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Abstract

The nitrobenzene derivatives 1,2-nitrotoluene, 1,3-nitrotoluene, 1,2-fluoronitrobenzene, 1,3-fluoronitrobenzene, 1,4-fluoronitrobenzene, 1,2-
chloronitrobenzene, 1,3-chloronitrobenzene and 1,4-chloronitrobenzene are investigated by means of electron transmission spectroscopy (ETS),
dissociative electron attachment spectroscopy (DEAS) and negative ion mass spectrometry (NIMS). The observed energies of electron attachment
to m* MOs were interpreted with the support of the empty level structures of the neutral molecules supplied by HF/6-31G and B3LYP/6-31G*
calculations. In the chlorine-substituted derivatives three main long-lived negative ions (NIs) (M~, CI~, and NO, ™) are observed, only M~ and
NO;™ in the other investigated compounds. The detection of the metastable NIs corresponding to the process M*~ — R™ + (M—-R)* suggests that
the molecular NIs formed near thermal electron energy dissociate on a microsecond timescale. Mean autodetachment lifetimes of the molecular

NIs as a function of electron energy are evaluated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Electron transmission spectroscopy (ETS) [1,2] is one of the
most suitable means for measuring the energies of formation
of unstable anion states in the gas-phase. This technique takes
advantage of the sharp variations in the total electron—molecule
scattering cross section caused by resonance processes, namely,
temporary capture of electrons with appropriate energy and
angular momentum into empty molecular orbitals (MOs) [3].
The electron attachment process is rapid with respect to the
nuclear motion, so that the temporary anions are formed in
the equilibrium geometry of the neutral molecule. The mea-
sured vertical attachment energies (VAEs) represent the negative
values of the vertical electron affinities (EAs).
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Additional information on negative ion formation can be sup-
plied by dissociative electron attachment spectroscopy (DEAS)
[2] which measures the yield of long-lived negative ions, as a
function of the impact electron energy. When suitable energetic
and kinetic conditions occur, the temporary molecular anions
observed in ETS can follow a dissociative decay channel before
the extra electron is re-emitted. The lifetime of the negative frag-
ments produced is usually sufficiently long to allow detection
by means of a mass filter.

Because of the strong inductive effect and the low energy
of the lowest unoccupied MO (LUMO) of the NO; functional
group, nitro derivatives possess very pronounced electron-
acceptor properties. From the point of view of the reactivity, the
knowledge of the empty level structure is even more important
than that of the filled counterpart. Nevertheless, to our knowl-
edge the ETS literature is limited to a work on the reactivity of
a large conjugated m-system [4] and to a study of nitrobenzene
and its hydroxy and methoxy derivatives [5], where the energy
trends of the observed VAEs were reproduced by the empty MO
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energies supplied by Hartree—Fock (HF) calculations using the
6-31G* and D95V* basis sets, which do not include diffuse
functions.

A theoretical description of the unstable anion states presents
difficulties. A proper description of such spatially diffuse
species, in fact, would require a basis set with diffuse functions.
However, as the basis set is expanded, an SCF calculation ulti-
mately describes a neutral molecule and an unbound electron
in the continuum, and generates low-energy solutions having
no physical significance with regard to anion formation [6,7].
In addition, the calculated energies depend upon the basis set
choice; so that it is a hard task to decide a priori which basis set
(if any) will be reliable for reproducing the energies of unstable
anion states [8]. However, Staley and Strnad [6] and Chen and
Gallup [9] demonstrated that the w¢~ VAEs measured in ETS
are linearly correlated with the corresponding HF virtual orbital
energies (VOEs) of the neutral molecules, calculated with basis
sets which do not include diffuse functions, and that this simple
computational approach can be used for quantitative prediction
of m* VAEs in unsaturated hydrocarbons. More recently, an anal-
ogous good linear correlation has also been found [7] with the
VOEs supplied by B3LYP/6-31G* calculations.

An electron—molecule collision leading to the dissociation of
a temporary anion state is the simplest example of an electron-
transfer induced chemical reaction:

AB+e” — AB*” — A” +B,

where AB is a target molecule. Such processes play an important
role in many different research areas such as low-temperature
plasma physics, chemistry, biochemistry, and environmental sci-
ences, among others. The electron—target interaction as well as
the ensuing chemical reaction can, in general, depend on the
molecular environment. Nevertheless, the gas-phase properties
of the molecule (such as EA, total scattering and DEA cross sec-
tions) remain of fundamental significance, shaping its behavior
in any aggregate state. However, a model of these processes with
predictive power has not yet been developed. DEAS and NIMS,
closely connected with the ETS technique [5,10], give informa-
tion on the dissociative decay channels which follow electron
attachment. The DEA cross section opa (E) may be represented
as the product of a capture cross section ocap(E) and the anion
survival factor p [10,11], where E is the electron impact energy:

opA(E) = acap(E)p. (H

DEAS information on nitrobenzene derivatives [5,12,13] is
rather scarce, although in the 1970s Christophorou et al. [14]
measured the lifetime of the parent anion formed at zero energy
in a variety of nitrobenzene derivatives and elaborated a semi-
empirical theory for the autodetachment decay of parent negative
ions [15]. This approach, however, requires knowledge of the
electron attachment cross section. A recent NIMS study [16] of
25 nitrobenzens explored the suitability of this technique as a
tool for molecular identification of electrophilic compounds.

Here we report for the first time the ET spectra of methyl,
fluoro and chloro derivatives of nitrobenzene. The assignment
of the spectral features to the corresponding anion states is sup-

ported by comparison between the measured VAEs and those
obtained by scaling the HF/6-31G and B3LYP/6-31G* VOEs
of the neutral state molecules with empirical linear equations
available in the literature [5,6]. The same equations also allow
to evaluate the positive EAs associated with formation of stable
anion states, which cannot be observed in ETS.

The DEA spectra of the same compounds are also presented,
to get insight into the dissociative decay channels of the various
resonances, the nature of the negative fragments produced and
their relative abundance.

2. Experiment

In NIMS experiment an electron beam passes through the
ionization chamber of a mass spectrometer filled with the gas-
phase molecules under investigation. The negative ions formed
are recorded mass spectrometrically as a function of the incident
electron energy. The mass spectrometer consists of a negative
ion source, 90° magnetic sector analyzer, and secondary electron
multiplier with a multiplication factor of about 10°. The vacuum
system is heatable up to 300 °C and consists of two 1001/s oil
diffusion pumps with liquid nitrogen traps. One pump is used
for evacuating the chamber in which the negative ion source
is located. The other one reduces the pressure in the chamber
where the secondary electron multiplier is placed. The residual
pressure in the vacuum system of the mass spectrometer does
not exceed 1.5 x 1078 Torr.

All electrodes of the negative ion source are made of stainless
steel and coated with soot, in order to reduce the reflection of
electrons from the electrodes. The coating also decreases the
formation of dielectric films on electrode surfaces, which may
influence the electric potentials inside the anion source. The
electrons emitted from a tungsten filament are collimated by an
axial magnetic field of about 80 G. The electrons with an energy
distribution of about 0.4eV are accelerated into the collision
chamber where they interact with the target gas. The pressure
inside the collision chamber is kept as low as ~ 10~ Torr in order
to ensure single-collision conditions. After passing the collision
chamber, the electrons are collected by an electron trap. The
electron current is about 1 wA at the electron energy of 8eV.
The full electron energy range accessible in this experiment was
0-12eV. Negative ions are extracted from the collision chamber
and accelerated to the magnetic mass analyzer by a potential
difference of 4 kV. The time of flight for the SF¢ ™ ion (m/z 146),
from its formation in the negative ion source to detection with
the secondary electron multiplier, is about 20 ws. Scanning of
the electron energy and the mass number is carried out by an
IBM-comparable computer using a CAMAC interface, with an
energy step of 16 meV. The estimated accuracy of determination
of the peak positions is +0.1 eV.

The electron energy scale is calibrated with reference to
the SF¢™ anion from SFg which gives the well-known reso-
nance peak at 0 eV. The natural shape of this resonance may be
approximately fitted by a 8-function, the full width at half max-
imum (FWHM) being extremely small [8]. Thus, the measured
width of the SFg™ ion reflects the electron energy distribution
in the ion source. The relatively poor energy resolution (FWHM
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~0.4eV), in comparison for example with tens of meV in an
apparatus equipped with a trochoidal electron monochromator
[9], however, allows to detect low-intensity signals. In addi-
tion, the sensitivity can be further enhanced by accumulating
the signals obtained in different electron energy scans.

In contrast to quadruple or time-of-flight mass filters, the
magnetic mass filter possesses an important advantage, namely,
the possibility to detect the so called metastable NI [17]. These
ions form outside the ionization camber of the ion source on the
time scale of 1-10 ws, depending on the repulsive potential in
the ion source. Registration of metastable NIs is a direct exper-
imental evidence for the occurrence of very slow dissociation
processes.

The ET spectra were measured at the University of Bologna
using an apparatus in the format devised by Sanche and Schulz
[1], and previously described [18]. The present spectra were
obtained in the “high rejection” mode [19], and are therefore
related to the nearly total scattering cross-section. The electron
beam resolution was about 50 meV (FWHM). The energy scale
was calibrated with reference to the (1s'2s%)2S anion state of
He. The estimated accuracy of the measured VAEs is +0.05 eV.

High-resolution (FWHM=100meV) DEA spectra were
measured at the Comenius University, Bratislava, with an appa-
ratus described in details elsewhere [20].

All  compounds are commercially
Sigma—Aldrich Inc.

available from

2.1. Computational details

Geometry optimisations and evaluation of the virtual orbital
energies of the neutral molecules were obtained at the HF/6-
31G and B3LYP/6-31G* levels. The first vertical and adiabatic
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EAs of nitrobenzene and 4-F-nitrobenzene were computed as the
total energy difference between the neutral and anion states (the
latter with the optimized geometry of the neutral state or with
its optimized geometry, respectively) at the B3LYP/6-31 + G*
level. The calculations were performed with the Gaussian 98 set
of programs [21]. Statistical model calculations were performed
using Maple 8.0 by Waterloo Maple Inc.

3. Results
3.1. ET spectra

The ET spectra of the nitrobenzene derivatives NOj—
CsHs—X, with X=CHjs, F and Cl, are presented in the upper
left panels of Figs. 1-8. The vertical lines locate the measured
VAEs, given in Table 1. In all compounds, the first anion state is
stable (thus not observed in ETS). The experimental adiabatic
EAs, however, are available in the literature [22—-24]. Although
the adiabatic EAs are associated with the anion in its optimized
geometry, their values (with negative sign) are reported in Table 1
in the column of the experimental VAEs.

The assignment of the ET spectral features to the corre-
sponding MOs can be based on that previously reported [5] for
nitrobenzene. Nitrobenzene (Cyy point group) has four empty
w* orbitals. The LUMO, with mainly 7m* NO, character and
mixed with the component of by symmetry of the degenerate
benzene m* (e3,) MO, gives rise to a stable anion state. The first
resonance displayed (at 0.55eV) by the ET spectrum is asso-
ciated with the non-interacting ring 7* (az) component of the
benzene m* (e,) LUMO, inductively stabilized (about 0.6 eV
with respect to benzene [18]) by the electron-withdrawing nitro
group. The second resonance of the spectrum (1.36eV) is due

1,2-nitrotoluene, EA___ =0.92 eV

adiab.
4x10°

0.02 Low resolution DEA

3x10°}

2x10°F

- Arb. Un.

o o
©x10°r

In(NO,-/M-)

o In(NO,7M")

4 ]
In(NO,/M-) Theory
-8 t +
® Experiment
° Theory
ES
oy
£
K
=
0 1 n n n
0.0 0.2 0.4 0.6 0.8 1.0

Electron Energy, eV

Fig. 1. Left panels: ETS (~300K, vertical lines indicate the VAEs), DEA with high-electron energy resolution (~300 K) and NIMS with high-sensitivity (~350 K)
data for 1,2-nitrotoluene. Right panel: enlarged low-energy region of the low-resolution DEA spectrum including metastable NIs (upper panel); experimental and
calculated decay curves for 1,2-nitrotoluene; the arrow indicates a change of slope of the experimental decay curve (middle panel); mean autodetachment lifetime
of the molecular NI as a function of energy and theoretical extrapolation to zero electron energy (bottom panel).
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Fig. 2. As in Fig. 1 for 1,3-nitrotoluene.

to the b; component of the benzene LUMO, mixed in an anti-
bonding manner with the 7m* NO, MO. Electron capture into
the highest-lying empty @* (b;) MO (with mainly totally anti-
bonding benzene w* (byg) character, VAE=4.82 eV in benzene
[18]) is associated with the resonance at 4.69 eV, the remaining
resonance (at 3.79 eV) being ascribed [5] to a core-excited shape
resonance, that is, electron capture accompanied by a valence
electron excitation.

As mentioned above, it was shown that the experimental *
VAE:s of unsaturated hydrocarbons are linearly correlated to the
corresponding VOEs of the neutral molecules, and that this sim-
ple approach can be used for their quantitative prediction. Table 1
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reports the VOEs obtained with HF/6-31G and B3LYP/6-31G*
calculations and (in parentheses) the VAEs predicted by the
appropriate linear scaling given in Refs. [6,7], respectively, for
the HF and B3LYP calculations. The VAEs obtained from the
HF/6-31G VOEs are also represented as vertical lines above each
ET spectrum in Figs. 1-8.

The energies of the first two resonances (associated with the
second and third anion states) displayed in the ET spectrum of
nitrobenzene are nicely reproduced (within £0.1eV) by both
the HF/6-31G and B3LYP/6-31G* scaled VOEs (see Table 1).
The VAE of the higher lying 7* (b;) MO is somewhat underes-
timated, especially with the B3LYP calculations. However, this
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Fig. 3. Asin Fig. 1 for 1,2-fluoronitrobenzene.
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Fig. 4. As in Fig. 1 for 1,3-fluoronitrobenzene.

is to be expected because this resonance is likely destabilized by
mixing with the (close in energy) core-excited resonance located
at 3.79eV. This interaction, of course, is not accounted for by
the neutral state calculations. Finally, the scaled VOEs predict
the first vertical m* anion of nitrobenzene to be sizeably stable
(about0.8 eV, see Table 1), in nice agreement witha 0.2 eV larger
experimental adiabatic EA (1.01eV [22]). The geometrically
relaxed anion, in fact, is more stable than the vertical anion.

In order to get a more quantitative assessment of their dif-
ference in this class of compounds, we have calculated the first
vertical and adiabatic EAs of nitrobenzene and 4-F-nitrobenzene
as the energy difference between the neutral and anion states at
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the B3BLYP/6-31 + G* level (i.e., using a basis set which includes
the minimum addition of diffuse functions). The following ver-
tical and adiabatic, respectively, EA values have been obtained:
nitrobenzene 0.890¢eV, 1.199¢eV; 4-F-nitrobenzene 0.993 eV,
1.314 eV. For both the vertical and the optimized anions, the
singly occupied MO is correctly predicted to be a valence MO
of by symmetry. The adiabatic EA, slightly (0.2eV) over-
estimated with respect to experiment, is calculated to be 0.3 eV
larger than the vertical EA. For all the nitrobenzenes considered,
0.3 eV is just the difference between the experimental adiabatic
EA and the vertical EA supplied by the scaled B3LYP VOEs
(see Table 1), thus indicating the reliability of the latter values.
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Literature ET data [18,23] showed that methyl substitution
on the benzene ring causes only small energy perturbations
of the m* anion states. In agreement, the ET spectrum of 3-
methyl-nitrobenzene looks very similar to that of nitrobenzene.
Its VAEs, as well as the adiabatic EA, are close to those of the
unsubstituted compound. In 2-methyl-nitrobenzene, because of
steric hindrance caused by ortho substitution, the conformation
where the NO; group is somewhat rotated out of the ring plane
(dihedral angle =13.23°, according to the B3LYP/6-31G* cal-
culations) is slightly more stable than the coplanar conformer.

Consistently, due to the smaller Trfi,oz / Tr:‘ing interaction, the ener-
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gies (experimental and calculated) of the first and third anion
states are about 0.1eV higher and smaller, respectively, with
respect to 3-methyl-nitrobenzene. As far as the highest-lying
benzene w* MO is concerned, it is to be noticed that in the
methyl derivatives both the HF and B3LYP calculations predict
the presence of two MOs with similar nature (localized on the
ring and the CH3 group). The energy reported in Table 1 is an
average value.

The main effect produced by fluorine and chlorine substi-
tution is an inductive stabilization of all the 7* anion states.
Because of this shift to lower energy, the ring a, resonance
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Fig. 7. As in Fig. 1 for 1,3-chloronitrobenzene.
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Fig. 8. As in Fig. 1 for 1,4-chloronitrobenzene.

appears as a shoulder on the high-energy side of the intense elec-
tron beam signal at zero energy, in some cases being completely
masked.

Also for the 2-halo derivatives the calculations predict a
rotated conformer to be slightly more stable than the planar
conformer. According to the B3LYP calculations, the dihe-
dral angle between the NO, and ring planes is 12.81° in
2-fluoro-nitrobenzene and 33.34° in 2-chloro-nitrobenzene. As
already observed for 2-nitrotoluene, in 2-fluoro- and 2-chloro-
nitrobenzene the energy gap between the first and third anion
states is smaller than that of the corresponding coplanar meta
and para isomers.

As expected [23], in the chloro derivatives the presence of a
third-row element causes the occurrence of an additional low-
energy resonance, associated with electron capture into a 0¢_¢,
MO. This resonance, located at 2.42 eV in chlorobenzene [23], is
centered around 1.8 eV in all three chloronitrobenzenes, in line
with the electron-withdrawing effect of the nitro group. Table 1
reports the scaled VOEs also for the of,_c MOs, although the
empirical linear correlations employed were calibrated only with
* VAEs. In fact, the agreement between the scaled o* VOEs
and the corresponding measured VAESs is worse than that found
for the m* VAEs.

3.2. High-resolution DEA spectra

The relative DEA cross sections as a function of inci-
dent electron energy, the so-called curves of effective ion
yield (CEIY), measured with high-electron energy resolu-
tion (FWHM ~ 100 meV) at room temperature (7 ~ 300 K) are
shown in the central left panels of Figs. 1-8. In the chloro deriva-
tives two dominant decay channels of the temporary parent NIs
are observed, corresponding to formation of ClI~ and NO,™
fragments. Long-lived parent NIs (M ™) were also found. These

results are in agreement within an order of magnitude with earlier
data[13,14]. The intensity of F~ fragments anions in the spectra
of the fluoro derivatives was too small (if any) to be detected.
Thus, in the fluoro and methyl derivatives only the CEIYs for
M™ and NO; ™ have been recorded. The peak of the M™ current
is observed at thermal electron energy in all compounds under
investigation. As previously suggested [15], these signals are
likely associated with vibrational Feshbach resonances.

As noted above, electron attachment to the empty w5 MO
leads to formation of the ring shape resonance of >A; sym-
metry (in the Cp, point group notation). In the ET spectra of
the chloro derivatives the corresponding feature is masked by
the intense electron beam signal. In 1,2-fluoronitrobenzene this
resonance appears as a shoulder at 0.3 eV (Fig. 3), while it is
clearly seen in nitrobenzene at 0.55eV [5], its methyl deriva-
tives (Figs. 1 and 2) at 0.49 and 0.47 eV, respectively, and in
1,3-fluoronitrobenzene (Fig. 4) at 0.34 eV. In the DEA spectrum
of 1,3-fluoronitrobenzene the M~ current displays a distinct
peak at 0.23 eV, which may be assigned to formation of the 75
anion state. The intensity of this signal is several times larger
than that of the NO,~ current (Table 2). In contrast, the cor-
responding resonant state in o-, m-, and p-chloronitrobenzene
mainly follows the DEA channel, which leads to formation of
CI~ fragment anions. This process is forbidden by symmetry
reasons in the rigid planar conformation of the neutral state,
and relies upon vibronic coupling under out-of-plane vibra-
tion of the halogen atom, which reduces the anion symmetry
[25].

Figs. 1-8 show the energy correspondence between the max-
ima of the NO, ™~ (and CI~ in the chloro derivatives) currents in
the high-resolution DEA spectra and the 73 temporary negative
ion states observed in ET spectra around 1 eV. These dissocia-
tion channels are also forbidden by symmetry. Also the signals
observed at ~3.6 eV in the ET spectra (assigned to core excited
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Table 1

Calculated virtual orbital energies (VOEs) and corresponding scaled values (VAEs) in parentheses (see text)

NO,-CgHy—X Orbital (Cyy notation) VOE (VAE) HF/6-31G VOE (VAE) B3LYP/6-31G* Experimental VAE (FWHM) (eV)
H % by (ring) 9.255 (4.56) 3.844 (4.31) 4.69 (0.50), 3.79%ore excited (0.50)
% by (ring-NO;) 4.261 (1.30) 0.016 (1.22) 1.36 (0.40)
¥ a (ring) 3.032 (0.50) —0.753 (0.60) 0.55 (0.35)
% by (NO, +ring) 0.954 (—0.86) —2.430 (=0.75) —1.01 £0.10 (adiab.)®
2-CHj 4% by (ring) 9.176 (4.51)° 4388 (4.75)¢ 4.76 (0.58), 3.75core excited (0.58)
3% by (ring-NO,) 4.130 (1.22) —0.012 (1.20) 1.20 (0.37)
m* a (ring) 3222 (0.62) —0.596 (0.73) 0.49 (0.31)
% by (NO, +ring) 1.135 (—0.74) —2.308 (—0.65) —0.92 £ 0.10 (adiab.)®
3-CH; 4% by (ring) 9.038 (4.39) 4.258 (4.65)° 4.68 (0.60), 3.72core excited (0.51)
3% by (ring-NO,) 4.397 (1.39) 0.143 (1.33) 1.34 (0.40)
¥ ay (ring) 3.089 (0.54) —0.690 (0.66) 0.47 (0.34)
% by (NO, +ring) 1.033 (—0.81) —2.349 (—0.68) —0.99 £ 0.10 (adiab.)®
2-F % by (ring) 8.917 (4.34) 3.719 (4.21) 4.7 (0.66), 3.70core excited (0.75)
* by (ring-NO;) 3.716 (0.95) —0.221 (1.03) 1.08 (0.37)
* ay (ring) 2777 (0.33) —0.811 (0.56) 0.3¢n
% by (NO, +ring) 0.837 (=0.93) —2.495 (—0.80) —1.08 £ 0.10 (adiab.)®
3F % by (ring) 9.012 (4.40) 3.727 (4.21) 4.44 (0.56), 347 core excited (0.44)
* by (ring-NO;) 3.937 (1.09) —0.137 (1.10) 1.16 (0.41)
* ay (ring) 2757 (0.32) —0.841 (0.53) 0.34 (0.17)
% by NO, +ring) 0.570 (=1.10) —2.640 (—0.92) —1.24+0.10 (adiab.)®
4F * by (ring) 9.008 (4.40) 3.719 (4.21) 4.57 (0.51), 3.65core excited (0.52)
* by (ring-NO») 4.068 (1.19) —0.008 (1.20) 1.21 (0.5)
* ay (ring) 2.502 (0.15) —1.072 (0.35) <02
% by (NO +ring) 0.720 (—1.01) —2.501 (—0.80) —1.12£0.10 (adiab.)®
2-Cl * by (ring) 8.598 (4.13) 3.391 (3.94) 4.5 (0.7), 3.54core excited (0.48)
T 4.195 (1.26) 0.251 (1.41) 1.83 (0.83)
% by (ring-NO;) 3.477 (0.79) —0.490 (0.82) 0.83 (0.4)
a* ay (ring) 2.603 (0.22) —1.053 (0.36) <0.2
% by (NO, +ring) 0.957 (—0.85) —2.481 (—0.79) —1.16 £ 0.10 (adiab.)®
3-Cl * by (ring) 8.744 (4.25) 3.424 (3.97) 4.25 (0.47), 3.38core excited (0.50)
o 4.240 (1.29) 0.229 (1.40) 1.75 (0.57)
% by (ring-NO3) 3.831 (1.02) —0.324 (0.95) 0.92 (0.43)
* ay (ring) 2.552(0.19) —1.108 (0.32) <02
a* by (NO, +ring) 0.573 (=1.11) —2.704 (—0.97) —1.28 +0.10 (adiab.)
4-Cl * by (ring) 8.787 (4.26) 3.432 (3.98) 4.40 (0.45), 3.45core excited (0.50)
Ty 4.242 (1.29) 0.232 (1.40) 1.88 (0.45)
% by (ring-NO;) 3.831 (1.02) —0.329 (0.95) 0.94 (0.47)
* ay (ring) 2.528 (0.17) ~1.130 (0.30) <02
% by (NO, +ring) 0.529 (—1.09) —2.667 (—0.94) —1.26 £ 0.10 (adiab.)®

Experimental VAEs and FWHM (in parentheses) are also reported. All values in eV.

4 ETS data from Ref. [4].
b Negative of the experimental adiabatic EA [22].
¢ Average energy of two MOs localized on the ring and the CH3 substituent.

anion states) have corresponding counterparts in the DEA spec-
tra. Analogous correlations were previously found in the ET and
DEA spectra of nitrobenzene [5].

No signals around 1.8 eV, where the ET spectra show a dis-
tinct oé_Cl resonance, are detected in the DEA spectra of the
chloro nitrobenzenes, as well as in that of chlorobenzene [26].
In the ET spectrum of the latter, the Ué—Cl anion state is located
at 2.44 eV, whereas the DEA spectrum displays a maximum in
the C1™ current at 0.75 eV, i.e., very close in energy to the nearly
degenerate 2A, and °B; (w5 and %) anion states [26]. The C1~
maximum observed around 0.2eV in the DEA spectra of the

chloro nitrobenzenes is thus reasonably associated with the cor-
responding 2A, (73) anion states, too close to zero energy to be
detected in the ET spectra.

Aflatooni and Burrow [27] found the following rela-
tionship between the of_- VAEs and the widths of the
resonances observed in the ET spectra of polychloroalkanes:
AEgps = 0.51VAE!"*, where AEqps is the deep-to-peak energy
separation in the derivatised signal. In agreement with the
expected p, character of o¢_~ MOs, the Wigner threshold
law (I" oc E“+172) [28] with £ =1 predicts the same dependence
of the average autodetachment width (I7) on energy. Typical
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Table 2
DEAS data on halonitrobenzenes at room temperature (~300 K)
mlz Enmax (FWHM) (eV) Relative intensity (% in parentheses) Integral intensity including all, isotopes (%) Structure
1,2-Nitrotoluene
137 0.01 (0.096) 7,041(96.9) 72.9 M~
46 1.34 (0.66) 60(0.8) 4.6 NO,~
3.80 (1.3) 165(2.3) 22.5
1,3-Nitrotoluene
137 0.02 (0.112) 14,660 (98.6) 87.6 M~
46 1.34(0.7) 30(0.2) 1.1 NO,;~
3.70 (1.3) 180(1.2) 11.3
1,2-Fluoronitrobenzene
141 0.0 (0.096) 15,950 (95.8) 72 M~
46 0.82 (0.84) 490(2.9) 16.7 NO,~
3.70 (1.4) 205(1.2) 11.3
1,3-Fluoronitrobenzene
141 0.02 (0.097) 6,457 (89.5) 65.9 M~
0.23 (~0.2cst.) 426(5.9) 6.4
46 1.2 (0.72) 124(1.7) 8.5 NO,;~
3.59 (1.3) 205(2.8) 19.2
1,4-Fluoronitrobenzene
141 0.0 (0.097) 15,248(99.2) 92.5 M~
46 1.34(0.5) 36(0.2) 1.2 NO,;~
3.73 (1.46) 86(0.6) 6.3
1,2-Chloronitrobenzene
157 0.0 (0.128) 35,276 (91.7) 72.3 M~
46 0.78 (0.64) 704(1.8) 5.0 NO,~
3.6 (1.12) 430(1.1) 5.1
35 0.19 (~0.4st.) 1,878 (4.9) 14.1 Cl~
3.73 (1.36) 197(0.5) 3.5
1,3-Chloronitrobenzene
157 0.05 (0.128) 103,916 (98.2) 92.9 M~
46 1.07 (0.54) 432(0.4) 0.9 NO,~
3.43 (1.26) 562(0.5) 2.7
35 0.26 (~0.4st.) 250(0.2) 04 Cl~
1.0 (0.6) 444(0.4) 1.4
3.47 (1.35) 265(0.3) 1.8
1,4-Chloronitrobenzene
157 0.03 (0.129) 73,720(98.5) 90.7 M~
46 1.0 (0.55) 208(0.3) 1.1 NO,;~
3.43(1.32) 367(0.5) 4.4
35 0.23 (~0.4est.) 129(0.2) 0.3 Cl~
0.92 (0.59) 266(0.4) 1.6
3.45(1.37) 154(0.2) 1.9

GE_CI VAEs in monosubstituted chloroalkanes range from 1.8
to 3.45eV [27]. The present chloronitrobenzenes exhibit com-
parable o_ VAEs. Therefore the same magnitude of DEA
cross section (~10718 to 1071 cm? [29]) is expected. The 5
resonances of the chloronitrobenzenes at about 0.2 eV, as well
as the lowest-lying 7* resonance of benzene [25], are associ-
ated with £ =3 (f-wave), so that AEqps E33. As a result of its
high-angular momentum term and much smaller VAEs, the 3
resonance is expected to possess a mach larger survival prob-
ability than the o_. resonance, thus favoring the DEA cross
section through the occurrence of vibronic coupling and geomet-
rical distortion of the anion state. The relative C1™ yields from
the 2A2 TI'; and O'E_Cl anion states of the chloronitrobenzenes
can thus be traced back to their different lifetimes.

3.3. Low-resolution DEA spectra

The CEIYs of the studied nitrobenzenes recorded using the
magnetic mass spectrometer with electron energy resolution of
about 0.4eV (FWHM) are shown in the bottom left panels of
Figs. 1-8.

Because of convolution of the DEA cross sections with the
energy distribution of the electron beam (see for instance chapter
4 and Fig. 6 of Ref. [30]), both the energy and relative heigths of
corresponding DEA peaks are somewhat different in the high-
and low-resolution DEA experiments (see Figs. 1-8). In addi-
tion, the two sets of data were obtained at significantly different
temperatures (approximately 27 and 80 °C in the high- and low-
resolution experiments, respectively). At least, a temperature
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increase (vibrational excitation of the neutral molecules) leads
to a shift of the peak maxima to lower energies and may influ-
ence the peak shape, mainly when the signal is due to unresolved
contributions. The results of our low-resolution measurements
for 1,2- and 1,3-nitrotoluene are in excellent agreement with the
data of Ref. [16].

In addition to the negative species detected in the
high-resolution DEA spectra (Table 2), the more sensitive
low-resolution DEA apparatus allows detection of many low-
intensity dissociation channels, leading to deep fragmentation
of the parent anion, including ring cleavage and rearrangement

m/z 123 (M-CH;)~ from 1,2-nitrotoluene (3.6 eV) and 1,3-nitrotoluene (3.4¢V)

m/z 107 (M-NO)~ from 1,2-nitrotoluene (3.6 eV) and 1,3-nitrotoluene (3.5eV)

m/z 93 (M-H,-NO;)~ from 1,2-fluoronitrobenzene (3.9 eV)

m/z 109 (M-H,-NO;)™ from 1,3-chloronitrobenzene (4.0eV)

m/z 91 CsHNO™ from 1,2-fluoronitrobenzene (3.6 eV), 1,3-fluoronitrobenzene @

(3.65eV), 1,4-fluoronitrobenzene (3.7 eV)

miz91 CsHNO™ from 1,2-chloronitrobenzene (3.85eV), 1,3- and
1,4-chloronitrobenzene (3.5eV)

m/z 41 dipole bound state CoH3N™ from 1,2-fluoronitrobenzene (4.1 eV),

1,3-fluoronitrobenzene (4.35eV), and 1,4-fluoronitrobenzene (4.3 eV, 6.2eV))

mi/z 42 OCN™ from 1,4-fluoronitrobenzene (3.6 eV)

Jor JX

w

o

processes. The peak energies and peak maximum relative inten-
sities, which do not exceed 1.5%, are reported in Table 3, see
columns 2 and 3. The weakness of these signals is in line with
the complexity of the dissociation paths involved [31], the domi-
nant dissociation channels (leading to NO, ™ and C1~ formation)
requiring only cleavage of a single bond. The occurrence of low-
intensity rearrangement processes indicates that many internal
degrees of freedom of the anion are excited and play a role
in sharing the excess energy. Plausible schemes of the rear-
rangement dissociation processes observed in NIMS are shown
below.

NO, + CH,

NO, —>

©

NO, —> 45@?‘0’ +-NO

3

CH,

NO, —> * + Hy + NO,

NO, > + Hy, + NO,

2

NO, —> H—C=C=C=C=C=N_ +HF+H,0
0
F
@ NO, — H—C=C=C=C=C=N_ +HCHKH,0
0
cl
F
@ NO, —> N=C—CH, + +0,

F

OH

F @ NO, —> O=C=N + F
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Table 3
MSNI data on halonitrobenzenes at the ion source temperature ~350 K
mlz Enax (FWHM) (eV) Relative intensity (% in parentheses) Integral intensity including all, isotopes (%) Structure
1,2-Nitrotoluene. tAp(0.02eV) =64 ps; top(0.0eV) ~ 89 us; T~ 340K
137 0.02(0.36) 3631 (40.1) 20 M-
136 3.5(1.0) 21(0.2) (M-H)~
7.0 (~1) 5.9 (0.07)
123 0.0 (narrow) 0.8 (0.01) (M-CHy)~
3.6 (~1.3) 0.9 (0.01)
121 4.3(0.93) 39 (0.43) M-0)~
107 1.0 (~0.7) 12.5(0.14) (M-NO)~
3.6 (1.22) 183 (2.0)
46 0.9 (0.88) 1850 (20.4) 21 NO,~
3.6(1.28) 3312 (36.6) 56
110.43 0.0 1.0 (0.01) Very weak mis_ 103
15.45 ~0.0 0.6 (0.01) Very weak mis 46
1,3-Nitrotoluene. taop(0.01eV) =68 ws; 7ap(0.0eV) ~95 ws; T~ 340K
137 0.01(0.32) 6450 (59.7) 33 M-
136 3.6 (1.12) 45 (0.4) (M-H)~
7.0 (1.3) 11 (0.1)
123 34 1.2 (0.01) (M-CH3)~ or (M-N)~
121 4.3 28 (0.26) M-0)~
107 3.5 187 (1.7) (M-NO)~
46 0.54(0.72) 560 (5.2) 5 NO;~
3.5(1.15) 3520 (32.6) 61
110.43 0.0 (1.1) 0.7 (0.006) Very weak m’|‘37_>123
15.45 ~0.0 0.6 (0.006) Very weak miy a6
1,2-Fluoronitrobenzene. taop(0.01 eV) =41 ws; top(0.0eV) ~47 ps; T~ 340K
141 0.01(0.35) 10,470 (20.3) 12.6 M~
111 0.51 1500 (2.9) (M-NO)~
95 3.5 275 (0.5) (M-NOy)~
4.6 253 (0.5)
6.6sh 70 (0.14)
93 3.9 216 (0.4) (M-H,-NO;)~
91 3.6 740 (1.4) CsHNO™
76 3.8 75 (0.15) CeHy™
75 4.1 210 (0.4) CeH3 ™
46 0.54(0.71) 33,278 (64.4) 72.5 NO;~
3.6(1.2) 3805 (7.4) 14.3
41 4.1 170 (0.3) CoH3N™
26 3.85 165 (0.3) CN~™
19 3.8 (1.1) 176 (0.3) F~
16 44 276 (0.5) (O
15.01 ~0.1 1.5 (0.003) Very weak myy, 46
1,3-Fluoronitrobenzene. taop(0.1eV) =67 ws; taop(0.0eV) ~129 ps; T~ 340K
141 0.1(0.64:) 17,684 (29.9) 42.0 M-
0.3 (0.26t.) 17,518 (30.0)
111 0.9 130 (0.2) (M-NO)~
33 190 (0.3)
91 3.65 173 (0.3) CsHNO™
76 3.9 90 (0.15) CeHy™
46 0.7 (0.64s:.) 8736 (14.8) 319 NO,~
1.1(0.52¢.) 8932 (15.1)
3.4(1.2) 5488 (9.3) 26.0
41 4.35 29 (0.05) CoH3N™
26 4.0 40 (0.07) CN~™
19 3.6 (1.1) 45 (0.08) F~
16 4.7 55 (0.09) (O
15.01 ~0.3 12 (0.02) Very weak miy e
1,4-Fluoronitrobenzene. taop(0.07 eV) =42 us; tap(0.0eV) ~71 ps; T~ 340K
141 0.07 (0.42) 16,069 (74.0) 54.9 M-
140 3.1 15 (0.07) (M-H)~
125 0.1 3(0.01) M-0)~
42 45(0.2)
124 3.8 60 (0.25) (M-OH)~
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Table 3 ( Continued)

miz Enax (FWHM) (eV) Relative intensity (% in parentheses) Integral intensity including all, isotopes (%) Structure
111 1.0 10 (0.05) (M-NO)~
33 140 (0.6)
91 3.7 200 (0.9) CsHNO™
76 3.7 37 (0.2) CeHy™
75 3.6 110 (0.5) CeH3~
46 1.2 (0.52¢t.) 1899 (8.7) 10.0 NO;~
3.6(1.45) 2966 (13.7) 35.0
42 3.6 25(0.1) OCN~™
41 4.3 25(0.1) CoH3N™
6.2 10 (0.05)
26 3.9 54 (0.25) CN~—
19 4.0 (1.35) 7.4 (0.03) 0.1 F~
16 4.4 41(0.2) (O
15.01 ~0.03 2.3 (0.01) Very weak miy a6
1,2-Chloronitrobenzene. Top(0.05eV) =32 us; taop(0.0eV) ~51 ps; T~340K
157 0.05(0.41) 8045 (24.0) 20.7 M-
141 4.2 16.6 (0.05) (M-0)~
127 0.0sh 80 (0.2) M-NO)~
0.65 166 (0.5)
111 4.75 17.0 (0.05) M-NOy)™
109 4.1 15.4 (0.05) (M-H,-NO;)~
91 3.85 28.5(0.85) CsHNO™
46 0.5(0.66) 5906 (17.6) 17.0 NO,~
3.5(0.99) 1269 (3.8) 54
35 0.3(0.52) 17,604 (52.6) 56.0 Cl-
3.6(0.54) 293 (0.9) 0.9
26 3.9 7.3 (0.02) CN~™
16 4.5 8.6 (0.03) (O
13.48 ~0.1 0.3 (0.0009) Very weak mis; 46
7.8 ~0.2 8.5 (0.03) Very weak M5, 35
1,3-Chloronitrobenzene. top(0.1eV) =65 ps; taop(0.0eV) ~115 ws; T~ 340K
157 0.1(0.41) 51,333 (80.8) 74.7 M-
141 0.2 5 (0.008) (M-0)~
4.2 52.5 (0.08)
140 33 15 (0.02) (M-OH)~
127 0.7 134 (0.2) M-NO)~
2.8 15 (0.02)
109 4.0 16 (0.02) (M-H-NO»)~
92 4.15 14 (0.02) CsH;NO™
6.2 8.7 (0.01)
91 3.5 51 (0.08) CsHNO™
76 3.7 12.9 (0.02) CeHy™
75 3.6 12.7 (0.02) CeH3~
46 1.0(0.66) 2823 (4.4) 44 NO;~
3.3(1.23) 2756 (4.3) 8.3
41 3.7 13.5(0.02) C,H3N™
35 0.4 (0.58) 2681 (4.2) 8.0 Cl-
0.8(0.7) 2417 (3.8)
3.3(1.34) 1140 (1.8) 4.7
16 4.5 21(0.03) (O
13.48 ~0.1 2.0 (0.003) Very weak mis; 46
7.8 ~0.2 5.2 (0.008) Very weak M5, 15
1,4-Chloronitrobenzene. Top(0.07eV) =59 ps; 7op(0.0eV) ~111 ps; T~ 340K
157 0.07 (0.44) 28,270 (59.1) 61.2 M-
156 0.0 Very weak (M-H)~
3.2 20 (0.04)
141 4.15 124 (0.26) M-0)~
140 3.25 26 (0.05) (M-OH)~
127 0.8 84 (0.18) (M-NO)~
2.9 52 (0.1)
126 3.9 23 (0.05) (M-HNO)~
122 4.1 30 (0.06) M-C)~

6.1 15 (0.03)
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Table 3 ( Continued )

mlz Enax (FWHM) (eV) Relative intensity (% in parentheses) Integral intensity including all, isotopes (%) Structure
91 35 184 (0.38) CsHNO™
76 3.7 40 (0.08) CgHs™
75 3.55 70 (0.15) CeH3™
42 3.4 37 (0.08) OCN~™
46 0.9(0.75) 2731 (5.71) 5.0 NO,~
3.4(1.27) 6993 (14.6) 12.5
35 0.5 (0.64st.) 4917 (10.3) 14.6 Cl-
0.75n (0.69st.) 2894 (6.0)
34(1.3) 1183 (2.5) 6.7
26 4.0 35 (0.07) CN™
16 43 85(0.18) (O
13.48 ~0.1 1.0 (0.002) Very weak mis; 46
7.8 ~0.2 3.0 (0.006) Very weak mis, a5

Mean autodetachment lifetime tap for the maximum of the NI peak. Main dissociation channels are marked by bold face.

Table 3 and Figs. 1-8 (bottom right panels) report the mea-
sured mean autodetachment lifetimes of the molecular NIs. The
present results are in reasonable agreement with previously pub-
lished data [14]. The lifetimes (T Ap(Emax)) given in Table 3 refer
to the maximum of the M~ peak (given in parentheses). Esti-
mated zero electron energy lifetimes (top(0)) are also listed. As
shown by Christophorou et al. [12—14] the lifetime decreases
exponentially with increasing energy. So, comparison of the life-
times extrapolated to zero energy seems to be more correct. A
crude estimate (see Eq. (5)) of the lifetimes at zero energy can be
obtained from the theoretical curves shown in the bottom right
panels of Figs. 1-8.

In addition to the above-mentioned low-intensity NIs,
metastable anions (with respect to dissociation [17,31]) have
been detected in all the studied nitrobenzenes. The inten-
sity of these signals, observed only at incident electron
energies close to zero, is always very small, see Table 3.
In the chloronitrobenzenes, metastable NIs were found at
mlz 7.8 a.m.u., corresponding to the M~ — Cl~ + (M —CI™)
decay process, and m/z 13.5a.m.u., corresponding to the
M~ — NO,~ + (M —NO,) decay process. Metastable elimi-
nation of NO;, ™ from the parent molecular anions of the fluorine
and methyl derivatives was detected at m/z 15.0 and 15.4 a.m.u.,
respectively. Repeated measurements have shown that the abun-
dance of both the parent and metastable ions increases linearly
with the sample pressure, thus indicating that the role played by
collision induced fragmentation is not significant.

Metastable ions are formed outside the ion source, in the
acceleration region or even in the first field-free drift region of
the magnetic mass spectrometer. The corresponding broad spec-
tral features are centered at an apparent mass (m*) given by the
approximate formula m* =m?/M [17], where m and M are the
masses of the daughter and parent ions, respectively. Usually,
the incident electron energy required for formation of metastable
ions is intermediate between those required for the parent and
daughter ions. However, the energy also depends on the particu-
lar instrumental geometry (time of anion extraction from the ion
source) and voltage settings used in each experiment. Of course,
it also depends on the decay rate of the parent ion. In any case,
a requirement for observation of metastable NIs in a magnetic

mass spectrometer is that the decay processes take place on the
time scale of microseconds [17].

3.4. Discussion of anion decay kinetics

Curves of effective yield of metastable anions are
shown in the higher right panels of Figs. 1-8. In 1,2-
fluoronitrobenzene metastable ions are observed up to 0.44 eV;
in 1,3-fluoronitrobenzene this border is located at ~0.7 eV, in
1,2-chloronitrobenze at 0.4¢eV, in 1,3-chloronitrobenzene and
1,4-chloronitrobenzene at 0.55 eV. These experimental findings
demonstrate that anion fragmentation is very slow. At low ener-
gies (the exact upper limit also depends upon the particular
instrumental conditions) it is thus possible to describe these pro-
cesses in the framework of a statistical approximation [32-34].
NIs which dissociate inside the ion source, but after a time much
longer than a nuclear vibrational period, are detected as “nor-
mal” species. If the resolution of the mass filter is sufficiently
high, broadening of the corresponding signals can be observed.
However, even in this case the dissociation process can still be
described in a statistical approximation.

Willey et al. [34] analyzed the temperature dependence of
the [CI™ J/[M™] intensity ratio for thermal electron attachment
to C,CI3H and C,Cly using chemical ionization mass spec-
trometry. Two distinct slopes were observed in the plot of
In([CI")/[M™]) as an inverse function of temperature. Using
these data, the difference in activation energies for the forma-
tion of the ground anion state and the next excited anion state,
as well as the detachment energy of the ground anion state, i.e.,
the adiabatic electron affinity, may be obtained.

Also for the present substituted nitrobenzenes, where long-
lived parent anions and metastable anions corresponding to the
dominant fragments can be observed, it should thus be possible
to describe the processes of autodetachment of captured elec-
trons and dissociation of the parent molecular anions in terms
of kinetic equilibrium. For the reaction AB + e~ gAB* gA +

—1
B, where AB represents the target molecule, k1, k_1 and k; are
the rate constants for electron attachment, detachment, and dis-
sociation, respectively, the following kinetic equations for the
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Table 4
Parameters set for kinetic calculations

Compound P, P4(NO,) P4(Cl) DE(C-NOy) (eV) DE(C-C]) (eV)
1,2-Nitrotoluene 0.5x 1074 1.5%x 1072 - 1.45 -
1,3-Nitrotoluene 0.85x 1074 1.5%x 1072 - 1.45 -
1,2-Fluoronitrobenzene 2x 1074 1.75 x 1072 - 1.45 -
1,3-Fluoronitrobenzene 5% 1074 2% 1073 - 1.45 -
1,4-Fluoronitrobenzene 1.8x 107 2x 1073 - 1.45 —
1,2-Chloronitrobenzene 6x107* 6.5 %1073 1.3 %1073 1.45 1.1
1,3-Chloronitrobenzene 6x107* 1x1073 2x 1074 1.45 1.1
1,4-Chloronitrobenzene 4% 1074 8 x 10~* 1.5%x 1074 1.45 1.1

P, is the autodetachment probability; P4(NO7) and Pq(Cl) are the dissociation probabilities for appropriate dissociative pathway. DE means dissociation energies of

the C-N and C-CI bonds.

ion intensities may be written

[AB™] = [AB; | expl—(k_1 + ko)1], @
. [ABglk
[B71 = (0 = expl(kay + ko), 3)

where [AB, ] = const is the intensity of molecular anion at =0,
t is detection time. The rate constants k_; and k; depend on
electron energy (E) and temperature (7) of the target molecule.
The total vibrational energy of the neutral target molecule as a
function of temperature may be expressed as [35]

N

o
Ep=S— % 4
vib ;exp(a)k /kT) — 1 “)

where N=3n—6 is the number of vibrational degrees of
freedom, wy, are vibrational frequencies obtained from semiem-
pirical quantum chemical PM3 calculations. We use the same
formula to evaluate the anion vibrational energy storage [35].
Then, the rate constants for autodetachment and dissociation
are

_ Py exp(—hw,/kT)

_ Pq exp(—hwqe/kT)
t.Z h ’

k—
! taZ

, ko

&)

where P, and P4 are probabilities of autodetachment and dis-
sociation, respectively, 7, and 4 the typical vibrational periods
for the autodetachment and dissociation potential curves, hw,
and hwyq the corresponding vibrational frequencies and Z is the
statistical sum. Generally several anion vibrational modes may
participate into a given dissociation or autodetachment process,
so that expressions (5) may be a sum [36]. The total vibrational
energy stored in the anion is

Ewtal = E+ EA + Eyjp, (6)

where E is the incident electron energy and FA the adiabatic
electron affinity of the target molecule. Substitution of (4), (5),
and (6) into (2) and (3) leads to the typical behaviour of the
relationship In([B~]/[AB™]) as a function of E, so-called decay
curve. The results of calculation together with the experimental
curves are shown in the right middle panels of Figs. 1-8.

The value of P, may be evaluated from the experimental
autodetachment lifetime. Py values depend on the intensity of
the dissociation channels observed in the experiment, and may

be, in principle, estimated from the curves of NI effective yield.
However the last quantity is a function of the (unknown) abso-
lute electron capture cross section. A possible way (which does
not require knowledge of the absolute capture cross section)
for evaluating P4 values takes advantage of the energy depen-
dence of In([B~]/[AB™]) [34]. In fact, the ratio [B™]/[AB™]
(see Egs. (2) and (3) is independent from [AB ]. Evaluation
of the Py parameters was performed by using the curves dis-
played in the middle right panels of Figs. 1-8. The values of P,,
P4 and dissociation energies using in calculations are listed in
Table 4.

The same result may be reached by consideration of the so
called decay curves, as commonly used in positive ion mass
spectrometry [34]:

[AB™]
[AB7]+[B7]

[B™]
[AB7]+[B7]

Here [AB™]+[B™] is the total ion current. Both of these
approaches, daughter/parent ion intensity ratio and decay curves
analysis, do not consider the electron attachment cross section,
but only the kinetics of the anion decay.

In the case of 1,3-, 1-4-fluoronitrobenzenes and chloroni-
trobenzenes the shape resonance associated with occupation of
the 5 MO lies in an electron energy range corresponding to the
“slow decay”. Thus for these compounds the following scheme
may be applied

_capture _ electron relaxation.

M+e — M, — My

*disscu:_ia)tion(M_R). + R,
where M5 represents the 75 anion state and M7 the vibrationally
excited first anion state. However, in a better approximation
temperature effects should also be considered. For instance,
vibrational energy storage of the anion increases with tempera-
ture, whereas the autodetachment lifetime decreases. Moreover,
dissociation is also a temperature dependent process, see Eq.
(5).

The differences between the present high- and low-resolution
spectra are pronounced in the low-energy region of the spectra
of 1,3-fluoronitrobenzene and the chloronitrobenzenes, while
at high-electron energies they become smaller, except for 1,2-
and 1,3-nitrotoluene. In particular, the shape of the M™ current
in 1,3-fluoronitrobenzene recorded with the two experiments
is notably different (see Fig. 4, central and bottom panels).
The peak at lowest energy (0.02eV) is about 15 times more
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intense than the second peak (0.23 eV) using the high-resolution
spectrometer. In contrast, the intensities of the corresponding
peaks recorded using the low-resolution spectrometer are nearly
equal. Taking into account that the autodetachment lifetime
for the parent negative ion is of the order of microseconds,
this difference may be explained in terms of the different
time required for ion detection in the two instruments. The
flight time of the molecular ion of 1,3-fluoronitrobenzene (m/z
141 a.m.u.) is evaluated to be about # ~ 130 s in our high-
resolution DEA experiments. The estimated flight time of this
anion through the magnetic mass filter is #; ~20-25 ws in the
low-resolution DEA apparatus. According to our measurements,
the autodetachment lifetime of 1,3-fluoronitrobenzene decreases
exponentially with the incident electron energy: Tap ~ 67 s at
0.1eV, Tap ~38 s at 0.23eV and taop ~33 s at 0.3 eV, in
good agreement with earlier data [13,14]. Therefore, the life-
time of the parent anion of 1,3-fluoronitrobenzene at 0.02eV
may be evaluated as taop ~ 100 pus. Assuming that the flight
time of the parent anion of 1,3-fluoronitrobenzene is 100 s,
the relationship of the intensities at 0.02 and 0.23eV will
be exp[—7ap(0.02)/ts]/exp[—tap(0.23)/t:] ~0.37/0.07 in the
high-resolution DEA experiment. The same relationship in the
low-resolution DEA apparatus for intensities at 0.1 and 0.3 eV is
0.74/0.55. These estimates reproduce satisfactorily the observed
results for the parent anion of 1,3-fluoronitrobenzene. In a better
approximation, the energy spread of the incident electron beam
(which strongly influences the observed magnitude of sharp
peaks) and the temperature of the target molecule (which influ-
ences the autodetachment lifetime of the parent anions) should
also be taken into account.

Thus, the differences between the present high- and low-
resolution DEA results, summarized in Table 2, likely arise from
four factors: (i) different incident electron energy resolutions, (ii)
different time scales, (iii) different temperatures and (iv) possi-
ble different ionization efficiencies at low- and high-electron
energy for the high- and low-resolution ion sources. The high-
resolution DEA spectrometer provides a more correct profile of
the DEA cross section as a function of incident electron energy.
Whereas the intensity of broad features is only slightly affected
by the electron energy resolution, sharp features are smeared
and their heights decrease in the low-resolution DEA spec-
tra. The relative intensities of fragment ions in low-resolution
spectra are systematically sizeably lager, see Tables 2 and 3.
Obviously, this is a result of the second or/and fourth
factors.

4. Conclusion

A series of nitrobenzene derivatives (methyl, fluoro and
chloro substituted) was investigated by means of the ETS,
DEAS, and NIMS techniques. The energies of vertical elec-
tron attachment measured in the ET spectra are satisfactorily
reproduced by scaling with appropriate empirical equations the
neutral state virtual orbital energies supplied by HF/6-31G and
B3LYP/6-31G* calculations. The same approach also predicts
the first vertical anion state of each compound to be stable (thus
not observable in ETS). The evaluated vertical EAs are fully

consistent (0.3 eV smaller) with the experimental adiabatic EAs
(associated with formation of the anion in its optimized geom-
etry) reported in the literature.

The maxima displayed by the negative currents (essentially
due to the molecular anion and the NO, ™ and Cl~ fragments)
measured in the DEA spectra can be correlated with corre-
sponding features of the ET spectra. Competition between
autodetachment and dissociation controls the shape of the
DEA cross sections. All investigated molecules form long-lived
molecular NIs. The DEA data allow to evaluate the average val-
ues of autodetachment life-time of the molecular anions. For the
sake of direct comparison, these autodetachment lifetimes have
been extrapolated to zero electron energy.

The presence of metastable anions associated with CI™ and
NO;~ production indicates directly that these dissociation chan-
nels take place in the time scale of microseconds at low-electron
energy. Analysis of the decay curves and comparison with model
kinetic calculations indicate that the second w* anion state
(slightly unstable and with mainly benzene character) of the 1,3-
and 1,4-fluoro and chloronitrobenzenes can dissociate through
the intermediate ground electronic state.
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