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Electron scattering cross sections from
nitrobenzene in the energy range 0.4-1000 eV:
the role of dipole interactions in measurements
and calculationst

¢ A. Mufioz,° F. Blanco,®
*ah

L. Alvarez,® F. Costa,® A. I. Lozano, (22" J. C. Oller,
P. Limao-Vieira, 2 ° R. D. White,® M. J. Brunger™ and G. Garcia

Absolute total electron scattering cross sections (TCS) for nitrobenzene molecules with impact energies
from 0.4 to 1000 eV have been measured by means of two different electron-transmission experimental
arrangements. For the lower energies (0.4-250 eV) a magnetically confined electron beam system has
been used, while for energies above 100 eV a linear beam transmission technique with high angular
resolution allowed accurate measurements up to 1000 eV impact energy. In both cases random uncertainties
were maintained below 5-8%. Systematic errors arising from the angular and energy resolution limits of each
apparatus are analysed in detail and quantified with the help of our theoretical calculations. Differential elastic
and integral elastic, excitation and ionisation as well as momentum transfer cross sections have been
calculated, for the whole energy range considered here, by using an independent atom model in combination
with the screening corrected additivity rule method including interference effects (IAM-SCARI). Due to the
significant permanent dipole moment of nitrobenzene, additional differential and integral rotational excitation
cross sections have been calculated in the framework of the Born approximation. If we ignore the rotational
excitations, our calculated total cross section agrees well with our experimental results for impact energies
above 15 eV. Additionally, they overlap at 10 eV with the low energy Schwinger Multichannel method with
Pseudo Potentials (SMCPP) calculation available in the literature (L. S. Maioli and M. H. F. Bettega, J Chem.
Phys., 2017, 147, 164305). We find a broad feature in the experimental TCS at around 1.0 eV, which has been
related to the formation of the NO,™ anion and assigned to the n*(b;) resonance, according to previous mass
spectra available in the literature. Other local maxima in the TCSs are found at 4.0 + 0.2 and 50 £ 0.2 eV
and are assigned to core excited resonances leading to the formation of the NO,” and O, anions,
respectively. Finally, for energies below 10 eV, differences found between the present measurements, the
SMCPP calculation and our previous data for non-polar benzene have revealed the importance of accurately
calculating the rotational excitation contribution to the TCS before comparing theoretical and experimental
data. This comparison suggests that our dipole-Born calculation for nitrobenzene overestimates the
magnitude of the rotational excitation cross sections below 10 eV.
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1. Introduction

Early experiments on nitrobenzene derivatives were devoted to
analysing their potential use as radiosensitizers."> Their high
electron affinity related to the nitro group justified their efficiency
to sensitize hypoxic cells to X-ray radiation.>® Nitrobenzene-
compounds are also important in manufacturing chemical dyes,
pharmaceuticals and explosives. Hence an important number of
studies were related to the generation of NO,  radicals via
electron attachment to nitrobenzene molecules.*™° In addition,
nitrobenzene (C¢HsNO,) is a polar molecule with a permanent
dipole moment (u = 4.22 D)"' that is large enough to support
dipole-bound states. This property motivated some early low
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energy electron scattering experiments'>™** from nitrobenzene
(NBz), in order to check the validity of the popular rotational
excitation approaches which are customarily used in modelling
some of the aforementioned applications. Long-range effects in
electron scattering by polar molecules calculations and their
implications in experiment to theory comparison have been
recently reviewed by I. Fabrikant."® Different theoretical and
experimental spectroscopic studies have also been published
along the years, in order to characterise its ultraviolet emission
spectrum,'®"” electronic structure and spectra,'®>? vibrational
spectra,” electron energy loss measurements,”*** electron
transmission measurements,’® photoabsorption spectra®” and
angular resolved photoelectron emission.?**° All the previous work
shed light on the valence electronic structure of this important
molecule.

In spite of this fundamental and applied interest into the
NBz molecule, not many studies measured or calculated its
electron scattering cross sections over a wide energy range. In
fact, no experimental total electron scattering cross sections
(TCS) are currently available for impact energies above 1 eV.
However, as we showed in recent papers,*®*! TCS are considered
to be crucial reference data to validate electron scattering data
sets for modelling purposes, in particular to model radiation
damage at the molecular level.*” For this reason, we have recently
measured and calculated total electron scattering cross sections for
biologically relevant molecules such as pyrimidine,® pyrazine,**
thiophene,*>*° sevoflurane,”” para-benzoquinone,* pyridine,* and
most recently benzene®® which is considered as a benchmarking
molecule for basic carbon ring structures. In this context, nitroben-
zene becomes even more relevant since comparison with the case of
benzene may help elucidate the role of the NO, group in electron
scattering processes. From the theoretical point of view, electron
scattering from NBz molecules has been recently investigated by
Maioli and Bettega*' using the Swinger multichannel method with
pseudopotentials (SMCPP). They calculated differential and integral
elastic as well as momentum transfer cross sections for electron
impact energies ranging from 0 to 10 eV.

These latter considerations motivated, at least in part, the
present study in which we use two different electron scattering
arrangements to determine the TCS for NBz molecules in the
combined energy range 0.4-1000 eV, with overall uncertainties
to within 7%. For the lower energies [0.4-250 eV] we utilized
our new magnetically confined electron scattering apparatus,*>
whilst from impact energies from 90 to 1000 eV the linear
transmission-beam system described in ref. 40 has been employed.
In addition, our independent atom representation with the
screening corrected additivity rule including interference effects
(IAM-SCARI)**™* has been applied to calculate the differential
and integral elastic scattering cross sections, as well as the
momentum transfer and the integral summed excitation and
ionisation cross sections, over the whole energy range considered
here [0.4-1000 eV]. Note, however, that below 10 eV the present
method does not strictly apply,® so that only qualitative information
is able to be provided there. In our calculation, we have accounted
for the permanent NBz dipole moment by computing rotational
excitation cross sections through an independent procedure
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based on the Born approximation.>® Present theoretical and
experimental data are compared with results from previous
studies, leading to the classification of the observed resonances
in the TCS and the quantification of common uncertainties
connected with describing electron-dipole interactions.

The remaining sections of this paper are structured as
follows. In Section 2 we detail the experimental and theoretical
methods used in this study, together with an analysis of
the corresponding measurement uncertainties and theoretical
limitations. Our results are then presented, discussed and
compared with the available data in Section 3, including a
detailed analysis of the observed resonances and a general
discussion on the role of the dipole moment in the scattering
process. Finally, some conclusions from this study are summarised
in Section 4.

2. Experimental and theoretical
methods
2.1 Magnetically confined electron beam (MCEB) system

The experimental apparatus and techniques used for the present
low-intermediate (0.4-250 eV) energy measurements have
recently been described"” and so will not be detailed again here.
Briefly, a linear electron beam is confined by an intense (typically
0.1 Tesla) axial magnetic field which converts any scattering event
into a kinetic energy loss in the forward direction, i.e. parallel to
the magnetic field (see ref. 42 for full details). The primary
electron beam, generated by an emitting filament, is cooled and
confined in a magnetic nitrogen gas trap which reduces the
initial energy spread of ~700 meV down to about 100-200 meV.
Pulsed voltages applied to the trap electrodes produce a pulsed
electron beam with well-defined energy and narrow energy
spread to enter the scattering cell (SC). The scattering cell is a
40 mm long gas chamber, defined by two 1.5 mm diameter
apertures, through which the pulsed electron beam passes when
the NBz pressure inside the chamber is varied from 0 to 2 mTorr
(as measured by a MKS-Baratron 627B absolute capacitance
manometer). The entire system is externally heated up to about
40-50 °C in order to maintain a constant pressure during the
measurements. This temperature is similar to the operating
temperature of the MKS-Baratron® capacitance manometer, so
that thermal transpiration effects are negligible within the
present experimental conditions electrons emerging from the
SC are analysed in energy by a retarding potential analyser (RPA)
and finally detected by a double microchannel plate (MCP)
electron multiplier operating in single counting mode. The total
cross section (oy) is determined from the transmitted intensity
according to the computerized procedure, based on the Beer-
Lambert attenuation law, described in ref. 42, and giving associated
statistical uncertainties typically below 4%. Other random
uncertainties are related to the temperature measurement
(within 1%, according to manufacturer’s data) and the numerical
fitting procedure (about 1%). By combining these uncertainties, a
total uncertainty limit of 5% has been determined for the present
TCS measurements. Systematic errors linked to the experimental
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technique are those connected to the so-called “missing
angles”.**>*® Due to the magnetic field confinement, the energy
resolution determines the acceptance angle of the detector. As
detailed in ref. 42 the magnitude of this systematic error can be
evaluated from the theoretical data by integrating the calculated
differential elastic cross sections (DCS) over the “missing”
experimental angles. This effect is especially important for polar
molecules, as is the case here for NBz, since differential rotational
excitation cross sections are strongly peaked in the forward
direction®® and their contribution to this systematic error could
be much higher than that of the elastic channel,*® depending on
the experimental angular resolution. Note that the averaged
rotational excitation energy at 300 K is below 0.6 meV, and
therefore the energy resolution commonly used in scattering
experiments is not sufficient to discriminate against this inelastic
channel. The significance of this error source in the present
experimental results will be discussed further in Section 3. An
extensive explanation of the origin and consequences of dipole
interactions in polar molecules can be found in ref. 15.

2.2 Linear transmission-beam (LTB) apparatus

The experimental arrangement used for intermediate and high
energies has also been detailed in a previous article.*® The
electron beam is generated by a negatively biased thoriated
tungsten hairpin filament, it is focused and then deflected
towards the scattering cell (metallic cube defined by two 2 mm
diameter apertures which are separated by a 50 mm length).
Typical electron currents were 10~° A with an energy spread of
about 600 meV. As described in ref. 40, the total cross sections
are directly measured from the attenuation of the electron beam
for different gas pressures in the scattering cell. The entire
system is differentially pumped by two turbo-pumps reaching a
background pressure of about 10~° Torr. This allows us to
maintain an overall pressure in the system below 10~ Torr
during the measurements, while the pressure in the scattering
chamber was varied between 1 and 5 mTorr (as again measured
with a MKS-Baratron-627B). Statistical uncertainties were main-
tained below 5%, and by an in quadrature combination of the
aforementioned random uncertainties an overall uncertainty
limit of about 7-8% has been estimated for these measurements.
Concerning the systematic error due to the “missing angles” of the
transmitted electron detection procedure, we should note that it
is not so much relevant for this experimental configuration. In this
case, the average acceptance angle (solid angle subtended by
the electron spectrometer aperture as seen from the centre of the
scattering cell) is about 1.5 x 10~ sr and therefore, as discussed in
the next section, the contribution of this systematic error is quite
negligible in comparison with the other uncertainty sources.

2.3 Electron scattering cross section calculation

The independent atom model, in combination with the screening
corrected additivity rule and including interference effects
(IAM-SCARI procedure),”*™ has been used to determine the
differential and integral elastic cross sections as well as the
integral inelastic cross sections within the overall energy range
considered in this study (0.4-1000 eV). Due to the atomistic
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nature of this method, only geometrical properties (atom positions
and bond-lengths) of the target molecule are taken into con-
sideration and hence a proper description of the scattering
below 10 eV (where other molecular features are relevant)
cannot be expected. However, we have shown for a wide variety
of molecular targets (see ref. 36-40 and references therein) that
above this limit both integral elastic and inelastic cross sections
agree well, typically to within 10%, with the most accurate
experimental results. We thus consider 10% to be a good
indication of the total uncertainty associated with the present
integral cross section calculations. Within this model inelastic
scattering processes are not affected by the interference terms,
and they are calculated as a whole from the imaginary part
(absorption) of the interaction potential. However, as described
in a recent article,*” by alternately using as the threshold energy
for the absorption potential either the lowest electronic-state
excitation energy or the ionisation energy, we are able to extract
the integral summed excitation and the total ionisation cross
sections from the calculated overall integral inelastic cross sections.
We have recently shown that total ionisation cross sections of some
organic molecules,’®" as derived from this procedure, are in fairly
good agreement with the available experimental results.

The IAM-SCARI approach is based on a fixed nuclei represen-
tation and so no vibrational or rotational excitation is included in
the calculation. However, the average rotational excitation energy
for NBz is low enough (<0.6 meV at 300 K) to in principle
validate the use of the Born approximation. In these conditions,
differential and integral rotational excitation cross sections can
easily be calculated by considering the molecule as a rigid rotor,
with the initial rotational excited state distribution in equilibrium
at 300 K, and calculating all the transitions AJ = 1 (J being the
rotational quantum number) within the framework of the Born
approximation®® but including the correction for the larger
angles given by Dickinson (see ref. 50 and references therein).

3. Results and discussion
3.1 Low-intermediate electron impact energy (0.4-250 eV)

Total electron scattering cross sections (in A%) for nitrobenzene
with impact energies ranging from 0.4 to 250 eV, as measured
with the experimental configuration described in Section 2.1,
are shown in Table 1.

We previously noted that the present uncertainty limits have
been derived by a root mean square quadratic combination of
all the random uncertainty sources described in Section 2.1 (see
ref. 42 for a comprehensive analysis of these uncertainty
sources). As now shown explicitly in Table 1, these limits range
from 1 to 5%, depending on the incident energy. Possible
systematic errors are described later with a fuller discussion for
them being found in ref. 42. We have also checked that the actual
absorption length (L) corresponds to the geometrical length of
the scattering chamber, by measuring the well-known electron
scattering TCS for molecular nitrogen at selected energies, finding
excellent agreement with the benchmark values available in the
literature (see ref. 42 for details). The electron intensity count rate
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Table 1 Experimental total electron scattering cross section data (in A% units)
for nitrobenzene in the energy range of 0.4-250 eV, together with their
corresponding uncertainties and energy (AE) and angular (Af) resolution limits

View Article Online

E TCS Relative Absolute uncertainty A0 AE

(ev) (107*°m?) uncertainty (%) (+10"%° m?) (deg.) (eV)
0.4 58.8 1.7 1.01 40.7 0.17
0.5 57.1 3.0 1.71 350 0.18
0.6 55.7 2.7 1.50 33.2  0.18
0.7 54.9 3.0 1.62 31.0 0.19
0.8 54.2 4.9 2.66 29.2  0.19
1.0 63.0 2.4 1.52 24.4 0.17
1.2 613 1.8 1.11 21.4 0.16
1.4 591 1.0 0.62 21.6 0.19
1.5 59.6 1.0 0.60 21.7  0.20
1.6 559 3.1 1.71 21.8 0.22
1.8 593 2.6 1.54 17.9 0.17
2.0 60.1 1.8 1.08 18.0 0.19
2.2 589 2.2 1.32 16.1 0.17
2.4 593 2.1 1.27 17.6  0.22
2.6 604 1.6 0.99 15.3 0.18
2.8 61.7 2.1 1.27 15.1 0.19
3.0 614 1.6 1.01 14.2  0.18
3.2 612 1.9 1.15 12.9 0.16
3.4  62.1 2.5 1.56 12.9 0.17
3.6 63.8 2.4 1.54 12.9 0.18
3.8 645 3.0 1.92 12.9 0.19
4.0 65.5 2.5 1.64 12.9 0.20
4.2 64.9 1.3 0.83 12.6  0.20
4.4 644 2.1 1.38 12.3 0.20
4.6 63.6 2.6 1.65 11.4 0.18
4.8 64.9 3.0 1.93 11.2  0.18
5.0 65.8 2.8 1.83 11.2  0.19
5.2 65.6 2.9 1.89 11.6  0.21
5.4 653 1.5 0.97 11.6  0.22
5.6 654 2.6 1.70 11.7  0.23
5.8 66.7 2.3 1.55 11.0  0.21
6.0 68.9 3.2 2.18 11.0 0.22
6.2 71.1 2.5 1.78 11.3  0.24
6.4 72.8 1.0 0.76 10.7  0.22
6.6 71.6 1.3 0.92 10.8  0.23
6.8 73.1 3.4 2.52 9.6 0.19
7.0 71.7 2.0 1.41 10.0 0.21
7.3 729 3.8 2.79 10.2 0.23
7.5 713 4.7 3.36 9.6 0.21
7.7 693 1.3 0.93 10.0 0.23
8.0 721 1.6 1.13 9.1 0.2

8.5 713 3.3 2.32 9.5 0.23
8.7 73.8 3.8 2.83 8.9 0.21
9.0 75.5 1.6 1.18 9.0 0.22
9.5 73.7 1.3 0.99 8.6 0.21
10.0 74.3 2.2 1.66 8.3 0.21
10.5 72.7 2.3 1.69 8.7 0.24
11.0 71.2 1.7 1.22 7.7 0.20
11.5 69.8 1.7 1.20 8.3 0.24
12.0 67.8 4.5 3.06 8.0 0.23
12.5 68.2 2.7 1.84 7.4 0.21
13.0 69.4 3.4 2.33 7.1 0.20
13.5 68.7 3.3 2.24 7.0 0.20
14.0 66.9 2.4 1.62 6.9 0.20
15.0 66.0 3.4 2.21 6.6 0.20
15.5 65.4 3.3 2.13 7.0 0.23
16.0 64.1 3.5 2.27 6.7 0.22
17.0 63.0 2.9 1.81 6.8 0.24
18.0 63.9 2.7 1.72 6.6 0.24
19.0 65.2 3.6 2.37 5.9 0.20
20.0 64.4 2.2 1.44 59 0.21
22.0 64.0 2.5 1.61 59 0.23
25.0 63.4 3.0 1.89 5.5 0.23
30.0 62.0 1.7 1.07 4.7 0.2

35.0 61.0 1.2 0.74 4.7 0.24
40.0 59.5 3.6 2.17 4.2 0.21
45.0 58.2 2.9 1.68 3.9 0.21
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Table 1 (continued)
E TCS Relative Absolute uncertainty A0 AE
(evV) (107*°m?) uncertainty (%) (+10"%° m?) (deg.) (eV)
50.0 56.6 4.5 2.55 3.8 0.22
60.0 54.7 2.8 1.52 3.5 0.23
70.0 52.6 2.5 1.32 3.4 0.25
80.0 51.1 3.1 1.57 29 0.21
90.0 48.8 3.4 1.68 2.6 0.19
100 46.8 2.0 0.92 2.7 0.23
120 44.9 2.9 1.29 29 031
150 40.8 3.5 1.45 2.7 0.33
200 35.5 2.2 0.79 2.3 0.32
250 29.5 2.2 0.66 2.3 0.42

was always less than 10°> s* (ie. less than a 10 '® A electron
current). Under these conditions no dependence of the measured
TCS on the electron current was found, so ensuring that possible
space charge effects are negligible in this experiment. In order to
ensure that multiple scattering processes are absent under our
working conditions, attenuation measurements were performed at
relatively low NBz gas pressures (from 0 to less than 2 mTorr,
depending on the incident energy). The incident energy was
calibrated against the well-known resonance energy corresponding
to the first peak in the N, TCS, which is largely due to the v = 0-1
vibrational excitation of N,.>' As shown in ref. 42, the energy
resolution of the incident electron beam (AE), derived from the
transmitted electron profiles on the RPA, is typically within
100-200 meV. However, by biasing the RPA to the higher
energies, to reduce the transmitted intensity by 25% of that
for the incident electron intensity, an effective energy resolution
better than 100 meV was customarily achieved.*” Additionally,
and as explained in ref. 42, due to the axial magnetic field
conditions of the present MCEB experiment, the energy resolution
and the incident energy (E) are linked to the angular resolution (A6°)
as follows:

A@° = arccosy/1 — AE/E. 1)

Note that electrons elastically scattered within A0° and
180° — A0Q° are, for the MCP detector, indistinguishable from
the unscattered electrons, and constitute the main systematic
error source of the present measurements.*>*® This effect always
tends to lower the measured cross sections from their “true”
value, but their magnitude can be estimated by integrating the
calculated DCS from 0° to A0°and from 180° — A0° to 180°. In the
case of NBz, due to its permanent dipole moment, rotational
excitations also contribute to this effect. In fact, this contribution
is a common cause of confusion when comparing experimental
with theoretical data and even between experimental results
taken with different energy and angular resolutions (for more
information about this subject see ref. 15 and references therein).
To illustrate this effect, our calculated differential elastic and
rotational cross sections, using the procedures described in
Section 2.3, are plotted together in Fig. 1. As this figure shows,
the angular distribution for rotational excitation is mainly
concentrated around the forward direction, being 7 orders of
magnitude higher than the elastic cross section at 0°. The acceptance
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angle of our MCEB apparatus, at 10 eV, is represented in this figure
by a dashed line. By integrating the calculated elastic and
rotational excitation DCS over the “missing angles”, we have
estimated that the contribution of elastic scattering to this effect
is only 5.1% of the measured TCS. On the other hand, the
contribution of rotational excitation is of the same order of
magnitude as the measured TCS value.

The results of our IAM-SCARI and Born-dipole calculations
(integral elastic, momentum transfer, rotational excitation,
summed electronic excitation and ionisation cross sections)
for impact energies ranging from 1 to 1000 eV are shown in
Table 2. As already mentioned, from previous comparisons with
experimental data for other similar molecules,****™*° we can
establish an overall uncertainty of ~10% for the IAM-SCARI
integral cross sections. The exception to that general claim is
for ionisation, for which uncertainties around the ionisation
threshold could be of the order of 20-25%.*®*° Below 10 eV our
IAM-SCARI method does not in general apply, and so those
results are shown in Table 2 just for completeness.

The present IAM-SCARI integral elastic (IECS), summed elec-
tronic excitation (EECS), total ionisation (TICS) and the total
(elastic + summed electronic excitation + ionisation) cross sections
(TCS) are also plotted in Fig. 2 for impact energies from 10 to
1000 eV. Note that these TCS values do not include the rotational
excitation cross section we independently calculated within the
Born approximation. As mentioned earlier, this scattering channel
is very important for strongly polar molecules, such as nitro-
benzene, and its role in cross section measurements and
calculations will be discussed in the next subsection. From a
first inspection of Fig. 2, we see that there is excellent agreement
between the present experimental TCS data and our IAM-SCARI
calculation above about 15 eV. However, as already noted, the
effect of the elastic scattering into the detection angle and the

10°
~ 10°
5 E,=10 eV
< 107
S
8| 5 = Elastic
9 10 Rotational
g 105 = = = Acceptance angle
3 10°*
n
3 10°
o
© 10
S
= 1
§ 10
£ 10°
o
10"
10?

[ L UL IR L L B DL L L L L L L L L R
0 20 40 60 80 100 120 140 160 180
Scattering angle (deg)

Fig. 1 Differential cross sections (1072° m? sr?) for elastic scattering and
rotational excitation in NBz at 10 eV incident electron energy.
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Table 2 Integral elastic, ionisation, summed excitation and elastic momentum-
transfer (MTCS) electron scattering cross sections, calculated within the
IAM-SCARI method, and the rotational excitation cross sections derived
from the Born approximation (all in A% units) for NBz molecules

E (eV) Elastic ~ Ionisation  Excitation  Rotational =~ MTCS
1.0 116 775 94.3
1.5 96.9 540 74.9
2.0 87.6 417 67.1
3.0 79.8 291 58.2
4.0 75.6 224 50.5
5.0 72.2 183 44.5
7.0 68.9 135 39.8
10.0 66.6 0.1 97.7 38.1
15.0 61.3 0.5 3.3 67.5 30.8
20.0 55.2 3.6 5.9 52.1 23.3
30.0 47.6 10.4 6.0 35.8 17.2
40.0 42.8 13.4 5.1 27.5 12.8
50.0 39.5 14.5 4.6 22.4 9.8
70.0 34.4 15.1 4.1 16.4 6.6
100 30.0 14.6 3.7 11.8 4.5
150 25.0 13.1 3.3 8.1 2.8
200 21.8 11.8 3.1 6.2 2.0
300 17.7 9.7 2.7 4.3 1.1
400 15.0 8.3 2.4 3.2 0.8
500 13.1 7.3 2.2 2.6 0.6
700 10.5 5.9 1.8 1.9 0.3
1000 8.2 4.5 1.5 1.4 0.2

rotational excitations out of this angle require a deeper analysis
before comparing TCS data (as will be discussed later). Below
15 eV, down to 5 eV, the calculated TCS data (not shown) tend to
be lower in magnitude than our experimental values reaching
discrepancies of about 20% at around 8 eV. This clearly
indicates that our IAM-SCARI calculation is underestimating
the strength of the electronic excitation cross sections from 5 to
15 eV. The TCSs measured by Lunt et al.">"* show a completely
different behaviour than all the available theoretical and our
experimental data. We will discuss in Section 3.3 the possible
impact of the dipole moment on these measurements, but the
significant discrepancy in the TCSs around 8-10 eV suggests that
their absolute values may be affected by some as yet unspecified
systematic error.

Concerning the IECSs, the SMCPP data from ref. 41 are also
plotted in Fig. 2 for comparison. Note we are considering here
their SEP*' calculation without their dipole Born correction
(see ref. 41 for details). Further note that this Born correction
is equivalent to our aforementioned dipole-Born rotational
excitation cross section which corresponds to processes not
detectable under the present experimental conditions and
hence should not be included in this comparison. At 10 eV
where both calculations apply the agreement between them is
excellent. This in principle might suggest that by combining
results from both methods, as far as elastic scattering is
concerned, we could accurately cover the whole energy range
considered here, from 0.4 to 1000 eV. However, we note that
below 4 eV the IECS should be roughly equivalent to the TCS (apart
from possible resonance effects, due to temporary electron attach-
ment, that significantly increase the TCS magnitude around the
resonant energy). Nevertheless the data calculated in ref. 41 are
usually lower than the present experimental values, reaching a
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Fig. 2 Integral and total electron scattering cross sections for nitrobenzene.

Present measurements with the MCEB (@) and LTB (4) experimental
systems, respectively, are shown. Experimental data from Lunt et al'2*3
(-X-) are also given. Present IAM-SCARI calculations: TCS not including
rotational excitations ( ). integral elastic ( ), summed electronic
excitation ( ) and ionisation ( ) cross sections are further plotted,
as are the IECS from Maioli and Bettega® ( ). Corrections to the TCS:
experimental results plus the contribution of elastic scattering within the
“missing” angles (===), experimental values plus elastic scattering in the
“missing” angles minus the rotational excitation contribution outside
the effective detection angle (= e =) [see Section 3.3 for details].

maximum discrepancy of about 30% at around 1.5 eV. The
origin of this discrepancy is not clear, but we will suggest in the
next subsection a possible reason based again on the effect of
the dipole interaction and forward angle elastic scattering.
Another important aspect of low energy electron scattering
is the possible presence of resonances, due to the temporary
electron attachment to either the ground state (shape reso-
nances) or excited states (core-excited or Feshbach resonances),
of the NBz molecule. In addition, for highly polar molecules
(v > ~2D) an electron can be bound by their dipolar electric
field leading to a dipole-bound resonance.’” Adams et al.,>® using
a photoelectron imaging spectroscopy technique, observed the
dipole-bound state of the nitromethane anion with a binding
energy ~12 meV. This feature was distinguished from the
vibrational structure of the valence state by the anisotropy
induced by the dipole electric field. More recently, accurate
photoelectron spectra of benzonitrile have been analysed by
Gulania et al.>* with a high-level electronic structure calculation
of its anionic states. This investigation reveals the presence of a
dipole-bound state, that provides the main mechanism to
capture an incoming electron but leads to the formation of
valence anions via non-adiabatic relaxation (see ref. 54 and
references therein). Interconnections between valence states of
anions and dipole-bound states have also been identified in the
opposite direction (bifurcation of the excited state wavepacket
leading to the formation of a non-valence state) for a common
anionic chromophore,> and the stability of such orbitals in the
presence of perturbing molecules has also been studied by the
same group.’® Very recently, Anstoter et al’’ showed that
the observed emission peaks from the vibrational structure of
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the nitrobenzene anion can be correlated with an autodetachment
mechanism via dipole-bound state formation. In all these cases,
dipole-bound states are formed at very low energy, below the lower
energy limit of the present experimental study (0.4 eV). Modelli
and Venuti’ combined electron transmission spectroscopy (ETS)
measurements with ab initio calculations to analyse the electron
attachment to nitrobenzene in the energy range 0-6 eV. By
comparing the experimental results with the calculation of the
vertical electron affinity (0.37 eV) they concluded that the first
anion state of nitrobenzene is stable and therefore not observed in
ETS. This conclusion is supported by the complementary parent
anion detection using mass spectrometry (see ref. 7 for details)
showing an intense peak at 0 eV and a much weaker signal at
0.4 eV. In concordance with this result. Maioli and Bettega
calculation showed the formation of the anionic bound state
(Thouna*(b1)) at 0.39 eV using the configuration space of the By
symmetry. In the energy range considered here, the first
resonance found by Modelli and Venuti,” was placed at
0.55 eV and was associated with the non-interacting ring
n*(a,) component of the benzene n*(e,,) lowest unoccupied
molecular orbital (LUMO), inductively stabilised by the electron-
withdrawing nitro group. They related this resonance with the
formation of the parent anion, but probably due to the energy
resolution limitations of the present measurements (0.2 eV) we
did not observe such narrow feature in the TCS. Note that the
SEP calculation of Maioli and Bettega®' placed this resonance at
0.92 eV with an estimated width of 0.013 eV. Pelc et al'’
observed the formation of the parent anion at 0 eV, but we
should admit that the energy resolution of the present study
(~+0.2 eV) is not good enough to provide any additional
information about this parent anion formation. Our first feature
in the measured TCS is observed at around 1.0-1.5 eV. This
broad peak is compatible with those observed in the mass
spectra of Modelli and Venuti’ (0.7, 1.25 eV), Pelc et al.'® (0.7,
1.4 eV), Compton et al.* (1.3 eV), Jiger and Henglein® (1.5 €V)
and is connected with the formation of the NO,  anion. It is
assigned to the m*(b;) resonance. The SEP calculation*’ found
this resonance at 2.07 eV, confirming the usual shift to higher
energies presented by this calculation with respect to experi-
mental results (see ref. 41 for a comparative discussion between
theoretical and experimental resonances in nitrobenzene and
their correlation with those of benzene on the basis of their
respective molecular orbitals). Between 2.2 and 3.3 eV an increase
in the TCS at around 2.8 eV is distinguishable. Although the origin
of this feature is not clear, it is worth mentioning that similar
structures at those energies were experimentally observed for
benzene®® and pyridine®*”® being related to the vibrational
excitation of the ground state.’>*® The next feature clearly
shown by our TCS is a local maximum at 4.0 + 0.2 eV, which
can be related to those found in ref. 7 and 10 at 3.8 eV. Modelli
and Venuti.” Assigned this peak to a core excited resonance, that
according to the mass spectra from ref. 10 may lead to the
formation of the NO,  negative fragment. This feature was
also observed by Lunt et al'>'? at around 3.75 eV, and was
associated by them with the dissociative electron attachment
channel. The resonance at 4.69 eV, found by Modelli and Venuti,”
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is assigned to the highest-lying empty 7*(b,) state of NBz with a
net effect of stabilisation. However, the mass spectra from Pelc
et al'® and Jiger and Henglein® show a prominent signal at
4.8 and 5 eV, respectively, which are assigned to the formation of
the O™ anion. The local maximum in the TCS that we observe at
5.0 £ 0.2 eV confirms these observations. Our experimental data
show additional broad structures at around 6.8 and 9 eV, which
can be attributed to highly excited states just below the threshold
ionisation energy (9.9 ev).>®

3.2 Intermediate-high electron impact energy (100-1000 eV)

The total electron scattering cross sections measured with the
LTB apparatus in the impact energy range 100-1000 eV, as
described in Section 2.2, are shown in Table 3 with their respective
experimental uncertainty limits.

These results are also plotted in Fig. 2, together with those
measured with the MCEB apparatus and the present IAM-SCARI
calculation data (not including rotational excitations). As
already described, due to the good angular resolution of this
apparatus (fixed acceptance angle of 0.16 deg.), the contribution
of elastic scattering, as estimated with our calculated elastic
DCS, to the “missing” angle effect is less than 1% for the entire
energy range (100-1000 eV). Due to the significant dipole
moment of NBz, some contribution to this effect from rotational
excitation may, however, be expected. By using our calculated
rotational excitation DCS, integrated over the acceptance angle
of the detector (0-0.16°), we have estimated a contribution
to the TCS between 10.7% to 6.2% for energies from 100 to
1000 eV, respectively. As discussed in the previous section this is
a systematic error that should be added to the experimental
results, when comparing with theoretical calculations including
dipole-Born corrections. If a comparison is to be made between
different experimental results, the theoretical DCS should then
be integrated over their respective angular acceptances in order
to obtain comparable data. Under the conditions of the LTB
apparatus, the contribution of rotational excitation from the
acceptance angle, which should be subtracted from the measured
TCS if no rotational excitation is being considered in the

Table 3 Experimental total electron scattering cross section data
(in A2 units) for nitrobenzene in the energy range 100-1000 eV, together
with their corresponding uncertainties and energy (AE) and angular (A0)
resolution limits

E TCS Relative Absolute uncertainty A0 AE
(eV) (107*°m?) uncertainty (%) (£107>° m?) (deg.) (eV)
100  50.6 7.0 3.5 0.16 0.5
120 44.3 7.0 3.1 0.16 0.5
150 38.0 7.0 2.7 0.16 0.5
200 33.2 7.0 2.3 0.16 0.5
250 31.7 7.0 2.2 0.16 0.5
300 28.2 7.0 2.0 0.16 0.5
400 23.2 7.0 1.6 0.16 0.5
500 20.2 7.0 1.4 0.16 0.5
600 18.7 7.0 1.3 0.16 0.5
700 16.4 7.0 1.1 0.16 0.5
800 15.1 7.0 1.1 0.16 0.5
900 13.2 7.5 1.0 0.16 0.5
1000 12.0 8.3 1.0 0.16 0.5

This journal is © the Owner Societies 2020

View Article Online

Paper

comparison to the IAM-SCARI TCS, is less than 1% and therefore
negligible, in comparison with the other uncertainty sources.

Finally, we observe that the present LTB measurements are
in very good agreement (see Fig. 2), within the combined uncertainty
limits, with both the MCEB experimental data and our IAM-SCARI
calculations to within the overlapping energy ranges.

3.3 The role of the dipole moment in electron scattering from
molecules

In the case of polar molecules, such as nitrobenzene, special
attention to the dipole interactions must be paid both from the
theoretical and experimental points of view.'> As noted above,
electron scattering experiments do not generally have a good
enough energy resolution to discriminate against rotational
excitations. For this reason, electron transmission measurements
tend to give lower TCSs than the “true” values, due to the
elastically and rotationally scattered electrons into the detection
or acceptance angle (the so called “missing angles”), with the
magnitude of this effect dependent on the particular angular
resolution in question. In addition, electrons rotationally scattered
outside of the “missing angles” affect the measured TCS, as you'd
expect in a normal attenuation experiment, so that in those cases
where this effect is relevant (e.g. for magnetically confined electron
scattering experiments with polar molecules), according to the
second alternative proposed in ref. 15, the magnitude of those
contributions should be evaluated before comparing theoretical and
experimental cross section data, particularly when the theory does
not account for the nuclear degrees of freedom (i.e. rotations and
vibrations).

As discussed in the previous subsection, there is an excellent
agreement found between the present TCS measurements and
the results of our IAM-SCARI calculation without rotational
excitation (i.e. the elastic + summed electronic excitation +
ionisation integral cross sections). However, from the above
discussion, we must assume that these data are not completely
equivalent. Using our calculated elastic DCSs and integrating
these values over the “missing’”’ angular ranges, we can calculate
the contribution of the elastic scattering to this systematic
error.”’” Adding this contribution to the measured TCS we
therefore obtain the corrected values for elastic scattering into
the “missing angles” which are shown in Fig. 2 as the short
dashed red line. As may be seen in this figure these “corrected
values” are somewhat higher in magnitude than the calculated
IAM-SCARI TCS for energies above about 200 eV. The reason for
this discrepancy is again linked to the “missing” angles. While
for the theoretical TCS we are not considering rotational excitations,
the experimental values do include for the effect of rotational
excitations scattered outside of the ‘“missing angle” ranges.
Although these processes are strongly peaked in the forward
direction, their contribution is not negligible below 200 eV. This
effect can be estimated by now integrating the dipole-Born
rotational excitation DCS over the angular range which is
complementary to the experimental acceptance angles (i.e. from
AO° to 180° — A0°). By subtracting that contribution to the
former “corrected values” (the short dashed line in Fig. 2), we
obtain experimental data corrected for the “missing angle”
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elastic contribution but now not including rotational excitation.
Those data are also plotted in Fig. 2 as a dashed-dot line.
Although the latter should be equivalent to the calculated
IAM-SCARI TCS without rotations, we can see in Fig. 2 that
below 40 eV they tend to be lower than the calculated values. A
possible explanation for this discrepancy is that our dipole-Born
calculation is overestimating the rotational excitation cross section
at the lower energies, which is consistent with the well-known
nature and limitations of the first Born approximation.®®

Fig. 3 represents a double logarithmic plot of the integral
rotational excitation cross section calculated in this study,
within the framework of the Born approximation, together with
the dipole-Born correction to the IECS calculated in ref. 41 and
the low-energy experimental TCS from ref. 12 and 13. The latter
includes the elastic scattering processes, but considering the
very good energy resolution used in ref. 12 (better than 8 meV)
and the relevance of the rotational excitations in the scattering
from highly polar molecules, we can expect that they dominate
the low energy dependence of the TCS. As may be seen in this
figure, all of them can be fitted to straight lines with similar
slopes. Both calculations give slopes around —1.0, while that
for the experimental data is about —1.3. As mentioned above,
the latter includes elastic processes but it gives an indication of
the energy dependence we might expect for the rotational
excitations which, in the case of such strongly polar molecules
as nitrobenzene, are dominant at these low energies. Concerning
the absolute values of the rotational integral cross sections, it is
clear than the magnitude for those of the present calculation
is much higher than that of the others, by a factor 2 when
comparing with those from ref. 41. We can hence conclude
that even if our Born calculation gives a reasonable energy

10*
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o
w

Cross section (10-2° m?)
>

10

Present rotational excitation (Born) iy
<4 Experimental TCS refs. 12, 13

—— Fit to exp data from refs. 12, 13

= = = SMCPP (dipole-Born correction) ref. 41

10°

0.5 1 2 3 5
Electron energy (eV)

Fig. 3 Energy dependence of the integral rotational excitation cross
sections from 0.4 to 5 eV: , present dipole-Born calculation; ===,
dipole-Born correction from ref. 41; 4, experimental TCS from ref. 12 and 13.
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dependence of the rotational cross sections, it probably over-
estimates their absolute values.

3.4 Comparison with benzene

As we discussed in a recent paper devoted to electron scattering
from benzene,’® a comparative study with nitrobenzene may
contribute to understanding the role of the dipole moment
in the scattering process. The geometry of both molecules is
shown in Fig. 4.

The main structural difference is caused by the substitution
of one of the H atoms of the benzene ring with the NO, group,
which confers a significant dipole moment to the nitrobenzene
molecule. The MCEB experimental TCSs, in the energy range
0.4-300 eV, for both molecules are plotted together in Fig. 5. If
we assume that our experimental arrangement is not able to
energetically resolve rotational excitations, from pure geometrical
considerations the TCSs for both molecules should present a
similar structure. As can be seen in this figure, from 10 to 300 eV,
the TCSs for both molecules have a similar energy dependence,
within the combined uncertainty limits, but in terms of the
magnitude those for NBz are around 40% higher, on average,
than those for benzene (Bz). This clearly highlights the important
role of the molecular polarisability in determining the scattering
behaviour.>* From purely empirical considerations, based on the
number of electrons (Z) and the molecular polarizability (o),

») A

J J
(a) (b)

Fig. 4 Molecular structure of benzene (a) and nitrobenzene (b), as deter-
mined using the Jmol package.®*
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Fig. 5 Total electron scattering cross sections (10-2° m?) for benzene (m)
and nitrobenzene (@) as measured with our MCEB apparatus.
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Garcia and Manero® provided an asymptotic formula for the TCS
of some molecules. The number of electrons for NBz and Bz are
64 and 42, respectively, while o is 87.19°° and 70.83*° a.u.,
respectively. According to this empirical formula,®* the TCS of
NBz should be 42.5% higher than that of Bz which is in good
agreement with our observation. However, for lower energies
(<10 eV) the TCS ratio (NBz/Bz) is much higher than that
expected from the empirical considerations, being about a
factor 2 larger at around 2.5 eV. The low energies now under
consideration are below the electronic excitation threshold, and
therefore this difference might be attributed to differing scattering
behaviour in the elastic channel. Nonetheless there is no
theoretical reason to justify such different behaviour in the
IECS for these two molecules, so again we have to consider that
rotational excitations in NBz are leading to the deviation from
the empirical behaviour of NBz versus Bz. As just discussed, this
contribution in NBz can be evaluated by integrating the calculated
rotational excitation DCS out of the effective detection angle range.
Following the procedure described in the previous section, the
TCS-nitrobenzene (no rota.) data, also now plotted in Fig. 5,
represents the experimental TCS cross section plus the elastic
contribution to the “missing angles” and minus the rotational
excitation contribution from out of the acceptance angle range.
This correction mainly affects the lower energies, below 20 eV,
and gives NBz TCS values which are closer to those of Bz, being
even lower than Bz below 4 eV. This comparison again indicates,
in concordance with the previous discussion, that our dipole-Born
rotational excitation calculation significantly overestimates the
magnitude of this contribution.

4. Conclusions

We have presented total electron scattering cross sections for
nitrobenzene as measured with two different experimental
systems, a magnetically confined electron beam arrangement for
low-intermediate energies (0.4-250 eV) and a linear transmission-
beam apparatus for intermediate-high energies (100-1000 eV),
which showed good agreement for the common impact energy
range. Random uncertainty limits of these measurements are
comprised between 5 and 8%. The systematic error due to elastic
and rotational excitation scattering into the acceptance angle of
the detector (the “missing” angle effect) has also been carefully
analysed for both experimental conditions and numerically
quantified with the help of our calculated differential electron
scattering cross sections. Due to the significant dipole moment
of the nitrobenzene molecule the rotational excitation contribution
to this effect is quite considerable for both experimental con-
figurations and therefore needs to be taken into account before
any comparison with either theoretical or other experimental
data is attempted.

Theoretical integral cross sections for elastic and inelastic
(summed electronic excitation and ionisation) scattering as
well as momentum transfer, as calculated with our IAM-SCARI
method, are also presented for the 1-1000 eV impact energy
range. Additionally, rotational excitation cross sections were
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calculated within the dipole-Born approximation. For energies
above 10 eV the present theoretical and experimental data show
good agreement within the combined uncertainty limits. Below
10 eV, apart from the expected overestimation of the elastic
scattering cross section due the failure of the IAM-SCARI approach
at such low energies, an underestimation of the summed electro-
nic excitation scattering cross section has also been found. From
this evidence, we can conclude that the electronic excitation of
nitrobenzene, for impact energies from 4 to 10 eV, is quite
significant for this molecule and will require further theoretical
investigation. Such a calculation is now feasible with the
parallelised version of the SMCPP approach, as evidenced from
ref. 63-65. The previous IECS calculation from Maioli and
Bettega,*" using the SMCPP method, shows an excellent agreement
with the present IAM-SCARI computation at 10 €V, being also
compatible with our measured TCS at that energy but tending to
be much lower (up to 30%) in magnitude than ours for energies
below 4 eV. Although further “ab initio” calculations in this energy
range would be desirable to confirm their elastic cross section data
below the electronic excitation threshold, we have shown here that
for a strong polar molecule such as NBz our low-energy experi-
mental TCS values are affected by the electrons rotationally scattered
out of the acceptance angle of the detector, and so that may be the
cause (in part) of this up to 30% difference with the SMCPP
calculation below 4 eV.

We found a broad feature in the experimental TCS at around
1.0 eV, which has been connected with the formation of the
NO,  anion and assigned to the n*(b;) resonance, according to
previous mass spectra available in the literature. Other local
maxima of the TCSs are found at 4.0 4+ 0.2 eV and 5.0 &+ 0.2 eV,
being assigned to core excited resonances leading to the
formation of the NO,™ and O, anions, respectively.

Finally, the present results for nitrobenzene have been compared
with those we recently obtained for benzene.”® As a result of this
comparison we have confirmed the need for a careful evaluation of
the rotational excitation contribution to the experimental TCS
measurements before comparing TCS results from different targets.
Nonetheless, the TCS comparison between NBz and Bz clearly
illustrated the very important role played by the target polarisability
in the scattering dynamics. In addition, we have shown that the
Born approximation tends to overestimate the rotational excitation
cross section for the lower electron impact energies. We can thus
conclude that a more sophisticated theoretical electron-molecule
scattering analysis, including nuclear motion, is needed to
properly quantify the contribution of the rotational excitation
to the total cross section.
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