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l-time fragmentation dynamics of
the nitrobenzene anion reveal the dissociative
electron attachment mechanism†

Sejun An, Jun Won Choi, Junggil Kim, Dabin Kim and Sang Kyu Kim *

The femtosecond real-time dynamics of the nitrobenzene anion (C6H5NO2
−) in the excited state have been

investigated using a recently developed time-resolved photofragment depletion (TRPD) spectroscopic

technique, providing molecular-level insight into the C–N bond dissociation pathway leading to cC6H5

and NO2
− fragments for the first time. Ultrafast electronic relaxation from the D2 state, prepared at

2.48 eV, to the ground state (D0) is followed by statistical unimolecular dissociation, yielding NO2
− with

a lifetime (s) of approximately 294 ps. This behavior stands in stark contrast to the prompt bond rupture

typically observed in conventional dissociative electron attachment (DEA) processes, offering deep

insight into the energy flow that governs anionic bond dissociation following electron–molecule collisions.
Introduction

Dissociative electron attachment (DEA) has been both exten-
sively and intensively investigated for many decades since the
1960s, as it is not only ubiquitous but also plays an essential
role in atmospheric,1–5 biological,6–12 or interstellar chem-
istry.13,14 Collisions of slow/fast electrons with the chemical
systems give rise to very reactive radical species or anions,15,16

and these are responsible for a variety of electron-driven
chemical reactions which are fundamentally important and
also quite useful for industrial applications such as those in
plasma physics and chemistry. A seminal experimental report
that the genetic codes in DNA strands could be signicantly
modied or broken by collision with the low-energy electron (3–
20 eV)12 was one of the outstanding examples demonstrating
that the DEA is not just a scientically interesting phenomenon
but it has a profound impact on living systems. The production
of O2 from CO2 by DEA5 is also a quite notable observation as it
is closely related to global warming issues, whereas the DEA of
ammonia is being regarded as a powerful technique for
ammonia cracking applicable to the fuel-cell operation.17

Although DEA has been extensively studied, the processes of
energy uptake and relaxation within the chemical system
remain relatively underexplored. In most DEA experiments, the
yields of anionic fragments, along with their translational and
angular distributions, are measured as a function of the inci-
dent electron's collision energy, as these features are oen
n, 34141, Republic of Korea. E-mail:
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the Royal Society of Chemistry
strongly enhanced at specic Feshbach or shape resonances.18

It is well established that electron attachment to a neutral
molecule initially forms a temporary negative ion (TNI), which
may then undergo radiative relaxation, autodetachment, or
chemical bond fragmentation. For molecules with small posi-
tive electron affinity (EA), low-energy electrons can attach
without electronic excitation to populate the vibrational levels
of the TNI and form vibrational Feshbach resonances—as
observed in systems such as SF6,19 C6F6,20 or various other
nonvalence-bound states.21–24 When vertical electron attach-
ment to the neutral molecule involves transitions into elec-
tronically excited anionic states, however, it gives rise to
electronic Feshbach or shape resonances. The ensuing bond
breakages can be classied as either direct dissociation or
indirect predissociation, depending on the character of the
anionic excited state along the dissociation coordinate. In
principle, selective bond cleavage may be achievable by tuning
the electron energy to target specic electronic resonances
though the efficiency and selectivity of such control can vary
signicantly depending on the molecular system.

Despite numerous recent successful studies on dissociative
electron attachment (DEA) to polyatomic systems,4,5,10,18,25–32 the
detailed mechanistic understanding remains in its infancy—
particularly when multiple resonances are intricately coupled. A
major limitation in advancing this eld is the scarcity of time-
resolved studies, which are essential for disentangling the
complex dynamics underlying DEA processes. That is, although
the energy resolution of electron beams has signicantly
improved enabling precise characterization of Feshbach or
shape resonances,18 the temporal dynamics of DEA remain
largely unexplored. This is primarily due to the experimental
challenges associated with generating short-lived electron pul-
ses. While ultrafast electron pulses can, in principle, be
Chem. Sci., 2025, 16, 15029–15036 | 15029
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produced via light-driven electron emission from photocath-
odes,33 their application to DEA studies in the gas phase has, to
the best of our knowledge, not yet been realized.

In this work, we demonstrate that the dissociative electron
attachment (DEA) process can be effectively simulated using
anion laser spectroscopy. In this approach, an electronically
excited anion state—corresponding to the state formed via
vertical electron attachment in DEA—is prepared through anion
photoexcitation. The subsequent dissociation dynamics of the
excited anion are expected to closely mirror those of the actual
DEA process, provided that the ground-state geometries of the
neutral and anionic species are not signicantly different.
These dynamics were directly monitored using a recently
developed technique: time-resolved photofragment depletion
(TRPD) spectroscopy.34 In the TRPD spectroscopic method, the
photofragmentation yields induced by the pump laser pulse are
modulated by the probe laser, which depletes anionic species
present at a given reaction time. The yield of a specic anionic
photofragment is then inuenced by the photodetachment
cross-section of the associated anionic species, as altered by the
probe pulse at each time delay. Because a particular fragment
ion can be selectively monitored in the TRPD transient, the
technique allows for pathway-specic interrogation of dissoci-
ation dynamics. TRPD differs fundamentally from conventional
time-resolved photoelectron (TRPE) or photofragment action
spectroscopy.35–49 This distinction is particularly important for
radical anions, which oen have low electron affinities (EAs)—
making it challenging to distinguish between photoelectrons
originating from the parent anion and those from the fragment
species. As a result, successful applications of TRPE to excited-
state dynamics of radical anions have been limited to only a few
notable cases.38,39,43–49 The I−-tagging method has also been
employed as a workaround. In this approach, ultrashort laser
pulses can drive prompt electron transfer from I− to a nearby
neutral species (X) in X/I− clusters, effectively mimicking DEA
to X.40–42 However, due to the high EA of iodine, the electronic
energy initially delivered to X can quickly return to I, leading to
the re-formation of the I− fragment. This limits the utility of I−

tagging for studying true bond-cleavage dynamics in X. Conse-
quently, time-resolved studies of photodissociation dynamics in
radical anions remain scarce, despite their critical importance
for advancing our understanding of dissociative electron
attachment (DEA) and the photochemistry of radical anions.

DEA to nitrobenzene, as one of the prototypical aromatic
systems, has been both intensively and extensively studied for
many years.27–29,50–58 Feshbach and Shape electronic resonances,
which could be classied according to the characteristics of
occupied molecular orbitals, have been clearly identied in the
DEA spectra where the NO2

− fragment yield is monitored as
a function of the incident electron energy.27,28 Notably, the two-
dimensional (2D) electron energy loss spectroscopy (EELS)
results of the neutral nitrobenzene have been found to be very
similar to the 2D photoelectron (PE) spectrum of the nitro-
benzene anion in terms of the electronic resonances.50,52 For
both EELS and PE spectra, statistical thermionic electron
emission was observed, indicating that a vibrationally hot anion
is produced from the electronic resonance excitation. While
15030 | Chem. Sci., 2025, 16, 15029–15036
these studies have offered valuable insights into the formation
and relaxation of excited anions, real-time observation of their
dissociation dynamics has remained elusive due to the experi-
mental challenges outlined above.

Herein, we employ photoexcitation and photoelectron spec-
troscopy to characterize the electronic resonances of the nitro-
benzene anion, while the real-time photodissociation dynamics
are investigated for the rst time using TRPD spectroscopy. The
photoexcitation spectrum taken by monitoring the parent ion
depletion, photoelectron, or the NO2

− fragment as a function of
the excitation energy reveals multiple electronic resonances of
the nitrobenzene anion, whereas TRPD spectroscopy provides
the time-resolved evolution of anionic species to give deep
insights into the detailed mechanism with the aid of theoretical
calculations. Similar spectroscopic and dynamics studies have
also been carried out for the nitrobenzene dimer and trimer
anions.

Results and discussion

The frequency-domain photoexcitation spectrum bymonitoring
the parent ion (C6H5NO2

−), photoelectron, or NO2
− photofrag-

ment as a function of the excitation photon energy from the
ground-state nitrobenzene anion is shown in Fig. 1a. The
overall patterns of these three spectra are quite similar and
consistent with the previously reported absorption spectrum,59

giving main electronic resonances that peak at ∼2.4 and
∼3.8 eV. The energetic positions and intensities of vertical
electronic excitations are quite well reproduced by the complete
active space second order perturbation theory (CASPT2) calcu-
lations as indicated by the stick spectrum (see the ESI†). The
photoelectron signal starts to appear from the EA of ∼1.0 eV57

whereas the appearance threshold of the NO2
− fragment is

estimated to be ∼2.0 eV. This conrms the earlier studies,54,55

and it also matches with a theoretically predicted value of
1.82 eV (see the ESI†). Photodetachment and parent ion
depletion spectra are almost identical whereas the NO2

− frag-
ment action spectrum is somewhat different in terms of the
relative intensities of resonance bands, indicating that the
quantum yield of the NO2

− fragment from the 2.4 eV resonance
band is a bit smaller compared to that from the 3.8 eV reso-
nance band (vide infra).

The previously-reported DEA spectrum of nitrobenzene
taken as a function of the incident electron energy showed two
broad resonance bands centered at ∼2.4 and ∼4.8 eV (these
values are sums of incident electron energies and the EA of 1.0
eV) with shoulders at ∼1.8 or ∼4.1 eV, respectively (Fig. 1a).27,28

Actually, photoexcitation and DEA spectra, which have been
both taken by monitoring NO2

− from nitrobenzene, are
consistent with each other in terms of resonance positions
although detailed shapes and relative strengths are quite
different. For instance, the rst resonance band at ∼1.8 eV
observed as a shoulder in the DEA spectrum is found to be
absent in the photoexcitation spectrum, and this is attributed to
the D0 / D1 transition being optically forbidden (see the ESI†).
Resonance bands near 2.4, 4.1, and 4.8 eV observed in the DEA
spectrum also appear at comparable positions in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Photoexcitation spectra of C6H5NO2
− obtained by monitoring the parent ion depletion, photoelectron, and NO2

− fragment signals as
a function of photoexcitation energy. The DEA spectrum for the NO2

− fragment from C6H5NO2 is adapted from ref. 27 with permission from
Elsevier, by adding the electron affinity (EA) values (see the text for details). The dashed lines serve as a guide for comparing the anion
photoexcitation spectra with the DEA spectrum. (b) Photoelectron spectra of C6H5NO2

− obtained with photon energies of 2.07 eV and 5.17 eV.
Calculated vertical detachment energies for the neutral state of C6H5NO2 are indicated by dashed lines. (c) Photoelectron spectra plotted against
electron kinetic energy with various photoexcitation energies. Thermionic emission features are highlighted with shading.
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photoexcitation spectrum of the anion. However, notable
differences exist between the two spectra: the pronounced
electronic resonance at approximately 3.8 eV in the photoexci-
tation spectrum appears only as a weak shoulder in the DEA
spectrum, while the strong resonance at around 4.8 eV in the
DEA spectrum is less prominent in the photoexcitation data.
These discrepancies are likely attributable to differences in the
cross-sections of the two processes—namely, photoexcitation of
the anion versus electron attachment to the neutral molecule—
a subject that warrants further investigation. Nevertheless, the
close correspondence in resonance positions across both
spectra suggests that the DEA process can, to a signicant
extent, be effectively modeled by the photoexcitation of the
corresponding anion.

Photoelectron spectra taken from C6H5NO2
− at the photon

energies of 2.07 and 5.17 eV exhibit thermionic emission at the
high binding (low kinetic) energy region in addition to the
spectral features of direct detachment into the continuum
(Fig. 1b). The photoelectron spectrum at 2.07 eV clearly shows
the vibrational progression of the symmetric NO2 stretching
mode57 of the neutral ground state (S0), whereas the neutral
excited-state structures are reected in the photoelectron
spectrum taken at 5.17 eV. The theoretically calculated vertical
detachment energies of C6H5NO2

− into S0, S1 and T1–T4 are
depicted by dashed lines to be compared with the experimental
data. Thermionic emission originating from the vibrationally
© 2025 The Author(s). Published by the Royal Society of Chemistry
hot ground anionic state60–62 ðD*
0Þ is prominent in all the

photoelectron spectra taken at various excitation energies
(Fig. 1c). This strongly suggests that internal conversion to D*

0

may be quite efficient from all electronically excited-states of the
nitrobenzene anion in the 2.0–5.2 eV region, which is also
consistent with the earlier reports.50,52,57

To investigate the real-time dynamics of chemical bond
dissociation from the electronically excited states of the
C6H5NO2

− anion, TRPD spectroscopy was employed. A femto-
second pump laser pulse at 2.48 eV was used to excite the
ground-state anion to the D2 state via the HOMO/ (LUMO + 1)
electronic transition. The probe photon energy was xed at
1.57 eV to avoid inducing fragmentation by the probe pulse
alone. In the TRPD spectrum, obtained by monitoring the
depletion of the NO2

− fragment signal as a function of the
pump–probe delay time (Fig. 2a), a small spike at zero delay is
followed by a rapid decay with a time constant (s) of approxi-
mately 0.3 ps. This is subsequently followed by a slower decay
component with s ∼294 ps. Since the TRPD spectrum reects
the time-resolved electron detachment cross-sections of all
anionic species contributing to NO2

− formation, it provides
insights into the underlying dissociation dynamics. At zero
delay, excitation to the D2 state instantaneously increases the
detachment cross-section of the parent anion. The fast decay (s
∼0.3 ps) indicates ultrafast relaxation from D2 to lower-lying
electronic states with reduced detachment efficiency. The
Chem. Sci., 2025, 16, 15029–15036 | 15031
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Fig. 2 (a) Time-resolved photofragment depletion (TRPD) spectra for C–N bond cleavage of C6H5NO2
− obtained bymonitoring NO2

− signals as
a function of pump-probe time delay. For clarity, the shaded region is magnified as an inset. The depletion of fragment signals reflects the
detachment cross-section of anionic states at the moment the probe pulse is irradiated. By comparing the electron binding energies of anionic
states, the transient feature is assigned to the ‘D0/D2/D*

0/fragments’ pathway (see the text). The fitted curve is plotted and details of the fitting
procedure can be found in the ESI.† (b) One-dimensional rigid-body potential energy curves for the anionic and neutral states of C6H5NO2 along
the C–N bond dissociation coordinate. (c) Diagram of the electron attachment energies with the frontier orbitals of nitromethane and nitro-
benzenewith neutral equilibrium geometries. The energy values were taken from the electron transmission spectra in ref. 28, while the energy of
the nitrobenzene LUMO was obtained using the DFT method.
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slower decay (s ∼294 ps) likely corresponds to the C–N bond
cleavage in C6H5NO2

−, resulting in the formation of cC6H5 and
NO2

−. This interpretation is supported by the substantial
difference in EAs: NO2

− (2.3 eV)63 versus C6H5NO2
− (1.0 eV),57

implying that the NO2
− fragment is less prone to photoelectron

detachment at the probe energy. The slow bond dissociation is
best explained as a statistical unimolecular process occurring in
the vibrationally hot ground electronic state ðD*

0Þ of the anion,
rather than a prompt, direct bond cleavage. Accordingly, the
dissociation pathway can be summarized as: It remains unclear
whether the optically dark D1 state is involved in the relaxation
dynamics, as the detachment cross-sections of D1 and D2 are
likely indistinguishable within the resolution of the TRPD
spectrum.

Direct prompt bond rupture or indirect predissociation,
typically involving electron capture into a s* antibonding
orbital (HOMO / s*) or via an intermediate p* state followed
by internal conversion (HOMO/ p*/ s*), has generally been
considered to be the primary mechanism of DEA.16,18,64 It seems
to be, however, that the DEA of nitrobenzene occurs in the
vibrationally hot D*

0 state which has been rapidly transformed
from D2 ðpðHOMOÞ/p�

D2
/p�

D0
Þ. This relaxation pathway from

D2 to D*
0 is supported by excited-state potential energy surface

calculations along the C–N bond extension coordinate (Fig. 2b),
which indicate a downhill path facilitating nonadiabatic
15032 | Chem. Sci., 2025, 16, 15029–15036
transitions and eventual bond cleavage in the D*
0 state. The

optically bright D2 state lies in close energetic proximity to the
optically dark D1 state, while the repulsive s*CN state responsible
for direct C–N bond cleavage is predicted to reside signicantly
higher in energy, well above the D2 state within the Franck–
Condon region. As such, prompt bond rupture via the s*CN state
is unlikely at the excitation energy of 2.48 eV. Instead, the C–N
bond dissociation is proposed to proceed on the adiabatic
ground-state potential energy surface (D0), driven by internal
vibrational energy acquired through rapid internal conversion
from D2, potentially via D1.

Another strong piece of evidence supporting this relaxation
pathway is the observation of thermionic electron emission,
which indicates that the energy deposited through electronic
excitation is efficiently redistributed into the vibrational modes
of the ground-state anion. Indeed, thermionic emission is
prominently observed across the entire excitation energy range
of 2.0–5.2 eV in the photoelectron spectra (Fig. 1c). A recent
report by Das et al.65 on the DEA dynamics of nitrobenzene at an
incident electron energy of 4 eV is notably consistent with our
observations. Specically, their ndings suggest that the avail-
able energy is primarily channeled into the internal energies of
the fragments, implying that C–N bond rupture leading to NO2

−

formation is not prompt, even though the incident electron is
captured into the delocalized s* orbital. A TRPD study of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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nitrobenzene anion at an excitation energy of approximately
5 eV would therefore be highly valuable, as it could offer deeper
insights into the DEA dynamics through direct comparison with
existing DEA studies.

The vibrationally hot D0 state ðD*
0Þ may undergo either

electron emission (resulting in a neutral species) or C–N bond
dissociation (producing NO2

−) though the latter is considered
to be predominant. And yet, it should be noted that a portion of
the population might undergo reverse internal-conversion from
the D0 state back to the nonvalence-bound state according to
previous studies of EELS and photoelectron spectroscopy,50 and
this implies that the C–N bond dissociation mechanism could
be rather complicated. Namely, though both C–N bond rupture
and thermionic-emission processes are expected to be statis-
tical in nature, an intervening step such as the nonvalence–
valence transition may be involved in making the otherwise
kinetically competitive channels less straightforward.55 Mean-
while, the unimolecular C–N bond dissociation lifetime of the
C6H5NO2

− anion has been estimated to be approximately 99 ps
at 2.5 eV, based on our phase space theory (PST) calculations
(see the ESI†).66–74 Since the PST rate was derived under the
assumption of a barrierless reaction pathway, it is likely to
represent an upper limit to the true rate.75–77 In this sense, the
calculated lifetime is quite consistent with the experimental
value of ∼294 ps (vide supra) in terms of order of magnitude,
Fig. 3 (a) and (b) Photoexcitation spectra of (C6H5NO2)2
− and (C6H5NO

action spectrum of (C6H5NO2)3
−. (c) and (d) Time-resolved photofragme

/ C6H5NO2 + C6H5NO2
− and (C6H5NO2)3

− / 2C6H5NO2 + C6H5NO2
−

used for dimer or trimer anions, respectively. For clarity, the shaded reg

© 2025 The Author(s). Published by the Royal Society of Chemistry
lending support to our proposed dissociation mechanism that
the C–N bond dissociation takes place in D*

0 following internal
conversion. The relaxation pathways among electronically
excited states of the nitrobenzene anion are likely inuenced by
the presence of multiple closely spaced conjugated p orbitals,
particularly near the LUMO, where the excess electron
predominantly resides in the ground state (Fig. 2c). Strong
orbital interactions between the p-orbitals of the NO2 group and
those of the phenyl ring give rise to a delocalized p-conjugated
system. As a result, direct electronic coupling between the D2

state and the antibonding s*CN orbital is less probable in the
DEA process for nitrobenzene. Interestingly, this behavior
contrasts with that observed for the nitromethane anion, in
which the s*CN orbital lies close in energy to the LUMO and
exhibits minimal p–p* conjugation.78 Consequently, in nitro-
methane, C–N bond cleavage proceeds much more rapidly, with
a reported lifetime of approximately 140 fs.34 This comparison
underscores the signicant role of electronic structure and
orbital coupling in governing dissociation dynamics in DEA
processes.

Anion photoexcitation spectra have also been obtained for
the nitrobenzene dimer and trimer anions in Fig. 3. The overall
spectral patterns of both cluster anions are quite similar to the
case of the monomer anion. This indicates that the photon
energy is given for the electronic excitations of the core anion
2)3
−. Only the major product, C6H5NO2

−, is plotted for the fragment
nt depletion (TRPD) spectra for the dissociation reactions (C6H5NO2)2

−

. A pump energy of 2.56 or 2.63 eV and a probe energy of 1.57 eV were
ions are magnified as an inset.

Chem. Sci., 2025, 16, 15029–15036 | 15033
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whereas their energetics as well as associated internal energies
are somewhat inuenced by the neutral(s) in the clusters. For
the dimer anion, the photofragment action spectrum of NO2

− is
quite different from that of C6H5NO2

− in terms of relative
intensities for different electronic excitations. The cluster
decomposition giving rise to C6H5NO2

− at the electronic exci-
tation at ∼3.8 eV shows higher efficiency compared to that
observed at the ∼4.6 eV transition, whereas it is the other way
around for the NO2

− fragmentation channel. For the trimer
anion, the C6H5NO2

− fragment has been found to be dominant,
though there exist several other fragment channels (see the
ESI†) as well. Thermionic emission has been observed in
photoelectron spectra from both dimer and trimer anions
(Fig. S1†), suggesting that the vibrationally hot ground state
plays a signicant role also in the relaxation of the anion clus-
ters. The TRPD spectra of the C6H5NO2

− fragment from dimer
or trimer anions taken at a pump energy of 2.56 or 2.63 eV,
respectively, are quite similar to the TRPD transient of NO2

−

from the monomer anion. Accordingly, similar temporal
dynamics are anticipated as the photon energy should have
been used to pump into the D2 state of the anionic core for both
clusters. Initial population of D2 by photons (a spike at the zero-
delay time) followed by fast depopulation (decay) is observed
whereas the subsequent cluster decomposition takes place
rather slowly to give the C6H5NO2

− fragment. Interestingly, for
both dimer and trimer anions, the cluster decomposition giving
C6H5NO2

− is reected as a rise in the TRPD transient, Fig. 3,
which is completely opposite to the NO2

− transient from the
monomer anion (Fig. 2). This is simply because the detachment
cross-section of the nal fragment (C6H5NO2

−) is larger than
that of the dimer or trimer anion because the EAs of the cluster
anions are larger than the EA of themonomer anion.57 Thus, the
dissociation pathway of the anion cluster could be described as
being quite similar to that of the monomer anion;
D0 þ hn/D2/D*

0/C6H5NO2
� þ C6H5NO2 (or + C6H5NO2). It

is intriguing to note that the internal conversion from D2 to D*
0

of the dimer anion occurs rather slowly with s ∼5 ps compared
to that of the monomer or trimer anion. On the other hand, the
cluster decomposition of the dimer anion takes place slightly
faster with s ∼81 ps than the C–N bond dissociation from the
monomer anion. This should be due to the relatively lower
threshold for the cluster decomposition of the dimer (0.67 eV),57

compared to the thermodynamic threshold for the C–N bond
dissociation of the monomer anion (1.82 eV). The production of
C6H5NO2

− from the trimer anion, on the other hand, requires
two surrounding neutral nitrobenzene molecules to depart
from the anionic core, and thus it may be slowed down to give s
∼350 ps. More sophisticated theoretical calculations are de-
nitely desirable for the quantitative description.

Conclusion

In this study, time-resolved photofragment depletion (TRPD)
spectroscopy has been employed to investigate, for the rst
time, the real-time photodissociation dynamics of the nitro-
benzene anion. Given that photoexcitation of the anion is found
to closely mimic vertical electron attachment to the neutral
15034 | Chem. Sci., 2025, 16, 15029–15036
molecule, TRPD spectroscopy provides a powerful approach to
explore the otherwise experimentally challenging real-time
dynamics of dissociative electron attachment (DEA) to nitro-
benzene. At an excitation energy of 2.48 eV, the formation of the
NO2

− fragment is shown to proceed via a vibrationally driven,
statistical unimolecular dissociation on the ground electronic
state (D0) of the anion. This mechanism contrasts with the more
commonly anticipated prompt bond rupture, either direct or via
predissociation, typically associated with DEA processes. As
such, nitrobenzene presents a distinctive case where excess
energy is efficiently redistributed into internal vibrational
modes prior to bond cleavage. Importantly, as one of the
simplest aromatic compounds, nitrobenzene serves as a valu-
able and extensible model system for probing the fundamental
aspects of electron-induced molecular dynamics relevant to
more complex systems. The remarkable stabilization of the
nitrobenzene anion following electron attachment may open up
new avenues for designing excess-electron-driven chemical
transformations. This work demonstrates that TRPD spectros-
copy can be effectively applied to study DEA dynamics in real
time, provided the geometric structures of the anionic and
neutral species are sufficiently similar. Extension of this
approach to two-dimensional (2D) TRPD spectroscopy, incor-
porating both energy and time resolution, would offer an
exciting opportunity to disentangle the detailed mechanisms of
DEA associated with individual electronic resonances—whether
of Feshbach or shape character.

Methods
Experimental method

In order to generate nitrobenzene and its cluster anions,
a mixture of neon and nitrobenzene was expanded into
a vacuum through a nozzle orice of the pulsed Even-Lavie valve
combined with a lament ionizer. Electron-impact ionization of
the neon carrier gas produces secondary slow electrons that can
be attached to the target systems. The resultant anions were
skimmed through a skimmer and accelerated into the time-of-
ight (TOF) region to be mass-selected prior to being inter-
sected by the laser pulses between the reection and accelera-
tion electrodes of the velocity-map imaging setup.
Photoelectrons or photofragments induced by the laser pulses
were detected by chevron-type microchannel plates. Tunable
nanosecond laser pulses, generated by an Nd:YAG laser-based
OPO system (NT342, Ekspla), were used for taking the anion
photoexcitation spectra. The spectra were acquired in three
segments due to the laser conguration, with divisions at
photon energies of 3.02 eV and 3.50 eV. Signicant variations in
laser power were present across the entire spectral window, and
the corresponding power curve is provided in the ESI.† The
excitation spectra are presented as raw signals without laser
power correction. Femtosecond laser pulses were produced by
a Ti:sapphire regenerative amplier (Legend Elite-P, Coherent)
seeded by a femtosecond oscillator (Vitara-T-HP, Coherent).
Half of the output (790 nm) was used as the pump (or probe)
pulse, while the other half was tuned in frequency by an optical
parametric amplier (TOPAS, Light Conversion) for use as the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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probe (or pump) pulse in taking the time-resolved photofrag-
ment depletion (TRPD) spectroscopy measurements. The delay
between the pump and probe pulses was controlled using
a retroreector (UBBR2.5-1S) placed on a 220 mm-long optical
delay stage (DDS 220, Thorlabs).
Computational method

The ground state equilibrium geometry of the nitrobenzene
radical anion was optimized using second order Møller–Plesset
perturbation theory (MP2) and was found to adopt a planar
conformation with C2V symmetry. Vertical excitation energies
(VEEs) and associated oscillator strengths in the optical tran-
sitions from the ground to valence excited-states of the nitro-
benzene anion were calculated using the complete active space
second order perturbation theory (CASPT2) based on a state-
averaged self-consistent eld wavefunction. Potential energy
curves for the four lowest electronic excited-states, D0(1

2B1),
D1(1

2A1), D2(2
2B1), and D1n(1

2A2), were calculated by scanning
the C–N bond length from RCN = 1.0 Å to 2.8 Å while the other
geometric parameters were xed at those of the D0 equilibrium
geometry. To calculate the vertical detachment energies of the
nitrobenzene anion, the ground state equilibrium geometry was
optimized using density functional theory (DFT) with the B3LYP
functional. The vertical detachment energy for the D0 / S0
transition was calculated with the CCSD method, while those
for the D0 / S1, T1, T2, T3, and T4 transitions were obtained by
adding the vertical excitation energies from the S0 state, calcu-
lated using the EOM-CCSD method. All ab initio calculations
were performed using (aug-)cc-pVDZ basis sets in the Molpro
program package.79 Vertical detachment energies were speci-
cally calculated using the 6-311++G(3df,3pd) basis set in
Gaussian 09.80 More details are provided in the ESI.†
Data availability
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Author contributions

S. A, J. W. C., and D. K. performed the experiments. S. A. wrote
the manuscript. J. W. C. and J. K. carried out computational
studies. S. K. K. conceived the core idea, supervised the whole
project, and edited the manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the National Research Foundation
of Korea under the Project Numbers of RS-2023-00208926, RS-
2024-00436153 and 2019R1A6A1A10073887. J.K. acknowledges
support from the KAIST Jang Young Sil Fellow Program.
© 2025 The Author(s). Published by the Royal Society of Chemistry
References

1 P. J. Chantry, J. Chem. Phys., 1972, 57, 3180–3186.
2 D. Spence and G. J. Schulz, J. Chem. Phys., 1974, 60, 216–220.
3 B. Wu, L. Xia, Y.-F. Wang, H.-K. Li, X.-J. Zeng and S. X. Tian,
Phys. Rev. A, 2012, 85, 052709.

4 A. Moradmand, D. S. Slaughter, D. J. Haxton, T. N. Rescigno,
C. W. McCurdy, T. Weber, S. Matsika, A. L. Landers,
A. Belkacem and M. Fogle, Phys. Rev. A, 2013, 88, 032703.

5 X.-D. Wang, X.-F. Gao, C.-J. Xuan and S. X. Tian, Nat. Chem.,
2016, 8, 258–263.

6 G. Hanel, B. Gstir, S. Deni, P. Scheier, M. Probst, B. Farizon,
M. Farizon, E. Illenberger and T. D. Märk, Phys. Rev. Lett.,
2003, 90, 188104.

7 F. Martin, P. D. Burrow, Z. Cai, P. Cloutier, D. Hunting and
L. Sanche, Phys. Rev. Lett., 2004, 93, 068101.

8 A. M. Scheer, K. Aatooni, G. A. Gallup and P. D. Burrow,
Phys. Rev. Lett., 2004, 92, 068102.

9 L. Sanche, Eur. Phys. J. D, 2005, 35, 367–390.
10 R. Janečková, D. Kubala, O. May, J. Fedor and M. Allan, Phys.

Rev. Lett., 2013, 111, 213201.
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J. Fedor, J. Phys. Chem. B, 2018, 122, 5212–5217.
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J. Kočǐsek, Z. Maš́ın and J. Fedor, J. Phys. Chem. Lett., 2022,
13, 11136–11142.

32 Z. Li, M. Ryszka, M. M. Dawley, I. Carmichael, K. B. Bravaya
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60 B. Baguenard, J. C. Pinaré, C. Bordas and M. Broyer, Phys.
Rev. A, 2001, 63, 023204.

61 K. Hansen, K. Hoffmann and E. E. B. Campbell, J. Chem.
Phys., 2003, 119, 2513–2522.

62 D. A. Horke and J. R. R. Verlet, Phys. Chem. Chem. Phys., 2012,
14, 8511–8515.

63 K. M. Ervin, J. Ho and W. C. Lineberger, J. Phys. Chem., 1988,
92, 5405–5412.

64 I. Bald, J. Langer, P. Tegeder and O. Ingólfsson, Int. J. Mass
Spectrom., 2008, 277, 4–25.

65 G. Das, V. S. Prabhudesai and Y. Sajeev, Commun. Chem.,
2025, 8, 145.

66 J. C. Light, J. Chem. Phys., 1964, 40, 3221–3229.
67 P. Pechukas and J. C. Light, J. Chem. Phys., 1965, 42, 3281–

3291.
68 K. Morokuma, B. C. Eu and M. Karplus, J. Chem. Phys., 1969,

51, 5193–5203.
69 E. V. Waage and B. S. Rabinovitch, Chem. Rev., 1970, 70, 377–

387.
70 S. E. Stein and B. S. Rabinovitch, J. Chem. Phys., 1973, 58,

2438–2445.
71 D. M. Wardlaw and R. A. Marcus, Chem. Phys. Lett., 1984,

110, 230–234.
72 S. J. Klippenstein and R. A. Marcus, J. Chem. Phys., 1989, 91,

2280–2292.
73 P. F. Bernath, Spectra of Atoms and Molecules, Oxford

University Press, New York, 2005, 2nd edn.
74 I. C. Chen, W. H. Green Jr and C. B. Moore, J. Chem. Phys.,

1988, 89, 314–328.
75 D. M. Wardlaw and R. A. Marcus, in Advances in Chemical

Physics, ed. I. Prigogine and S. A. Rice, Wiley, New York,
1988, vol. 70, pp. 231–240.

76 O. Kajimoto, Prog. Theor. Phys. Suppl., 1994, 116, 167–178.
77 J. Troe, Mol. Phys., 2014, 112, 2374–2383.
78 S. An, D. Kim, J. Kim and S. K. Kim, Chem. Sci., 2023, 14,

12231–12237.
79 H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby and

M. Schütz, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2012,
2, 242–253.

80 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
et al., Gaussian 09, Revision D.01, Gaussian, Inc.,
Wallingford, CT, 2009.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03656a

	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...

	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...
	Femtosecond real-time fragmentation dynamics of the nitrobenzene anion reveal the dissociative electron attachment mechanismElectronic supplementary...


