage. The most intense fragment

s at mass 108 Da and contributes with its isotopes strongly to
he ion yield at 109 Da. The additional high-energy resonance for
he fragment at 107 Da (C6H5NO−) indicates that a rapidly formed
ehydrogenated parent anion is an intermediate precursor for this
roduct.

The ion efficiency curve at mass 105 Da, assigned to [M−NO2]−,
as a unique shape compared with the other fragments. Three res-
nances are observed, located at 5.5 eV, 7.4 eV and 9.6 eV. The only
ther fragment with a resonance around 7 eV is O− (see Fig. 8).
pparently a core-excited resonance, where the electrons from the
orbitals of the NO2 group are involved, forms the TNI that decays

nto O− or [M−NO2]−. Also for other nitro-containing molecules
ragment anions of the form [M−NO2]− exhibit anion efficiency
urves that differ clearly from all other product anions [7,9,27].
The three anions with masses 104 Da, 103 Da and 102 Da cor-
espond to loss of the nitro-group and additional loss of up to
hree hydrogen atoms, i.e., [M−H−NO2]−, [M−2H−NO2]−, and
M−3H−NO2]−, respectively. These anions exhibit a strong fea-
ure between 5 eV and 6 eV and a second much weaker resonance
on DEA to 2-nitro-m-xylene. The solid line for the fragment at 106 Da represents
eavy isotope of [M−N2O]− (dotted lines) from the measured anion efficiency curve

at about 9.6 eV. Particularly this high-energy resonance indicates
again that the formation of these fragments proceeds via an excited
dehydrogenated parent anion.

3.3.5. NO2
− (46–48 Da)

The yield of this anion measured under identical conditions as
the other anions exceeds 13 MHz which cannot be measured by
single ion counting. Thus the main isotope of this fragment at 46 Da
was measured with closed slits that reduced the intensity by two
orders of magnitude. The yields of the isotopes at 47 Da and 48 Da,
originating from the heavy isotopes 15N, 17O and 18O, have a relative
intensity of 0.446% and 0.411%, respectively and can be measured
with fully open slits. The curve shown in Fig. 7 that represents the
anion efficiency curve of NO2

− at 46 Da was corrected from the
measurement with the collimated beam by normalization with the
isotopic ratio. Anions with masses 105 Da and 46 Da may be formed
via the cleavage of a C–N:

e− + M ↔ (M)∗− → [M−NO2] + NO2
− (4)

e− + M ↔ (M)∗− → [M−NO2]− + NO2 (5)

The NO2
− ion yield for 2-nitro-m-xylene (Fig. 7) shows two

strong maxima at 1.2 eV and 4.9 eV. According to electron transmis-
sion spectroscopy of nitro derivatives in the gas phase the peak at

lower energy is associated with simple electron capture into the �*
orbital (which has antibonding character between the nitro-group
and the ring), whereas signals at higher energies are associated
with core-excited resonances [6]. Reaction (4) is endothermic
with a thermodynamic threshold of 0.83 eV as calculated from
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(dash-dotted lines) and the isotopic contribution of CNO− (dotted
ig. 7. Ion efficiency curves of the fragment anions with masses 46–41 Da formed
ith its heavy isotopes (dotted lines) to the anion efficiency curves measured one

he corresponding measured anion efficiency curve and the isotopic contribution o

he bond dissociation energy taken from the average value in
itro-compounds, D(C-NO2) = 3.1 eV [28], and the well know elec-
ron affinity EA(NO2) = 2.273 eV [29,30]. Therefore, the formation
f NO2

− at low electron energy around 0 eV is energetically not
llowed via Reaction (4). However, complex rearrangement and the
ormation of several highly stable neutral products such as H2O,
O2 or CH4 could easily provide enough energy to make the for-
ation of NO2

− exothermic, even for very low-energy electrons. A
eak anion signal down to 0 eV and a unimolecular decay reaction

rom the parent anion into mass 46 support such a complex time
onsuming process.

.3.6. H− (1 Da)
In 2-nitro-m-xylene, the anion H− can originate from the aro-

atic ring or from the two methyl groups attached to it. The anion
fficiency curve of this product (shown in Fig. 8) exhibits two res-
nances, located at 5.8 and 10.1 eV. Since H− is also formed upon
EA to water and other hydrogen containing molecules present in

he residual gas of a mass spectrometer, the curve shown in Fig. 8
s obtained by subtracting the background signal (measured at a
ressure of 10−5 Pa) from the anion efficiency curve of the sample
nd the residual gas (at a pressure of 3 × 10−4 Pa). The sum of the
lectron energy at these resonances and the electron affinity of H
0.75 eV [31]) is high enough to directly produce H− via a simple
ond cleavage reaction:
− + M → (M)∗− → [M−H]∗ + H− (6)

Recent studies showed that the resonance energy for H− for-
ation via Reaction (6) depends strongly on the element to which

ydrogen is connected in the molecule [17,26,32,33]. For hydrogen
DEA to 2-nitro-m-xylene. The highly intense fragment CNO− at 42 Da contributes
o mass units above (dash-dotted lines). The solid lines represent the difference of
.

attached to an aromatic ring a resonance at lower electron energies
is expected than for hydrogen atoms of methyl groups. However,
for all cases the calculated threshold energies for Reaction (6) is
below 5 eV. Thus excess energy has to be removed by the kinetic
energy of the hydride anion or it will lead to further decomposition
of the neutral fragment.

3.3.7. The isobaric anions C2H2O− or CNO− (42 Da)
The anion efficiency curves for 42–44 Da are shown in Fig. 7. The

high abundance of the anion at 42 Da will influence with possible
heavy isotopes (13C, 15N, 17O and 18O) the subsequent low-intensity
signals at 43 Da and 44 Da. The anion efficiency curve of mass
42 Da reveals two features centred at 5.9 eV and 9.7 eV. The anions
C2H2O− or CNO− would be possible fragments at this mass. Except
for an additional low-energy feature at 2.2 eV for mass 43 Da the
shape of the anon efficiency curves for 42 Da, 43 Da and 44 Da is very
similar. The calculated isotopic ratio between the yield at 43 Da and
42 Da is 1.489% for CNO− and 2.224% for C2H2O−. The ratio of the
ion yields calculated from the peak heights of the mass spectrum,
measured at 5.5 eV electron energy (shown in Fig. 3), is 1.988% and
thus excludes C2H2O− as a possible structure. The solid lines in the
diagrams showing the anion efficiency curves for 43 Da and 44 Da
represent the difference of the measured anion efficiency curves
lines). The assignment of CNO− for mass 42 Da is in agreement with
a recent study on dissociative electron attachment to three isomers
of di-nitrobenzene [4]. However, it is in contrast to our previous
study on musk ketone [10] where the isotopic ratio of C2H2O− was
not in contradiction with the ratio of the measured anion yields.
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Fig. 8. Ion efficiency curves of the fragment anions with ma

Fig. 9. Ion efficiency curves of the fragment anions with mas
sses 30–1 Da formed upon DEA to 2-nitro-m-xylene.

ses 117–93 Da formed upon DEA to 2-nitro-m-xylene.
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Fig. 10. Ion efficiency curves of the fragment anions w

.3.8. The isobaric anions CN− and C2H2
− (26 Da)

The anion efficiency curve of the fragment with mass 26 Da is
hown in Fig. 8. CN− or C2H2

− are possible anions. The positions for
he resonances for this mass and its first isotope at mass 27 Da are
xactly the same (6 eV and 10.2 eV). For CN− the relative abundance
f the isotope at 27 Da is 1.5% and for C2H2

− 2.2%. From the mass
pectra and the anion efficiency curves the ratio of ion yield of mass
7 and 26 is 1.3%. This agrees quite well with CN− and its first heavy

sotope that consists of 13C14N− and 12C15N−. Thus we conclude
hat DEA to 2-nitro-m-xelene predominantly leads to the forma-
ion of CN−. The cyanide anion CN− is most likely formed upon ring
leavage, i.e., the carbon atom originates from the aromatic ring and
ot from one of the methyl groups. CN is a well known pseudohalo-
en having an appreciable electron affinity (3.862 eV) exceeding
ven that of the halogen atoms. Formation of CN− via complex DEA
eactions is well known for several molecules containing C and N
toms [6,17] and was recently reported for the amino acid proline
33] and musk ketone [10].

.3.9. O− and OH− (16–19 Da)
The anion efficiency curves for mass 16 and 17 are shown in

ig. 8. As mentioned above, the oxygen anion is one of the few prod-
cts that is formed via a resonance at an electron energy between
eV and 8 eV. Other, more intense features in the anion efficiency
urve are located at 6.1 eV and 10.1 eV. Mass 17 can be assigned to

ydroxyl anion OH− and has two resonances centred at 5.9 eV and
.9 eV. The isotopic ratio 16O−/18O− (masses of 16 Da and 18 Da) and
6OH−/18OH− (masses of 17 Da and 19 Da) is 0.2%, which perfectly
grees with the measured intensity ratio for the corresponding
asses (0.2% and 0.21%, respectively).
sses 92–59 Da formed upon DEA to 2-nitro-m-xylene.

3.3.10. CH3NO− (45 Da)
The ion yield for mass 45 Da (Fig. 7, middle diagram) is much

less intense than for the neighboring anion NO2
−. Besides the low-

intensity fragment C2H− (25 Da) this is the only fragment where the
high-energy resonance at 10.2 eV is more intense than the feature
at 5.5 eV. The most likely composition of this anion is CH3NO−.

Figs. 9 and 10 show anion efficiency curves for the formation of
several other fragment anions formed upon dissociative electron
attachment to 2-nitro-m-xylene. Possible chemical compositions
of these fragments are listed in Table 1.

4. Conclusions

Experimental studies on low-energy (<18 eV) electron impact
on gas phase 2-nitro-m-xylene have been performed by a high
mass resolution double focusing two sector field mass spectrom-
eter. Capture of an excess electron by 2-nitro-m-xylene neutral
molecules and the subsequent electron attachment process lead to
complex molecular decomposition over the studied energy range
and induce the formation of many different anions and radical
fragments. Fragmentation is attributed to DEA via resonant cap-
ture of the incident electron into either shape or core-excited
resonances. The formation of a long-lived parent anion near zero
eV electron energy is observed, as well as a rich fragmentation
pattern at higher electron energies involving different resonant fea-

tures. In good agreement with other aromatic nitro-compounds,
the most dominant DEA reaction is the formation of NO2

−. Due to
the resonant nature of DEA processes, relative attachment cross
sections are unique for every molecule and so DEA experiments
have shown to be a powerful technique to identify chemically
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