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ABSTRACT: Low-energy electrons (LEEs) can very efficiently
induce bond breaking via dissociative electron attachment (DEA).
While DEA is ubiquitous, the importance of other reactions
initiated by LEEs remains much more elusive. Here, we looked
into this question by measuring highly accurate total cross sections
for electron scattering from 1-methyl-5-nitroimidazole (1M5NI), a
model radiosensitizer. The small uncertainty and high energy
resolution allow us to identify many resonant features related to
the formation of transient anions. In addition to novel insights
about DEA reactions through the lower-lying resonances, our key
finding is that the higher-lying resonances do not undergo DEA,
implying alternative decay channels with significant cross sections.
In particular, dissociation into two neutral fragments is probably
involved in the case of 1M5NI. This finding has direct implications for the understanding of LEE-induced chemistry, particularly in
the fundamental processes underlying the radiosensitization activity.

When a free electron encounters a molecule, the energy
from the impinging electron can be efficiently trans-

ferred to the molecular target via the formation of a transient
anion state.1 Such states are resonances, meaning they can
decay by detachment of the extra electron. When they have
long lifetimes against autodetachment, dissociative electron
attachment (DEA) becomes likely.2 Most molecules are known
to undergo DEA, the roles of such processes being numerous
and the subject of many studies.2−5 Much less is known about
the nature and relevance of other chemical processes initiated
by electrons, e.g., neutral dissociation. Only recently has bond
breaking by the action of a catalytic electron been theoretically
proposed6,7 and experimentally verified.8 This is also a
resonant process, taking place via the formation of a transient
anion. In this case, however, the electron is released during the
reaction, whereas in DEA, it remains attached to one of the
fragments. Experimentally, DEA can present sizable cross
sections, and the presence of the precursor resonance can be
inferred by measurements of the produced ion yields.1

Alternatively, the resonances can be experimentally probed
via accurate measurements of total cross sections (TCSs) for
electron scattering,9,10 where they usually manifest as
prominent features. A remarkable advantage of electron
transmission11 (TCS measurements in particular) over DEA
experiments is that resonances leave a signature in the cross
sections regardless of their decaying mechanisms. As such,

transmission experiments thus allow us to trace other decay
processes in addition to DEA, although with no possibility of
discerning the process itself.
The role of electron-induced chemistry is increasingly

recognized within the context of radiosensitization,12−16

although it is a prevalent mechanism in discharges, plasma
processing, and nanolithography, among many others.17−19

The efficacy of radiotherapy treatments can be significantly
improved when deployed in conjunction with radiosensitizer
compounds.20−22 These molecules act by enhancing the
radiosensitivity of tumor tissues and/or cells, thus allowing
the delivered doses to be reduced, while minimizing the
damage induced by radiotherapy in the neighboring healthy
tissues. Although the underlying mechanisms of radio-
sensitivity remain poorly understood, the production and
subsequent chemistry mediated by free radicals certainly play a
key role.14,15 In particular, low-energy electrons (<10 eV),
generated in large numbers along the track of the primary
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ionization radiation,23,24 can efficiently produce free radicals
via DEA processes.2 This mechanism has motivated the
international scientific community to investigate DEA
reactions of biologically relevant molecules, with particular
relevance to model radiosensitizers.25 In contrast, much less is
known about the relevance of other electron-induced processes
that do not lead to charged fragments.
Nitroimidazoles (NIs) comprise one of the main classes of

candidate radiosensitizers under investigation, in view of their
high electron affinities.21,26 The most studied NIs are
nimorazole, metronidazole, and misonidazole, the first one
being currently employed to treat some types of carcinomas in
Denmark.27 Their radiosensitizing effect is believed to stem
from the action of low-energy electrons, which would produce
reactive species when interacting with the NIs.28−33 Specifi-
cally, DEA reactions have been suggested to be the most
relevant underlying process for smaller NIs.28−30 More
recently, however, the radiosensitivity of nimorazole31 and
metronidazole33 has been linked to the formation of the
nondecomposed anion via associative electron attachment.
Here we put forward a new route for the radiosensitization of
NIs, based on the production of neutral fragments via the
action of catalytic electrons. It is also worth mentioning that
NIs have been proposed as potential candidates for high-
energy materials34−37 due to their high heats of formation.38

These aspects have motivated several studies on the
decomposition of NIs upon collisions with different projec-
tiles.28−33,37−43 Of major relevance to the study presented
here, Tanzer et al.28,29 carried out two experimental
investigations of DEA to 4(5)-nitroimidazole [4(5)NI] and
its methylated derivatives, 1-methyl-5-nitroimidazole (1M5NI)
and 1-methyl-4-nitroimidazole (1M4NI), and obtained the ion
yields as a function of the electron impact energy. Several
fragment anions were detected between 2 and 6 eV, for the
three molecules, despite some differences in their fragmenta-
tion pattern. They found that methylation quenches
decomposition at the lower impact energies (<2 eV) and,
importantly, that no DEA reactions occur above ∼6 eV.28,29
In light of the motivations described above, here we looked

into the electron−molecule interaction by measuring the first
set of total cross sections for 1M5NI, covering a wide energy
range (1−300 eV). The choice for 1M5NI was motivated by
(i) its structural similarity to the larger nitroimidazolic
radiosensitizers nimorazole and metronidazole, (ii) the
availability of DEA data,28,29 and (iii) the feasibility of
measuring the TCS (as discussed below). Energies below 1
eV could not be probed due to a limitation of our experimental
setup. Moreover, with the help of multireference configuration
interaction (MRCI)44 calculations, we provide several novel
insights into the nature of the lower-lying resonances and their
correspondence to the DEA decay channels. The most
important result concerns the observation of several
unexpected resonances in the TCS, which have no parallel to
the previous experiments on DEA. The obtained TCS is
further used to assess the accuracy of two different ab initio
scattering calculations, the Schwinger multichannel (SMC)
method45,46 for the lower impact energies (1−15 eV) and the
independent atom model with the screening-corrected
additivity rule plus interference (IAM-SCAR+I) method47−50

for the higher energies (15−300 eV).
The TCS measurements presented here are noteworthy on

their own. To the best of our knowledge, few such
measurements for gas-phase molecules that are solid at room

temperature have ever been performed, just for fructose,51

thymine,52 phenol,53 and p-benzoquinone54 (pBQ). For the
former two molecules, however, only normalized (not
absolute) values have been reported, most probably due to
the difficulty of assessing the vapor pressure inside the
scattering cell.10,51,52 Thus, the only sets of absolute TCSs
for solid molecular samples have been published a few years
ago for phenol53 and pBQ,54 with our current experimental
setup (though in different configurations53,54). Here, we
ventured into performing TCS measurements for 1M5NI, a
molecule having a vapor pressure at room temperature of ∼1.7
× 10−3 mmHg,55 2 orders of magnitude lower than those of
phenol (0.35 mmHg55) and pBQ (0.1 mmHg55). In addition,
we present the most accurate set of TCSs ever obtained with
our experimental setup in terms of energy resolution, reaching
around 100 meV at lower collision energies. This was
paramount for resolving many of the resonant features in the
TCS.
In Figure 1, we show our measured TCS, revealing a

multitude of resonances formed upon collisions of electrons

with 1M5NI. When compared with the ion yields obtained by
Tanzer et al.,29 we notice that only those resonances located
between around 2 and 6 eV decay efficiently by DEA. In
contrast, we find several overlapping features at higher energies
(see Figure 1 and Table S3), related to core-excited
resonances. Surprisingly, none of these higher-lying resonances
have been observed in DEA experiments.29 Therefore, DEA is
largely inefficient for the resonances found in the energy range
of 6−10 eV. We thus get to the important conclusion that
alternative and efficient decay channels come into play, which
may or may not be dissociative. In the former scenario, only
neutral fragments should be formed (because there is no signal
of DEA).
We argue that neutral dissociation through catalytic

electrons6,7 (shown schematically in Figure 2 in comparison
to DEA) should play a substantial role in the relaxation of
these higher-lying resonances. Once the resonance is formed,
the electron can be ejected with most of the excess energy,
leaving the target molecule in its electronic ground state, but

Figure 1. Comparison between our measured TCSs (top) and the ion
yields obtained in ref 29 (bottom), with maxima normalized to the
same value. The line for the TCS is just a guide for the eye.
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this would be an unlikely two-particle process. Instead,
electron detachment may leave an electronically excited state
behind, a more likely one-particle process. There is evidence
that the excited states of 1M5NI dissociate into neutral
fragments, though not radiatively or via internal conversion to
the ground state.37 Yu et al.37 investigated by experimental and
theoretical methods the decomposition of NIs, including
1M5NI, upon photoexcitation in the range of 5.0−5.5 eV.
They found the NO• radical as a product, which would be
formed along the potential energy surface of the S1 excited
state, after an internal conversion from the initially excited S2
state. Our MRCI calculations confirmed the n− π1* (S1) and
n+ π1* (S2) character of these states37 (see the results in the
Supporting Information). The same dissociation mechanism
would be accessible once the S2 state is populated after
electron collisions. The higher-lying resonances we find in the
TCS may decay to higher-lying neutral excited states, followed
by a series of internal conversions before reaching the S2 state
and dissociating into the NO• radical. On the contrary, entirely
different dissociation channels may be accessed from the
higher-lying resonances, but again, leading to only uncharged
fragments. It is worth mentioning that the NO• radical is itself
a radiosensitizer.20 From the arguments presented above and
the available results for photodissociation of 1M5NI, we
believe that dissociation into neutral fragments probably plays
an important role in the overall electron-induced chemistry of
1M5NI and NIs in general. Such processes cannot be probed
in DEA experiments, which are limited to detecting charged
species. The prevalence of such processes remains largely
unknown, but our results suggest that they may be more
common than previously thought.
The following results and discussion concern the lower

energies, where DEA (depicted in Figure 2) is known to occur.
The lowest-lying structures (below and around 4 eV) were
interpreted in light of MRCI/CCSD(T) calculations (see
Computational Methods and Supporting Information for
details). Our results for the three lowest-lying valence anion
states are in line with the previous work for these states: a
bound state (π1*) and two shape resonances (π2* and π3*).41
The character of the orbitals relevant for the discussion can be
seen in Figure S1. From our experimental TCS and
calculations, we have further identified and characterized the
four lowest-lying core-excited resonances, all of them involving
double occupation of the π1* orbital. Table S3 summarizes
every structure found in the TCS, as well as our assignments
based on the MRCI/CCSD(T) results.

The most prominent peak in our measured TCSs appears
between 1.4 and 2.4 eV, peaking at 2.0 eV. This structure is
interpreted as the π2* shape resonance, theoretically
characterized in ref 41. Our measurements thus provide the
first experimental confirmation of the π2* anion state in
1M5NI. No signature of this state has been observed in DEA
to 1M5NI, only in its nonmethylated form, implying that
methylation quenches DEA reactions below ∼2 eV.28,29 This
comparison highlights the ability of our measurements to
identify states that may not manifest in other experimental
techniques, as also illustrated in Figure 1. Calculations by
Kossoski and Varella41 suggested that the quenching of DEA
reactions below 2 eV would be explained by the very short
lifetime against autodetachment of the π2* resonance in
1M5NI. The favorable comparison between the experimental
width [0.71 eV (fitting details are given in the Supporting
Information)] and the calculated one (0.53 eV) lends support
to this hypothesis. We recall that fixed-nuclei scattering
calculations produce overly narrow resonance peaks, such
that the purely electronic resonance width from the
calculations should be taken as a lower bound to the
experiment, making the difference described above more
reasonable.
The second most prominent feature in our measured TCS is

placed between 2.5 and 4.2 eV. The experimental maximum
(3.2 eV) compares very favorably with the calculated ones for
the π3* shape resonance [3.22 eV with the SMC and 3.12 eV
with the MRCI/CCSD(T) calculations]. In contrast, the
experimental resonance width (1.36 eV) is much larger than
the calculated one (0.51 eV). We notice, however, that this
peak is considerably more asymmetric than the lower-lying
one, with a clear shoulder around 4.0 eV suggesting the
presence of other underlying resonances. Indeed, our MRCI/
CCSD(T) results support four core-excited resonances
between 3.5 and 4.3 eV (see Table S2). From the favorable
theoretical−experimental comparisons regarding the π2* and
π3* shape resonances, we believe that the core-excited
resonances would be similarly well described in our
calculations, with errors probably below 0.3 eV. We therefore
assign the 4.0 eV shoulder to the πO (π1*)2 core-excited
resonance, theoretically predicted at 3.97 eV. Meanwhile, the
3.2 eV peak should stem from the π3* shape resonance, with
some minor contribution from the n− (π1*)2 core-excited
resonance, theoretically found at 3.12 and 3.55 eV,
respectively.
Further insights into the underlying DEA reactions are

gained once we compare our results with the ion yields
reported by Tanzer et al.,29 shown in Figure 1. Above 2 eV, we
identify three distinct energy ranges in their measured ion
yields. The first one extends from 2 to 6 eV, peaking at around
3 eV, and is common to all fragments involving the nitro group
and loss of the methyl group. These DEA channels would be
triggered by the π3* anion state (in this work at ∼3.2 eV),
which couples to dissociative anion states along the C−NO2 or
N−CH3 bond.41 We notice the competition among several
dissociation channels for the same resonance. In contrast,
production of (1M5NI-OH)− has a distinct profile, narrower
in energy and peaking at ∼3.4 eV. We assign this fragment to
the formation of the n− (π1*)2 core-excited resonance (found
at 3.55 eV in the calculations presented here). In turn, the
CN− yield has a maximum at ∼3.8 eV and shows a broader
energy profile. This DEA channel may be triggered by the πO
(π1*)2 core-excited resonance (identified here at 3.97 eV).

Figure 2. Schematic potential energy curves as a function of a reactive
coordinate, illustrating two mechanisms for electron-induced
chemistry: neutral dissociation through a catalytic electron (left)
and dissociative electron attachment (right).
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Note that these assignments concern the resonance that
probably makes the largest contribution to each dissociation
channel. In fact, the fairly broad energy profiles in the ion
yields suggest that all of these resonances probably contribute
to the same DEA channels. Ribar et al.30 already suggested the
existence of a π (π*)2 core-excited resonance at ∼3.5 eV, based
on the prior observations of a shake-up satellite in X-ray
photoelectron spectra of NIs40 and electron transmission
studies on nitroaromatic compounds.56 Our results support the
presence of such a core-excited resonance and further provide
its specific character as πO (π1*)2. This resonance involves
mostly the nitro group, despite some conjugation of the π1*
orbital with the imidazole group (see Figure S1). As such, it
should be common for nitro-containing compounds. In
addition to the immediate connection to the studies
mentioned above,40,56 we further relate the 4 eV shoulder in
the TCS (Figure 1) to the peak recently observed in the
nitrobenzene TCS measurements at around the same energy.57

Extending from 4.2 to 5.6 eV is a broad and somewhat
asymmetric feature, with a maximum at ∼4.7 eV, likely
originating from the contribution of several core-excited
resonances. Tanzer et al.29 mentioned that structures in the
high-energy tail of their measured ion yields could be related to
the opening of dissociation channels into more than one
neutral species. While this can be an important aspect to
consider, the observation of such structures in their ion yields
means that additional underlying resonances trigger the
dissociation. Indeed, the weak shoulders observed in DEA
experiments would be related to some of the higher-lying
resonances found in our TCS measurements. The higher-lying
roots of our MRCI/CCSD(T) calculations (Table S2) are
contained in this region: a π1 (π1*)2 core-excited resonance at
4.23 eV and a n+ (π1*)2 core-excited resonance at 4.26 eV,
though probably more resonances contribute to this broad
structure. The only signals in DEA experiments that can be
directly correlated with the TCS feature are the formation of
NO2− and (1M5NI-HNO2)−. As discussed above, smaller
contributions from higher-lying resonances are expected for
most fragments, in view of their generally broad energy
profiles. However, it is surprising that resonances displaying a
clear increase in the TCS make such a small contribution to
DEA (see Figure 1). Except for the somewhat larger signals of
(4(5)NI-HNO2)− in this energy range, the ion yields for the
nonmethylated compound are quite similar,28,29 meaning that
a quenching mechanism due to methylation cannot be implied
here.
Our TCS further reveals a resonance centered at 6.2 eV,

extending from 5.6 to 6.6 eV. It has no obvious
correspondence to the ion yield measurements for 1M5NI
(or for 1M4NI),29 showing that the underlying resonances do
not lead to DEA reactions. In this case, however, 4(5)NI
actually undergoes DEA at around the same energies, with
distinct features observed for several fragments.29 On the basis
of the rather similar energies for the lower-lying resonan-
ces,29,41 the same would be expected for the resonance(s) at
∼6 eV. We deduce from the observation of the figures in ref 29
that methylation quenches DEA reactions not only below 2
eV28,29 but also around 6 eV. Even then, it is remarkable that
the 6.2 eV peak in our TCS is rather intense when compared
with the lower-lying structures, whereas in DEA experiments,
the signals around 6.2 eV are much weaker than at lower
energies. This suggests that these resonances also decay more

efficiently by other mechanisms, as discussed above for the
higher-lying resonances.
The measured TCS also served to assess the performance of

two ab initio electron scattering methodologies, the SMC
method for the lower energies and the IAM-SCAR+I method
for the intermediate and higher energies, as shown in Figure 3.

To properly compare experimental and theoretical cross
sections, special precautions are needed. For each impact
energy, we integrated the calculated DCSs over the
experimental angular acceptance range, thus ignoring the
contribution from forward and backward “missing angles”
(MAs) (see Experimental Methods for details). Then, the
integrated cross sections were convoluted with a Gaussian
having the width of the experimental energy resolution. The
final results are depicted in Figure 3 as SMC-MA (elastic) and
IAM-SCAR+I-MA (elastic). Adding the inelastic cross sections
(ionization and electronic excitation) to the latter further
provides a TCS that can be directly compared with the
experimental data.
Both magnitudes and the overall shape of TCSs compare

quite favorably, which is reassuring for both experimental and
theoretical methodologies. The elastic cross sections computed
with the SMC method clearly indicate the dominance of the
elastic channel at lower energies. The theoretical magnitudes
appear to be somewhat underestimated though, which remains
to be understood. The positions of the two lowest-lying
resonances (around 2.0 and 3.2 eV) are correctly reproduced.
The same can be said about the increase in the cross sections
at lower energies, related to the long-range interaction
mediated by the permanent dipole moment of 1M5NI (4.37
D58). Above 4 eV, several weaker features appear in the
computed cross sections, which should not be interpreted as
physical, given the lack of open electronic excitation channels
in our model. The level of agreement between the experiment
and the IAM-SCAR+I calculations is excellent at higher
energies but no longer holds below ∼15 eV (not shown),
where the IAM-SCAR+I method cannot provide reliable cross
sections.54,59,60 Even so, it is worth mentioning the good
matching at around 15 eV between the SMC and the (elastic)

Figure 3. Experimental total electron scattering cross sections from
1M5NI in the energy range of 1−300 eV, together with our IAM-
SCAR+I and (elastic) SMC results, considering the experimental
angular acceptance (see the text for further details).
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IAM-SCAR+I results. Finally, the TCS for 1M5NI lies around
10−18 m2 at the lower energies (∼1 eV), which is on the same
order of magnitude as the associative electron attachment cross
sections reported for metronidazole (3.6 × 10−18 m2)33 and
nimorazole (2.8 × 10−18 m2)31 close to 0 eV. Despite the
different impact energies, systems, and processes, this
comparison helps to put the latter cross sections in perspective,
highlighting the relevance of associative attachment for
metronidazole and nimorazole.
To summarize, here we have employed a state-of-the-art

experimental setup for measuring total electron scattering cross
sections from 1M5NI, a model molecule for the important
class of nitroimidazolic radiosensitizers. The high accuracy and
energy resolution reached in this experiment have allowed us
to accurately identify many resonances in the TCS, associated
with the formation of transient anions. Our main finding is that
several of these resonances have no parallel in DEA
experiments, showing that alternative decay mechanisms are
operative. These higher-lying states are expected to eject slow
electrons, thereby populating neutral excited states, which are
known to dissociate into neutral fragments based on
photodissociation studies by Yu et al.36 We conclude that
such neutral dissociation through a catalytic electron
mechanism should play a substantial role in the electron-
induced decomposition of 1M5NI. Importantly, this mecha-
nism would be accessible for a rather wide energy range [6−10
eV (see Figure 1)], where no DEA takes place. This is an
important energy range in the context of radiosensitivity
because it coincides with the maximum of the energy
distribution of the secondary electrons produced inside
biological matter.23 With only this aspect in mind, processes
occurring in the energy range described above (like the neutral
dissociation we propose) would be more frequent than those at
lower energies (such as DEA), at least in the early stages of
thermalization. We notice, however, that the secondary
electrons quickly lose their energy to the medium and form
much lower energy presolvated states,15 which could still lead
to DEA reactions. Furthermore, neutral dissociation events are
expected to be even more chemically relevant than DEA events
breaking a single bond, because two radical species (and a
released electron) are produced in the former, against only one
radical in the latter. While DEA is believed to make a major
contribution to the understanding of radiosensitivity,12−16 our
results point out neutral dissociation through catalytic
electrons as a new pathway for radiosensitization. In particular,
this pathway represents an alternative radiosensitizing
mechanism for nitroimidazolic radiosensitizers, which could
play a role similarly important to that of the previously
proposed associative attachment (for nimorazole31 and
metronidazole33) and DEA (for smaller NIs28−30) electron-
induced processes. Detection of neutral fragments remains one
of the main experimental challenges in the field of electron−
molecule interactions, and we expect our contribution will
further encourage the community into looking at this missing
puzzle.61,62 Our results also shed new light on the transient
anions and dissociation pathways of 1M5NI below 4 eV and
on the effect of methylation in suppressing DEA reactions
between 4 and 6 eV. Finally, the study presented here
demonstrates that accurate measurements of absolute TCS for
solid compounds having a room-temperature vapor pressure as
low as ∼10−3 mmHg are technically feasible. This opens the
possibility of performing analogous studies for electron

interactions with molecules having comparable low vapor
pressures.

■ EXPERIMENTAL METHODS
The TCS measurements were carried out in a state-of-the-art
magnetically confined electron beam system described in detail
elsewhere.60,63 Further details about the experimental methods
can be found in section S1 of the Supporting Information.
Considering that 1M5NI is solid and has a very low vapor
pressure at room temperature (∼1.7 × 10−3 mmHg55),
obtaining the measurements presented here has represented
a major experimental challenge. The main reason is that
absolute values of TCS require accurate and stable measure-
ments of the sample’s gas pressure inside the collision
chamber, which becomes increasingly difficult for lower-
vapor pressure compounds. The sample was heated to around
333 K. At the same time, the temperature was controlled to
maintain it in a range where thermal dissociation does not
occur. In addition, the collision chamber’s temperature was
kept around 20−30 K above the sample’s temperature, thus
preventing condensation effects.
Although the total statistical uncertainties of these measure-

ments remain below 5%, our measured TCSs lay lower than
the “real” values due to the experimental angular acceptance.
Concretely, in the experimental system presented here, the
angular resolution is linked to the energy resolution as a
consequence of the magnetic confinement, entailing thus
“missing angles” in the forward and backward scattering
directions, as explained in detail in ref 63. Therefore, this
should be considered when the results derived from this setup
are compared with other, experimental60,64 but also theoretical
results. The experimental TCSs presented here together with
their absolute uncertainties are listed in Table S1.

■ COMPUTATIONAL METHODS
To quantitatively characterize the lower-lying shape and core-
excited resonances of 1M5NI, we resorted to bound-state
MRCI calculations. By building proper state-average reference
wave functions, we aim at a more balanced description of both
(one-particle) shape and (two-particle) core-excited resonan-
ces. Being a bound-state method, couplings to the continuum
are neglected. However, we verified that all of the obtained
roots correspond to localized states (and not some
discretization of the continuum), thus reassuring us that our
MRCI calculations would provide a decent description of the
resonances. The relative energies among neutral states and
among anion states are expected to be reasonable with our
MRCI calculations. That would not be the case, however,
when comparing neutral and anion energies, because the latter
appear to be too high with respect to the former. This is due to
the well-known challenges associated with a balanced
description of correlation effects in neutral and charged
forms. To correct for that, we have performed separate
calculations for the neutral and anion ground states, at the
coupled cluster with singles, doubles, and perturbative triples
[CCSD(T)] levels.65,66 Then, we introduced a systematic shift
into all energies of the anion states, based on the CCSD(T)
binding energy. More precisely, the herein reported resonance
energy for the ith anion state, Eir, was obtained from the
equation Eir = E1CCSD(T) − ENCCSD(T) + EiMRCI − E1MRCI, where
E1CCSD(T) and ENCCSD(T) are the CCSD(T) energies of the
anion ground state (i = 1) and the neutral ground state,
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respectively, and EiMRCI and E1MRCI are the MRCI energies
(plus Pople’s extensivity correction67) of the ith anion state
and the anion ground state (i = 1), respectively. Throughout
the text, we refer to this mixed set of calculations as MRCI/
CCSD(T). Due to the high computational cost of these
calculations, a limited number of states were obtained (seven
for each charge state), thus restricting our theoretical analysis
to energies below ∼4 eV.
Further methodological details concerning the bound-state

MRCI and electron scattering IAM-SCAR+I and SMC
calculations are given in section S2 of the Supporting
Information. We notice that the current implementation of
the SMC method usually provides one-particle shape
resonance energies within ∼0.3 eV of the experimental values,
though it still struggles to describe two-particle core-excited
resonances.68,69 For this reason, we resorted to bound-state
MRCI calculations to describe these states.
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