
Effect of Incremental Hydration on Reverse Internal Conversion Vibrational
Autodetachment of an Anion

E. Michi Burrow ,1 Connor J. Clarke ,1 and Jan R. R. Verlet 1,2,*

1Department of Chemistry, Durham University, Durham DH1 3LE, United Kingdom
2J. Heyrovský Institute of Physical Chemistry, Czech Academy of Sciences, Dolejškova 3, 18223 Prague 8, Czech Republic

(Received 22 April 2025; accepted 4 August 2025; published 3 September 2025)

The recently discovered mechanism of reverse internal conversion vibrational autodetachment
(RICVAD), by which an excess electron is emitted at specific energies from an isolated hot ground
state anion, is mediated by the statistical population of a dipole-bound state. Here, we consider how this
process is influenced by the presence of up to two water molecules. Using anion photoelectron imaging of
the nitrobenzene radical anion, NB−, clustered to water molecules, we find that RICVAD remains active for
NB−ðH2OÞ1. However, we also find that an additional decay channel opens at higher photoexcitation
energies, which arises from dissociation of the cluster upon accessing an electronic resonance of
NB−ðH2OÞ1, forming hot isolated NB−, which then undergoes RICVAD. NB−ðH2OÞ2 also shows
evidence of RICVAD, but its signatures are obscured by other low energy electron signal. Our work shows
that the RICVAD mechanism remains possible in a complex environment and shows how resonance
dynamics are influenced by hydration.
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Nonvalence states of anions have been topical because
of their role in electron attachment [1–8] and detachment
[9–11], and in photodynamical processes [12–17]. Recently,
a new electron emission mechanism involving nonvalance
states, coined reverse internal conversion vibrational
autodetachment (RICVAD), has been observed for anions
[18,19], which has analogies to recurrent fluorescence
[20,21] and thermally activated delayed fluorescence [22],
in which light is emitted following reverse internal con-
version instead of electrons. In RICVAD, hot ground state
anions thatwouldnormally undergo thermionic emission can
statistically populate a nonvalence state of the anion near the
threshold of electron detachment, from which an electron is
then emitted by mode-specific vibrational autodetachment
(VAD) [18,19]. The thermal population of the nonvalence
state takes place on a nano- to millisecond timescale, while
VAD of the nonvalence state once formed typically proceeds
on a picosecond timescale [10,13–16,23,24]. RICVAD has
been observed and characterized for the nitrobenzene radical
anion NB−, following either photon or electron excitation
[18,19], where the mediating nonvalence state is a dipole-
bound state [25,26]. There has also been significant interest
in the influence of local environment on nonvalence states of

anions, and in particular, in understanding how nonvalence
states behave in the presence of solvent molecules [27–30].
This leads to the natural question: howwill solventmolecules
affect RICVAD? Here, we address this question for NB− in
the presence of a few water molecules, NB−ðH2OÞn.
In an electron emission spectrum, the spectral signatures

of RICVAD are distinct peaks at low electron kinetic energy
that can be correlated with VAD, along with the typical
Boltzmann distribution arising from competing thermionic
emission. The process has been experimentally observed
through two complementary methods: 2D electron energy
loss spectroscopy [31–35], NBþ e−i →NB−�→NBþ e−f ,
where e−i is the incoming electron (with kinetic energy εi),
NB−� is an intermediate excited state of the NB anion lying
in the detachment continuum (i.e., an electronic resonance),
and e−f is the outgoing electron; and 2D anion photoelectron
spectroscopy [36–40], NB− þ hv → NB−� → NBþ e−f
[18,19]. The incoming energy can be scanned across the
continuum by either varying εi or hv (where hv is greater
than the adiabatic electron affinity of NB) and, in both cases,
the kinetic energy of e−f , εf , is measured and contains
information about the RICVAD process, along with more
direct scattering processes. For NB−, RICVAD was
observed as a distinct peak at εf ¼ 0.06 eV, with some
additional mode-specific features, on top of a thermionic
emission background signal. It allowed an onset for the
RICVAD tobe determined in both experiments, highlighting
the role of NB−� as an intermediate, where NB−� is
transiently populated (either by electron excitation or photon
excitation) and internally converts to reform theNB− ground
electronic state with high internal energy that cannot be
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dissipated in the isolated system. We now extend this to
explore the role of a solventmolecule,H2O, on the dynamics
of NB−� and the subsequent RICVAD process. We chose
water as the most ubiquitous solvent and because it is a
strongly interacting solvent, which may be anticipated to
lead to thegreatest perturbation on theRICVADmechanism.
Probing incremental solvation in electron energy loss
spectroscopy is challenging because of the difficulty in
mass selection of the target cluster, NBðH2OÞn [41,42]. In
contrast, for anion 2D photoelectron spectroscopy, the target
is charged and mass selection of NB−ðH2OÞn prior to the
experiment is straightforward [43–45], and we therefore
resort to this latter method.
The experimental set up has been described in detail

previously [46]. Briefly, a backing gas of argon at 10 bar
was seeded with NB and water vapor at room temperature
and expanded into high vacuum using a pulsed Even-Lavie
valve [47]. The resulting supersonic expansion passed
through a ring filament ionizer to generate NB−ðH2OÞn.
Anions were mass selected using a time-of-flight mass
spectrometer [48] and intersected with the output of an
Nd:YAG-pumped optical parametric oscillator (OPO).
Generated photoelectrons were collected using a velocity-
map imaging [49] photoelectron spectrometer. Photoelectron
spectra were generated from raw images using the polar
onion peeling algorithm [50] and were calibrated using the
electron affinity of NB, EA ¼ 0.98 eV, and vibrational
frequencies of neutral NB [51,52]. The spectrometer has a
resolution of ∼3% of εf . Quantum chemical calculations
were performed on NB and NBðH2OÞ1 at the MP2/aug-cc-
pVDZ level of theory using Gaussian16 [53–55] to determine
the geometries and vibrational frequencies. Computed spec-
tra are available in the supporting information [56].
Figure 1 shows the 2D photoelectron spectra of

NB−ðH2OÞn for n ¼ 0 and 1, taken at hv intervals of
0.1 eV. The 2D photoelectron spectrum of NB−ðH2OÞ0,
remeasured here and shown in Fig. 1(a) and with the
hv ¼ 1.8 eV spectrum omitted because of poor signal level
(near degeneracy of the OPO), has been analyzed in detail
previously [18,19]. Briefly, the key features are the diago-
nal signals that arise from direct detachment from NB−
into the continuum: NB− þ hv → NBþ e−f , and the onset
at hv ≈ 1.7 eV of a RICVAD feature that peaks at
εf ¼ 0.06 eV (see Supplemental Material [56]). The direct
detachment feature has several resolved peaks that arise
from Franck-Condon factors in direct detachment, NB− þ
hv → NBþ e−f (predominantly the NO2 symmetric stretch
in NB). Stark changes in Franck-Condon factors are
apparent for photon energies above hv > 2.4 eV, which
come about from excitation to electronic resonances, NB−�
[18,19,57,58]. However, excitation does not necessarily
lead to observable changes in Franck-Condon factors,
and excitation to other resonances also occurs between
1.7 < hv < 2.4 eV, and at higher hv, as evidenced by the
large range over which RICVAD is observed [18,19].

Figure 1(b) shows the 2D photoelectron spectrum
of NB−ðH2OÞ1, which highlights some similarities and
differences between this complex and the bare anion. A
diagonal feature is also seen with a similar Franck-Condon
profile, arising from the direct detachment process
NB−ðH2OÞ1 þ hv → NBðH2OÞ1 þ e−f . The onset of the
diagonal feature appearing at higher energy can be ration-
alized by the larger binding energy between the NB− with
H2O compared to that of NB with H2O, which needs to be
overcome to reach the neutral surfaces [59–61]. In the
present case, the increase in electron affinity is 0.52 eV. The
changes in the Franck-Condon profile seen for NB− are
also seen in NB−ðH2OÞ1, suggesting that the same NB−�
resonance is available in the cluster, although the onset is
slightly higher in excitation energy (hv ∼ 2.6 eV compared
to ∼2.4 eV in NB−). The observed solvatochromatic shift
is consistent with UV-vis spectra of NB− in solution, which
show that the absorption maximum blueshifts in the
presence of water [62].
Finally, a low kinetic energy feature that appears com-

mensurate with RICVAD can also be seen for NB−ðH2OÞ1
across the entire measured energy range. The onset of the
RICVAD feature is difficult to ascertain, as it is close to the
onset of the vertical direct detachment, but it is broadly
consistent with that seen for NB−. Hence, RICVAD appears
to be operable in the cluster. However, closer inspection of
the RICVAD (low kinetic energy) feature, as magnified in
Fig. 1(d), indicates that the feature changeswith hv, peaking
initially around εf ∼ 0.10 eV for hv < 2.4 eV and shifting
to εf ∼ 0.06 eV for hv > 2.5 eV.
Figure 2(b) shows photoelectron spectra of the low-

energy RICVAD region for hv ¼ 2.2 eV and 2.8 eV that
are representative of the two distinct RICVAD features
observed in NB−ðH2OÞ1. Also included in Fig. 2(a) is a
photoelectron spectrum of NB− taken at hv ¼ 2.8 eV for
comparison, which is representative of its entire hv range
[Fig. 1(c)]. The RICVAD feature in NB−ðH2OÞ1 observed
at εf ∼ 0.06 eV aligns very well with that observed for
NB−, suggesting that this feature arises from the bare anion

FIG. 1. 2D photoelectron spectra of NB− (a) and NB−ðH2OÞ1
(b), with the low kinetic energy (εf ) regions enlarged (c) and (d).
Some signal has been saturated in (d) to highlight the change in εf
of the RICVAD signal with excitation energy, hv.
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(i.e., water has been lost prior to RICVAD). This is the
dominant channel for hv > 2.5 eV. At lower hv, the
RICVAD feature appears blueshifted to εf ∼ 0.10 eV and
does not align with features from NB−, suggesting it arises
from RICVAD of the cluster, NB−ðH2OÞ1.
Before we consider the origin of the apparent switch in

processes from RICVAD before H2O loss at low hv to
RICVAD after H2O loss at high hv, we first consider the
spectral appearance of RICVAD from NB−ðH2OÞ1. The
RICVAD feature for bare NB− has previously been
explained by the involvement of specific vibrational modes
that lead to electron emission from the dipole-bound state
of NB− [18,19]. Because the potential energy surface of the
nonvalence and neutral states are very similar, vibrational
autodetachment has a Δv ¼ −1 propensity rule [18,63–67]
that leads to VAD with energies εf ¼ εvib − εNVS, where
εvib is the energy of the mediating vibrational mode and
εNVS is the electron binding energy of the nonvalence state.
For NB−, εNVS ¼ 27 meV [18,68]. The vibrational modes
that are predominantly involved are those that strongly
modulate the dipole moment of the neutral (i.e., the
IR-active modes). For NB, the b1, ν20 out-of-plane sym-
metric hydrogen stretching mode correlates with the εf ¼
0.06 eV feature, with symmetric (a1, ν6) and asymmetric
(b2, ν28) NO2 stretches contributing at higher εf [18]. The

computed IR spectrum of NBðH2OÞ1 is similar to NB (see
Supplemental Material [56]), hence the shift in εf may be
due to a difference in εNVS. However, calculations indicate
that the overall dipole moment of NBðH2OÞ1 is larger than
that of NB, suggesting that εf for RICVAD involving the
same modes would redshift in the cluster, in contrast to
the observed blueshift. Instead, the higher-lying ν6 and
ν28 modes can also contribute. Specifically, ν6, has a
calculated vibrational frequency of 1400 cm−1 (174 meV),
for which εf ¼ εvib − εNVS would likely contribute to the
observed peak at εf ∼ 0.10 eV. Based on this assignment,
we estimate εNVS ∼ 174 meV − 100 meV ¼ 74 meV; an
increase of about 47meVcompared to the bareNBmolecule.
Although ν6 is highly IR active [18], it is likely weak in the
NB− RICVAD spectrum, because the RICVAD yield is
expected to scale similarly to thermionic emission (which
becomes exponentially weaker at higher εf ). As it moves to
lower energy on account of higher εNVS, the ν6 mode is likely
to gain intensity in the RICVAD signal, consistent with the
observations.
Regardless of the exact details of the modes involved in

RICVAD, it is clear thatRICVAD is operable inNB−ðH2OÞ1,
which is in itself striking given the additional degrees of
freedom. However, from Fig. 1(d), it is only observed for
hv < 2.4 eV. So why does the RICVAD from NB−ðH2OÞ1
change toRICVAD fromNB− aroundhv ∼ 2.5 eV?Figure 3
shows the percentageyield of electrons at εf ∼ 0.06 eVand at
εf ∼ 0.10 eV, estimated by fitting the RICVAD signal using
two Gaussian functions of varying amplitudes at different
hv (see [56]).
For RICVAD to occur from NB− following excitation of

NB−ðH2OÞ1, the H2Omolecule must have dissociated from
the cluster prior to electron loss. This could occur through a
statistical process, much like RICVAD. However, we do
not consider this to be viable. First, competition between
statistical evaporation or electron emission from the ground
state will generally favor the process with lowest activation
energy at lower temperatures (photon energies). In the
current case, this would suggest that evaporation would
dominate at low hν. Moreover, the prevalence of both
processes should equalize as hν → ∞. Finally, the change
in observed processes takes place over a relatively small
energy range (<1 eV), which is inconsistent with a
statistical process. Hence, it appears that the primary step
must involve H2O loss from excited states, ½NB−ðH2OÞ1��.
The resonances of NB− have been characterized by

electron transmission and electron energy loss spectroscopy,
as well as by computational methods [18,19,57,69]. Two π�
shape resonances have been identified at εi ∼ 0.5 and 1.3 eV,
which correspond to the 2A2 and 2B1 resonances, respec-
tively (C2v symmetry). The 2A2 state is optically dark and
instead, the onset of the RICVAD observed for NB− has
been correlated to excitation to the 2B2 Feshbach resonance
located at εi ∼ 0.72 eV ðhv ∼ 1.7 eVÞ, which has a broad
Franck-Condon profile (and is dark in electron transmission

FIG. 2. Photoelectron spectra with RICVAD features for NB−
(a), NB−ðH2OÞ1 (b), and NB−ðH2OÞ2 (c). For NB−ðH2OÞ1, two
photon energies are shown to indicate the differing contributions
to the RICVAD signals, which are highlighted by shaded regions.

PHYSICAL REVIEW LETTERS 135, 103001 (2025)

103001-3



spectroscopy). The 2B1 shape resonance on the other hand is
bright and has an onset of hv ∼ 2.4 eV and its impact on the
2D photoelectron spectrum can be clearly seen for NB− in
Fig. 1(a) and for NB−ðH2OÞ1 in Fig. 1(b). At first glance,
excitation to the 2B1 shape resonance can be roughly
correlatedwith the switchover observed in Fig. 3, suggesting
that this resonance might be mediating water loss. However,
unless this resonance is highly dissociative to H2O loss, the
timescale of dissociation would far exceed the autodetach-
ment timescale, which—for a shape resonance—is expected
to be subpicosecond [70,71]. Furthermore, the onset of the
evaporation channel in Fig. 3 is ∼0.4 eV below the onset of
the 2B1 resonance in Fig. 1(b).Hence, the 2B1 resonance does
not appear to be responsible for the water dissociation
pathway.
The 2B2 Feshbach resonance is also located in the vicinity

of the observed switchover of RICVAD mechanisms. Its
onset in the 2D photoelectron spectrum [Fig. 1(b)] is unclear,
in part because it is expected to be broad (as in NB−), and
because it is close to the electron affinity of the cluster. To
consider whether the 2B2 Feshbach resonance may be the
origin of the observed water-loss channel, we consider the
energetics involved. Specifically, Fig. 3 shows sketches of
potential energy surfaces of the ground state and the 2B2

resonance of NB−ðH2OÞ1, along the NB− � � �H2O coordi-
nate, RðNB− � � �H2OÞ.
The onset of the 2B2 resonance of NB− is known to take

place at hv ∼ 1.7 eV from previous work [18], as indicated

in Fig. 3. The energy difference between the NB−ðH2OÞ1
ground state and its dissociated pair NB− þ H2O is
∼0.52 eV from the increase in the electron affinity upon
solvation (if we neglect the comparatively small binding
energy between neutral NB and H2O). Hence, the excitation
energy from the initial NB−ðH2OÞ1 ground state required to
reach the dissociation limit of the 2B2 resonance to form
NB− þ H2O is approximately the sumof these two energies,
which amounts to hv ∼ 2.2 eV, shown with the green
dashed line in Fig. 3. This aligns with the hv at which
RICVAD channels begin to change (Fig. 3) and suggests
that, once exceeded, awatermolecule can leave from the 2B2

resonance in NB−ðH2OÞ1. This would require water loss to
be fast relative to autodetachment, which may be the case
given that the 2B2 resonance is of Feshbach character,
requiring an electronic transition alongside autodetachment,
leading to a typical autodetachment lifetime of a few
picoseconds. Note also that the 2B2 resonance corresponds
to the first nπ� state of NB−ðH2OÞ1, where the electron
density shifts away from the −NO2 group and toward the π
system, likely weakening the binding of the in-plane water
molecule [see Fig. 2(b)] and potentially facilitating water
loss. The dynamicwater loss from the 2B2 resonance prior to
autodetachment is analogous to the dissociative electron
attachment mechanism: NBðH2OÞ1 þ e− → NB− þ H2O.
2D photoelectron spectroscopy was also performed for

NB−ðH2OÞ2. A representative RICVAD spectrum is shown
in Fig. 2(c). Evidence for RICVAD can be seen at low εf,
with some apparent structure on top of the thermionic
emission distribution. However, it is difficult to distinguish,
and the features have large spectral breadth, such that no
meaningful frequencies can be extracted. This either means
that the RICVAD mechanism is only sparingly operable in
the larger cluster, or it might be that the RICVAD signatures
have been broadened so much that it is mostly indistin-
guishable from thermionic emission. Indeed, comparing the
spectral profile of RICVAD from NB− and NB−ðH2OÞ1 in
Figs. 2(a) and 2(b) suggests that there is spectral broad-
ening of the RICVAD feature in the presence of a water
molecule. This would of course not be surprising as the
ground electronic state anion that is formed en route to
RICVAD has high internal energy so that the water
molecule is likely to be quite dynamic around the NB−
core on the timescale of the RICVAD (which is likely to be
many nanoseconds if not microseconds). Furthermore,
water molecules have been reported to be mobile in other
systems, particularly those of high symmetry, even within a
cold molecular beam [72,73]. The consequence of a
dynamic water molecule is that there will be a distribution
of dipole moments and therefore a distribution of binding
energies of the dipole-bound state [30], ΔεNVS, which
ultimately leads to a distribution of final RICVAD ener-
gies: Δεf ¼ εvib − ΔεNVS.
Nevertheless, the only hint of a peak for NB−ðH2OÞ2

aligns well with RICVAD from NB−, possibly suggesting

FIG. 3. Positions of the D0 and 2B2 states in NB− and
NB−ðH2OÞ, and the S0 neutral ground states in each, overlaid
with the relative intensity of VAD from each species at fixed
photon energies. Blue circles denote VAD originating from
NB−ðH2OÞ1 and red from NB−.
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that both water molecules might have been lost. However,
we caution such a conclusion because of the many addi-
tional complexities. First, higher-frequency VAD-active
modes may have redshifted further compared to n ¼ 1
on account of an increased εNVS (e.g., an additional
40 meV, consistent with the 47 meV from the first
H2O). Second, water loss dynamics could be occurring
at different energies (note that NB− exhibits solvatochro-
maticity [62]) and there could be new dynamical processes
taking place. Finally, if H2O dissociation is competing, then
there are potentially three competing RICVAD channels
(n ¼ 2, 1, and 0).
In conclusion, we have observed that the recently dis-

covered RICVAD mechanism by which nonvalence states
are statistically populated leading to mode-specific VAD
persists in the presence of a few water molecules. For
solvation by a single water molecule, we can identify the
dominantmode leading toVAD.Wehave also observed stark
changes in the dynamics taking place following initial
excitation to electron impact resonances. Specifically, for
hv < 2.5 eV, RICVAD is observed fromNB−ðH2OÞ1 while
for hv≳ 2.5 eV, RICVAD is observed from NB−, which
necessitates the loss of the H2O molecule prior to electron
loss.We assign this to the excitation of a Feshbach resonance,
which becomes dissociative along the NB− � � �H2O coor-
dinate when its binding energy is exceeded. The observation
of energy dependent dynamics, imposed by the added
complexity of the solvent molecule, highlights the rich
chemical physics that can take place in the detachment
continuum and poses a challenge to computational chem-
istry. The observation of RICVAD in clusters opens a new
mechanism in clusters that was hitherto unknown.
Supplementary Material is available [56], showing addi-

tional photoelectron spectra that support the findings in this
work, the ab initio calculations that assisted in the vibra-
tional assignments of the RICVAD signal, and the data
fitting that showed the relative intensities of the RICVAD
signal in spectra taken at different photon energies.
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