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ABSTRACT

We probe resonances (transient anions) in nitrobenzene with the focus on the electron emission from these. Experimentally, we populate res-
onances in two ways: either by the impact of free electrons on the neutral molecule or by the photoexcitation of the bound molecular anion.
These two excitation means lead to transient anions in different initial geometries. In both cases, the anions decay by electron emission and
we record the electron spectra. Several types of emission are recognized, differing by the way in which the resulting molecule is vibrationally
excited. In the excitation of specific vibrational modes, distinctly different modes are visible in electron collision and photodetachment experi-
ments. The unspecific vibrational excitation, which leads to the emission of thermal electrons following the internal vibrational redistribution,
shows similar features in both experiments. A model for the thermal emission based on a detailed balance principle agrees with the experimen-
tal findings very well. Finally, a similar behavior in the two experiments is also observed for a third type of electron emission, the vibrational
autodetachment, which yields electrons with constant final energies over a broad range of excitation energies. The entrance channels for the
vibrational autodetachment are examined in detail, and they point to a new mechanism involving a reverse valence to non-valence internal
conversion.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101358

. INTRODUCTION

Electron-molecule resonances, or transient anions, are inter-
esting species from the fundamental point of view of nuclear dynam-
ics. The total energy of such anions is in the continuum (i.e., higher
than for the system neutral + electron), and they can release the
excess energy in several competing channels. The detachment of
excess electrons is one of them. By analyzing the energies of the
detached electrons, one can obtain information about both the ini-
tial state of the anion and the final states of the neutral. This reveals
details of the nuclear dynamics that is involved in the relaxation
process of the resonance.

There are several possibilities for how to prepare the tem-
porary anions. One is by the collision of a free electron with a
neutral molecule. The lifetime of such compound states can vary

across many orders of magnitude."” It ranges from the background
scattering (where the “lifetime” is usually just a flyby time and one
typically does not use the word anion at all) to the formation of
resonances with an electronic lifetime often in a femtosecond or
picosecond timescale. A suitable experimental tool to probe such
collisions is electron energy loss spectroscopy,” where a beam of
electrons with controlled incident energy (¢;) collides with a neutral
target and the final energy of the scattered electron (¢f) is recorded.
The difference Ae = & — ¢ is the energy loss. A neat extension of
this traditional technique is the two-dimensional electron energy
loss spectroscopy (2D EELS), where the energy loss spectra are
recorded for many incident energies and thus provide a complex pic-
ture of the collision dynamics.”” A different method of populating
resonances is by photoexcitation of bound anions. Their forma-
tion strongly influences the electron detachment channel, and the
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resonance footprints are thus manifested in the photoelectron spec-
tra. Here, a photon with controlled energy hv collides with the
anion and leads to an outgoing electron with the energy &;. The
difference ¢, = hv — & is the electron binding energy. This method
also can be performed in a two dimensional manner by recording
photoelectron spectra over a range of incident photon energies.”
Hence, 2D photoelectron spectroscopy is complementary to 2D elec-
tron energy loss spectroscopy. However, both methods have been
developed in different communities and have not been compared
in detail and such a comparison is an important part of the current
study.

In both cases, electron energy loss spectroscopy and photo-
electron spectroscopy, two basic types of vibrational excitation have
been typically recognized. One is the excitation of specific vibra-
tional modes with a constant energy loss (or constant binding
energy): the energy of the emitted electrons is lower than the energy
of the exciting particle by the vibrational quantum, which is left
in the neutral molecule. The second common type is unspecific
excitation: fast intramolecular vibrational excitation (IVR) leads to
redistribution of excess energy among the vibrational degrees of
freedom and slow (thermal) electrons are emitted over a wide range
of excitation energies.” Few systems, however, show a third type
of emission, where the electrons are emitted at constant finite final
energies (i.e., not at constant energy loss or binding energy).”* '’
These energies correspond to de-excitation of specific vibrational
modes and were detected in both photodetachment and electron-
energy loss studies. Recently, we have identified a mechanism for
such mode-specific vibrational autodetachment following the exci-
tation of resonances in nitrobenzene.'! In this paper, we provide
details of vibrational excitation and electron emission from the
excited anions in this molecule. We cover all observed types of
electron emission.

Several aspects make nitrobenzene an interesting target from
the point of view of electron collisions. It has a relatively high dipole
moment of 4.22 Debye.'"” This leads to an existence of a dipole
bound state with a binding energy of 28 meV."* The high dipole
moment primarily motivated a number of electron elastic scattering
studies, both experimentalI 15 and theoretical."”'° Also interesting
is the structure of anion states. The LUMO of neutral nitroben-
zene is 7% (b;). When an additional electron occupies this orbital,
it creates a bound anion state with the adiabatic binding energy of
1.00 + 0.01 eV."” Higher unoccupied orbitals of nitrobenzene
give rise to resonances. The electron transmission experiment“ "
located the resonances at 0.55, 1.36, 3.79, and 4.69 eV (with respect
to the ground state of the neutral molecule). They can relax either via
electron emission or via dissociation. In the latter case, these reso-
nances give rise to a number of stable anionic fragments, as revealed
by dissociative electron attachment spectroscopy.’” *' Important for
the present paper is the fact that electron attachment close to zero
eV yields the non-dissociated anion NB~, which was detected on the
typical mass-spectrometric timescales, i.e., microseconds.

Our results provide detailed information about all the
above-mentioned aspects of the electron-nitrobenzene interactions.
Encoded in the electron spectra are the dynamics on resonant states,
structural changes upon the electron attachment/detachment, role
of long-range electron-molecule interaction (especially of the non-
valence dipole-bound state), and high heat capacity leading to a
long-living parent anion.

ARTICLE scitation.org/journalljcp

Il. EXPERIMENT
A. Electron collision experiment (Prague)

The electron scattering experiments were performed using the
electron energy loss spectrometer described earlier.”*’ The elec-
trons are emitted from a heated iridium filament and energy-selected
by a double-hemispherical electron monochromator. They collide
with the effusive beam of the nitrobenzene gas, and the energies of
scattered electrons are analyzed with a double-hemispherical elec-
tron analyzer. The analyzer is rotatable, and the scattering angle can
be additionally modified by a magnetic angle changer. The angle
changing capacity was not used in the present measurements; all
the data shown here were taken at the fixed mechanical scattering
angle of 135°. The choice of this angle was determined by the fact
that in electron scattering, the direct excitation processes related to
direct-dipole excitation have cross sections peaking at small scat-
tering angles.”*”” The resonant processes that are of interest here
are best visible in the backward scattering 180° angle. 135° is the
highest mechanically accessible scattering angle in the present setup.
The energy of the incident beam was calibrated on the 19.365 eV
2%S resonance in helium. Combined electron-energy resolution was
17 meV, as determined from the width of the elastic peak.

B. Photodetachment experiment (Durham)

2D photoelectron (PE) spectroscopy was carried out using two
separate instruments. The first employs a molecular beam source in
which the vapor pressure of a drop of NB is entrained in Ar car-
rier gas (3 bars) and expanded into vacuum using a pulsed valve.
The expansion was crossed by a 300 eV electron beam to gen-
erate NB™.”° In a second experiment, NB~ was generated using
electrospray ionization.”””® In either experiment, NB~ was mass-
selected using a time-of-flight mass-spectrometer and intersected
with light from a tunable nanosecond (~5 ns) Nd:YAG-pumped
optical parametric amplifier (OPA) in a velocity-map imaging PE
spectrometer.”””’ The PE spectrometer was calibrated using iodide
and had a resolution of <3% and <5% of &; for the molecular beam
and electrospray ionization experiment, respectively. The difference
in ion sources leads to a difference in the temperature of the anions:
for the molecular beam, the internal energy is not equilibrated, but
the typical vibrational temperature is <100 K; for the electrospray
ionization source, the temperature is expected to be thermalized
at ~300 K. Below, we present only the results from the molecu-
lar beam source (higher resolution), but we note that very similar
results were obtained at 300 K. Finally, we have also performed time-
resolved photoelectron spectroscopy exciting the anion at 2.08 eV
and probing the subsequent dynamics at 0.95 eV with an overall
time-resolution of ~100 fs. Both pump and probe pulses were gen-
erated in separate OPAs: the 2.08 eV (595 nm) was generated by the
second harmonic generation of the signal output of one OPA and
the 0.95 eV (1300 nm) was the signal output of the second OPA.
Both beams were combined collinearly and loosely focused in the
interaction region.

lll. RESULTS AND DISCUSSION

The electron energy loss experiment on nitrobenzene NB can
be summarized as

e (&) + NB — NB(exc) + e (g). (1)
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The photodetachment experiment can be summarized as

hv + NB™ — NB(exc) + e~ (sf), (2)
where hv = ¢; — g, and NB(exc) indicates that NB is generated with
some additional vibrational excitation. Figure 1(a) shows the two-
dimensional electron impact and photodetachment spectra. The
energies of the exciting particles (¢; and hv) are varied, and at
each of these energies, the kinetic energy spectrum of emitted
electrons is recorded. The intensity is color-coded. There are a
number of features visible in the 2D spectra, which will be dis-
cussed individually in the following subsections. The diagonal sig-
nals correspond to specific vibrational excitation (Sec. I1I A). The
vertical features at low final energies correspond to mode-specific
emission of constant-¢ electrons (Sec. I11 B). Finally, the under-
lying broad background at low final energies is the unspecific
vibrational excitation corresponding to statistical electron emission
(Secs. 111 C and 111 D).
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A. Specific vibrational excitation

The diagonal features in the 2D EELS spectra, Fig. 1(a), mean
that the electron energy loss (Ae = &; — &) is constant. Similarly, in
the 2D PE spectra, Fig. 1(b), they mean that the electron binding
energy (&, = hv — &) is constant. In both cases, they stand for the
excitation of specific vibrational modes. The excited modes are eas-
ier to identify when the spectra are plotted in the traditional way
[Fig. 1(c)]: as one-dimensional spectra where the signal is not a func-
tion of the outgoing electron energy ¢, but rather a function of Ae
or &,. These quantities directly express which vibrational modes are
excited in the electron impact experiment and in the photodetach-
ment experiment. Assignment of the modes was performed based on
the vibrational analysis of infrared spectra in the literature’””' or by
computational chemistry.

There is a clear difference in the excited modes in the two
experiments. In photodetachment, across the whole hv range, there
is a dominant progression corresponding to the NO, symmetric
stretch (166 meV). This is in agreement with the observation of
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FIG. 1. (a) Two-dimensional electron-energy loss spectra of NB (top) and photodetachment electron spectra of NB~ (bottom). (b) Electron spectra at two different excitation
energies for each experiment. (c) The horizontal scale of PE spectra is shifted with respect to that of EELS by 1 eV to account for the electron affinity of NB.
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Desfracois et al.'” and 2D PE spectroscopy of para-dinitrobenzene.**
The main factor determining the direct vibrational excitation in
photodetachment is the difference in the equilibrium molecular
geometries of NB™ and NB. Both are planar with the C;,, symmetry.
The main difference is in the NO bond length, which is 0.1 A longer
in the anion (value from the present B3LYP/aug-cc-pVDZ calcu-
lation). This causes the strong NO, symmetric stretch excitation
upon detachment. In the electron-impact experiment, the efficiency
of vibrational excitation is more sensitive to the presence of res-
onances. The excited vibrations thus reflect the geometry change
between the neutral and resonant anion, and there is stronger vari-
ation of the excited modes with changing incident energy ¢;. At the
incident energy of 1.4 eV, the dominant mode is the C-H out-of-
plane deformation. As will be shown below, this falls in the region of
the 7r; (b1) resonance. It corresponds to the temporary occupation of
the out-of-plane b; orbital (LUMO+2 of the neutral NB); it is thus
not surprising that it excites modes breaking the planar symmetry.
Quite strong is also the mode containing the C-NO; stretch (due to
high molecular masses on its both sites, the C-N bond in NB has an
unusually low frequency of 52 meV). The NO, symmetric stretch
excitation is visible. That follows from the nodal structure of the
by (LUMO+2): both CN and NO bonds are weakened by the addi-
tion of the electron in this orbital. At the incident energy of 0.6 eV,
the excitation of the C-H bending modes is weaker, and the NO,
symmetric stretch is not visible in the spectrum.

In the electron-impact experiment, a convenient method of
revealing resonances is by recording the excitation curves of individ-
ual vibrations. Experimentally, these are measured by scanning both
the monochromator and the analyzer with their energy difference
(energy loss) kept at a constant value. In principle, this corresponds
to a diagonal intensity profile of the 2D EELS spectrum. Figure 2
shows the excitation curves of four different energy losses. Several
features can be recognized. First, all excitation curves show thresh-
old peaks of varying intensity. A peak at the threshold means that
the electron efficiently excites the given vibration as soon as it has
enough energy to do so, and this efficiency steeply decreases with
increasing electron energy. Such vibrational excitation at the thresh-
old is a well-known effect in electron collisions with polar molecules;
the underlying physical principles are theoretically described, e.g.,
in the review by Itikawa.”* There are four resonances visible in the
excitation curves, marked by vertical bars in Fig. 2. The lowest one
is at 0.49 eV. This is the 7] (a2) shape resonance, reported previ-
ously by the ETS (electron transmission spectroscopy) technique at
0.55 eV.'® Tt is rather narrow. The width of the resonant peak in the
excitation curve is determined by a combination of the resonance
electronic width and the Franck-Condon overlap. The narrow peak
thus suggests both a small resonant width and that the geometry of
the resonant state in its energetic minimum is similar to that of the
neutral NB.

The 75 (b1) shape resonance centered around 1.45 eV (in ETS
it was reported at 1.5 eV'®) is much broader. Additionally, there are
two broad resonances, centered roughly around 3.8 and 4.9 eV. The
first one (ETS value 3.79 eV) was assigned by Modelli and Venuti'®
to be a core-excited shape resonance. This might be the reason for
its very weak footprint in the spectra, since the two-particle reso-
nances are generally inefficient in the vibrational excitation, as will
be detailed in Sec. II1 B. The last visible resonance at 4.9 eV (ETS
value 4.69 eV) was assigned as 73 (b1) shape resonance.'® Its effect
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FIG. 2. Excitation curves of four energy losses in the electron collision experiment.
The vertical bars denote the positions of resonances. Drawn on top are the iso-
surfaces of neutral NB orbitals (LUMO+1 and LUMO+2), the occupation of which
gives rise to the two lowest shape resonances.

on the vibrational excitation is rather weak, which may be caused by
the fact that such high-lying shape resonance will necessarily have a
large width. This leads to fast autodetachment prior to considerable
nuclear motion of the transient anion.

In the photodetachment experiment, the footprint of reso-
nances is different. The most obvious signatures of resonances are
changes in the excitation cross section as resonances are directly
photoexcited. This would lead to changes in the overall electron yield
as a function of photon energy. We have not performed such exper-
iments in the present case. The second signature is in the properties
of the outgoing electron. In direct detachment, the electron will leave
according to the Franck-Condon factors between the anion and
neutral. As resonances are excited, there is a finite lifetime of the
resonance before the electron is emitted. Hence, nuclear motion can
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take place on the resonance and Franck-Condon factors can change
between the resonance and final neutral state. In Fig. 1, this is clearly
apparent in the spectra shown at hv = 1.8 and 2.6 eV, where the latter
is resonant with the 75 (b1) resonance. While the vibrational modes
of the NO, symmetric stretch remain visible, they are much less
resolved and the Franck-Condon profile has shifted towards lower
kinetic energy (higher binding energy). Note that the lower 7} (a2)
resonance is not observed clearly in the high KE energy spectrum
because photoexcitation to it from the HOMO is optically forbidden
(although symmetry allowed).

An additional signature of resonance excitation can be gained
from the photoelectron angular distributions.”””’ These are sen-
sitive to the molecular orbital from which the electron is detached,
and, therefore, upon excitation of a resonance, this molecular orbital
is different and often leads to corresponding changes in the out-
going electron’s angular distribution. The angular distributions are
typically quantified by an anisotropy parameter, 3,, which has val-
ues between +2 (corresponding to electron emission predominantly
aligned with the polarization axis of the light) and —1 (correspond-
ing to emission perpendicular to the polarization axis).” Figure 3
shows the 2D B, spectrum associated with the 2D PE spectrum in
Fig. 1. This shows that the direct detachment from 7 (b;) has a
B, <0 and approaches —1. Such negative anisotropy is consistent
with the direct photodetachment from a 77 molecular orbital.*> Gen-
erally, 3, is a slowly varying function of ¢ as differing partial waves
interfere. This can be seen in Fig. 3 as 8, becomes more negative
as & (or hv) increases in the range up to & ~ 0.6 eV. However, at
& ~ 1.0 eV, there is a sudden change in f3,, which rapidly becomes
B, ~ 0 as ¢ increases and then returns to negative values again for
& > 1.6 eV. The sudden change in 3, coincides with the excitation of
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FIG. 3. Two-dimensional spectrum of the anisotropy parameter B, in the
photodetachment experiment.
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the 71y (b1) resonance and clearly demonstrates the sensitivity of 3,
to the changing molecular orbital involved in the electron emission
process.

B. Mode-specific emission of constant ¢; electrons

The vertical features in both 2D spectra at & < 0.2 eV cor-
respond to specific excitation, however, in a different way than
the diagonal features discussed above. Here, the electrons at con-
stant final energies are emitted, which means that the emission
process itself de-excites specific modes and the emitted electrons
get a constant kinetic energy kick. When 1D spectra are plot-
ted as a function of the emitted electron energy & (Fig. 4), this
type of emission is manifested as the peaks superimposed on a
smooth background. We have recently provided a detailed analy-
sis and explanation for this effect.!! These electrons are not emitted
directly from a resonant state. Rather, the resonance undergoes
an internal conversion (or a series of these) to the ground state,
and, eventually, the long-range dipole-bound state is populated.
Upon the electron detachment from this non-valence state, spe-
cific vibrational modes are de-excited. The kinetic energy of these
electrons corresponds to the vibrational energies of specific modes
minus the binding energy of the dipole-bound state. The selec-
tion rules for such mode-specific detachment are based on the
non-adiabatic coupling elements between the non-valence anion
state and the final neutral state and have been discussed in detail
previously.'

Here, we focus on the entrance channels to this emission in the
electron scattering experiment. They are manifested in the type of
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FIG. 4. Low-¢; part of the spectrum of emitted electrons. (a) EELS experiment at
& = 0.8 eV. (b) Photodetachment experiment at a mean photon energy of 3 eV.
This is the average of nine spectra taken between 2.9 and 3.1 eV photon energy
with the step of 0.025 eV. Dashed line indicates the model for statistical electron
emission, Eq. (8). The emission temperatures are T, = 0.069 eV in (a) and 0.11 eV
in (b).
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measurement, where &7, which is let to pass the analyzer, is kept
constant (in this case ¢ =0.07 eV) and the incident energy & is
being scanned (Fig. 5). In principle, such a spectrum corresponds
to the intensity profile along constant-¢ in the 2D spectrum. The
very high peak at & = 0.07 eV (black trace) is the elastic signal. On
the magnified red trace, one can see several narrow peaks below
& ~ 0.5 eV. These are the threshold electrons originating from the
specific excitation. The additional broad peaks reveal at which inci-
dent energies the mode-specific emission sets in. We have marked
positions of the two shape resonances as obtained from Fig. 2. Both
of them are visible also in Fig. 5: the 7] (a,) 0.49 eV resonance as
a narrow peak and the 75 (b1) 1.4 eV resonance as a broad band
(with a center perhaps at a bit lower incident energy). However,
the strongest band, centered around 0.65 eV, does not have any
equivalent in the excitation curves in Fig. 2. We conclude that this
has to be a Feshbach resonance. Feshbach resonances typically have
long (picosecond) lifetimes before the electron is emitted, since such
decay requires a change in the electronic configuration involving two
electrons. Hence, these are rarely visible in the vibrational excita-
tion curves such as those in Fig. 2. However, in the present case,
such Feshbach resonance clearly undergoes an internal conversion
to the ground anion state and emits electrons via the dipole-bound
state. Indeed, we have computationally identified'! a low-lying 2B,
(b3'b?) Feshbach resonance (vertically 1.25 eV above the neutral
ground state).

Similar to the electron spectra of Fig. 1(a), the photoelectron
spectra of Fig. 1(b) show that the mode-specific emission has an
onset and that it remains present over a wide range of ¢;. The
onset in the photoelectron spectra is at & ~ 0.8 eV, which differs
with that from the 2D EELS (& ~ 0.4 eV). Moreover, as mentioned
above, direct excitation to the 7 (a2) resonance is optically forbid-
den. Instead, calculations have shown that the above-mentioned ?B,
Feshbach resonance may be optically excited.!! This excitation is

——
| g =0.07 eV |
:@_
£
S
S
i“/.
™ -
=t
S
w_
_lllllllllllllllllll
0.0 0.5 1.0 1.5 20

Incident electron energy ¢ (eV)

FIG. 5. Yield of electrons with a constant final energy of 0.07 eV in the electron
collision experiment. The vertical bars mark positions of the two lowest shape
resonances as obtained from Fig. 2.
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symmetry forbidden but is vibronically allowed through b; (out-of-
plane) and b, (in-plane) vibrational modes. This transition has a very
broad Franck-Condon profile, and the intensity can be borrowed
to allow some excitation of the 7} (a;) resonance or indirect pop-
ulation of the 7] (a2) resonance may be possible through internal
conversion. Its signature is not directly visible in the direct detach-
ment as it is for the 7} (b1) resonance, which shows changes in the
Franck-Condon factors and changes in f3,. Nevertheless, its pres-
ence is clearly evidenced by the onset of the mode-specific emission
atlow g.

C. Statistical electron emission

In both experiments, the mode-specific emission is superim-
posed on a smooth background signal, which is decreasing with
increasing &. This is a thermionic emission (also termed unspecific
vibrational excitation): upon the resonance formation, the system
relaxes to the anion ground state, and due to the fast intramolec-
ular vibrational redistribution, the energy is randomized over the
vibrational degrees of freedom. The electron is then emitted statis-
tically. This is a common phenomenon.”” *’ In the following, we
present a model for such emission, based on the detailed balance
principle.”""”

The electron emission with kinetic energy € can be described as

NB™ (Eint) = NB(Eins — Es — €) + ¢ (¢), (3)
parent — daughter. (4)

The internal energy of the emitting anion Ej,; will be taken with
respect to its ground electronic and vibrational state. In the case of
photoexcitation, thus, Ej,: = hv, and in the case of electron collision,
Eint = & + Eq, where E; = 1 eV is the electron affinity. The emission
rate constant depends on the internal energy and on the energy of
the emitted electron and is given by the Weisskopf formula,"""*

0(8)8'07‘1(3” ~Ea) e T,
pp(Eint)

Here, o(¢) is the cross section for the reverse process: electron
attachment to neutral nitrobenzene. p, and p, are the densities
of vibrational states of the daughter (neutral) and parent (anion)
molecules, evaluated at their respective internal energy contents.
Finally, T, is the microcanonical electron emission temperature (in
units of energy). This temperature is defined from the vibrational
density of states of the daughter:

1 din(pu())
Te (Eint) dx

2m,
m2h3

k(Eim, 8) = (5)

(6)

x=(Ejm—Eq)

We approximate the electron attachment cross section o(¢) by
the Vogt-Wannier threshold law for s-wave electron capture o(¢)
oc ¢ 712 This law strictly holds only for nonpolar molecules. Sev-
eral more advanced approximations for the electron capture cross
section with polar molecules have been developed”*' and thor-
oughly tested on the electron emission from nitroalkane anions.”
It turns out that they influence the resulting ¢; distributions only at
very low kinetic energies, up to few tens of meV.* We thus keep the
simple ansatz for the cross section

o(e) = coe 2. (7)
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The vibrational densities of states p, and p, were evaluated by using

the Beyer—Swinehart algorithm in the harmonic approximation.*

The frequencies of the 36 normal modes of both neutral and anions
were evaluated at the B3LYP/aug-cc-pVDZ level; for the former,
they agreed well with the experimental data.’””" The emission tem-
perature (6) was evaluated as a derivative of the neutral level density.
It is shown in Fig. 6(a) as a function of the anion internal energy.

After the ansatz for cross section (7), the rate constant as a
function of emitted electron energy ¢ becomes

k(e) = C\/ee T, (®)

with C being an arbitrary constant. This expression represents the
expected distribution of emitted electrons. The calculated distribu-
tions are shown in Fig. 4 for two anion internal energies Ei; = 1.8
and 3 eV. The corresponding emission temperatures [Fig. 6(a)] are
T, =0.069 and 0.11 eV. The first distribution is compared with the
result of the electron collision experiment at ¢; = 0.8 eV, and the sec-
ond one is compared with the photoelectron spectrum at hv = 3 eV
(average of the spectra between 2.9 and 3.1 eV). The model pro-
vides a very good estimate for the baseline of the spectrum, on top
of which the mode-specific signal described in Sec. IIT B is superim-
posed. The agreement is worse for the photodetachment spectrum
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FIG. 6. Elements of the model for the statistical emission. (a) Emission temperature
Te, Eq. (6). (b) Emission rate constant k, Eq. (9). Both are plotted as a function of
the internal energy of the NB anion prior to electron emission, Ejy.
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at very low emission energies, ¢ < 50 meV, where the model clearly
underestimates the experimental data. The reason is that at low ener-
gies, the cross section for the reverse processes, electron attachment,
may be much larger than the one resulting from the Vogt-Wannier
law. A microscopic reversibility holds: if the inverse process, the
electron attachment, is more effective, also the current process, the
electron detachment, will be more effective. Due to this, the emis-
sion probability will in reality be much larger than the one resulting
from the model. It should be noted that in the electron collision
experiment, the response function of the hemispherical electron
analyzer is difficult to control at such low energies; the drop of
the experimental signal in Fig. 4(a) at low energies (and the result-
ing fortuitous agreement with the model) is thus an instrumental
effect. The velocity-map imaging analyzer used in the photodetach-
ment experiment provides much more reliable information about
the low-energy emission.

We can even evaluate the absolute value of the statistical emis-
sion rate constant and its dependence on the anion internal energy.
Integrating the rate constant (5) through all emitted energies, we
obtain

e m pd(Eint — Ea)
k(Eint) = f k(Eins, €)de = ——co/nT3 0= —27 9
( t) 0 ( ! s) € 7'[2’;[3 ¢ Tl pp (Eint) ( )

We already have all the quantities on the right-hand side apart from
cs. We can estimate it from the literature data on electron attach-
ment rate constants. We use a quantitative comparison with sulfur
hexaflouride. SFs follows the Wogt-Vannier law very well."” From
its electron attachment cross section measured in a high-resolution
experiment,”” we estimate that c¢,(SFs) ~80 A% \/eV. The thermal
electron attachment rate constant for NB, as measured in a pulsed-
Townsend experiment, is 0.017 times that of SFs.” We will thus
use ¢; = 0.017¢,(SFs). Figure 6(b) shows the calculated value of
k(E). The inverse of k(E) gives a typical timescale for the statistical
emission. We probed it as described in Sec. ITI D.

D. Time-resolved (ns) electron collision experiment

We have experimentally probed the timescale for the statisti-
cal electron emission by pulsing the electron collision experiment.
Figure 7(a) shows the electron spectrometer with the marked posi-
tions of the electrodes on which we superimposed the pulsing. The
purpose of the pulsing was to open the monochromator (MONO)
and analyzer (ANA) only for a certain time and to control the delay
between the open periods. Different electrodes were chosen for gat-
ing in MONO and ANA. Ideally, the exit slit of the monochromator
second hemisphere would be gated on the MONO side (symmetrical
to that of ANA), since this would open the beam as close as possi-
ble to the interaction region, thus allowing for the best control of the
interaction time. However, it turned out that pulsing this slit leads
to strong deterioration of the incident electron beam resolution. We
thus pulsed the MONO entrance slit, before the first MONO hemi-
sphere. On the analyzer side, it was possible to gate the entrance slit
(just after the collision region), and it turned out to be impossible to
gate the exit slit since this led to the pickup of the pulsing signal by
the channeltron.

Figure 7(b) shows the pulsing scheme. The delay between clos-
ing the MONO entrance slit and opening the ANA entrance slit was
set to 200 ns. The electron travel time between the MONO gating
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FIG. 7. (a) Scheme of the electron energy loss spectrometer with marked positions
of the gated electrons on the monochromator (MONO) and analyzer (ANA) sites.
(b) Pulse timing. The pulses are floating on the potentials of the two correspond-
ing electrodes. The interval t; denotes the approximate electron travel time from
the MONO gated electrode to the collision region. The pulsing repetition rate was
50 kHz. (c) Spectra of emitted electrons recorded at two different incident energies
in the pulsed mode.

electrode and the collision region was #; ~ 100 ns (this is determined
primarily by the pass energy through the hemispheres, which was
4 eV). The minimum delay window was thus ~100 ns. This means
that only the electrons emitted later than 1077 s after the e~ + NB
collision were detected. Any electrons emitted faster are blocked and
do not enter the analyzer. The repetition rate of the experiment was
50 kHz. We have verified the proper closing of the electrodes by
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the electron scattering from helium, and no elastic signal has been
detected when the electrodes were pulsed as shown in Fig. 7(b).

Figure 7(c) shows spectra of delayed electrons upon electron
scattering from nitrobenzene at two incident electron energies, 0.6
and 0.8 eV. While at lower incident energy, a clear signal of slow
electrons is detected, the spectrum at 0.8 eV shows hardly any
discernible signal in the present S/N ratio. Clearly, at ¢ = 0.8 eV
(Eint = 1.8 €V), the anion is too hot, and the electrons are emitted
in a time shorter than 100 ns. This is in surprisingly good agreement
with the calculated emission rate constant k(Ei,) from the statisti-
cal model, Fig. 6(b). The two incident electron energies correspond
to anion internal energies of 1.6 and 1.8 eV. The calculated rate
constant values are 1.8 x 10° and 6.9 x 10° s™" with the correspond-
ing characteristic emission lifetimes of 555 and 144 ns, respectively.
Considering the approximations used in the model and the steep
dependence of the rate constant on the internal energy, these val-
ues are in good agreement with the experimentally observed 100 ns
cutoff between the two incident energies.

Ideally, in this type of experiment, one would explore the
dependence of the signal on the pulsing delay and incident energy
in detail. However, as is apparent from Fig. 6(c), the signals
are extremely low, and the long acquisition time prevents such
systematic probing of the statistical emission.

We could perform an analogous measurement in the photo-
electron experiment.”*"’ Specifically, the multichannel plates that
amplify the electron signals were gated using a pulse of ~200 ns dura-
tion so that the electron signal was only observed over this 200 ns
window. Upon delaying this gate with respect to the laser interact-
ing with the ion packet by >200 ns, we observed essentially no signal.
This suggests a lifetime of the thermionic emission that is shorter
than ~200 ns, consistent with the predictions above.

E. Competition between statistical and mode-specific
detachment from the dipole-bound state: Reverse
valence to non-valence state internal conversion

From Figs. 1 and 5, it is clear that both statistical and mode-
specific emissions via a dipole-bound state are taking place following
the excitation of resonances. The involvement of the dipole-bound
state can come about in two ways. First, it is conceivable that the
7" resonances undergo internal conversion to form the non-valence
dipole-bound state. Such a process has been observed in a num-
ber of molecular'*”” and cluster’’ > anions through time-resolved
photoelectron imaging. Indeed, the spectral signature of the subse-
quent emission is similar to that observed here.'” However, such
valence to non-valence internal conversion typically occurs only
in an energy range close to the threshold, where the valence res-
onance and non-valence states are close in energy. In the present
case, it is striking that the range over which the mode-specific vibra-
tional autodetachment from the dipole-bound state can be seen is
so large (indeed, we have extended the PE spectra to higher hv,
and this channel remains visible beyond 3 eV into the continuum).
Furthermore, we have performed time-resolved PE spectroscopy in
an attempt to observe a transiently populated dipole-bound state
but could not observe any signal from this state over the first few
picoseconds.

A second possible mechanism (Fig. 8) relates to the observation
that the valence 7* resonances decay to form the ground electronic
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FIG. 8. Jablorski-type diagram of the proposed mechanism for the mode-specific
vibrational autodetachment. (a) The resonance NB~* is initially excited and under-
goes internal conversion (IC) to form the anion ground state, NB~, and the
energy is subsequently redistributed via IVR. (b) The hot NB~ then populates the
vibrational Feshbach resonances of the dipole bound state (DBS) via a reverse
internal conversion (RIC) mechanism, and the electron subsequently undergoes
(mode-specific) vibrational autodetachment (VAD).

state of the anion. We know this occurs because of the statistical
emission that is seen [Figs. 4 and 7(0)].*%°* The statistical emis-
sion requires IVR to populate modes that can detach an electron.
Hence, by definition, such excited modes have energies that lie in
the vicinity of the detachment threshold and, hence, can degen-
erate with the dipole-bound state. We, therefore, suggest that the
dipole-bound state can become populated through a reverse inter-
nal conversion from the vibrationally hot ground electronic state of
NB™ to the non-valence state. Such a reverse valence to non-valence
internal conversion is consistent with our time-resolved PE spectra,
which showed no transient dipole-bound state as this would only
be populated over the thermionic emission lifetime (see Sec. I1I D)
and once populated is likely to decay within a few picoseconds.
Hence, observing this population in a time-resolved PE measure-
ment, which currently has a maximal range of <1 ns, is not possible;
the dynamics would need to be monitored over a longer timescale as
suggested in Secs. I1I C and III D.

The newly proposed mechanism is not without precedence.
Reverse intersystem crossing is responsible for thermally activated
delayed fluorescence (TADF), which has had a major impact on
organic light emitting diode research.”” " In this process, a triplet
state populates a singlet state, which is higher in energy, which sub-
sequently emits light to overcome the 25% conversion limit imposed
by the presence of both singlets and triplets.”® A second related
example is recurrent or Poincaré fluorescence, in which internal
conversion from an excited state leads to a hot ground state that
subsequently populates the lowest lying singlet excited state through
reverse internal conversion, and this excited state subsequently
fluoresces.”” ' This mechanism has been suggested to account for
the formation of certain anions in the interstellar medium, such as
PAHs and polyyenes.®’ The new mechanism described here is simi-
lar in spirit to recurrent fluorescence; however, rather than radiative
loss, the energy is emitted by non-radiative electron emission. Addi-
tionally, the reverse internal conversion is not between two valence
states but involves a reverse valence to non-valence transition. To
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the best of our knowledge, this mechanism has not been described
previously.

IV. CONCLUSIONS

In conclusion, we probed the electron emission from nitroben-
zene transient anions using both electron energy loss spectroscopy
and photoelectron spectroscopy. In the first one, the starting geom-
etry of the molecular framework is that of the neutral; in the
second one, it is that of the anion. Some aspects of the resulting
electron emission are strongly influenced by this difference, while
some are common in the two cases. The difference is primarily
reflected in the excitation of specific vibrational modes. Here, the
photodetachment dominantly excites the NO, symmetric stretch
and its overtones; the electron collisions primarily excite the out-
of-plane bending modes, the CN stretch and the NO, asymmetric
stretch. Electronic resonances present in the system leave clear foot-
prints in both spectroscopies: they are visible in the electron impact
excitation curves of individual vibrations, broadening of the pho-
todetachment Franck-Condon profiles, or photoelectron angular
distributions.

Other types of electron emission differ very little in the two
experiments. One is the mode-specific emission of slow electrons
mediated by the presence of the dipole-bound state. The present
spectra identify the entrance channels for this process, the most
prominent in both experiments being the formation of the 2B,
Feshbach resonance. Both experiments also reveal the presence
of electrons that are statistically emitted from vibrationally hot
ground state anions. A model based on the detailed balance prin-
ciple describes this emission very well. Finally, the mode-specific
emission from the dipole-bound state has been explained through a
new mechanism involving a reverse valence to non-valence internal
conversion.
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